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1. General Introduction

Protection against attack of bacteriophages is one of the main requirements for survival
of bacteria (1-8). Bacteria have evolved a number of strategies to combat the invasion
of foreign DNA, such as those from bacteriophages; the most prominent among them are
Restriction Modification (RM) enzymes (9). These are molecular weapons used by
bacteria to fight against viral attack. The history of RM enzymes dates back to early
1950s, when “host specificity” was described as a combination of two counteracting
functions - endonucleolytic destruction (restriction) of foreign DNA and protection of
self-DNA by base-specific modification (8, 10, 11). The RM enzymes are classified into
four classes, Type I, II, III and IV, based on their subunit compositions, target site

recognition, cleavage position and cofactor requirements (Table 1.1) (9, 12).

Table 1.1: Classification of NTP-dependent restriction enzymes

Feature Type | Type lll Type IV

Cofactors for
Endonucleolytic Mg>*, ATP Mg>*, ATP Mg®", GTP
Activity

Cofactors for MTase

. AdoMet AdoMet -
Activity
DNA Target Site Asymmetric, bipartite Asymmetric, Bipartite,
g ¥ »OIP uninterrupted RmC(N)40-80RmC
. HsdR (R), HsdM (M),
Subunits Res, Mod MecrBL, McrBS, McrC
HsdS (S)
-HSdR Res McrB
. . HsdM - -
Domain Organization
HsdS Mod MecrC

Far from target site,

Position of DNA approximately in the |Close to one of the target|Close to one of the target

Cleavage middle of the two sites sites
sites
Examples EcoR124l| EcoP1lI McrBC
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Type Il RM enzymes are the simplest of all and consist of two separate enzymes for
methylation and restriction, and do not depend on NTP hydrolysis for catalyzing the
cleavage of unmodified DNA (13). These enzymes are used in DNA recombinant
technology for controlled manipulation of DNA, such as cloning (14). Type I, IIl and IV
are NTP-dependent, large multi-subunit assemblies, where the enzymatic activities of
methylation and restriction are performed by different functional domains (15-18). The
NTP dependent RM enzymes represent large molecular machines, which translocate on
the double-stranded (ds) DNA utilizing energy from hydrolysis of either ATP or GTP
(12). Type I and III RM enzymes catalyze the cleavage of unmodified DNA by utilizing
free energy associated with ATP hydrolysis (19-22). Type IV systems are also called as
Modification Dependent Restriction enzymes (MDR), since they restrict specifically

methylated DNA in a GTP-dependent manner (23).

We focused on Type IIl RM enzymes to unravel the mechanistic basis of restriction and
modification using the tools of biochemistry, X-ray crystallography and bioinformatics.
Type III RM enzymes were discovered more than 40 years ago, and are now recognized
as part of bacterial innate immune system. According to the latest information from
Restriction Enzyme Database (REBASE) (24), more than 10,000 putative Type III RM
enzymes (including only modification subunits) have been identified and target site
sequences of more than 200 of them determined. Type IIl RM enzymes are hetero-
oligomeric and multifunctional. They are composed of two subunits: Mod, which carries
out site-specific methylation of DNA and Res, which catalyzes the cleavage of
unmodified DNA, but only in complex with Mod (25). The target sequences of Type III
RM enzymes are non-palindromic, asymmetric and uninterrupted (26-29). The
cleavage requires a specific orientation of the target sites (30-32). The enzyme cleaves
unmodified DNA 25-27 bp downstream of either one of the at least two inversely
oriented target sites in an ATP-dependent fashion (20, 28, 29). The most studied
prototypes of Type III RM enzymes are EcoP1ll and EcoP15l. To understand the

molecular basis of working of Type III RM enzymes, we focused our studies on EcoP1l.
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This chapter describes historical milestones in the discovery of RM enzymes and
introduces properties of Type III RM enzymes based on previous genetics, biochemical

and biophysical studies.



CHAPTER 1: Introduction

2. Historical Background

The first-half of 20t century witnessed vital discoveries right from X-ray diffraction by
Max von Laue in 1912 to the helical structure of DNA, the molecular basis of life by
Watson and Crick in 1953 forming the underpinnings for identification of defense
systems of bacteria, the RM enzymes. The most simplistic explanation of defense
systems of bacteria was given by Nobel laureate Werner Arber’s 10 years old daughter

Silvia via “The tale of the king and his servants” as described in his biography (33).

“When I come to the laboratory of my father, I usually see some plates lying on the tables.
These plates contain colonies of bacteria. These colonies remind me of a city with many
inhabitants. In each bacterium there is a king. He is very long, but skinny. The king has
many servants. These are thick and short, almost like balls. My father calls the king DNA,
and the servants enzymes. The king is like a book, in which everything is noted on the work
to be done by the servants. For us human beings these instructions of the king are a

mystery.

My father has discovered a servant who serves as a pair of scissors. If a foreign king
invades a bacterium, this servant can cut him in small fragments, but he does not do any

harm to his own king.

Clever people use the servant with the scissors to find out the secrets of the kings. To do so,
they collect many servants with scissors and put them onto a king, so that the king is cut
into pieces. With the resulting little pieces it is much easier to investigate the secrets. For
this reason my father received the Nobel Prize for the discovery of the servant with the

scissors.”

The RM enzymes were fondly referred to as “servant with the scissors” by Silvia.
Following section describes the historical milestones in the discovery of these

molecular scissors.
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2.1 Host controlled variation and its molecular basis

Historical experiments by Luria & Human and Bertani & Weigle pioneered early
discoveries of bacterial immune systems. It was observed that bacteriophage had a host
specific capability of invading the bacteria wherein it could infect specific bacterial
strain and failed to infect others. In 1952, Luria & Human (1) and Bertani & Weigle (2)
independently experimented on A phages and T even phages. They showed that it is a
“host controlled variation” that caused difference in the bacteriophages. The host
controlled variation in a bacteriophage was shown to be an effect of genotype of the
host in which it grew. This change suppressed the infectious ability of the phage in other
hosts. The authors demonstrated that the suppression of infection was transient and
non-hereditary; meaning just a single passage on the previous host returned the phage

to its original form. The Bertani and Weigle experiment is represented in Figure 1.1.

AK
EOP=1
E.coliK-12 —_—
EOP =2 * 10 EOP=1
EOP=1 E.coliC
—

Figure 1.1: The Bertani and Weigle experiment of host controlled variation (2).
The A phage propagated in the strain E.coli K12, referred to as AK, with an EOP (see text
below) of 1. Subsequently the A phage propagated in the strain E.coli C, referred to as AC,
now faces a barrier to infect its original host E.coli K12 with an EOP of 2*10-4. However,
phages overcoming this barrier return to their original form AK after a single passage in
E.coli K12.

In 1960, in an attempt to render E.coli B and its radiation-resistant strain B/r sensitive
to A phage, Werner Arber encountered “host-controlled variation of phages”; a

phenomenon described for E.coli and A phages seven years earlier by Bertani & Weigle
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and Luria & Human. To understand how restriction of phage growth and adaptation to
new host worked, Arber and co-workers investigated this phenomenon in detail. On the
basis of available knowledge on the structure of DNA (34) and of its semiconservative
replication (35), they succeeded in showing that phage DNA carry host-strain specific
modification and that unmodified DNA becomes degraded in the restricting host
bacteria. The experiments were not just limited to understanding phenotypic
implications of host-controlled variation, but went on to prove that the modification
imparted by host, was associated with DNA (3, 4). They showed that the modification
was present only in progeny phage particles which inherited one or both parental DNA
strands of the infecting phage particle. Furthermore they showed that the unmodified
phage DNA was degraded upon injecting in a restricting host (6, 7). Based on these
findings, Arber and co-workers hypothesized that bacteria might contain two types of
enzymes: a restriction enzyme that recognizes and cleaves the foreign bacteriophage
DNA and a modification enzyme that recognizes and modifies the bacterial DNA to
protect it from the DNA-degrading activity of its very own restriction enzyme (36). He
predicted that the restriction enzyme and the modification enzyme act on the same DNA
sequence, called a target/recognition sequence. In this way, the bacterial cell's own self-
defense mechanism was identified, which destructively degrades invading phage DNA,
and at the same time safeguards its own DNA from degradation by specific modification
of the target sequence. The findings of Arber and co-workers led to the discovery of
Type I RM enzymes EcoK and EcoB (3, 4, 6, 7, 36-38) and could provide explanation to
early observations by Luria & Human and Bertani & Weigle. The success of A phage
infection in E.coli C in Bertani & Weigle’s experiment (Figure 1.1) was due to absence of

a RM enzyme in this strain as opposed to E.coli K12 which harbored EcoK RM enzyme.

EcoK and EcoB, the first RM enzymes to be discovered, were shown to be dependent on
ATP, S adenosine methionine (AdoMet) and Mg2* for enzymatic activities (36, 39) and
were subsequently called as Type I RM enzymes. Soon in 1972, Horiuchi and Zinder
showed that EcoB cleaves the DNA non-specifically significantly away from the target
site (40). These initial discoveries of Type I RM enzymes were further corroborated by
Hamilton Smith who also contributed to the discovery of Type Il RM enzymes (41).
Smith’s findings were based on studies on restriction enzymes from Haemophillus

influenzeae, where Hindl was found to be a Type I RM enzyme while a second enzyme
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from H. influenzeae (HindIIl) headed to appreciation of another class of enzymes, Type II
RM enzymes, which cut the DNA at a specific location within the target site and do not
depend on ATP for restricting the unmodified DNA (41). The Type I RM enzymes
proved their importance in precise manipulation of pieces of DNA and opened new

doors in the field of recombinant genetic technology.

2.2 Discovery of Type IIl RM enzymes

The RM enzymes identified so far were chromosomal. In parallel, the discovery of an
extra-chromosomal independent RM enzyme stemmed from early experiments of Arber
and Dussoix while trying to understand the molecular nature of restriction and
modification. They experimented on A phage and E.coli K12 (P1) lysogen. Lysogen is a
bacterium harboring phage particles in dormant state (prophage P1 in this case) (42).
The A phage isolated from E.coli K12 was successfully restricted when plated on E.coli
K12 (P1) lysogen with an efficiency of plating (EOP: number of plaques on the test host
divided by the number of plaques on a permissive host) of 10-%. However, when A phage
recovered from E.coli K12 (P1) lysogen was again plated on the same strain i.e. K12 (P1)
lysogen, it was found to be infectious with an EOP of 1. One of the most striking
observations was that the severity of infection was higher when phages recovered from
K12 were plated on K12 (P1) lysogen than vice versa. This suggested that there were at
least two independent RM systems in lysogenic K12 and only one in the non-lysogenic
K12. Arber and co-workers showed that phage P1 had its specific modification which
was distinct from previously identified chromosomal systems such as EcoK and EcoB

(6-8).

Early experiments by Arber and co-workers established that the RM enzyme encoded
on prophage P1 was extra-chromosomal as opposed to chromosomal RM enzymes such
as EcoK (a Type [ RM enzyme) (6). The discovery of this extra-chromosomal RM enzyme
was followed by identification of a similar kind of RM enzyme in E.coli 15T-. In 1965,
Stacey et al demonstrated by conjugation experiments, that E.coli 15T- had a distinct,
extra-chromosomal RM enzyme (8, 36). This RM enzyme was found to be present on the
p15B plasmid of E.coli 15T- (37). So far, two extra-chromosomal RM enzymes were
identified: EcoP1l, which was carried by the P1 prophage, and EcoP15I, which was

carried on a plasmid p15B. Both of these enzymes were shown to undergo genetic
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recombination (11). They also had a competitive effect for stable inheritance (38).
Interestingly it was observed that EcoP1I and EcoP15I depended on presence of ATP for

successful restriction.

Later, in 1978, Piekarowicz and Kauc isolated a restriction enzyme from Haemophilus
influenzae. This RM enzyme, Hinflll, had characteristics similar to EcoP1I and EcoP15I.
It depended on the presence of ATP and Mg?* for activity and was stimulated by
AdoMet. These three enzymes lacked the huge ATP hydrolysis (1 ATP/bp) exhibited by
Type I RM enzymes. Similar to Type Il RM enzymes, these showed clear cut location of
dsDNA break. Piekarowicz and Kauc proposed that EcoP1l, EcoP151 and HinfIII
belonged to a separate, new class of RM enzymes: Type IIIl RM enzymes (43).

3. Properties of Type IIl RM enzymes

Although a large number (>10,000) of putative Type IIl RM enzymes are known, only a
handful of them have been characterized, including EcoP1l, EcoP15I, HinfIll, StyLI etc.
(20, 27-29, 44). Among them, EcoP1I and EcoP15I have been studied most extensively
for more than 40 years. Following section describes properties of Type III RM enzymes.
This includes genetic make-up, subunit assembly, domain organization, sequence
characteristics of various domains, cleavage characteristics and models proposed to

explain working of these enzymes.

3.1 Genetic make-up

The information on genetic make-up of EcoP1I and EcoP15] RM stemmed from elegant
experiments done by Mural et al and lida et al. In 1979, Mural et al isolated and
characterized cloned fragments of prophage P1 and showed that one of the
recombinant plasmids expressed both modification and restriction activity of EcoP1I
(45). Later in 1982, lida et al identified the genetic make-up of EcoP1I and EcoP15I by
using P1-P15 hybrid phages expressing EcoP15 target specificity. lida and co-workers
used combined information from transposon mutagenesis, restriction cleavage analysis
(using BamHI and EcoRI), DNA heteroduplex analysis and in vitro transcription
mapping to decipher the mod-res operon of EcoP1I and EcoP15I. These studies implied
that the genetic information for both methylation and restriction was encoded by a
single operon 5000 bp long (46). This genetic element encodes two genes: mod and res.

Based on DNA heteroduplex analysis, lida et al suggested that the mod gene of both
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EcoP1l and EcoP15I was 2200 bp long. res of both EcoP1I and EcoP15I was 2800 bp
long and was fairly identical for EcoP1I and EcoP15I. It was also suggested that each
gene is transcribed from its own promoter (46). Later, in 1987, Huembelin et al
reported the nucleotide sequence of EcoP1I operon and EcoP151 mod gene. With the
availability of both EcoP1I and EcoP151 mod sequences, it was clear that the N and C
termini of both the genes were highly homologous, but there existed a non-homologous
region in the middle portion, making mod a “mosaic” of homologous and non-

homologous regions (47).

Later, in 1979, the recognition sequences of EcoP1l and EcoP15] were determined.
EcoP1I recognizes 5° AGACC 3’, where the second adenine gets methylated by the
modification activity (29). EcoP15I recognizes 5" CAGCAG 3’, where again the second
adenine gets methylated by the modification activity (28). Both the enzymes cleave 25-
27 bp downstream of the target site leaving a 5’ overhang in the cleaved product
(11,12). Since EcoP1I and EcoP15I recognized two distinct stretches of nucleotides as
their target site, it was suggested that presence of a non-homologous region in mod was
due to different sequence specificities (47). The EcoP1I and EcoP15I operon are shown

in Figure 1.2.

2 ntgap
o = ——
1941 bp 2913bp ———>
de 2 ntgap
«— 1938bp 2913bp ———>

Homologous

V//% Non-Homologous

Figure 1.2: mod-res operon of EcoP1I and EcoP151. The mod and res genes are shown
as green and blue arrow-heads, respectively. The horizontal and oblique hash-marks

\

denote regions of homology and non-homology, respectively.
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3.2 Subunit assembly

In 1982, Hadi et al purified EcoP1I and EcoP15I from E.coli by a recombinant method
where both mod and res were cloned on multicopy, overexpression plasmids (25). The
authors reported that EcoP1I and EcoP15I contained two subunits of molecular weights
106 kDa and approximately 73-75 kDa respectively. Bacteria containing full-length
operon of the restriction enzyme had r*m* phenotype and produced both the subunits;
however when a large portion of res was deleted, the bacterial phenotype was rrm*. The
deletion derivatives expressed only the smaller subunit. The authors hence concluded
that the smaller subunit was responsible for specific sequence recognition and
methylation (25). In summary, Mod, the smaller subunit (~73-75 kDa) is transcribed
from mod and is responsible for methylation of the target adenine. Res, the larger
subunit (~106 kDa) is transcribed from res and is responsible for restriction of DNA

when combined with Mod.

For a long time it was believed that Type III RM enzymes existed as a tetramer with a
1:1 stoichiometry of Mod:Res forming a hetero-tetrameric complex of ModzResz, and
the active methyltransferase (MTase) as a dimer of two Mod subunits. These results
were based on analytical ultracentrifugation and Size Exclusion Chromatography (SEC)
(10, 48, 49). Wyszomirski et al revisited the subunit stoichiometry of EcoP15I in 2011.
To dissect out the hetero-oligomeric nature of EcoP15], they used three different
techniques: SEC, second derivative UV spectroscopic analysis and analytical
ultracentrifugation. Results obtained from all the three methods indicated that the
multifunctional EcoP15] was a complex of 2 Mods and 1 Res forming a heterotrimer
(Mod;Res1). The MTase was still found to be a homo-dimer (50). However, again in
2012, Gupta et al used analytical ultracentrifugation and dynamic light scattering
experiments to show that EcoP15] was a heterotetramer. In the same report, a low
resolution solution structure of EcoP15I using small angle X-ray scattering (SAXS) was
reported. The authors suggested that EcoP15I had a crescent shape where two Mods lie
in the middle and each of the Res subunits lay at the end (51).

In 2014, however, more detailed experiments towards understanding subunit
stoichiometry of EcoP1l, EcoP15I and Pstll were carried out. Researchers used two

techniques which were not applied to these enzymes previously namely, Native Mass
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Spectroscopy (Native MS) and Size Exclusion Chromatography combined with multi-
angle light scattering (SEC-MALS). Results obtained from both the methods
demonstrated that Type IIIl RM enzymes contained two copies of Mod and a single copy
of Res forming a heterotrimer ModzRes: (52). Finally a partial structure of EcoP15] was
published in 2015, which beyond doubt showed that EcoP15I indeed has a ModzRes1
stoichiometry (53). The structure revealed that two copies of Mod (Moda and Modg)
perform asymmetric functions. Moda is involved in identifying the target sequence
whereas Modg brings about methylation of DNA by transferring a methyl group from

AdoMet to exocyclic N6 of adenine in the target site.

3.3 Target site of Type Il RM enzymes

As demonstrated by Arber and Dussoix, the modification of phage particle acquired
from the host was associated with DNA and RM enzymes were capable of distinguishing
specific base pair sequences on the polynucleotide track (3, 4, 7). Brockes et al showed
that EcoP1I methylated adenine residues using radiolabelled AdoMet. This was further
corroborated by experiments done by Hattmann et al. using in vitro methylation of
labeled oligonucleotides by EcoP1I Mod (54). The authors proposed that the product of
methylation was a pentameric stretch of 5° AGACPy 3’ (Py : C or T) where the second
adenine got methylated. Further Baechi et al conducted experiments with SV40 DNA
and EcoP1I to show that the target site for EcoP1I was 5’ AGACC 3’, once again showing
that the second adenine got methylated (29). Hadi et al determined the target site for
EcoP15I as 5' CAGCAG 3’, where similar to EcoP1I, second adenine got methylated (28).
Soon after this, in 1980, Piekarowiz et al identified the sequence recognized by HinfII],
another Type III RM system to be 5’ CGAAT 3’ (27). The first pair of isoschizomers was
identified in 1982 with the discovery Hinel which recognized the same target sequence

as that of HinfIII (26).

With the advent of Single Molecule Real Time (SMRT) sequencing, developed by Pacific
BioSciences (PacBio), target site sequences of a large number of MTases of Type III RM
enzymes are now becoming available (55). Table 1.2 lists Type IIl MTases whose target
sequences have been determined either biochemically or by SMRT sequencing. A typical
target sequence of Type III RM enzymes is an uninterrupted, non-palindromic and

asymmetric stretch of five to six base pairs. The asymmetry imparts a distinct polarity
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to the site, where 5’ and 3’ termini of the target site are designated as tail and head

respectively.

Table 1.2: Target sequences of MTases of Type IIIl RM enzymes*

Target Target Target Target Target
Name Sequence Name Sequence Name Sequence Name Sequence Name Sequence

(5'-3') (5'-3') (5'-3') (5'-3') (5'-3')
M.Aci16581I AGGAG M.EcoJA23PII CACAG M.KpnNIH30I1l |CGCATC M.Sen641l CAGAG M.Sen18569I1l CAGAG
M.Asa43001I| CGCAT M.EcoJA65PII CAGCAG |M.KpnNIH32l |CGCATC M.Sen1080I CAGAG M.SenA46| CAGAG
M.Asp2D2II TCCAG M.EcoPI AGACC M.KpnPCO71l |CGCATC M.Sen1175lI CAGAG M.SenAZIl CAGAG
M.AspDUT2IV CGAGG M.EcoP15I CAGCAG |M.KpnPC33Il |CGCATC M.Sen1387| CAGAG M.SenAbal CAGAG
M.Bce842| CACAG M.Esp31311 GTTAAT |M.Mca252391 |GARAC M.Sen1427| CAGAG M.SenAbol CAGAG
M.Bce895I| CACAG M.Fen1006I GAVATC |M.Mhal83IV |GTTAAT M.Sen1655I CAGAG M.SenAnall CAGAG
M.Bcel6656I| CACAG M.Fla104114l CCAAG M.Mha807I GTTAAT M.Sen1676ll CAGAG M.SenC1736! CAGAG
M.Bce25416I CACAG M.FnoB1lll CGCC M.MmyCl TGAG M.Sen1677I1 CAGAG M.SenC1765! CAGAG
M.Bce22E1l CACAG M.Fpsll CGCAG M.Msp315I1  |CAGAAA M.Sen1728II CAGAG M.SenC1808I CAGAG
M.Bce7H2I CACAG M.FtnUIIl AGACC M.MspCY2I AGCGCC M.Sen1735I CAGAG M.SenC1810I CAGAG
M.BceK56! CACAG M.Gel16401I GGACCG |M.Ngo35021 |ACACC M.Sen1736l| CAGAG M.Senll CAGAG
M.BceSlI CGAAG M.Gli15749ll GACAT M.NgoAX CCACC M.Sen1764ll CAGAG M.Sen44810RF643]1CAGAG
M.Bco7050I GAWTC M.Gmell TCCAGG |M.NgoAXIl AGAAA M.Sen1766| CAGAG M.SenSPBII CAGAG
M.BcoSlacl TAAATC M.Gsp12I GCCAT M.NgoFA19Il  |CCACC M.Sen1781I CAGAG M.SenTFI CAGAG
M.BmaBMKI CACAG M.GsplL21ll GACCA M.NgoMX CCACC M.Sen1783I CAGAG M.SmolLIV CGWAG
M.BmaBMZI| CACAG M.Gst10l GCCAT M.Nmel8lI ACACC M.Sen1878| CAGAG M.SptAll CAGAG
M.Bpel37I AGCCGCC [M.Gth3570ll GCCAT M.Nme77I ACACC M.Sen1880I CAGAG M.Ssc1360I GGAG
M.Bpe564| AGCCGCC |M.Hal24586lI GGAG M.Nme5791  |CCAGC M.Sen1896!| CAGAG M.Sty13348I CAGAG
M.Bpe1920I AGCCGCC [M.Hballl CGCAGC |M.Nme5791l |ACACC M.Sen1898| CAGAG M.StyLTI CAGAG
M.Bps1651I CACAG M.HindVI CGAAT M.NmeMC58! |CGYAG M.Sen1899I CAGAG M.SwoAll GTCAGG
M.Bps7894I CACAG M.Hinel CGAAT M.Pac19842Ill |ACCAGG M.Sen1903I CAGAG M.Tca7334ll1l GCCAT
M.BpsBEMI CACAG M.Hinflll CGAAT M.Pae416391 |GCCCAG M.Sen1906I| CAGAG M.TdelV CTAAT
M.BspRB39II CACAG M.Hmal1271ll AGYATC |M.PbaVA2lIl GGSAG M.Sen1908| CAGAG M.TmeBIV CGCC
M.Btr190lI RGTAAT  [M.Hpy99XXI GWCAY |M.Psp320WI |GGAGC M.Sen1910I CAGAG M.TpaRLIlI GMGAGC
M.Btr192Il ACATC M.HpyAXI GCAG M.Pstll CTGATG M.Sen1921II CAGAG M.Tph12270lII CAGAAA
M.CpeAV VGACAT  [M.HpyAXVII TCAG M.Rsp7Il AGACC M.Sen1927| CAGAG M.TspX514lI GGCAS
M.Cthlll GTCAT M.Kaq16071lI GGACT M.RthAD2I CGACC M.Sen2050I CAGAG M1.VcoRE98II CCCACC
M.CthLQ8II CGACC M.Kpn36ll CGCATC |M.SbaUl CAGAG M.Sen2064l1 CAGAG M2.VcoRES8II GACATG
M.Dac11109I GACGA M.Kpn6771 CGCATC |M.Sbo268I CAGAG M.Sen2069I1 CAGAG M.Vnal6374ll CCACCG
M.Dfell GAGAAG  |M.Kpn1097I CGCATC |M.Sbo124191 |CAGAG M.Sen3124| CAGAG M.Vpa2008II GNAATC
M.DthLIIl CACC M.Kpn14201 CGCATC |M.Senlé6ll CAGAG M.Sen7378| CAGAG M.Xor86I| CCGAGG
M.Eba57I GAGAG M.Kpn32192I CGCATC |M.Senlélll CCGAG M.Sen8391lI CAGAG M.Xor256l GGAGG
M.EcIHC3I ACGAAG [M.Kpn34618I| CGCATC |M.Sen158lI CAGAG M.Sen8692| CAGAG M.Xor2286ll GGAGG
M.Eco3858lI GAGAC M.Kpn38547I CGCATC |M.Sen195I CAGAG M.Sen10384! CAGAG M.Xor7331l1l GCCAGG
M.EcoCFTII CACAG M.KpnNIH1Il CGCATC |M.Sen255I CAGAG M.Sen10708I CAGAG M.Xor7341l1l GCCAGG
M.EcoGVIlI ACCACC  [M.KpnNIH10IIl CGCATC |M.Sen318ll CAGAG M.Sen13311I CAGAG M.XorPXI CCGAGG
M.EcoJA17PII CACAG M.KpnNIH24I CGCATC |M.Sen483lI CAGAG M.Sen157911 CAGAG M.YinY228II CCGAG

*Information retrieved from REBASE on 16-10-2016

3.4 Site orientation selectivity

Along with identification of target site of Hinflll, Piekarowiz et al also experimented

with ColE1 DNA to characterize the methylation and cleavage pattern of HinflIl (27).

They mapped 5 potential cleavage sites for Hinflll. The authors did not observe any

cleavage of DNA containing single target site. It was then suggested that HinfIIl needs

multiple sites for successful DNA cleavage (20).

Further, it was observed that certain phages were refractory to cleavage by EcoP15I.

Genomic DNA of both phage T7 and T3 carry recognition site for EcoP151 viz 5 CAGCAG
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3’. However, T7 was found to be refractory and T3 was found to be susceptible to
cleavage by EcoP151. There was one prominent difference between the genetic
materials of the two: The genomic DNA of phage T7 had target sites of EcoP15I
arranged unidirectionally, whereas at least two were in inverted orientation in that of
phage T3. These findings along with evidences from cleavage experiments done on M13
phage led the authors to propose that Type III RM enzymes require two inversely
oriented target sites for cleaving the dsDNA. This was the strand bias model proposed
for Type III RM enzymes (30). The model was also successful in answering the
prevention of suicidal cleavage of self-genomic DNA by Type IIl RM enzymes. After
methylation, only one strand of the DNA carries the methyl group. When such a DNA
replicates, only one methyl group is inherited by the daughter DNA molecule, but the
same site remains completely unmethylated in the other, making it a substrate for
destructive endonuclease. This creates problems of suicidal cleavage by Type III RM
enzymes. To overcome this situation, Type III RM enzymes were hypothesized to use
strand bias, wherein, restriction occurs only when two unmodified target sites are in
inverted orientation and directly repeated sites would not be suitable for
endonucleolytic restriction but could yet be modified. This is also called as “site
orientation selectivity”, where a productive interaction between two protein complexes

occurs only when they are in specific relative orientation (32).

As mentioned earlier, the Type IIl RM enzymes recognize a short, non-palindromic and
asymmetric sequence on DNA. Given that there is a polarity associated with such
asymmetric site, we can now have inverted repeats in two distinct arrangements: Head-
to-Head (HtH) and Tail-to-Tail fashion (TtT) (Figure 1.3). DNA molecules bearing such
inversely oriented sites are referred to as canonical substrates for cleavage by Type III

RM enzymes.
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A EcoP1l EcoP15I
5’ AGA™CC 3’ 5’ CAGCA™G 3’
Tail (T) Head (H) Tail (T) Head (H)
B
T H Head to Head H T
H T Tail to Tail T H

Double Stranded DNA with Two Inversely Oriented Sites

Figure 1.3: Site orientation selectivity. A] The asymmetric target sites for EcoP1I and
EcoP15I are shown as triangles where the apex of the triangle denotes 3’ end of target
called as Head (H) and base of the triangle denotes 5’ end of the target called as Tail (T).
B] Indirectly repeated orientation of two target sites on a dsDNA.

3.5 Domain organization of Type IIl RM enzymes

Type III RM enzymes are composed of two subunits: Mod which is responsible for
catalyzing transfer of a methyl group from AdoMet to exocyclic nitrogen of adenine; and
Res which along with Mod brings about dsDNA break at a particular location (25-27 bp
downstream of the recognition site). In 2007, Wagenfuehr et al subjected EcoP15I to
limited proteolysis, mass spectrometry and insertional mutagenesis to characterize the
structural domain within each subunit (15). In absence of specific DNA and ATP, Res
exhibited two trypsin resistant domains of molecular weight 77-79 kDa (Res1) and 27-
29 kDa (Res2). Such stable domains were not found upon proteolysis of Mod. To
identify tightly folded parts of EcoP15I that resisted trypsin digestion, the Mod subunit
and the tryptic fragements of Res namely, Resl and Res2 were analyzed by a
combination of liquid chromatography/ electrospray ionization mass spectrometry
(LC/ESI-MS) and matrix assisted laser desorption/ionization mass spectrometry
(Maldi-MS). The results from these experiments demonstrated that the Res subunit has
two domains, a large N terminal domain that contains various helicase motifs and
ATPase functional motifs, whereas the C terminal domain which was anticipated to be
endonuclease domain. It was demonstrated that both these structural domains were

connected by a linker region of 23 amino acids (15). Recently published three
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dimensional structure of EcoP151 structure revealed presence of an additional
accessory domain in EcoP15I Res, at the junction of RecA1 and RecA2, called the Pin

domain (53).

Sequence characteristics of various functional domains within Type IIl RM enzymes are

detailed in the following section.

3.5.1 Methyltransferase (Mod)

The Mod subunit of EcoP1I and EcoP151 is ~73-75 kDa (25, 48). Comparison of amino
acid sequence of EcoP1ll and EcoP15I Mod with other MTases brings up certain
sequence motifs common to all MTases. MTases are broadly classified based on whether
they catalyze a methyl group transfer to exocyclic amino groups of adenine (N6) or
cytosine (N4) or to C5 atom of cytosine ring. Depending upon to which atom the methyl
group transfer is catalyzed, these are either called N-MTases (transfer methyl group to
exocyclic N of adenine or cytosine) or C-MTases (transfer methyl group to C5 of cytosine
ring). Type IIl MTases were shown to transfer the methyl group from AdoMet to N6 of
Adenine (29, 30) thus making them N-MTases. Comparison of N-MTases showed that
there were two common motifs, but their linear arrangement at the primary sequence
level and characteristics vary. According to the classification proposed by Timinskas et
al, EcoP1I and EcoP15I belong to D21 class of N-MTases. Here D stands for a conserved
aspartate (D) in motif II (DPPY). In the linear arrangement of motifs on the polypeptide
chain of Type Il Mod, motif II is located before the glycine rich motif I (FxGxG), hence
this class is defined as D21 (56).

Later, Malone et al did a comprehensive structure guided comparative analysis of
MTases and came up with a more elaborate classification (57). They compared the
structures of M.Hhal a cytosine MTase and M.Taql, an N6 adenine MTase. This structure
guided comparison was supplemented with primary sequence analysis of N6 adenine,
N4 cytosine and C5 cytosine MTases. Results of this analyses demonstrated that the
MTases are composed of three functional domains: a catalytic domain, an AdoMet
binding domain and a Target Recognition Domain (TRD). Each domain has
characteristic motifs. The N-MTases are divided into three classes (a,f3 and Y) based on

the linear arrangement of 9 conserved motifs (57, 58).
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Type III MTases belong to the 3 class of MTases. Members of 2 class have N terminal
catalytic domains which have canonical motifs 1V, V, VI, VII and VIII. The C terminal
AdoMet binding domain has canonical motifs X, [, II and IIl. The TRD is interspaced

between N terminal catalytic and C terminal AdoMet binding domain (Figure 1.4).

A
Methyltransferase (Mod)
Catalytic TRD AdoMet Binding
N v V. VI VIl Vi X 1 1 1w C
1 646
B
M.EcoPl/1-646 1 -MKKETIFSEVETANSKQLAVLKANFPQCFDK-+««=cece-n NGAFIQEKLLEI IRASEVELS 52
M.EcoP151/1-645 1 -MKKETIFSEVETANSKQLAVLKANFPQCFDK- -+« «vvvcu-- NGAFIQEKLLE!I IRASEVELS 52
M.BoeSV1-669 IMLODNLKYNEEVKSNTCLLKELKEKLPEFFTESKFDEEGTL I EEGEFDLEKFQRALKERNINEL 64

M.EcoPl/1-646 S3KESYSLNWLGKSYARLLANLPPKTLLAEDKTHNQQEENKNSQNLL | KGDNLEVLKHMVNAYAEK 118
MEcoP15U/1-645 S3KESYSLNWLGKSYARLLANLPPKTLLAEDKTHNQQEENKNSQHLL I KGDNLEVLKHMVNAYAEK 118
M.BceSU/1-669 B5 TSGYQLEF IGKDYAKKQAGEHPTTVI VPNNDHNNLDENKKSKNLFFTGDNLEVLRHLQNNYNNS 128

M.EcoPl/1-646 YIDPPYNTQKDGFVYNDDRKFTPEQLSELAGI ELDEANRILEFTTKGSSSHYA P]180
M.EcoP151/1-645 IYIDPPYNTQKDGFVYNDDRKFTPEQLSELAGIDLDQAKRILEFTTKGSSSHYA 180
M.BoeSI/1-669 Pt | l' IGODOGF I YPDKFEFDDETLKDMFGMNDKEFERLKSIQG- - TATH YA pJ1eo
M.EcoPV/1-646 18 L KED DKQLGLLCDEVFGQGNF

MEcoP151/1-645 18YRLY I ARELMRED

m
M.BoeSI/1-669 191R AKRLE KENC DD

M.EcoPy/1-646 245Y1 YVYAKNKD - VCSLGQFD IDESEVEKEWDEDEYGLFKRADTLKRTGQDASRKSRPKGWFPVF I 307
MEcoP15/1-645 243Y1 IVYTKNKEQL | SEWKSNI SDVKNLLVNIGEEFASKYTGNELQEKYTQWFREHRSELWPLDRY 308
M.BoeSV/1-669 255 VVLVYAKNIN-LVPKLFESYNSEYVKRYKEEDAYGRFYWDTFKRKSGKQYY - v ccvvveeenn 304

SQLKLVCDE!I FGEQNH
RANLTLLLNEI FGEGNKL]

M.EcoPl/1-646 308NSENKVYVTDDDKPLNEDDYVLYPVSPTGEEL SWSWGKKKINDEFYNLIVID-- | KDGKN | YKK 380
M.EcoP15/1-645 307TKYIDKDGIYTGSQSVHNPGKEGYRYD | IHPKTKKPCKQQPLMGYRFPLDTMDRLLSEEKI! | FGD 370
M.BoeSV/1-669 R e PIEAPDGTILQYDEQGNE!I SWLRSEGRFYQDLE-------- NGEVKFVKNR 347

M.EcoPl/1-646 370QRPALGELPTKKP- - -KSIWYKPEYSTSTATTELKNLLG--A VK IGTKK 428
MEcoP15/1-645 37T1IDENKI I ELKVYAKDYKQKLSSVIHLDGRVATNELKELFPEMTQPFTNAKTI KLVEDL|I SFACDG 434
M.BoeSI/1-669 348 AGEWNVHFKQR | PN-GKKPRSILSDKGTTASGSQEI LNYFSK IEVFTDD 410

KNAYSLG 478
SDAMKHG 484

M.EcoPV/1-646 420DSLVLDFAFAGSGT|ITAEAVAYLNEKDSGCR
M.EcoP15/1-645 435EGIVLDFFAGSGTITAHTVFNLNNKNKTSYQ

M.BceSV1-669 411KAIILD TADAVMKLNAAQQCDRH TYTINNDGKVVPKNDSVSKNAYSLG 474
M.EcoPV/1-646 470[YR ITKKRIQEVFKKSTTTS- - - -DNAAKIGFKVIHTIDDFR -« cccccecccccnnn AKV 522
M.EcoP151/1-645 485LTKERLIRASKKNRDO ----------- GFKVYQLMADFR------vcecccnnnn AKD 521
M.BoeSU/1-669 475[YMSIDF | SRERI KRASQKIQKEAGLTLSEKFDGGFKHYRVISSEQPTLDDLESFDIESGLFKDS 538
M.EcoPl/1-646 S23ESELTLTNHTFFDDAVLTP----cccennn EQYDALLTTWCVYDGSLLTTPIEDVDLSGYTAHF 575
MEcoP15/1-645 S22 ESELTLSNHTFFDDVVLTP----------- EQYDTLLTTWCLYDGSLLTTPIEDVDLGGYKAHL 574

M.BoeSU/1-669 530 SGALNQLSESGFDDMIQPFSSKGLKVDGNASGEDTI ITTWLVSDGYKMGIDVER INLNGYQASY 602

M.EcoPl/1-646 S7T6CNG-RLYL I APNFTSEALKALLQKLDSDEDFAPNKVVFYGCNFESAKQRELNEALKSYANKKS| 638
M.EcoP15/1-645 575CDG-RLYL I APNFTSEALKALLQKVDSDKDFAPNKVVFYGSNFESAKQMELNEALKSYANKKS| 637
M.BoeSV/1-669 603 IDNSRLYL INPHWSSEQTKELLNLIGTN-KLVVQTIVLYGYSFGLESIRELELGLKQLNSK- - - 682

M.EcoPl/1-646 830ELDLVVRN 648
M.EcoP15/1-645 G638ELDLVVRN 645
M.BoeSU1-669 663 - INLVKRY 660

Figure 1.4: Domain organization of Mod of Type III RM enzymes. A] The Mod
subunit is represented as combination of catalytic domain, AdoMet binding domain
(pink blocks) and (TRD) (green block). B] Sequence alignment of EcoP1I, EcoP15I and
BceSI depicting location of various motifs (red boxes). Roman numerals represent
canonical motifs within £ MTases.
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3.5.2 Restriction endonuclease (Res)

Res subunits of EcoP1I and EcoP15I are ~111 kDa (25). With the availability of amino
acid sequences of Type III RM enzymes, Gorbalenya and Koonin reported that N-
terminal part of Res subunit contained sequence motifs characteristic of Superfamily 2
(SF2) of DNA and RNA helicases (59). Helicases unwind nucleic acid duplexes by
utilizing energy in the form of ATP hydrolysis (60). Based on the detection of signature
motifs of SF2 helicases, it was postulated that Type Il enzymes could also unwind the
DNA duplexes (59). However, these enzymes did not show any strand separation
activity (21). Type Il enzymes thus are called pseudo-helicases which utilize energy
obtained from ATP hydrolysis to communicate between recognition sites over long

distances (30, 61) .

The N-terminal ATPase domain in Type III RM enzymes has a helicase core. This
helicase core has two subdomains arranged in tandem. These two subdomains have a
fold similar to Recombinase A (RecA), hence are also called RecAl and RecA2 (60). Both
RecAl and RecA2 are involved in ATP dependent nucleic acid remodeling (62). The
characteristic motifs of the helicase core can be classified based on their functions - 1)
ATP binding and hydrolysis , 2) nucleic acid binding and 3) coordination between ATP
and nucleic acid (60). Based on alignment of 39 amino acid sequences of Res subunits of
Type III RM enzymes, McClelland and Szczelkun identified the core helicase motifs (63).
Since structure of a Type III Res was unavailable then, a few motifs were declared as
putative and their possible function predicted. Later, motifs Ib, Ic and Ila were identified
by Gupta et al in 2015 based on the structure of EcoP151 (53). A schematic of location of
various conserved canonical motifs based on information from predicted motifs from
McClelland’s and Szczelkun’s study and partial structure of EcoP15I is depicted in
Figure 1.5 (53, 63). As mentioned earlier an additional domain, called the Pin domain, is

inserted between RecA1 and RecA2 of Res in EcoP15I (Figure 1.5A) (53).
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A
Restriction Endonuclease (Res)
€ ATPase >
RecAl Pin RecA2 Linker Endonuclease
N C
1 . 970
SF2 Helicase AHIR
B
EcoPl/1-970 1MSKGFTFEK AT SHQEDNVSIRLLVNPELRLTEQQYYKN | KKVQELN 64
EcoP15(/1-970 1MSKGFTLEKNL PHOKAGVDAVMNVFVSRATPHLTDNVAVRLLANPELKL SEQQYYNN | KNVOAFN 64
BceSI/1-987 1---MKILLEJLPHQEESLKAILENFTGJDNAANDSDVDYVYANPLIRG- - - -RYNEISN- - - - - 52
EcoPl/1-970 685G | EHVKNNYDARSNVIDV FKT1FDLNKSFGINKFFTTVPTLS KAGTVNFLK 128
EcoP1501-970 65G 1 AHSKDNHNAKSN | IDVYMETGTGKTYTYR KTIFOLNKSFGINKFj 1 IVPTLSi KAGTVNFLK 128
BceSI/1-987 7S S R 1DV TRLMYEMHQQYG | FKF | KEGAKNF 1Q 101
a
EcoPl/1-970 129 SDALKEHFRDDYE-REIKTYV AGKSTKSYMPQA IHDFVEASNFNKKY | UL VTN TGM ] 191
EcoP15/1-970 129 SDALKEHFRDDYK-RELRTYV AGKNTKSYMPQA IHDFVEASNFNKKY | 191
BeeSU/1-987 102 SDYAKQHFSQF YENVR I ELNVI SKSGRRNFPAQLLNFVEGSRQNSNT I Yy napu] 165
Cc
EcoPl/1-970 GAT] 255
EcoP15/1-970 255
BeeS1-987 QSI1EAIKPQVI IRAGAT 220
lla 11}
EcoPl/1-970 YKNLVYRLTAVDAFNEDLVKGIDAYIED I VGDGDANLKF | KSDGE 304
EcoP151/1-970 YKNLVYRLTAVDAFNDDLVKGIDAYIEDIVGDGNANLKFVKSDGK 304
BeeSU1-987 VTTGKGSNKI TKKDYYRKKPQFDLNAIESFNNGLVKGID | YYPNLTEEQAKNRYVVDS- - - 290
EcoPl/1-970 305EVTFELNENNKKTLFKLTKGESLSKTHSAIHOLTLDALGKNTVVLSNGIELKIGCSINPYSYDQ 368
EcoP151/1-970  305EATFELNENNNKKSFKLAKGESLSKTHSAIHDLTLDALNKSTAVLSNGIELKIGSSINPYSYDQ 388
BeeSI/1-987 291 VKAKELVLKQN SKSWI LHVGDONLAEVDSGFEG- - -DI EYAGSKMLSNELELEKGMTL | PGTYRS 351
EcoPl/1-970 369 TLADSMMRKA | KEHFKLEKEFLTOR - - - - - - - PR GYRDGNN | AGSLKAKFE 425
EcoP151/1-970 369 TLADNMMRKAVKEHFKLEKELLTQR - - - - - - - PRIUKPLTLFFIDD I[EGYRDGND | SGSLKTKFE 425
BeeSI/1-987 352 TYQEL | IKDAIDKHFE I EQANFLRANQRENNVPR SYRQDD - - -GWLKATFE 412
EcoPl/1-970 426 EYVLAEAN ELLKIEKDEFYSNYLEKTVKD|ISS- - - - NSDKDDKIEKE IN 479
EcoP15/1-970 426 EYVLAEAN ELLKTEQDAFYKNYLEKTVTNISS- - - - WGGYFSKOINSDKDDKI EQE IN 479
BceSU1-987 413RLLKEKLSRLVAEYEFKRLPREKEYLEFLRATOSSLASDNONVHAGYF RGSGDESIQAEVD 476
1Va
EcoPl/1-970 480 E1 LHDOKELLLSLDN - - - - - - | h I CKLRSSGSTTSKLTEVERGTR 537
EcoP15(/1-970 480 E| LHDKELLLSLDN - - - - - - i NVFICKLRSSGSTTSKL 537
BeeSl/1-987 477D 1 LKNKEKL L SFKDENGNWQ I AKLRTSGSDNSKIP ;] 540
V Y
EcoPl/1-970 538 LPVNEYMCRVK- -DRNFTLKYYVDFTEKDFVDSLVKEVNESSFKERVPSKFTQELKEQIRAQY - 598
EcoP15(/1-970 538 LPVNEYMCRVK- -DRNFTLKYYVDFTEKDFVDSLVKEVNESSFKERVPSKFTQELKEQIMAQY - 598
BeeSI/1-987 541 LPVDETGHR | QQDEWP TRLAFL IGYDEKDFAQKL IGEINSDAKLQLNEEKL TEDMIQL | VTKRK 604
EcoPl/1-970 599 - - - PELSSRALMNELFNDE! IDDNDNFKD - = - - - - - - SDAYSRLKSKYPAAFPIGVKPGKI KKA 851
EcoP15(1-970 599 - - - PELSSRALMNELFNDE| IDDNDNFKD - - - - - - - - SDAYSRLKSKYPAAFPIGVKPGKI KKA 651
BoeSl/1-987 605 KVNPEFTDERLLEHLDNLG! INRKNEFKESIDIGGVQKSGFEWLVELYPELNTNRLREGKVIDT 668
EcoPl/1-970 652 TDG - - KRRTKMRVGKF SELKELWEL INQKAVIEYKINSENEFLSIFKSFMLEETERFTKSGVHT 713
EcoP151/1-970 652 TDG - - KRRTKMRVGKFSELKELWDL INQKAVIEYKINSESEFLSI FKSFMLEETERFTKSGVHT 713
BeeSI/1-987 669 KKHS | KVRVKLRKENWEKVKELWOQF SNRYMLEFQR I PET - - - | SFMAEQ | VGNHSLYEREVPM 729
EcoPl/1-970 714R IDK1 Y| HNDMAMSKS | VSDDDDFAKLNT - -MSYREFLDNLSQTI FVKHDTLHK- VFCD I KDT1 774
EcoP151/1-970  T14RIDK! Y| HNDMAMSKS | VSDDDDFAKLNT - -MSYREFLONLSQT I FVKHGTLHK-VFCOD IKD T 774
BeeSI/1-987 730OMKESLHASDDNESVVLREQENEYQR | YLPGMAYGKFVKRINIATGIPIKEIHANLFKLMKSSL 793
EcoP/1-970 775N - ITEYLNIQTIRKIKSGFSKYLLNNSFNKFSLGYNL I SGSIHPTKFTNADGKPLDEVLSSDLG 837
EcoP1501-970 775N - ITEYLNIQTIRKIKSGFSKYLLNNSFNKFSLGYNL I SGSIHPTKFTNADGNPLGEVL SSDLG 837
BeeS/1-987 794 KGDARYLSELSLNN | IREFKKRFD - - EI FAQAYEYKKLDFQARTAI YNPEMDSFVDD INAEV |G 855
EcoPl/1-970 838 VLODNSKAPLDTYLFEE- - VFYDSELERRN I TDR-EIQSVVVFSKIPKNSIKIPVAGGYTY 898
EcoP151/1-970 838 VLODNAKAPLDTYLFEE--VFYDSELERRNITDR-EIQSVVVFSKIPKNSIKIPVAGGYTY 898
BeeS1/1-987 856 VN IDEQAQEDNRYLYELPPMRYDSVTPERDLLRHGYNDKVTVFGKLPRRAIQVPKYTGGST TIPD]919
1l

EcoPY/1-970 899 FAYVVKTAEGDYLNFI | VDSKDSLRLEEKKKI EHAQALFNQI SQSVKVEFKTQFANDD I Y 962
EcoP15/1-970 899 FAYVVKTAEGDYLNFI | VDSKDSLRLEEKRKI EHAQALFNQI SOSVKVEFRTQFANDD | Y 962
BceSl/1-987 920 F 1 YM1 EKDNDSSVYVL EN----MRLEDQRI IDIQKKFFDTL -KEHH I EF I EATSAQQVY 978
EcoPI/1-970 963QL | KSALP - 970
EcoP15(/1-970  9630L | KSALP - 970
BeeSU1-987 979S1 IRKLSEE 987

Figure 1.5: Domain organization the Res subunit of Type III RM enzymes. A] The
Res subunit of EcoP15I is represented as combination of RecAl, Pin, RecA2 (blue
blocks) and endonuclease (grey block). B] Sequence alignment of EcoP1l, EcoP15I and
BceSI depicting location of various motifs of SF2 helicases (red boxes) and AHJR
nucleases (blue boxes). Roman numerals represent canonical motifs.
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The endonuclease domain is at C-terminal of Res and has motifs characteristic of
Archeal Holliday Junction Resolvase (AHJR) family of nucleases (64). The members of
this family share a common fold with A exonuclease and other types of endonucleases
such as EcoRV (64-66). AHJR nucleases are characterized by a set of three conserved
motifs I, II and III forming a catalytic triad (64). The nucleolytic activity is executed by a
combination of these three motifs, where the conserved aspartate of motif I (PD) and,
conserved glutamate, glutamine or aspartate in motif Il (Q/E/DxK) coordinate with
Mg2* and one of the oxygens in the scissile phosphodiester bond in DNA. The conserved
lysine in motif III contacts the phosphate of the DNA backbone (67). Motif I of the AHJR
fold is characterized by a strongly conserved acidic residue (D/E). The acidic side chain
in motif [ has implications in stabilizing metal ion binding (68) or facilitating
conformational transitions for coordination of the catalytic triad (69). Consensus

sequence of motif I in Type IIl RM enzymes is still unidentified.

3.6 Mechanism of DNA cleavage by Type III RM enzymes

One of the striking features of Type IIl RM enzymes is the ability to communicate over
large distances (> 1000 bp) utilizing only few tens of ATP molecules (22, 30, 61, 70). As
described in Section 3.4, these enzymes maintain a sense of site orientation to bring
about successful interaction between two enzyme complexes (30, 32, 61, 70, 71). For
Type III RM enzymes it was suggested that HtH inverted repeat is favored over TtT (21,
30, 72). In parallel, it was observed that EcoP15I could also cleave TtT DNA substrates
and that the cleavage efficiency was independent of the distance between the two sites
(71). These findings were corroborated by van Aelst et al in 2010 (32). They
experimented with EcoP1l, EcoP15I and Pstll and showed that even TtT sites can be
cleaved with equal efficiency. It was also demonstrated that the efficiency of cleavage
depended on the lifetime of enzyme on the DNA (32). If the DNA were end-capped, the
enzyme could stimulate cleavage of DNA with TtT sites with an equal efficiency. The
authors suggested that cleavage of DNA containing both HtH and TtT sites is a common
property of Type III RM enzymes. In the same study, communication between two
protein complexes was shown to be necessary for cleavage. This was achieved by
inserting a roadblock between two inverted target sites in both circular and linear DNA
substrates. The effect of roadblock on the cleavage efficiency was little on circular

substrates as compared to linear substrates. As the enzymes encountered a roadblock
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on a circular substrate; they could still communicate with each other by other route on
the circle. However, in a linear substrate, the enzymes could not communicate in an
alternate way. This observation was consistent with a bidirectional, long range

communication mode for Type IIIl RM enzymes (32).

DNAs with a pair of inversely oriented sites, either HtH or TtT are canonical substrates
for Type III RM enzymes (32). Cleavage of DNA with HtT or single target site was poor
and hence cleavage of such substrates was referred to as secondary cleavage (73-76).
Such substrates (HtT or single-site) will be called non-canonical substrates in this study.
While a strict requirement for inversely oriented target sites was being observed for
successful cleavage by Type III RM enzymes, there were observations regarding
cleavage of above-mentioned non-canonical substrates. These were called
“promiscuous cleavage events”, and were believed to be an effect of enzyme
concentration, cofactor requirement or the nature of monovalent cations in the reaction
buffer. Potassium ions in the reaction buffer promoted the cleavage of single site
plasmids; however sodium ions were shown to prevent promiscuity. Similarly, AdoMet
was shown to inhibit such cleavage activity by EcoP1l (76). In another study,
Raghavendra and Rao proposed requirement of a free 3’ end for cleavage of DNA
containing single or HtT sites. It was suggested that the translocating enzyme would
interact with a free 3’ end of the DNA. Such an interaction would trigger the reversal of
direction of translocation on the DNA. The enzyme complex which is now translocating
back towards the target site can interact with an enzyme which is already bound the

site (75).

All of these observations were made on long stretches of DNA (>1000 bp). Interestingly,
it was also observed that even smaller DNA fragments (50-70 bp) containing single
target sites got efficiently cleaved by EcoP15I and EcoP1I (52, 71). These observations
were hard to reconcile due to following findings:

1) The DNAsel footprint of EcoP15I is 36 nt (including the recognition site), where the
enzyme covers 13 nt upstream and 17 nt downstream of the target site (71).

2) When a 50mer DNA duplex is complexed with either EcoP1I or EcoP15I, only one

molecule of enzyme can bind one DNA molecule (52).
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Thus, it is difficult to imagine two enzyme complexes interacting with each other on a
small piece of DNA to bring about dsDNA cleavage. Further investigation is required to

get more insights into such a cleavage pattern.

To summarize, Type IIl RM enzymes communicate between two inversely oriented sites
over long distances (0-1000bp), wherein two protein complexes would physically
interact with each other to elicit cleavage of the dsDNA 25-27 bp downstream of the
target sites (21, 30, 32, 61, 71, 72). The entire activity requires hydrolysis of ATP;
however, the amount of ATP hydrolyzed is 1000 fold less than other closely related NTP
dependent enzymes such as Type I and Type ISP RM enzymes (19, 21, 22, 77). To
account for site orientation selectivity along with extremely low ATP hydrolysis activity
associated with Type III RM enzymes, different modes of communication are proposed

(18, 32, 70, 75, 78-81).

3.6.1 Translocation, Looping and Collision (TLC) model

EcoK, EcoA and EcoB were among the first RM enzymes (Type I RM enzymes) to be
identified. Type III RM enzymes share a homologous helicase core in the Res subunit
with HsdR subunit of Type I RM enzymes. The translocation, looping and collision (TLC)
proposed for Type III RM enzymes (Figure 1.6) borrowed its inspiration from that
proposed for operation of Type [ RM enzymes (82). In this model, after loading onto the
HtH oriented recognition sites, the enzyme complexes start pulling the DNA towards
them. As the length of pulled DNA goes on increasing, the distance between enzymes
bound to the two sites goes on shortening. This eventually brings the two DNA bound
enzyme complexes close to each other facilitating physical interaction between them.
The physical interaction between two enzymes triggers the endonuclease activity of the
enzyme and a dsDNA break is brought about. In this process, each base pair
translocated on the DNA requires energy obtained from ATP hydrolysis yielding a
coupling ratio of 1 ATP hydrolyzed/ base pair (12, 83). However Type IIIl RM enzymes
are much more energy efficient than the closely related Type I RM enzymes. They
require as low as 1000 fold less ATP molecules to bring in the same biological effect,
that is, to communicate between two distantly located sites through DNA translocation,
and then cleaving the dsDNA. The TLC model fails to account for such a low ATP

coupling ratio.
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1) Loading

2) Looping

3) Two translocating
enzymes approach each
other

4) Cooperation and Cleavage

Figure 1.6: Translocation, Looping and Collision (TLC) model. DNA is shown as red
line. The target site is shown as triangles on the DNA. The grey closed ovals represent
Mod;: and Modz while the oval with a mouth represents Res. In the first step, the
enzymes load onto the target site. Subsequent to successful loading, the enzymes pull
the DNA utilizing ATP. The process of looping shortens the length between two
translocating enzymes bringing them closer. Collision of two translocating enzymes
triggers endonucleolytic cleavage of dsDNA.

3.6.2 End reversal model

As mentioned in Section 3.6, apart from cleavage of canonical substrates (HtH or TtT),
cleavage of DNA containing HtT sites and single site was also observed (75, 76). To
account for how single site linear substrates could be cleaved by Type IIIl RM enzymes,
the importance of a free DNA end was proposed (75). In this model, the enzyme
complex loads onto the recognition site. Upon hydrolysis of ATP, the enzyme vacates the
recognition site and starts translocating towards the 3’ end. As the enzyme encounters a
DNA end, it changes its direction of translocation. The subunit stoichiometry of Type III
RM enzymes was believed to be Mod:Res; at the time of this hypothesis. Hence
researchers suggested that the reversal of translocation could occur by one of the two

means: 1) The motor of second Res subunit is activated; 2) The enzyme makes a 180°
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turn upon interaction with DNA end. The back-traversing enzyme now can approach
another site bound enzyme. Physical interaction between the two enzymes activates the
endonuclease to cleave the DNA (Figure 1.7). In this way, the model was able to explain
cleavage of DNA substrates containing HtH, TtT and also HtT substrates. This would
mean that direct and inverse repeats and single site substrates could be cleaved with
same efficiency. Literature, however, suggests that the efficiency of cleavage to be
higher for inverse repeats as compared to other orientations. Also, this model fails to
account for cleavage of circular DNA having a single target site. On circular DNA with
single target site, the enzyme cannot find an end to reverse the direction of
translocation, making it simply impossible to juxtapose two enzyme complexes. Hence,
this model also is unable to provide a concrete explanation for all the cleavage

characteristics of Type III RM enzymes.

1) Loading ~——

2) Translocationtowards 3! = e s ssrnnnes

N
end of target site l Q >
3) Reversal of direction of O B ireeisens <

translocation and loading
of another enzyme
molecule

—

4) Cooperation and Cleavage O . by <

Figure 1.7: End reversal model. Enzyme loads on the DNA at the target site.
Hydrolysis of ATP triggers translocation of the enzyme towards 3’ end of the target site;
thereby enzyme leaves the target site. In the meantime, this vacant target site gets
occupied by another enzyme. The enzyme travelling towards 3’ end reverses its
direction of translocation and approaches the target site bound enzyme. Collision of two
enzymes results in endonucleolytic cleavage of dsDNA.
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3.6.3 Transient looping and collision model

In 2007, fast scan atomic force microscopy was done on EcoP15I with its substrate DNA
to visualize in real time the DNA processing by Type III RM enzymes. EcoP15] was
shown to form loops while still bound to the target site. Additionally, the enzyme
contacted the non-specific stretch on the DNA beyond the loop. The DNA loops were
completely absent on DNA substrates having no target sites. Based on the observations
of atomic force microscopy, another model was proposed which tried to account for
communication by Type III RM enzymes over large distances, yet hydrolyzing very less
amount of ATP (Figure 1.8). According to this model, the enzyme first loads on the
recognition site. ATP hydrolysis then brings about a conformational change in the
enzyme, such that the ATPase domain of Res subunit can now transiently hold or
release the DNA segment leading to formation of DNA loops in 3D space. Such a 3D DNA
looping considerably reduces the distance between two distantly located site bound
enzyme complexes. This looping was proposed to be diffusive, requiring no ATP
hydrolysis. When the two enzyme complexes are sufficiently close to each other, a
limited ATP driven active translocation brings them together to achieve physical
interaction. Although the model could explain low ATP requirements of Type III RM
enzymes, it could not account for cleavage of DNA containing very closely spaced target
sites and single site. Enzyme dimers were not observed on single site substrates under

the experimental conditions (80, 81).
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1) Loading

2) 3D Passive Looping

3) Limited Translocation
and Cleavage

Figure 1.8: Transient looping and collision model. Upon loading on two inversely
oriented target sites, ATP hydrolysis brings about a conformational change in the
enzyme to facilitate passive 3D looping of the DNA segment between two enzymes. As
the enzymes approach each other while still bound to site, a limited amount of ATP
hydrolysis allows translocation of the enzymes resulting in collision and nucleolytic
cleavage of dsDNA.

3.6.4 1D bidirectional diffusion model

The atomic force microscopy measurements pose technical challenge to the
interpretation of data, since immobilization of DNA on mica can introduce bias in
conformational flexibility of the enzyme. In 2010, Ramanathan et al used magnetic
tweezers assays to observe the DNA processing behavior of EcoP1I and EcoP15I. In this
method, one end of the DNA molecule is attached to the glass flow cell, while the other
end is equipped with a magnetic bead and is held upright in the magnetic field. The DNA
end to end distance is monitored in real time in presence or absence of a DNA
interacting protein under study. If the DNA were looped by EcoP1l and EcoP15], it
would result in shortening of the DNA length. With EcoP1I and EcoP15I, no such change
in DNA length was observed, however, the magnetic bead was lost from the field
indicating the cleavage of DNA by EcoP1I subsequently. This led authors to propose that
EcoP1I cleaved DNA without looping it.

Given that both EcoP1I and EcoP15I did not loop DNA and bring about cleavage by

utilizing much less ATP, 1D diffusion was hypothesized to be the model for action of
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Type III enzyme. According to this model, the enzymes load on the target site. The
polarity of target site sets the polarity of the loaded enzyme. After the enzyme loads on
the site, it undergoes an ATP dependent conformational change which enables it to slide
past the site either upstream or downstream. The diffusing enzyme on encountering
another target site-bound enzyme, the physical interaction between the two leads to
activation of the endonuclease to bring about dsDNA cleavage. The cleavage step may be
accompanied by another round of ATP hydrolysis. The model invokes requirement of
ATP hydrolysis for merely loading on the site and not for inter-site communication. As
bidirectionality is suggested for diffusing enzyme, the model also answers for cleavage

of TtT substrates (32, 70).

Later in 2013, Schwarz et al used magnetic tweezers combined with total internal
reflection fluorescence (TIRF) to monitor the mode of communication of EcoP15I. The
authors reported that EcoP15I diffused on the DNA both upstream and downstream of
the recognition site with a diffusion constant of ~0.92 pm?2s-1. It was also shown that
ATP abolished the non-specific binding of EcoP15I and triggered the release of enzyme
from its target site. Analogs of ATP like AMP-PNP, ADP-Vanadate and ADP did not
abolish non-specific binding events, confirming that ATP acts as a conformational

switch to push the enzyme from loading mode to a much distinct sliding mode (61).

The results of magnetic tweezers combined with TIRF were further corroborated by
millisecond time resolution stopped flow assays (22). It was demonstrated that EcoP1I
and EcoP15I rapidly hydrolyzed ~10 ATPs in ~1 second upon identification of target
site on short DNA duplexes. This burst phase was coupled to protein conformational
change measured by changes in tryptophan fluorescence. The conformational switch
was followed by a slower burst phase where ~20 ATPs were consumed. Although 1D
bidirectional diffusion model satisfactorily explains the cleavage of inverted sites which
are very close to each other, it fails to answer for cleavage of single site linear and

circular substrates.
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1) Loading

2) Bidirectional Diffusion

3) Encounter with another
site bound molecule

4) Cooperation and Cleavage

Figure 1.9: Bidirectional diffusion model. The enzyme loads on the target site. ATP
hydrolysis brings about a conformational change in enzyme from loading (grey enzyme
assembly) to sliding mode (colored enzyme assembly). The sliding enzyme can move
past the target site bidirectionally. When such a diffusing enzyme encounters another
target site bound enzyme, nucleolytic cleavage of dsDNA takes place possibly requiring
another round of ATP hydrolysis.
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4. EcoP1I: a prototype of Type III RM enzymes

To understand mechanistic basis of restriction and modification by Type III RM
enzymes we chose to study EcoP1l, a prototypical Type III RM enzyme. As detailed in
Section 2, EcoP1l was the first Type III RM enzyme to be identified (5, 10, 54, 84).
EcoP1I is an extra-chromosomal system, where the contiguous gene segment of res-mod
operon is carried on prophage P1. The operon of EcoP1I is 4856 bp long. mod is 1941 bp
long, while res is 2913 bp long. There is a 2 bp gap between stop codon of mod and start
codon of res (Figure 1.1) (25, 47). Both res and mod genes are transcribed from separate
promoters. The promoters are located 70 bp and 140 bp upstream of the translation
start codon of mod and res, respectively. There is an additional pair of promoters 500 bp
upstream of the start codon of mod. The res gene is transcribed from within open

reading frame of mod (47).

There are two subunits, viz, Mod (646 amino acids, MW: 73.48 kDa) and Res (970 amino
acids, MW: 111.45 kDa), which are products of mod and res, respectively (25, 47). As
described in Section 3.2, the enzyme assembly consists of two copies of Mod and a
single copy of Res forming a hetero-trimer of ModzRes; (MW: 258.41 kDa)(52, 53). The
target site for the enzyme is 5" AGACC 3’. The second adenine within the target site gets
methylated by Mod, where it transfers the methyl group from AdoMet to exocyclic N6 of
adenine in target site (29). The target site for EcoP1l is found in the genome of variety
of viruses including SV40 (4 sites), A virus (49 sites), ¢x 174 (7 sites) and adenovirus
(78 sites)(24). Upon identification of a pair of inversely oriented unmodified target
sites, the enzyme cleaves the DNA 25-27 bp downstream of the target sites by leaving a
5" overhang of 2 base pairs (29). ATP and magnesium ions are compulsory for

endonucleolytic cleavage (21, 29).

As mentioned earlier, a piece of DNA containing inverse orientation of target sites (HtH
or TtT) is referred to as canonical substrate for EcoP1I. All other substrates, such as
those containing a pair of directly repeated target sites (HtT) or single site are non-
canonical substrates (52, 73). As detailed in Section 3.6, cleavage models invoked to
satisfy site orientation selectivity of Type III RM enzymes and low ATP consumption fail

to explain cleavage of such substrates.
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4. Summary

Type III RM enzymes were discovered more than 40 years ago. As more and more
biochemical information was obtained, these enzymes were classified under a separate
category, the Type III RM enzymes. This separate class of enzymes was characterized by
two properties: 1) The enzymes cleaved the DNA at a very specific location (like a Type
I RM enzyme) 2) The enzymes utilized quite low amounts of ATP to communicate
between distant sites and to cleave the DNA. EcoP1l and EcoP15I are the most
extensively studied prototypes of Type III RM enzymes. The enzymes are coded on an
operon, containing 2 structural genes arranged in tandem. The methyltransferase
(Mod;~73 kDa) is transcribed from mod (1900 bp), and the restriction endonuclease
(Res,~110 kDa) is transcribed from res (2900 bp). The active form of methyltransferase
is a dimer of Mod, however, the restriction endonuclease is active only when associated
with Mod forming a ModzRes; heterotrimer. Each subunit has different functional
modules in the form of various domains. The Mod subunit belongs to 3 class of MTases
and has an N terminal catalytic and C terminal AdoMet binding domain. The TRD is
inserted between catalytic and AdoMet binding domains. The Res subunit has an N
terminal ATPase domain which belongs to SF2 helicases. The C terminal endonuclease
domain belongs to the AHJR family of nucleases. The enzyme recognizes its target via
TRD of one of the Mods. The other Mod is responsible for catalyzing transfer of a methyl
group from AdoMet to the adenine of target site. For successful cleavage of non-
methylated DNA, the enzyme requires two target sites in an inverted orientation which
could be thousands of base pairs away, however, cleavage of substrates having directly
repeated sites, very closely spaced sites or single site has also been observed.
Interestingly, these enzymes communicate between a pair of sites utilizing very less
amount of ATP, but still maintain the sense of site orientation. Different models have
been proposed to explain the mechanism of action of Type III RM enzymes. All of these
models, however, are only able to explain a few but not all characteristics of these
complex systems. To summarize, in spite of availability of large number of experimental
evidences, we still lack a complete picture of mechanism of action of these giant

macromolecular machines.
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5. Scope of Thesis

Type III RM enzymes, by virtue of their biochemical characteristics, represent model
enzymes to study the working of large macromolecular machines involved in nucleic
acid transactions. Several biochemical and biophysical studies have revealed interesting
features about the mechanisms of action of Type III RM enzymes. However, structural
information on the complexes has been limited due to the large size and nature of the
enzyme complex. An ensemble of biochemical, bioinformatics and structural studies will

provide a detailed view of the underlying mechanism.

Chapter 2: To determine the structure of Type IIl RM enzymes, we chose EcoP1I as the
prototype. We started by cloning the gene under high expression vectors to get
overexpression of the protein. This was followed by purification of the protein at large
scale employing a new purification protocol to obtain sufficient amount of protein
suitable primarily to set up crystallization trials. The enzymatic activities of EcoP1I
purified by this new method were checked using DNA binding, ATP hydrolysis and DNA

cleavage assays.

Chapter 3: To see the affinity of our highly purified and homogeneous protein sample
towards DNA, we conducted DNA binding assays with various lengths of DNA
substrates. During these trials, we characterized the binding and cleavage properties of
EcoP1lI in the presence or absence of various cofactors. Interestingly, we came across
the ability of protein to cleave the DNA substrates containing single target site. We
investigated in detail, the characteristics of such a cleavage. With the use of tools of
biochemistry, we have proposed a model which explains the mechanism of such type of

cleavage.

Chapter 4: To understand Type III RM enzymes in detail at the primary sequence level,
we took up an extensive sequence analyses of these enzymes. Through these analyses
along with identification of canonical motifs, we have been able to identify certain
unique features of Type Il RM enzymes at the primary sequence level. Finally, the
newly identified sequence features were mapped on the structure to find out their
functional relevance. This led us to identify new and unique motifs in Type III RM

enzymes that are required for interaction with different cofactors.
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Chapter 5: In parallel to characterization of EcoP1I purified in lab (Chapter 2), we
crystallized EcoP1I with a suitable short DNA substrate mimic. After screening a large
number of crystals, one of them diffracted to 4.4 A. The diffraction data is anisotropic.
However, we have successfully done molecular replacement by using partial structure

of EcoP151 which was solved recently (53).
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Cloning, Purification and Characterization of EcoP1I

1. Introduction

Type III RM enzymes are heterotrimeric oligomers made of two subunits -
methyltransferase (Mod) and restriction endonuclease (Res). Mod facilitates binding of
the enzyme to specific target sequence, and carries out sequence specific methylation of
adenine at N6 position (1, 2). In complex with Mod, Res (a fusion of ATPase and
endonuclease domains connected by a linker) cleaves unmodified DNA having two
inversely oriented asymmetric target sites (3-5). The characteristics of a typical
asymmetric target site recognized by Type III RM enzymes are described in Chapter 1.
Single molecule studies such as magnetic tweezers assay combined with TIRF have
suggested that upon recognition of unmodified target site, hydrolysis of ATP allows the
enzyme to undergo a conformational change in order to execute one-dimensional
motion on the DNA track (6, 7). The diffusing enzyme when encounters another
juxtaposed site bound enzyme, the physical interaction between the two leads to
activation of the endonuclease to bring about dsDNA cleavage (8, 9). Interestingly,
unlike most other ATPase motors that consume approximately one ATP per base pair,
the ATPase of the Type III enzyme hydrolyses approximately 30 nucleotides
irrespective of the distance travelled (7). These energy efficient machines bring about
long range communication between two sites separated by as many as few thousands of
base pairs (9). Type Il RM enzymes hence present a unique mode of long range
communication, i.e. involving an ATP induced molecular switch communicating over

long distances via one dimensional diffusive sliding.

A partial structure of EcoP15I bound to a DNA substrate mimic was published recently
(10). This structure lacks information about the endonuclease domain due to weak
electron densities, mostly because of flexibility associated with this region. Due to lack
of information on interaction of linker and endonuclease with DNA, a complete picture
of cleavage competent EcoP1I-DNA complex cannot be understood. Although
biochemical, biophysical and crystallographic studies aimed at understanding the
working of these machines have provided significant information till date, mechanistic
details of how these enzymes nucleolytically cleave dsDNA are still lacking. For example,

how does recognition of target site by Mod activates Res to hydrolyse ATP and
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nucleolytically cleave DNA downstream of the two target sites; how does the ModzRes
assembly switch from a loading mode to diffusive mode after hydrolysis of ATP; does
Mod loosen the grip over target site in order to facilitate bidirectional diffusion on DNA
track; does slackening of Mod-DNA grip result in rearrangements of Res-DNA
interactions; given that there exists only one ATPase domain which serves as a motor,

how does the macromolecular assembly undergo bidirectional diffusion.

To better understand the molecular mechanism and gain structural insights into their
working, we initiated crystallographic studies of EcoP1I, a prototype of Type IIIl R-M
enzymes. Crystallographic studies require a large amount of homogenous and pure
protein. We started by cloning EcoP1I in vectors suitable for overexpression of protein.
In addition to the operon encoding the wild type EcoP1l, we also cloned mod and res
separately, the gene fragment encoding the ATPase domain, nuclease domain and full-
length operon of EcoP1I. To avoid any aberrant cleavage during crystallisation of the
EcoP1I-DNA complex, a point mutant EcoP1l (E916A) and a double mutant EcoP1I
(D898A-E916A) lacking nuclease activities were generated. Previous studies show that
these mutants have no endonuclease activity (11). Subsequent to cloning, a new
protocol for purification of EcoP1I in large scale primarily for crystallographic studies

was standardised.

The enzymatic activities of EcoP1l purified by this new method were checked using
DNA binding, ATP hydrolysis and nuclease assays. These studies were also important to
design crystallisation experiments described in Chapter 5. We studied the DNA binding
affinity of EcoP1I for different types of substrates, such as long linear, supercoiled (SC)
and short DNA. Earlier studies reported differential effects of potassium and sodium
ions on cleavage by EcoP1I (12), hence effect of the two cations on DNA binding was
also examined. These studies were followed with measurement of the active fraction of
enzyme in the purified sample using ATP hydrolysis kinetics of EcoP1l. Next we
examined the ability of the enzyme to cleave DNA. Cleavage assays were done with
supercoiled as well as linear DNA substrates. Effect of orientations of target sites viz,
Head-to-Head, Tai-to-Tail and Head-to-Tail, on DNA cleavage was also examined. The
assays confirmed that EcoP1I purified by new protocol was enzymatically active. This

chapter describes the methods and discusses the results of the above-mentioned assays.
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2. Materials and Methods

2.1 Cloning

EcoP1l operon, mod, res, and gene-fragments encoding the ATPase domain and the
nuclease domain were amplified from recombinant plasmid construct pET11b-EcoP1],
which was provided by Prof. D.N.Rao, IISc, Bangalore India (13). The boundaries of
ATPase and nuclease domains were delineated based on bioinformatics and
biochemical data (14). Bioinformatics strategies used are described in Chapter 4. Details
of different inserts used in the study are given in Figure 2.1. The amplified products
were subcloned into the vectors pHis17 (15) with a C-terminal hexahistidine tag and
pRSF-1b with an N-terminal hexahistidine tag, respectively. pHis17 has ampicillin
selection marker and pRSF-1b has kanamycin selection marker. Primers were
purchased from Integrated DNA Technologies (IDT), USA and Sigma-Aldrich®, USA.
Table 2.1 lists the sequences and lengths of primers used for cloning various subunits
and domains of EcoP1I. For Polymerase Chain Reaction (PCR) amplifications, PfuTurbo®
was purchased from Agilient and Accuprime™ Pfx polymerase was purchased from
Thermo Fischer Scientific. Cloning was done using either digestion-ligation protocol or
restriction free (RF) cloning (16). Restriction enzymes and T4 DNA ligase were

purchased from New England BioLabs® Inc (NEB).

[A] Operon of EcoP1|
mod 2 ntgap res
ATPase nuclease
«—— 1941 bp 2913bp—>
[B] Name of Insert Schematic Protein MW (kDa)
EcoP1i i EcoP1i 260
mod Mod 73
res iy Res 111
ATPase ATPase 81
nuclease [ Nuclease 15

Figure 2.1: Cloning strategy. A] The EcoP1I operon (4856 bp) has mod (green arrow)
upstream of res (blue arrow). res is a fusion of ATPase (light blue rectangle) and
nuclease (cyan arrow). The linker between ATPase and nuclease is shown as dotted
blue rectangle. B] Names of different inserts along with their corresponding translation
product and molecular weight.
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Table 2.1: Primers used for cloning of EcoP1I

:Il(; Name Sequence (5' -> 3')

1 EP1RPHISF GTTTAACTTTAAGAAGGAGATATACATATGTCAAAAGGGTTCACATTCGAAAAG

2 EP1RPHISR1 CTTTTAATGATGATGATGATGATGGGATCCTGGTAATGCGCTCTTGATTAAC

3 EP1RPHISR2 CTTTTAATGATGATGATGATGATGGGATCCttaTGGTAATGCGCTCTTGATTAAC

4 EP1MPRSFRFF AACTTTAAGAAGGAGATATACCATGGATGAAAAAAGAAACGATTTTTTCCG

5 EP1MPRSFRFR CGCAGCAGCGGTTTCTTTACCGAGCTCTTAGTTCCTTACCACTAAATCTAAC

6 EP1HPRSFF AACTTTAAGAAGGAGATATACCATGGATGATGTCAAAAGGGTTCACATTC

7 EP1HPRSFR CGCAGCAGCGGTTTCTTTACCCTCGAGTTATGATTTGGTAAATCGTTCTG

8 EP1RPRSFR CGCAGCAGCGGTTTCTTTACCCTCGAGTTATGGTAATGCGCTCTTGATTAAC

9 EP1MPHISF GTTTAACTTTAAGAAGGAGATATACATATGAAAAAAGAAACGATTTTTTCCG

10 | EP1IMPHISR1 CTTTTAATGATGATGATGATGATGGGATCCTTAGTTCCTTACCACTAAATC

11 | EP1MPHISR2 CTTTTAATGATGATGATGATGATGGGATCCGTTCCTTACCACTAAATC

12 | EP1MNdeSi CATAAGCATTAACCATGTGCTTCAATACTTC
GATATACCATGGCACATCACCACCACCATCACGAGAACCTGTACTTCCAAGGCATGAA

13 | EepIMpRSFTEVL AAAAGAAACGATTTTTTCCG

14 | EP1E916AF GGTGATTATCTTAACTTTATCATTGCAACAAAAAACGTAGATAGTAAGGATAG

15 | EP1E916AR CTATCCTTACTATCTACGTTTTTTGTTGCAATGATAAAGTTAAGATAATCACC

16 | Ecp1D898A1 GCTGGTGGATACACTTACTCACCCGCTTTTGCTTATGTTGTAAAAACAGCAGAAGG

17 | Ecp1D898A2 CCTTCTGCTGTTTTTACAACATAAGCAAAAGCGGGTGAGTAAGTGTATCCACCAGC

18 | P1NucC1-F GTTTAACTTTAAGAAGGAGATATACATATGTCAAAAGCACCATTAG

19 | P1NucC2-F GTTTAACTTTAAGAAGGAGATATACATATGTTTGAAGAAGTTTTTTATG

20 | PHISMCRCF GATGAACTTTAAGAAGGAGATATACATATGTCAAAAGCACCATTAG

21 | PHISMCRCR CGAACTTTAAGAAGGAGATATACATATGTTTGAAGAAGTTTTTTATG
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2.1.1 Digestion-ligation protocol:

The gene of interest was amplified using PCR. The primers for PCR amplification
were designed to introduce Ndel and BamHI restriction sites upstream and
downstream of the genes, respectively. This was designed to facilitate ligation into
pHis17 vector. mod has an Ndel site 321 bp downstream of start codon. This site
was silenced without affecting the amino acid sequence by amplifying a shorter
insert using EP1MPHISF as forward primer and EP1MNdeSi as reverse primer
(Table 2.1). EP1IMNdeSi had fourth adenine of Ndel target site (5° CATATG 3’)
replaced by a cytosine. This amplicon was subsequently used as forward primer to
amplify inserts suitable for cloning in pHis17. To clone the gene into pRSF-1b, Ncol
and Xhol restriction sites were introduced. The amplified insert and the template
plasmids were digested completely with the appropriate pair of restriction enzymes
to obtain inserts and vectors with complementary sticky ends. The ligation of insert
and template plasmid was carried out using T4 DNA Ligase based on the protocol by
NEB®. Electrocompetent E.coli NEB®Turbo cells were transformed with the
recombinant plasmids by the method of electroporation using Gene Pulser Xcell™
Electroporation Systems from Bio-Rad. A Gene Pulser® electroporation cuvette with
0.2 cm gap was used to electroporate the cells. A negative control of restriction-
digested vector without insert was used to transform NEB®Turbo cells. The
transformed cells were plated on agar plates containing lysogeny broth (LB)
medium and appropriate antibiotic. The LB agar plates were incubated at 37° C for
12-14 hours. The success of digestion-ligation experiment was confirmed by
comparing the number of colonies on test plates with that on negative control.
I[solated colonies from the test plates were then picked and inoculated in LB
supplemented with appropriate antibiotic. The cells grew under continuous shaking
at 37° C for 7-8 hours. Subsequently, the cells were pelleted down and plasmids
were recovered by using plasmid mini-prep kit purchased from Qiagen. The purified
plasmids were then digested with appropriate restriction enzymes to check for the
presence of the insert. Positive clones were confirmed only after sequencing the

entire insert.
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2.1.2 Restriction Free (RF) cloning:

The primers for restriction free cloning were designed according to guidelines given
by Ent and Loewe (16). The gene of interest was amplified using two rounds of PCR.
In the first round the short synthetic primers were used for amplification of the gene
to be inserted. In the second round of PCR, the amplified insert was used as primers
and the vector plasmid was used as template to obtain a plasmid with the insert.
Subsequent addition of the restriction enzyme Dpnl degraded the methylated
template plasmid. This recombinant plasmid was then transformed into
electrocompetent E.coli NEB®Turbo cells by the method of electroporation. A
negative control of template plasmid subjected to a round of PCR without the primer
(the insert in this case) was also transformed into another vial of NEB®Turbo cells.
Subsequent steps for obtaining and confirming the clone were done as described in

section 2.1.1.

2.1.3 Site directed mutagenesis:

As a first step, a single point mutation E916A was introduced. The recombinant
plasmid containing EcoP1I(E916A) was used as template to introduce another
single point mutation D898A to get a double mutant EcoP1I(D898A,E916A). These
single mutations were performed using the QuickChange® protocol of Stratagene.
The primers bearing mutations were carefully designed such that the Tm was
greater than or equal to 78°C and had at least 40% GC content. The Tm was
calculated according to the guidelines given in QuickChange® mutagenesis manual.
12-18 cycles of PCR were performed for single amino acid mutation. The template
plasmid was then digested by incubation with Dpnl for 2 hours at 37°C. The
recombinant plasmid thus obtained was transformed into electrocompetent E. coli
NEB®Turbo cells by electroporation. A negative control of template plasmid
subjected to a round of PCR without the primer (the insert in this case) was also
transformed into another vial of NEB®Turbo cells. Subsequent steps for obtaining

and confirming the clone were done as described in section 2.1.1.
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2.1.4 Sequencing of EcoP1I operon:

The length of EcoP1I operon (4856 bp) is much longer than the sequence read out
from a Sanger sequencing reaction (17), which in general is approximately 800 bp.
Consequently, T7 promoter, T7 terminator and five other primers complementary to

intermittent regions of the genes (Table 2.2) were used to sequence the entire

operon.
Table 2.2: Primers for sequencing EcoP1I operon
Sr
Name Sequence (5'-> 3")
No
T7
1 TAATACGACTCACTATAGGG
Promoter
2 S1 CAAGCAGTCATAGTGCATGG
3 S2 GACTTTTTTGCTGGCTCTGG
4 S3 GAAAGCAGGTGTCGATGCGG
5 S4 GTTAAAGGTATTGATGCGT
6 S5 CAAATGGACGTTGCGTGAGG
T7
7 GCTAGTTATTGCTCAGCGG
Terminator
2.2 Expression of EcoP11

After sequencing, positive recombinant plasmids were subjected to expression of
the cloned inserts. The recombinant pHis17 plasmids containing the gene of interest
were transformed in E. coli BL21(AI). This strain has T7 polymerase gene as a
chromosomal insertion and the regulation of its transcription is under tight control
of the araBAD operon, which is induced only when L arabinose is supplied in the
media. Alternatively, we generated recombinant pRSF-1b plasmids containing our
gene of interest. pRSF-1b has T7 promoter and lac operator to control transcription
of gene. It has kanamycin resistance marker. The recombinant pRSF-1b plasmids
containing the gene of interest were transformed in E. coli BL21(DE3). This system

is Isopropyl B-D-1-thiogalactopyranoside (IPTG) inducible.
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The transformed cells were plated on LB agar plates with a suitable antibiotic. After
incubation of the plate at 37°C for 12-14 hours, the colonies were inoculated in LB
media supplemented with appropriate antibiotic. The cultures were incubated at
37°C with constant shaking (150 RPM) using Forma Orbital Shaker (Thermo Fisher
Scientific). As the culture reached an OD of 0.5, it was induced with 2 g/L L-
arabinose for BL21(Al) and 1 mM IPTG for BL21(DE3). Initially, the expression was
checked by shaking the cultures continuously at 37°C for 3 hours, at 25°C for 5 hours
and at 18°C overnight. The amount of inducer was also optimised to maximise the
yield of soluble protein. The cultures were then pelleted down and resuspended in
chilled lysis buffer. Cell pellet from 1 mL culture was resuspended in 100 pL lysis
buffer (50 mM Tris-Cl (pH 8), 500 mM NaCl, 10 mM MgClz, 1 mM EDTA). The cells
were sonicated on ice for 20 seconds with 50% amplitude and 5 seconds ON, 5
seconds OFF cycle using VibraCell™. The lysate was then centrifuged at 4°C at 15,000
RPM for 20 mins on a table-top microcentrifuge. After centrifugation, the
supernatant was separated from the pellet. This pellet was resuspended in 5X Tris-
glycine-SDS buffer and sonicated as mentioned before. 1 volume of SDS gel loading
dye was added to the sonicated pellet and supernatant containing soluble fraction.
The samples were heated at 99°C for 10 minutes and centrifuged thoroughly for 15
minutes. The samples were then loaded on 10% SDS-PAGE gel and electrophoresed
along with marker proteins to test the expression of cloned genes. After the
expression of protein was confirmed, the solubility of protein was checked by
comparing the amount of the over-expressed protein in supernatant versus lysate

pellet.

2.3 Purification of EcoP11

Once the expression of protein was standardized, we performed large-scale
purification to achieve sufficient quantity of protein suitable for crystallization
experiments. The recipes of various buffers used in purification of EcoP1l are

summarized below (Table 2.3).
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Table 2.3: Compositions of buffers used for purification of EcoP1I

Tris pH NaCl Glycerol | MgCl2 Imidazole | (NH4)2s KCl EDTA DTT
8.0 (mM) (mM) (%) (mM) (mM) 04 (M) (mM) (mM) (mM)
Lysis
Buffer 50 150 10 10 1
Buffer A 50 500 25
Buffer B 50 500 500
BO 50 0 1 1
B50 50 50 1 1
B1000 50 1000 1 1
B50 +
(NH4)2S0 50 50 2 1 1
4
Buffer C 50 100 10 1 1
Buffer D 50 10 50 1 1

2.3.1 Purification of ModC‘His, ResC-His, ATPaseC-His

A 6 L culture pellet was resuspended in 200 mL of lysis buffer A. The resuspended
pellet was sonicated on ice for 3 minutes with 70% amplitude and 10 seconds ON,
59 seconds OFF cycle using VibraCell™. The resulting lysate was spun at 37000 RPM
at 4°C for 45 minutes using Optima™ XE ultracentrifuge (Beckman Coulter Life
Sciences). The supernatant, thus obtained, was loaded on 5 mL HisTrap HP Ni-NTA
column (GE Healthcare) pre-equilibrated with buffer A. After loading, the column
was again washed with buffer A to remove any unbound proteins. The protein was
then eluted (fraction size 5 mL) with a stepwise gradient of imidazole by going from
5% to 100% buffer B. For Mod®His, fractions containing protein were pooled and
concentrated using Vivaspin®2 (GE Healthcare) protein concentrator (MWCO 30
kDa). After concentration, 500 uL of the protein was injected into a Superose™ 6
10/300 GL gel filtration column (GE Healthcare) for size exclusion chromatography
(SEC). After gel filtration, the protein sample was further concentrated, aliquots

were flash frozen and stored at -80°C.
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2.3.2 Purification of EcoP1I (E916A) ¢“Hiis and EcoP1I (D898A, E916A) ¢-His

The downstream processing of 6 L culture until affinity chromatography using Ni-
NTA column was executed as described in section 2.3.1. After affinity
chromatography, fractions containing protein were pooled and dialyzed against 2 L
B50 for 2 hours. The dialysate was spun at 18000 RPM for 20 minutes at 4°C using
Avanti J-26XP (Beckman Coulter Life Sciences). After the spin, the sample was
filtered through a 0.45 mm filter and loaded on pre-equilibrated 8 mL Mono Q™
10/100 GL column (GE Healthcare). 2ml fractions were collected in 20 column
volumes over a linear gradient of 0% to 50% buffer using B50 and B1000. Fractions
containing protein were pooled and concentrated in Vivaspin®2 (GE Healthcare)
protein concentrator (MWCO 30 kDa). The 500 pL of concentrated protein was
injected into gel filtration column Superdex 200 10/300 GL (GE Healthcare) for SEC.
After gel filtration, the protein sample was further concentrated, aliquots were flash

frozen and stored at -80°C.

2.3.3 Purification of EcoP1IN-His

The purification scheme of full length EcoP1IN-His was similar to that of EcoP1I
(E916A) C¢-His and EcoP1I (D898A, E916A) C-His, However, the protein sample obtained
after anion exchange chromatography using the Mono Q™ column was not pure
enough to load on gel filtration column. To get rid of impurities after ion exchange
chromatography, an additional purification step of hydrophobic interaction
chromatography (HIC) using HiTrap Phenyl HP Low Substitution (GE Healthcare)
was included. Subsequent to ion exchange chromatography, fractions containing
EcoP1I were pooled and mixed with 1.5 volumes of B50 + ammonium sulfate (See
Table 2.3). The mixture was loaded on pre-equilibrated 5 mL HiTrap Phenyl HP Low
Substitution column (GE Healthcare). The protein was eluted (fraction size 5 mL)
with a linear gradient from 100 % to 0 % of ammonium sulphate in buffer B50. After
HIC purification scheme similar to that of EcoP1I (E916A) ¢-His and EcoP1I (D898A,
E916A) C-His was followed.

2.3.4 Purification of untagged EcoP11
A 6 L culture pellet was resuspended in 200 mL lysis buffer. The resuspended pellet

was sonicated as described in section 2.3.1. The resulting lysate was spun at 37000
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RPM at 4°C for 45 minutes using Optima™ XE ultracentrifuge (Beckman Coulter Life
Sciences). The resulting supernatant was saturated with 25% ammonium sulphate
while constant stirring at 4 °C over a period of 10-15 minutes followed by a spin at
18000 RPM for 20 minutes at 4°C using Avanti J-26XP (Beckman Coulter Life
Sciences). The supernatant from this spin was again saturated with 75% ammonium
sulphate while constant stirring at 4 °C over a period of 10-15 minutes. The mix was
spun at 18000 RPM for 20 minutes at 4°C. The supernatant was decanted and the
pellet was resuspended in 300 mL of BO. The resuspended pellet was loaded on pre-
equilibrated 5 mL HiTrap Heparin HP column (GE Healthcare). After loading, the
column was washed with B50 to remove any unbound proteins. The protein was
eluted with a linear gradient of buffers B50 to B1000 over 20 CV. The fractions
containing protein were pooled and dialyzed against 2 L B50 for 2 hours. After

dialysis, the purification scheme similar to that of EcoP1IN-His was followed.

2.4 Substrate generation for DNA binding, ATPase and cleavage Assays

A specific linear DNA fragment was obtained by PCR amplification of mod using
primers EPIMPHISF and EP1MPHISR1 from pHis17-EcoP1I. A non-specific (without
target sites) linear DNA fragment was amplified using primers MCRCPHISF and
MCRCPHISR from pHis17-McrC (kind gift from Neha Nirwan). The specific DNA
(1941 bp) had a single target site 891 bp from the upstream end and 1045 bp from
the downstream end. This DNA will be referred to as 891/1045_P1.

To generate short DNA substrates, oligomers were purchased from Integrated DNA
Technologies, USA, and Sigma-Aldrich, USA. dsDNA were made by annealing the
single-strands and further purified using an 8 mL MonoQ™ 10/100 GL column (GE
Healthcare). The resulting duplexes were washed thoroughly with MilliQ to remove
any salt and concentrated using Vivaspin®2 (GE Healthcare) concentrator (MWCO 3
kDa). The concentrated oligomer was stored in MilliQ at -80°C until further use. A
list of dsDNA used for various biochemical assays described below are listed in

Table 2.4. The F and R pairs were annealed to get a duplex DNA.

52



CHAPTER 2: Cloning, Purification and Characterization of EcoP1I

Table 2.4: Sequences of oligomers used for biochemical assays with EcoP1I

Name Sequence (5'-> 3")

32/32_ | CATGACTGAGTCAATCGGATCGTAGACGTACTAGACCTATCCTGTATGCTACGTA
P1_F TTCGTATCGTGAGC

32/32_ | GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTACGATCCGA
P1R TTGACTCAGTCATG

30/32_ | TGACTGAGTCAATCGGATCGTAGACGTACTAGACCTATCCTGTATGCTACGTATT
P1_F CGTATCGTGAGC

30/32_ | GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTACGATCCGA
P1R TTGACTCAGTCA

15/32_

Plﬁ? GATCGTAGACGTACTAGACCTATCCTGTATGCTACGTATTCGTATCGTGAGC
15/32_

o1 GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTACGATC
10/32_

o1 TAGACGTACTAGACCTATCCTGTATGCTACGTATTCGTATCGTGAGC
10/32_

o1 GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTA
5/32_P

E GTACTAGACCTATCCTGTATGCTACGTATTCGTATCGTGAGC

5/32_P

) GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTAC

R

2/32_P

L CTAGACCTATCCTGTATGCTACGTATTCGTATCGTGAGC

2/32_P

R GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAG

NS_P1_ | GGCTCACGCTACGACTACGTAGCATACAGGTGACCGTCTAGTACGTCTACGTTCC
F GAGTGACTCAGTCA

NS P1 TGACTGAGTCACTCGGAACGTAGACGTACTAGACGGTCACCTGTATGCTACGTAG
- | TCGTAGCGTGAGCC

To generate supercoiled (SC) substrate for binding and cleavage studies pUC18,
which has 3 target sites for EcoP1l, was selected. Arrangement of these sites is
shown in Figure 2.2. The specific site 5° AGACC 3’ (shown as a red triangle in Figure
2.2) was changed to non-specific site 5° AGCCC 3’ by site directed mutagenesis to

create a plasmid with two target sites oriented Head-to-Head. In addition, we
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introduced an Xhol site by site directed mutagenesis between the tails of these sites
as shown in Figure 2.2. To generate a Head-to-Tail substrate, we flipped the site
shown in green. The resultant plasmids were then designated as pHtH (Head-to-
Head) and pHtT (Head-to-Tail). The primers used for these mutagenesis
experiments are listed in Table 2.5. Using the above plasmids digested with
appropriate restriction enzymes we could also obtain linear DNA substrates with
different site orientations (see Figure 2.2). The digested DNA fragments were
excised from agarose gel and purified using QIAquick® Gel Extraction Kit (Qiagen)

for further assays with EcoP1l.

Table 2.5: Primers used for pUC18 mutagenesis

Sr

No Name Sequence (5'-> 3")

CTAAAGTATATATGAGTAAACTTGGGCTGACAGTTACCAATGCTT

1 PUC18_MidSil_F AATCAG

CTGATTAAGCATTGGTAACTGTCAGCCCAAGTTTACTCATATATA

2 | PUC18_MidSil_R CTTTAG

CTAAAGTATACTCGAGTAAACTTGGGCTGACAGTTACCAATGCTT

3 PUC18_Xhol_F AATCAG

CTGATTAAGCATTGGTAACTGTCAGCCCAAGTTTACTCGAGTATA

4 PUC18_Xhol R CTTTAG

GATCCTTTGATCTTTTCTACGTCTGGGACGCTCAGTGGAACGAAA

5 PUC_HtT_F1 ACTC

GAGTTTTCGTTCCACTGAGCGTCCCAGACGTAGAAAAGATCAAAG

6 PUC_HtT_R1 GATC
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Figure 2.2: Substrate generation for cleavage assays. A] Plasmid vector pUC18
(2686 bp) has 3 target sites of EcoP1I (5 AGACC 3’) shown as triangles. Xhol/BamHI
restriction site are also illustrated; B] Supercoiled HtH pUC18 substrate was
generated by silencing one of the sites (shown as red triangle in A). C] An Xhol site
was introduced between two tails of target sequences. D] Further one of the target
sequences (shown as green triangle) was flipped to generate supercoiled HtT
pUC18. E] pHtH cleaved with Xhol site gave linear HtH substrate. F] pHtT cleaved
with Xhol gave linear HtT substrate. G] pHtH cleaved with BamHI gave linear TtT

substrate.
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2.5 Electrophoretic Mobility Shift Assay (EMSA)

For long DNA substrates, the protein and DNA mix was incubated for 40 minutes at
25° C in buffer C+ or D+ (Buffer C/D supplemented with 100 pg/ml BSA).
Subsequent to incubation, a native stop buffer (10 mM Tris, pH8, 100 mM EDTA,
40% w/v sucrose, 0.03% bromophenol blue, 0.03% xylene cyanol) was added and
immediately loaded on a 1% agarose gel and electrophoresed in 1X TAE (Tris-
Acetate-EDTA). The gels were scanned using GeneSnap scanner from Syngene. For
short DNA substrates, the protein and DNA mix was incubated for 40 minutes at 25°
C in buffer D+. Subsequent to the incubation, a native stop buffer (10 mM Tris, pHS,
60 mM EDTA, 60% glycerol, 0.03% bromophenol blue, 0.03% xylene cyanol) was
added and immediately loaded on a 5% native PAGE gel [5% acrylamide:bis-
acrylamide(29:1), 1X TBE]. The gels were run at 4°C in 1X TBE (Tris-Borate-EDTA),
stained with ethidium bromide and scanned using Typhoon TRIO+ variable mode

imager (GE Healthcare).

2.6 Cleavage assays

Cleavage assays were carried out at 25°C in buffer D+. DNA and protein were
incubated for 40 minutes. Subsequent to the incubation, 1 mM ATP (Sigma-Aldrich)
was added and incubated further for 15 minutes. The reactions were stopped by
adding 0.5 volumes of a stop buffer (10 mM Tris, pH8, 100 mM EDTA, 40% w/v
sucrose, 0.025% SDS, 0.03% bromophenol blue, 0.03% xylene cyanol) and loaded on
1% agarose gel and electrophoresed. The gels were scanned using GeneSnap

scanner from Syngene.

2.7 ATPase assays

The reactions for the ATPase assay were done similar to cleavage assay in buffer D+.
The reactions were stopped at fixed time points by addition of 100 mM EDTA.
ATPase activity was checked using malachite green (18, 19). Malachite green
solution was prepared by mixing 0.044 g malachite green to 36 mL 3 N H2SO4. For
the detection of inorganic phosphate, the dye solution was prepared freshly by
mixing 800 pL of malachite green solution, 200 pL 7.5% ammonium molybdate and
16 uL of 11% TweenZ20. For every 20 pL reaction, 50 pL malachite green dye was

added. The absorbance at 630 nm was recorded after 15 minutes using Varioskan
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(Thermo Fischer Scientific). The inorganic phosphate released was calculated from a
standard phosphate curve using NazHPO4 plotted for every assay. For data analysis,
the data was fit using CurveExpert Professional (Version 2.4.0) and initial rates of
reaction were calculated by determining the slope of initial linear portion of the time

course.
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3. Results

3.1 Expression of EcoP11

Each clone was checked for expression of protein under various conditions detailed in
section 2.2. It was observed that these proteins expressed only from those cultures
obtained by inoculating freshly grown colonies. The amount of protein expressed from
various constructs is shown in Figure 2.3. After the initial expression check, expression
conditions were standardized to maximise soluble protein. All constructs yielded good
amount of soluble proteins when the cultures were grown at 18°C post-induction. Mod®
His could be expressed at 37°C (induction with 2 g/L of L arabinose); however solubility
increased as the cultures were shifted to 18°C. Similarly ATPasetHis and ResCHis were
poorly soluble at 37°C and 25°C while solubility marginally increased at 18°C upon
induction with 1 g/L of L arabinose. Nuclease®His was found to be expressed in good

amount, however the protein was always found insoluble (data not shown).

Along with expressing different subunits and domains of EcoP1Il, the recombinant
plasmids containing operon was also subjected to expression trials (See Figure 2.1 for
details). This involved co-expression of Mod¢His and RestHis under single promoter. Co-
expression of Res and Mod from four different constructs, viz. EcoP1I(E916A)¢-His
EcoP1I(D898A,E916A)C-His, EcoP1IN-His and untagged EcoP1], at 18°C (induction with 1
g/L of L arabinose for BL21(AI) and 0.5 mM IPTG for BL21(DE3)) yielded soluble

protein complex.

u M | Ul
B S e L
3
s =
. e

Figure 2.3: Expression of various constructs. The expressed protein is highlighted by
asterisk. Ul: Uninduced, I: Induced, M: Marker (Precision Plus™ All blue ladder BioRad).
A] Mod¢His; B] ATPaset-His; C] RestHis; D] EcoP1I.
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3.2 Protein purification

After optimizing expression conditions for a given construct, large scale purification of
protein was initiated. Figure 2.4 shows the purification schemes of various constructs.
ModC¢His was purified in one-step by affinity chromatography. The protein was
sufficiently pure and could be directly subjected to SEC (Figure 2.4, A). RestHis or
ATPaseCHis though expressed well (Figure 2.3), were found to be predominantly
insoluble. Attempts to purify them by affinity chromatography using HisTrap HP Ni-
NTA column (GE Healthcare) yielded very little protein (Figure 2.4, B and C). ATPaseCHis
could be purified in small amounts using Ni-NTA affinity chromatography (Figure 2.4,
B). However, this protein was found to be aggregated using SEC (data not shown).

Consequently, ResCHis and ATPasetHis were not included in any subsequent studies.
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Figure 2.4: Purification scheme of various constructs. A] Mod¢His; B] ATPaseC-His; C]

ResCHis; D] EcoP1I(E916A)CHis; E] EcoP1IN-His; F] Untagged EcoP1I. M: Marker (Precision
Plus™ All blue ladder BioRad).
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EcoP1l (E916A)¢His and EcoP1l (D898A, E916A)C-His were purified by including an ion
exchange chromatography step after Ni-NTA affinity chromatography. The protein thus
obtained was pure enough to be used for SEC subsequently (Figure 2.4, D). EcoP1IN-His
was purified in a similar manner; however the samples contained impurities after ion
exchange chromatography. To purify the protein further an additional step of HIC was

included. After HIC the protein sample attained >98 % purity (Figure 2.4E).

The untagged EcoP1l was purified from crude lysate by using heparin affinity
chromatography as the first step. The sample was fairly impure even after using the ion
exchange column as the second step. To remove impurities HIC was done similar to the
purification scheme of EcoP1IN-His (Figure 2.4, F). SEC was used as the final step of
purification of all constructs resulting in 99% homogeneous sample suitable for

crystallographic studies (Figure 2.4, A, D, E, F).

3.3 DNA binding characteristics

Subsequent to purification of various constructs of EcoP1I detailed in section 3.2, the
nuclease dead mutant EcoP1I(E916A)¢His and EcoP1IN-His were subjected to binding
studies with a variety of DNA substrates including long linear, supercoiled (SC) and

short oligomers.

3.3.1 Binding of EcoP1I (E916A)% s to long linear substrates

We carried out DNA binding studies of EcoP1I(E916A)¢His with 891/1045_P1 both in
absence (Figure 2.5B) and presence (Figure 2.5C) of ATP in buffer C+. As the enzyme
concentration increased from 0 to 500 nM, the EcoP1I-DNA complex migrated slower in
the gel indicating binding of enzyme to DNA. It was observed that the complexes
migrated much slower in absence of ATP than in its presence. At a concentration of 500
nM EcoP1I and in the absence of ATP the EcoP1I-DNA complex migrated at around 7 kb
(Figure 2.5B, Lane 12), while at the same enzyme concentration but in presence of ATP
the complex migrated at around 3 kb (Figure 2.5C, Lane 12). Similarly, a 1100 bp
substrate having no target site for EcoP1I was chosen as non-specific substrate to study
DNA binding properties of EcoP1I (Figure 2.5D,E). EcoP1I bound to non-specific DNA.
Analogous to specific substrates, we observed effect of ATP on the mobility of EcoP1I-

DNA complexes. Without ATP, the 1.1 kb substrate shifted to maximum 6 kb (Figure
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2.5D, Lane 12); whereas with ATP, the highest shift was up to 4 kb (Figure 2.5E, Lane
12).

[A]

5’ AGACC3’
5’ 3
3 >
<—— 1324 bp 1364bp ————>

[B] [c]

123456789101112 123456789101112

[D] [E]

123456789101112 123456789101112

Figure 2.5: Effect of ATP on DNA binding affinity of EcoP1I(E916A)¢His, DNA (10
nM) was incubated in buffer C+ with 0, 50, 100, 150, 200, 250, 300, 350, 400, 450, 500
nM of EcoP1I (Lanes 2-12) in absence (panels B,D) or in presence (panels CE). A]
Schematic of specific substrate 891/1045_P1 for EcoP1I binding assay. The target site
for EcoP1I (5 AGACC 3’) is shown as triangle; B] EMSA with 891/1045_P1 in absence of
ATP; C] with 891/1045_P1 in presence of ATP; D] with non-specific DNA substrate in
absence of ATP; E] with non-specific DNA substrate in presence of ATP. Lane 1in B, C, D,
E is Genei StepUp™ 1 kb DNA ladder.

To see the effect of cations on the DNA binding affinity of EcoP1I(E916A)¢His, we carried
out EMSA in buffer D+ which is potassium based and buffer C+ which is sodium based.
The assays were carried out with 891/1045_P1 DNA substrate both, in absence (Figure
2.6A) and presence (Figure 2.6B) of ATP. A similar binding to specific DNA was noticed
irrespective of the cation used, i.e. sodium or potassium. At protein concentration above
400 nM, EcoP1I-DNA complex migrated close to 7 kb in absence of ATP (Figure 2.6A,
Lanes 5-7 and 12-14), and in presence of ATP the complex migrated close to 3 kb
(Figure 2.6B, Lanes 5-7 and 12-14).
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Figure 2.6: Effect of cations on DNA binding affinity of EcoP1I(E916A)CHis, The
figure shows EMSA with 891/1045_P1 in absence [A] and presence [B] of ATP for 0,
100, 200, 400, 600 and 800 nM EcoP1I (Lanes 2-7 and 9-14). Reactions contained 10
nM DNA in buffer C+ (Lanes 9-14) or D+ (Lanes 2-7). Lanes 1, 8 and 15 contain 1 kb
DNA ladder (NEB).

3.3.2 Binding of EcoP1I (E916A)% s to supercoiled (SC) substrates

To see the effect of topology of DNA on the binding of EcoP1I(E916A)¢His, we studied
DNA binding properties of EcoP1I to supercoiled and linear DNA substrates. For this
study SC pUC18 (Figure 2.7A) and BamHI linearized pUC18 (Figure 2.7B) were used as
DNA substrates. DNA binding affinity was judged by examining the “half shift”, defined
as the protein concentration at which approximately 50% DNA was bound by protein
resulting in a shift. Half shift could be seen at around 300 nM EcoP1I for both SC and
linear substrates (Figure 2.7, Lane 8 in A and B). This meant that the apparent Kp of the
enzyme did not change for either of the two topological forms, indicating binding of

EcoP1I to DNA was not influenced by its topology.
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Figure 2.7: DNA binding affinity of EcoP1I with supercoiled DNA and linear DNA
substrate. SC (A) or linear (B) DNA (10 nM) was incubated in buffer D+ with 0, 50, 100,
150, 200, 250, 300, 350, 400, 450, 500, 1000 nM of EcoP1I (Lanes 2-12). Lane 1 contains
1 kb DNA ladder (NEB).

3.3.3 Binding of EcoP11I to short oligomers

The binding of purified EcoP1I(E916A)¢His to long DNA substrates was followed by
examining the enzymes affinity for short oligomers. We shortened the 5’ end of
32/32_P1 to as low as 2 bp. The aim was identify short oligomers with high affinity for
EcoP1l, making them suitable for co-crystallization studies. EcoP1l bound to all the
oligomers with similar affinities (Figure 2.8A-D). As was observed earlier in the binding
assays with long linear DNA substrates (Figure 2.5), EcoP1I did not show any difference
in binding affinity with specific versus nonspecific oligomer in the concentration range

of this EMSA.

To see the effect of cofactor ATP on DNA binding affinity of EcoP1I, we did EMSA of
EcoP1l with 32/32_P1 and NS_P1 in the presence of ATP (Figure 2.8F). We did not
observe any effect on the binding affinity of EcoP1l with 32/32_P1 versus NS_P1 in
presence of ATP. However, the short oligomer containing single target site was found
cleaved by EcoP1I in the presence of ATP (Figure 2.8F, Lane 3). This cleaved fragment
was detected at 1 puM protein concentration. A similar fragment was not observed at
protein concentrations of 3 and 5 uM possibly because EcoP1l bound to the cleaved

product as well, and shifted it up (Figure 2.8F, Lanes 4, 5). In contrast, NS_P1 was not
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cleaved (Figure 2.8F, Lanes 6-9). In addition to the above experiments, we also checked
DNA binding affinity of EcoP1I in presence of S-adenosine methionine (AdoMet) and its
structural analogue sinefungin (SF). It was observed that in presence of AdoMet the
DNA binding was poorer, while presence of SF did not affect DNA binding affinity (data

not shown).
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Figure 2.8: EMSA of EcoP1I with short DNA substrates. Protein-DNA complexes were
run on 5% native PAGE. EMSA with A] 32/32_P1, Lanes (2-5), 15/32_P1, Lanes (6-9); B]
10/32_P1, Lanes (2-5), 2/32_P1, Lanes (6-9); C] 30/32_P1, Lanes (2-5); D] 19/45_P1; E]
32/32_P1, Lanes (2-5), NS_P1, Lanes (6-9). F] Effect of ATP on binding affinity:
32/32_P1, Lanes (2-5), NS_P1, Lanes (6-9). Lanes (2-5) and (6-9) contain 0,1,3,5 uM
EcoP1l in A, B,C,E and F. Lanes (1-4) contain 0,1,3,5 uM EcoP1I in D. Both the cleaved
product and the uncleaved DNA can be seen as two lower bands in Lane 3. Lane 1 in A,
B, C, E and F contains ultra-low range ladder (NEB).
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3.4 ATPase Assay with EcoP11

The binding assays confirmed that the purified enzyme bound to DNA (Section 3.3). To
qualitatively test the ATPase activity of purified EcoP1I, we carried out ATPase assays
by malachite green method using SC pUC18 along with short oligomers 15/32_P1 and
NS_P1. EcoP1I purified in lab hydrolysed ATP upon incubation with SC pUC18 (Figure
2.9B). With the specific substrate 15/32_P1, EcoP1I rapidly hydrolysed ATP (Figure
2.9C) while with the non-specific DNA NS_P1, the ATPase activity was very low (Figure
2.9C). We observed that the initial rate of ATP hydrolysis was 10 fold lower for
nonspecific DNA (2.7 pM Pi/min) than that for specific DNA substrate (20 uM Pi/min).
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Figure 2.9: ATPase activity of EcoP1I. A] Phosphate standard curve using (Na)2HPOg;
B] ATPase kinetics of EcoP1I on SC pUC18. Reactions contained 10 nM pUC18 and 50
nM EcoP1I in buffer D+; C] ATPase assay with 15/32_P1 (purple) and NS_P1 (cyan).
Reactions contained 200 nM DNA and 200 nM EcoP1I in buffer D+; D] Bar graph
representing initial velocities (Vo) (UM/min) of ATP hydrolysis for specific (purple bar)
and nonspecific (cyan bar) DNA substrates.
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ATPase assay was further used to calculate the active fraction of purified enzyme based
on the studies carried out by Bianco et al on Type I RM enzyme EcoR124[ (20). The
active fraction of EcoP1l was determined by titrating EcoP1l relative to a fixed
concentration (200 nM) of 15/32_P1. The binding of EcoP1I to this oligomer was
confirmed earlier (Figure 2.8B). Furthermore, recognition of the target sequence
stimulated the ATPase activity of EcoP1I (Figure 2.9C and D). Consequently, saturation
of phosphate release would occur when all the available target sites are bound by
EcoP1l. Time course of ATP hydrolysis was plotted for increasing concentrations of
EcoP1I (Figure 2.10). Next we plotted the initial rates of the reactions against the
corresponding EcoP1I concentration. Figure 2.10F shows that as EcoP1I concentration
increased, the rate of reaction (inorganic phosphate released per unit time) steadily
increased until 200 nM EcoP1I after which it remained steady at 20 uM/Min. This
indicated that ATPase activity saturated at 200 nM EcoP1I when the reactions contained
200 nM of 15/32_P1. Earlier studies have shown that Type IIl RM enzymes bound to
specific target sites have a very low off rate of the enzyme from DNA (21). As the ATP
hydrolysis rate saturated at 1:1 stoichiometry of EcoP1I:DNA, the active fraction of
EcoP1I in the purified sample is close to 100%.
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Figure 2.10: ATPase assays of EcoP1l with 15/32_P1. A-E] Time course of ATP
hydrolysis. Y axis represents inorganic phosphate concentration (uM) and X axis
represents time (minutes). Reactions contained 200 nM 15/32_P1 and 50, 100, 200,
300, 500 nM EcoP1I (A, B, C, D, E), respectively. Reactions were started by addition of
ATP and samples (20 pL) were withdrawn at specified time points for analysis. The data
was fit (red line) by using raw data (blue squares); the equations of curve are shown on
each graph. F] Analysis of time-course shown in A-E to determine the active fraction of
EcoP1lI. The initial rates of reaction (uM Pi/Min) (y axis) calculated from time-courses of
ATP hydrolysis were plotted against respective EcoP1I concentration (nM) (x axis).

3.5 Cleavage assays with long linear and supercoiled substrates having multiple
recognition sites

Along with assessing DNA binding and ATPase activity of EcoP1l, we checked the
cleavage efficiency of purified EcoP1l with a variety of substrates. As described in
section 2.5, we generated circular HtH substrate (pHtH) by silencing one the three
target sites in pUC18. On a circular plasmid, HtH is same as TtT substrate (Figure
2.11A). EcoP1I efficiently linearized SC pHtH (Figure 2.11B). The schematic of various
possible cleavage products and agarose gel electrophoresis of cleaved products is

shown in Figure 2.11A and B respectively. Linearization of pHtH is a result of cleavage
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close to one of the two sites resulting in a 2686 bp fragment. Along with this cleavage
product, we also observed further processing of pHtH by EcoP1l. The 2686 bp linear
fragment represents a linear TtT DNA substrate which further got cleaved by EcoP1I

resulting in 2344 bp and 342 bp fragments (Figure 2.11, Lanes 7,8).
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Figure 2.11: Cleavage assay with SC pHtH. A] Possible cleavage products of pHtH
after treating with EcoP1I; B] Agarose gel showing cleavage assay with pHtH. Numbers
above each well represent molar ratio of Enzyme:DNA sites. Sizes of different cleavage
products are indicated on right side. SC: Supercoiled, OC: Open circular. M denotes
supermix DNA ladder (Merck Biosciences).

In the next step, HtH, HtT and TtT “linear” substrates were generated from single
enzyme restriction digestion of pHtH and pHtT as described in section 2.4. Assuming
cleavage downstream of the target sites (1, 2), a schematic of various possible
nucleolytic products and the corresponding agarose gels are shown in Figure 2.12.
EcoP1I cleaved HtH substrates close to either of the target sites resulting in 2488, 2536,
139 and 187 bp fragments. Simultaneous cleavage close to both target sites resulted in
2354, 139 and 187 bp fragments (Figure 2.12A, D). The 2488, 2536 and 2354 bp
fragments co-migrated and could not be resolved. The smaller fragments (139bp and
187 bp) were difficult to visualize due to poor staining by ethidium bromide. However,
these fragments could be visualized when the products were analysed using a 10%

PAGE gel (data not shown). The TtT substrate was cleaved by EcoP1I close to either of
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the target sites resulting in 1339, 1381, 1681, 1039 bp fragments. Simultaneous
cleavage close to both target sites resulted in 1339, 1039 and 342 bp fragments (Figure
2.12B, E). The 1339 and 1381 bp fragments co-migrated and were difficult to resolve.
The smaller 342 bp fragment was visualized on a 10% PAGE gel (data not shown).

We observed all the possible cleavage products with substrates having inversely
oriented sites viz, HtH and TtT. However, cleavage of an HtT substrate was weak and
predominantly close to the site shown as orange triangle in Figure 2.12C resulting in co-
migrating 1339 and 1381 bp fragments. Cleavage close to target site shown as blue
triangle would result in 1626 and 1094 bp fragments; whereas simultaneous cleavage at

both target sites would result in 1339, 287 and 1094 bp fragments.
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\Figure 2.12: Cleavage assay of EcoP1l with various linear substrates. Reactions
contained 10 nM DNA incubated with increasing concentration of EcoP1I in buffer D+.
Possible cleavage products of HtH (A), TtT (B) and HtT (C) substrates after digestion
with EcoP1I are shown as a schematic; D] Cleavage of linear HtH substrate with EcoP1I.
Lanes 1-3 depict enzyme:site molar ratio of 0,5,10 respectively. Lane 4 depicts Genei
StepUp™ 1 kb DNA ladder. E] Cleavage of linear TtT and HtT substrates with EcoP1l.
Lanes 2-4 and 5-7 depict Enzyme:site molar ratio of 0,4,8 respectively. Lane 1 depicts
Genei StepUp™ 1 kb DNA ladder.
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4. Discussion

Towards purifying a homogeneous sample of EcoP1l in large amounts suitable for
crystallization trials, we cloned the appropriate gene/s in high expression vectors. We
observed ModCHis could be purified by one step purification using affinity
chromatography. On the other hand Res¢His was found predominantly in inclusion
bodies, indicating that it is not stable on its own. However, coexpression of Res and Mod
yielded soluble EcoP1l. Though we could purify ATPaseCHis by NiNTA affinity
chromatography, but SEC studies showed that it was aggregated. This is consistent with
previous studies on EcoP15I Res (22, 23). A previous attempt by Wyszomirski et al (22)
to purify ATPase domain of EcoP15I by co-expressing with Mod and then removing Mod

using high salt concentration resulted in a protein with poor rate of ATP hydrolysis.

In the current structure of EcoP15], the nuclease domain could not be built because of
poor electron density (10). As a strategy for structure determination of the nuclease
domain, we tried purifying just the nuclease domain. Proteolysis experiments done with
EcoP15] demonstrated the presence of a linker between ATPase and nuclease domains
(14). This information combined with extensive sequence analysis of nuclease domain
associated with Type IIIl RM enzymes (detailed in Chapter 4) was employed to delineate
the boundaries of the ATPase domain, linker and nuclease domain. Based on this
information two constructs of the nuclease domain were designed. However, proteins
expressed from both the constructs were found insoluble. In summary, we were
successful in purifying large quantities of homogenous EcoP1Il and Mod. Purification of

the enzymes was followed by examination of their activities.

DNA binding properties: The highly purified EcoP1I was able to bind supercoiled as well

as linear substrates having EcoP1l target sites. We also compared the binding
characteristics of EcoP1I with non-specific long linear and short DNA substrates. Using
EMSA, we did not observe any difference in affinities of EcoP1I for specific or non-
specific DNA either in presence or absence of ATP. This is surprising since Schwarz et
al, noticed using magnetic tweezers assay combined with TIRF that EcoP15I
discriminated between specific and non-specific DNA in presence of ATP (6).
Furthermore, our results of EcoP1lI are inconsistent with the experiment on EcoP15I

with radioactively labelled oligomers, which revealed differences in the apparent Kp for
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specific and non-specific short DNA substrates (22). It is not clear to us why our assay

did not show a difference in binding affinities for specific and non-specific DNA.

Interestingly, in all the binding assays that were carried with long linear DNA, we
clearly observed a slower migration of EcoP1I-DNA complexes in the absence than in
presence of ATP. This suggests that a larger number of enzymes were bound to the DNA
in absence of ATP than in presence. However, this discrimination was not reflected in
apparent Kp. Similarly, in binding assays with short oligomers, EcoP1l showed no
difference in binding between specific and nonspecific DNA. The assays presented in
this study were performed to qualitatively judge the DNA binding ability of purified
EcoP1l. Accurate quantitative measurements using sophisticated techniques, such as
Isothermal Calorimetry (ITC) or fluorescent anisotropy, can provide correct estimates

of binding constants.

As the binding assays were part of preliminary standardization for setting up
crystallization trials of EcoP1I-DNA complex, it was also necessary to see the effect of
cation on the DNA binding affinity of EcoP1l. Protein-DNA interactions are sensitive to
the electrostatic conditions in solution. It has been suggested that cations have a
pronounced effect in locating the target site by restriction enzyme EcoRV (24). Also, the
Type Il restriction enzyme Sfil has been shown to exhibit differential inter-site
communication depending on ionic strength of the reaction mixture (25). Previously,
Peakman et al studied the effects of sodium and potassium ions on the cleavage activity
EcoP1I (12). It was found that in contrast to sodium ions, potassium ions support
promiscuous cleavage of DNA substrates. This study focused on effect of monovalent
cations on cleavage activity of EcoP1l. To see what effect these cations have on the
binding affinity by EcoP1l, we performed EMSA of EcoP1l in sodium and potassium
based buffers. Our data demonstrated that replacement of sodium ions with potassium
ions had no drastic effect on DNA binding. This information was used later to fine-tune

the quality of EcoP1I-DNA crystals (See Chapter 5).

Type III RM enzymes “read” the target sequence to carry out further processes such as
activation of ATPase and cleavage of DNA downstream of target site (10). The readout

mechanisms are widespread in DNA binding proteins, including base readout (chemical
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signatures associated with bases) and shape readout (shape of DNA contour or
topology) (26). The geometry of a linear DNA is potentially different from a compact
supercoiled DNA. Supercoiling not only compacts the DNA but also brings two distant
locations on the DNA closer. Many DNA binding proteins bind preferentially to
negatively supercoiled DNA (27). Prokaryotic DNA helicase RecQ which also belongs to
SF2 helicases, type IIA topoisomerase IV and mitochondrial transcription factor Tfam
have been shown to prefer supercoiled DNA substrates. To see if EcoP1l, showed any
preference to topology of DNA; we carried out EMSA using SC pUC18 and linearized
pUC18. EcoP1I did not show any preference to supercoiled DNA. The binding assays
done with EcoP1I here are not very sensitive to probe the accurate DNA binding affinity
of enzyme. Further detailed investigation may be required to conclusively show the

difference in binding affinities of EcoP1I towards supercoiled versus linear DNA.

ATP hydrolysis by EcoP1I: Type III RM enzymes bring about mechanical motion on DNA

by hydrolysing ATP, though 1000 fold less than closely related Type I RM systems (7,
13, 28, 29). We carried out ATPase assays to check whether the ATPase activity of our
enzyme preparation was intact. Further we used ATP hydrolysis kinetics to determine
the active fraction of our EcoP1I preparation based on experiments done by Bianco et al
(20). For this experiment we used short oligomer (15/32_P1) to ensure that only single
molecule of EcoP1I binds he DNA. This assumption is based on the footprint of the
enzyme on bound DNA (9), SEC-MALS experiments of EcoP1l and EcoP15I bound to
short single-target DNA (30), and the crystal structure of Ecop15I-DNA complex (10).
Saturation in ATPase rate is expected when one molecule of EcoP1l productively
interacts with one molecule of DNA. The ATP hydrolysis rate saturated at 1:1

stoichiometry of enzyme, indicating approximately 100% active enzyme fraction.

DNA cleavage properties: We carried out cleavage assays with EcoP1l on different

substrates. These substrates were designed to have all the possible orientation of target
sites. EcoP1I efficiently cleaved substrates with inversely oriented sites i.e. HtH and TtT,
however cleavage efficiency was slightly lower with TtT substrate. Interestingly, with
HtT oriented sites, the enzyme showed a preference to cleave close to one of the sites
over the other. Similar findings are reported by Buchner et al, where EcoP15] was

shown to cleave HtT substrates albeit less efficiently with a slight preference to cleave
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close to one of the sites (31). To check the binding affinity of EcoP1I with long linear
substrates, we used EcoP1I(E916A), a nuclease dead mutant (Figures 2.10 to 2.13).
However, when binding assays were done with nuclease active EcoP1l; we observed
that the single target DNA substrate was also getting cleaved (Figure 2.8F, Lane 3). It is
reported that Type IIl RM enzymes do not cleave substrates with directly repeated
target sites or single target site (3, 13). However, such cleavage events are now being
observed (9, 12, 31-33). In pursuit to find how heterotrimeric EcoP1l manage to
produce a dsDNA break on a single target substrate, we characterised nucleolytic

cleavage of single target site by EcoP1I. These efforts are detailed in Chapter 3.
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Chapter 3

Nucleolytic Cleavage of Single-site Substrates by EcoP11

1. Introduction

Type III RM enzymes represent a unique class of molecular motors by virtue of their
ability to communicate over long distances utilizing 1000 fold less ATP than other
classical SF2 helicases (1, 2). Cleavage of dsDNA by Type IIl RM enzymes requires two
sites in an inverted orientation, i.e. either in Head-to-Head (HtH) or Tail-to-Tail (TtT) on
the same piece of DNA (3). This is referred to as “site orientation selectivity”. Site
orientation selectivity acts as a filter for identification of correct geometry of substrate
DNA molecule, mainly because the orientation of the target site also sets the orientation
of loading enzyme molecule. Followed by identification of target site, the enzyme
communicates with another target bound enzyme molecule which may be separated by
more than thousands of base pairs (3, 4). A number of models have been proposed to
illustrate site orientation selectivity and long range communication associated with
Type III RM enzymes viz: translocation, looping and collision (5), end reversal (6),
transient looping and collision (7) and 1D bidirectional diffusion (3, 4, 8, 9). These
models have been discussed at length in Chapter 1. Recently it has been proposed that
Type III RM enzymes EcoP1l and EcoP15I pose an additional role of ATP induced
molecular switch (2, 9) similar to that of MutS enzymes belonging to ABC transporters
(10) and clamp loader complexes from AAA+ ATPases (11). In presence of ATP, the
heterotrimeric Modz;Res assembly undergoes a conformational change from loading
mode to a much distinct sliding mode amenable for 1D bidirectional diffusion on the
polynucleotide track (9). Further, an enzyme executing one-dimensional diffusion on
the dsDNA cooperates with a target-bound enzyme present on the same piece of DNA, to
cleave it 25-27 bp away from the target-bound enzyme (9). The dsDNA break results in
a product having 5’ overhang of 2-3 nucleotides (12, 13).

Although site orientation selectivity is proposed to be an essential requirement for the
working of Type III RM enzymes, while studying the binding affinity of EcoP1I with DNA
duplexes bearing single target site, we noticed that these duplexes were getting cleaved
in presence of ATP. There have been previous reports observing cleavage of DNA
substrates containing just single target site (6, 14-19). Most of these observations were

made on long stretches of DNA (>1000 bp). A couple of studies also reported cleavage of
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smaller oligomers (50-70 bp) containing single site by EcoP15I and EcoP1I (14, 19). The
mechanism behind these cleavage events, especially those involving short oligomers,
could not be addressed by previous models, as they required cooperation between two
enzymes in cis . The fact that the footprint of EcoP15I on a bound DNA containing single
target site was ~36 bp suggested that only one enzyme bound to such short oligomers
(14). This was corroborated by Size Exclusion Chromatography combined with Multi-
angle Light Scattering (SEC-MALS) studies, which showed that only one molecule of
either EcoP1I or EcoP15I bound to a 50 bp long DNA (19). Hence, it is difficult to
imagine more than one enzyme molecule assembling on a short oligomer to cooperate
in cis and catalyzing nucleolytic cleavage. Consequently, a pertinent question regarding

the mechanism of single-site cleavage is whether the cleavage is a cis or a trans event.

It is possible that cleavage of single-site substrate is catalysed by a single enzyme, which
nicks both the strands. However, in such a case the nuclease domain of the enzyme
would have to be conformationally flexible to bind and nick the second strand. Hence,
we feel that the above mentioned models of nucleolytic cleavage fail to explain single-
site cleavage. Other possible causes for single-site cleavage include reaction buffer
composition (16, 18), enzyme promiscuity (16), or a free enzyme or DNA-bound
enzyme cooperating with a target-bound enzyme in trans (19). Despite the suggestions,

a conclusive evidence for the cause of the non-canonical substrate remained elusive.

To better understand this phenomenon, we characterized the unusual cleavage activity
and compared its characteristics with the canonical nucleolytic activity. Furthermore, to
find out whether this cleavage event was a cis or trans event we carried out heparin trap
assays and developed a new assay exploiting the cooperation between the heterologous

enzymes EcoP1l and EcoP15I to obtain conclusive evidence.

This chapter describes the methods used, results obtained during characterisation of

single-site cleavage, and presents a new mode of cleavage by Type III R-M enzymes.
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2. Materials and Methods

2.1 DNA substrates

Oligomers were purchased from Integrated DNA Technologies, USA, and Sigma-Aldrich,
USA. DNA duplexes were made by annealing the single-strands and further purified
using an 8 ml MonoQ™ 10/100 GL column. The resulting duplexes were washed
thoroughly with MilliQ-purified water to remove any salt and concentrated using
Vivaspin®2 (GE Healthcare) concentrator (MWCO 3kDa). The concentrated oligomer
was stored in MilliQ-purified water at -80°C until further use. A list of dsDNA used for
the various biochemical assays described below is given in Table 3.1. The T (top strand)
and B (bottom strand) pairs were annealed to get a duplex DNA. The convention to label

the DNA substrate is as described in section 2.4, Chapter 2.

Table 3.1: Oligomers used for biochemical assays with EcoP1I and EcoP15I*

Name Sequence (5'-> 3")

CATGACTGAGTCAATCGGATCGTAGACGTACTAGACCTATCCTGTATGCTACGTATTCGTATCG

32/32_P1_T
TGAGC
GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTACGATCCGATTGACTCA
32/32_P1.B TCATG
TGACTGAGTCAATCGGATCGTAGACGTACTAGACCTATCCTGTATGCTACGTATTCGTATCGTG
30/32_P1_T e
30/32.P1LB GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTACGATCCGATTGACTCA
GTCA

15/32_ P1.T | GATCGTAGACGTACTAGACCTATCCTGTATGCTACGTATTCGTATCGTGAGC

15/32_P1 B | GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTACGATC

10/32_P1.T | TAGACGTACTAGACCTATCCTGTATGCTACGTATTCGTATCGTGAGC

10/32_P1_B | GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTA

5/32_P1_.T | GTACTAGACCTATCCTGTATGCTACGTATTCGTATCGTGAGC

5/32_P1.B | GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTAC

2/32_P1.T | CTAGACCTATCCTGTATGCTACGTATTCGTATCGTGAGC

2/32_P1.B | GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAG

5/25 P1.T | GTACTAGACCTATCCTGTATGCTACGTATTCGTAT
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5/25_P1 B | ATACGAATACGTAGCATACAGGATAGGTCTAGTAC

5/24_ P15_T | GTACTCAGCAGTATCCTGTATGCTACGTATTCGTAT

5/24_P15_B | ATACGAATACGTAGCATACAGGATACTGCTGAGTAC

3/17_P15_T | ACTCAGCAGTATCCTGTATGCTACGT

3/17_P15_B | ACGTAGCATACAGGATACTGCTGAGT

3/16_P15_T | ACTCAGCAGTATCCTGTATGCTACG

3/16_P15_B | CGTAGCATACAGGATACTGCTGAGT

3/11_P15_.T | ATACAGCAGTAGACTATGAT

3/11_P15_ B | ATCATAGTCTACTGCTGTAT

GGCTCACGCTACGACTACGTAGCATACAGGTGACCGTCTAGTACGTCTACGTTCCGAGTGACTC

NS P1.T
AGTCA
NS P1 B TGACTGAGTCACTCGGAACGTAGACGTACTAGACGGTCACCTGTATGCTACGTAGTCGTAGCGT
o GAGCC

NS_P15_T ATACGAATACGTAGCATACAGCCTAGATTAGGTAC

NS_P15_B GTACCTAATCTAGGCTGTATGCTACGTATTCGTAT

*Target sites for EcoP11/P15I are underlined.

Circular DNA substrate containing single site (pOne) was generated from pHtH by site
directed mutagenesis. Primer designing and mutagenesis experiment were done exactly
as described in section 2.1.3 (Chapter 2). The primers used for mutagenesis are listed in

Table 3.2.

Table 3.2: Primers used for generating pOne from pHtH

Name Sequence (5'-> 3")

PUC18_LastSil_F | GATCCTTTGATCTTTTCTACGGTCGGGGACGCTCAGTGGAACGAAAACTC

PUC18_LastSil_R | GAGTTTTCGTTCCACTGAGCGTCCCCGACCGTAGAAAAGATCAAAGGATC
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2.2 Protein purification

EcoP1l, EcoP1l (E916A) and Mod were purified as described in section 2.3, Chapter 2.
EcoP151 was purified in the laboratory by Ishtiyaq Ahmed Khan by a protocol similar to
that of EcoP1l.

2.3 Electrophoeretic mobility shift assays (EMSA)

The protein and DNA mix was incubated for 40 minutes at 25° C in buffer D+ in the
presence of 20 uM sinefungin (SF) (Sigma). Subsequent to incubation, a native stop
buffer (10 mM Tris, pH 8, 60 mM EDTA, 60% glycerol, 0.03% bromophenol blue, 0.03%
xylene cyanol) was added and immediately loaded on a 5% native PAGE gel (5%
acrylamide:bis-acrylamide(29:1), 1X TBE). The gels were run at 4° C in 1X TBE, stained
with a solution containing ethidium bromide and scanned using Typhoon TRIO+

variable mode imager (GE Healthcare).

2.4 Cleavage assays

Cleavage assays were carried out at 25° C in buffer D+ (50 mM Tris pH 8, 50 mM KCl, 10
mM MgClz, 1 mM DTT, 100 pg/ml BSA). The DNA and protein were incubated in the
presence of 20 pM SF. After 40 minutes, 1 mM ATP (Sigma) was added and incubated
further for 15 minutes. The reactions were stopped by adding 0.5 volumes of a stop
buffer (10 mM Tris pH8, 60 mM EDTA, 60% glycerol, 0.025% SDS, 0.03% bromophenol
blue, 0.03% xylene cyanol) and loaded on 15% native PAGE gel (15%
Acrylamide:BisAcrylamide (29:1), 1X TBE). For denaturing urea-formamide gel runs,
the reactions were stopped by adding 1 volume of formamide gel loading dye (95%
formamide, 0.5 mM EDTA, 0.025% SDS, 0.03% bromophenol blue, 0.03% xylene
cyanol). The samples were heated at 99° C for 10 minutes, spun briefly and loaded on a
15% urea-formamide PAGE gel [15% acrylamide:bis-acrylamide (29:1), 8 M urea, 20%
formamide, 1X TBE]. The gels were stained with a solution containing ethidium
bromide and scanned using Typhoon TRIO+ variable mode imager. The DNA bands
were quantified by Image Quant v7 (GE Healthcare).

2.5 Methylation assays
The methylation assays were carried out in buffer D+. DNA and protein (Mod or EcoP1I)
were incubated in the presence of 100 uM AdoMet (Sigma-Aldrich) for 60 minutes. The
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reactions were performed in duplicates. In one of the sets, Mod and AdoMet were
removed by cleaning the DNA using PCR purification kit (Qiagen) before subsequent

processing.

2.6 ATPase assays

The reactions for the ATPase assay were done similar to cleavage assay in buffer D+.
The reactions were stopped at fixed time points by addition of 100 mM EDTA. ATPase
activity was checked using malachite green (20, 21). Malachite green solution was
prepared by mixing 0.044 g malachite green to 36 mL 3 N H2SO4. For the detection of
inorganic phosphate, the dye solution was prepared freshly by mixing 800 pL of
malachite green solution, 200 pL 7.5% ammonium molybdate and 16 pL of 11%
Tween20. For every 20 pL reaction, 50 pL malachite green dye was added. The
absorbance at 630 nm was recorded after 15 minutes using Varioskan (Thermo Fischer
Scientific). The inorganic phosphate released was calculated from a standard phosphate
curve using Na;HPO4 plotted for every assay. For data analysis, the data was fit using
CurveExpert Professional (Version 2.4.0) and initial rates of reaction were calculated by

determining the slope of initial linear portion of time course.

2.7 Heparin trap assays

Heparin trap assays were carried out at 25° C in buffer D+. The dsDNA 15/32_P1 and
EcoP1I were incubated in the presence of 20 uM SF for 40 minutes. 0.6% w/v heparin
(Sigma) was then added and reaction further incubated for 5 minutes. Finally 1 mM ATP
was added. To monitor time dependent cleavage, reaction was stopped at different time
points with 0.5 volumes of stop buffer and loaded on 15% native PAGE gel. The gels
were stained with a solution containing ethidium bromide and scanned using Typhoon
TRIO+ variable mode imager. The DNA bands were quantified by Image Quant V7. For
data analysis, the data was fit using CurveExpert Professional (Version 2.4.0) and initial
rates of reaction were calculated by determining the slope of initial linear portion of

time course.
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2.8 Heterologous cooperation assays

Cooperation assays were carried out at 25°C in buffer D+. The dsDNA 15/32_P1 and
EcoP1I or EcoP1I (E916A) were incubated in the presence of 20 uM SF for 40 minutes.
Similarly, EcoP15I and its target containing dsDNA of varying lengths were incubated
separately for 40 minutes. These two complexes were then mixed together and 1 mM
ATP was added. After 15 minutes, 1 volume of formamide gel loading dye was added.
The samples were heated at 99°C for 10 minutes, spun briefly and loaded on a 15%
urea-formamide PAGE gel. The gels were stained with a solution containing ethidium

bromide and scanned using Typhoon TRIO+ variable mode imager.
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3. Results

3.1 Preliminary characterization of single-site cleavage

In order to better understand the cause of cleavage of single-site substrates by EcoP1], a
prototypical Type Il enzyme, we compared its DNA cleavage features with those for
canonical DNA substrates. As described in Chapter 1, the canonical substrates for Type
[II enzymes have a pair of inversely oriented sites (HtH or TtT). Type IIl RM enzymes
cleave these substrates 25-27 bp downstream of the target site utilizing ATP. The
resulting cleaved piece of DNA has a 5’ overhang of 2 nt. The single-site cleavage by
EcoP1I was investigated for specificity of target site, nucleotide dependence, locus of

dsDNA break, and presence of overhang in the cleaved product.

3.1.1 Effect of length of DNA

We generated three dsDNA of varying lengths, each containing one target site of EcoP1I
(Figure 3.1). Cleavage of 5/32_P1 by EcoP1I resulted in a ~36 bp and ~6 bp fragment.
The 6 bp fragment could not be visualized on staining with ethidium bromide (Figure
3.1A). For 5/32_P1, all of the template got cleaved at Enzyme:Site (E:S) ration of as low
as 0.66 (Figure 3.1A, Lane 4). Cleavage of 152/192_P1 by EcoP1I resulted in a ~167 bp
and ~183 bp fragments (Figure 3.4B). The oligomers were almost fully cleaved at an E:S
ratio of 3.2 (Figure 3.1B, Lane 6). Cleavage of a longer DNA substrate 1324/1364_P1
was less efficient than the other two oligomers for same value of E:S, and resulted in co-
migrating ~1339 bp and ~1354 bp fragments (Figure 3.1C). Cleavage reaction did not
go to completion even at E:S ratio of 16 (Figure 3.1C, Lane 7). Our results suggested that

cleavage of short oligomers was more efficient than longer ones.
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Figure 3.1: Single-site dsDNA got cleaved by EcoP1l irrespective of length of target
DNA. A] Cleavage assay with 300 nM 5/32_P1. Lanes 2-10 depict an E:S ratio of 0, 0.33,
0.66, 1, 1.33, 1.66, 2, 2.66, and 3.33. Lane 1 contains GeneRuler Ultra Low Range DNA
Ladder (NEB); B] Cleavage assay with 50 nM 152/192_P1. Lanes 1-6 depict an E:S ratio
of 0, 0.2, 0.4, 0.8, 1.6, 3.2; C] Cleavage assay with 10 nM 1324/1364_P1. Lanes 2-7
depict an E:S ratio of 0, 1, 2, 4, 8, and 16. Lane 1 contains Genei StepUp™ 1 kb DNA
ladder.

3.1.2 Effect of buffer conditions

We performed cleavage assays with 32/32_P1 to see the requirement of ATP binding
versus ATP hydrolysis. This was done by providing non-hydrolysable analogues of ATP
instead of ATP. Cleavage was noticed only in presence of ATP (Figure 3.2A, Lane 7), and
was not observed in absence of ATP (Figure 3.2A, Lane 2) or with ATP analogue AMP-
PNP (Lane 4), or with transition state ATP mimic ADP-vanadate (Lane 5) or with ADP
(Lane 6). Additionally, DNA cleavage occurred only when the target site was present,
non-specific DNA was not cleaved by EcoP1I in presence of ATP (Figure 3.2A, Lane 3).
Next, we checked the effect of monovalent cations on the cleavage of 32/32_P1 in
presence of either S Adenosine methionine (AdoMet) or its structural analogue

sinefungin (SF) (Figure 3.2B). In presence of KCl, apart from the primary cleavage
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product (43 bp), a lot of non-specific cleavage events (promiscuity) could be observed
(Figure 3.5B, Lane 2). After incubation with AdoMet, this promiscuity did not go down;
however, a decrease in overall cleavage was observed (Figure 3.2, Lane 3). We believe
that this is due to methylation of the oligomer by AdoMet. With SF, the cleavage was
efficient and specific (Figure 3.2B, Lane 4). With NaCl, overall cleavage efficiency
seemed to be lesser, which enhanced on addition of SF. Irrespective of the cation, we
noticed that cleavage specificity and efficiency improved on addition of SF (Figure 3.2B,
Lanes 5-7).
A B

KCl NaCl

- 4+ - - 4 - AdoMet
= = &® = = + g

No nucleotide
AMPPNP
ADP-Vanadate

‘| No target site
ADP
ATP

I

-—— ;
e u > B S : :
o~ . el el | 6o
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B ~ . “ —69bp | e =20
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T Nﬂ " b . Cleavage

1 2 3 4 5 6 7 1 2 3 4 5 6 7

Figure 3.2: Effect of buffer conditions on single-site cleavage by EcoP1l. Reactions
contained 300 nM DNA and 200 nM EcoP1I in buffer D+. A] Cleavage assay with various
analogs of ATP. 1) GeneRuler Ultra Low Range DNA Ladder (NEB), 2) Without
nucleotide, 3) NS_P1+ ATP, 4) 32/32_P1 + AMP-PNP, 5) 32/32_P1 + ADP-Vanadate, 6)
32/32_P1 + ADP, 7) 32/32_P1 + ATP. B] Effect of monovalent cations and AdoMet and
SF. 1) Template DNA without EcoP1I, 2) - AdoMet, -SF,+KCl, 3) + AdoMet, -SF, +KCl, 4) -
AdoMet, +SF, +KCl, 5) - AdoMet, -SF,+NaCl, 3) + AdoMet, -SF, +NaCl, 4) - AdoMet, +SF,
+NaCl. On the right side, sizes of DNA fragments are given. Promiscuous cleavage is
shown encompassing the curved bracket on right side.

3.1.3 Methylation by EcoP1I silences the endonuclease activity

We first methylated 32/32_P1 by incubating with Mod and AdoMet. Subsequently ATP
and EcoP1I were supplied to initiate cleavage. EcoP1I did not cleave DNA substrates
that were incubated with Mod + AdoMet a priori (Figure 3.3, Lanes 2, 3, 6, and 7)
compared to control reaction where the substrate was not previously incubated with

Mod + AdoMet (Figure 3.3, Lane 8). The silencing of the endonuclease activity suggested
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that the target site was modified in presence of Mod + AdoMet, and demonstrated that

the single-site cleavage was sensitive to the methylation status of the target site.

Mod removed before
addition of EcoP1l

}

+ + + + + + - Mod+AdoMet
o o o
8 8 8 8 8 EcoPll(nM)
o o~ i o o~ i i
69 bp
~43 bp

1 2 3 4 5 6 7 8

Figure 3.3: Methylation by EcoP1I silences the endonuclease activity. Reactions
contained 300 nM 32/32_P1 and 300 nM EcoP1I in buffer D+. Numbers above each well
depict EcoP1I concentration in nM.1) GeneRuler Ultra Low Range Ladder (NEB), Lanes
2-4) Mod + AdoMet still present, Lanes 5-7) Mod + AdoMet removed by PCR purification
kit before addition of EcoP1], 8) Control reaction with only EcoP11.

3.1.4 Effect of methylation on ATPase activity of EcoP11 with single-site DNA
As described in Chapter 2, section 3.4, a single-site substrate 15/32_P1 stimulated the
ATPase activity of EcoP1I. Further we carried out extensive ATPase assays with EcoP1I

to see the extent of ATP hydrolysis in following conditions:

a) Only 15/32_P1 (representing specific DNA substrate)

b) 15/32_P1 incubated with Mod + AdoMet prior to addition of EcoP1l and ATP
(representing methylated DNA substrate)

c) AdoMet and ATP added together (representing a competition between
methylation and ATP hydrolysis)

d) Only NS_P1 (representing non-specific DNA)

With specific substrate, EcoP1I rapidly hydrolysed ATP with a Vo of 20.2 pM Pi/min.
With non-specific DNA, ATPase activity was almost 10 fold lower (Vo of 2.7 uM Pi/min).
[t was observed earlier that the substrate incubated with Mod + AdoMet before addition

of EcoP1I and ATP did not get cleaved (Figure 3.3). To see if methylation hampered the
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ATPase activity of EcoP1l; we performed ATPase assays when AdoMet was either added
with or before ATP. In each of these cases, the ATPase activity was lower than that with
unmodified DNA. The initial velocities for both these conditions were comparable to
that for non-specific DNA. This indicated that a DNA with unmodified target site is
required for stimulating the ATPase activity. These results are summarized in Figure

3.4.
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Figure 3.4: ATPase activity of EcoP1l on single-site DNA substrate. Reactions
contained 200 nM DNA and 200 nM EcoP1l in buffer D+. A] ATPase assay with
15/32_P1 (purple), NS_P1 (cyan), methylated 15/32_P1 (green) and with 15/32 when
AdoMet and ATP were added together (black); B] Bar graph representing initial
velocities (Vo) (uM/min) of ATP hydrolysis: a) 15/32_P1, b) 15/32 when AdoMet and
ATP were added together, c) methylated 15/32_P1, d) NS_P1. Numbers on bar graph
indicate mean values of Vy after analyzing three experimental replicates.
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3.1.5 Location of dsDNA break

To understand the position of dsDNA break on a single-site DNA substrate, we
systematically reduced the length of DNA upstream of the target site. Analysis of these
different oligomers on a polyacrylamide gel showed that reducing the length upstream
of target site did not affect the cleavage of single-site substrates. Cleavage of 30/32_P1
(total length = 67 bp) resulted in ~60 bp fragment (Figure 3.5A, Lanes 6, 7). Cleavage of
15/32_P1 (total length = 52bp) resulted in ~45 bp fragment (Figure 3.5A, Lanes 4, 5).
This was also observed for 5/32_P1 (total length = 42bp) which had just 5 bp upstream
of the target site. Cleavage of this oligomer resulted in a ~35 bp fragment (Figure 3.54,
Lanes 2, 3). Upon variation of length downstream of the target site, we observed that an
oligomer with downstream length < 25 bp was refractory to cleavage (Figure 3.5B).
However, we could not discriminate between nicking and dsDNA break of this oligomer
on a 15% native PAGE gel. The data conclusively showed that cleavage was taking place
downstream of the target site. To exactly map the cleavage position, we sequenced
bottom strand of the cleaved product of 2.6 kb DNA substrate (1324/1364_P1) with
single target site (Figure 3.5B). The cleavage mapped to 26 nt downstream of the target

site for this substrate.
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Figure 3.5: Position of dsDNA break. Reactions contained 200 nM DNA and 500 nM
EcoP1I in buffer D+. A] Cleavage assay with various single-site oligomers with variation
in upstream length. 1) Marker, 2)5/32_P1, +EcoP1l, -ATP, 3) 5/32_P1, +EcoP1I, +ATP,
4) 15/32_P1, +EcoP1], -ATP, 5) 15/32_P1, +EcoP1I, +ATP, 6) 30/32_P1, +EcoP1I, -ATP,
7) 30/32_P1, +EcoP1l, +ATP; B] Cleavage assay with various single-site oligomers with
variation in downstream length. 1) 5/25_P1, +EcoP1I, -ATP, 2) 5/25_P1, +EcoP1I, +ATP,
3) 5/24_P1, +EcoP1], -ATP, 4) 5/24_P1, +EcoP1I, +ATP; C] Sequencing of bottom strand
of cleaved product of 1324/1364_P1. The target sequence of EcoP1l (5 AGACC 3’) is
highlighted by serrated box and triangle. The black arrow indicates the position of
cleavage.
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3.1.6 Presence of overhang in the cleaved product

To check if the DNA fragment resulting from cleavage of a DNA with a single target site
had an overhang, we denatured the cleaved product. The resulting single strands when
run on a denaturing PAGE could give an indication of difference, if any, in their lengths.
On the denaturing PAGE, the cleaved product separated into two single strands of DNA
with a length difference of approximately 2 nt (Figure 3.6). This observation indicates

that the nucleolytic activity of EcoP1I results in an overhang of 2 nt.

15/32_P1

+ + EcoP1l
+ ATP

87 nt
Figure 3.6: The cleaved product has an ;g ¢

overhang of ~ 2 nt. 1) Marker, 2) +EcoP1],

-ATP, 3) +EcoP1l, +ATP. The numbers on  5gnt
left and right sides of gel indicate sizes of 50 nt
various DNA fragments in nucleotides. 46 nt

, S S| 52nt
7 e | ATt
: ~45 nt

3.2 Cleavage of DNA with single target site: cis or trans?

After establishing that the properties of single-site cleavage are similar to canonical
cleavage, we proceeded to get insights into the mechanism underlying this
endonucleolytic activity. There are three possible modes of cleavage of single-site DNA
substrates. A single target bound enzyme molecule may execute a dsDNA break in cis
(Figure 3.7C). An alternate model to cleavage in cis is that of cleavage resulting from an
enzyme in trans. In this model the cleavage is catalysed by cooperation of two enzymes:
one bound to the single-site substrate and the other either free in solution (Figure 3.7A)
or bound to another DNA (specific or non-specific) (Figure 3.7B). To examine the
possible mode of single-site cleavage by EcoP1I, we carried out heparin trap assays and

heterologous cooperation assays.

93



CHAPTER 3: Nucleolytic Cleavage of Single-site Substrates by EcoP1I

5" AGACC3’
5' AGACC3’

- O {

5"AGACC3’

5 AGACC3

Figure 3.7: Possible interactions of two enzyme molecules to bring about dsDNA
cleavage. The target (5’ AGACC 3’) site is shown as the triangle on the DNA. The grey
closed ovals represent Mod1 and Mod2 while the oval with a mouth represents Res. A]
in trans: cooperation between a DNA bound enzyme and a free enzyme molecule (from
solution); B] in trans: cooperation between two DNA bound enzyme molecules; C] in cis:
single enzyme molecule catalyzing a dsDNA break formation.

3.2.1 Heparin trap assays

To find if a free EcoP1l enzyme molecule in solution can cooperate with another
molecule bound to single-site dsDNA in trans, we carried out a heparin trap assay
utilizing 15/32_P1. Heparin is a linear polysaccharide, which is widely used to trap DNA
binding proteins (22-25). The short length of the single-site DNA (52 bp) allowed
binding of only one molecule of EcoP1l. When the enzyme dissociates from the DNA,
excess heparin would trap it. This way, the possibility of cooperation/dimerization of a
free and a DNA-bound enzyme was minimized, if not completely eliminated. To such a
reaction mix, where certain percentage of enzyme molecules were bound to the single-
site DNA and the rest were sequestered by heparin, ATP was added. Hydrolysis of ATP
has been shown to promote EcoP1I to leave the target and move along the DNA (9). Due
to the short length of the DNA, the enzyme would fall off immediately, and be
sequestered by heparin, unless the conformational state of the enzyme is not proficient

to bind heparin.
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The heparin trap experiment was primarily done to sequester all free EcoP1I molecules
in the solution. Upon sequestration of free EcoP1I molecules by heparin, any nucleolytic

cleavage observed would be a result of one of the two possibilities:

1) a single enzyme bound to its target site eliciting a dsDNA break in cis;

2) or two DNA bound enzyme molecules cooperating to bring about dsDNA break.

We studied the sequestration of EcoP1I, pre-incubated with a fixed concentration of
single-site dsDNA, in presence of varying concentrations of heparin. Increasing
concentration of heparin reduced the binding of EcoP1I to DNA substrate suggesting a
competition between the two polyanions. At heparin concentrations greater than 0.6
mg/mL, no EcoP1I-DNA complex or nucleolytic cleavage could be visualized (Figure
3.8A, Lanes 3-5). This suggested that at these concentrations heparin successfully
competed with DNA to bind to most or all of EcoP1I. At reduced heparin concentrations,
a small fraction of EcoP1I-DNA complex could be seen along with cleaved products
(Figure 3.8A, Lanes 6-10). A titration with varying concentrations of heparin showed
that 0.6 mg/mL heparin was sufficient to sequester all free EcoP1I, while still leaving
some bound to DNA to catalyse DNA cleavage (Figure 3.8A, Lane 6 and Figure 3.8B).
Increasing the incubation time of the reaction mix did not either increase or decrease
the amount of cleaved DNA, indicating that the heparin-bound EcoP1I did not dissociate
to bind and cleave the DNA.
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Figure 3.8: Effect of heparin. The reactions contained 500 nM EcoP1I and 200 nM
oligomer in buffer D+. A] The effect of increasing concentration of heparin on binding of
EcoP1I to target oligomer. 1)Only DNA, 2) -Hep, +ATP, Lanes 3-10) + Hep, +ATP: 3)
Hep (3 mg/mL),4) Hep (2 mg/mL), 5) Hep (1 mg/mL), 6) Hep (0.6 mg/mL), 7) Hep (0.4
mg/mL), 8) Hep (0.3 mg/mL, 9) Hep (0.2 mg/mL), 10) Hep (0.1 mg/mL). B] Effect of
increase in incubation time with heparin prior to ATP addition: 1) Only DNA 2) -Hep, -
ATP 3) -Hep, +ATP 4) +Hep, -ATP, Lanes 5 to 10) depict 1, 2, 5, 10, 20, 40 minutes of
incubation after addition heparin (0.6 mg/mL) and before addition of ATP respectively.
* denotes EcoP1I-DNA complex, & denotes uncut DNA, e@lenotes cleaved DNA.

Having established the sequestration of EcoP1l by heparin, we performed time
dependent cleavage assays with and without heparin to assess the possible turnover of
DNA bound EcoP1I molecules (Figure 3.9). When heparin was excluded from the
reaction, almost 90% template DNA got cleaved in less than 15 minutes and the
apparent initial rate of the reaction was 52 % DNA cleaved/min. When enzyme and
heparin were incubated together with DNA no cleavage was seen even after 40 minutes
(data not shown). This again demonstrated strong competition presented by heparin to
DNA. When heparin was added to pre-incubated EcoP1I-DNA mix, however, the
cleavage kick started at a much lower rate and the cleavage remained constant at 45%
and the apparent initial rate of the reaction reduced to 5.6 % DNA cleaved/min. This

amount of cleaved fraction remained constant over a long period of time, suggesting
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that free EcoP1I molecules in solution were not responsible to bring about cooperation
in trans with those bound to target. Hence, we concluded that the DNA-bound EcoP1I
catalysed only a single round of DNA cleavage before being sequestered by heparin. We
note that this assay does not eliminate the possibility of free enzymes acting in trans

that are conformationally incompetent to bind to heparin.
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Figure 3.9: Effect of heparin (Hep) on cleavage Kkinetics. Reactions contained 500 nM
EcoP1I and 300 nM 15/32_P1 in buffer D+. Time dependence of cleavage of 15/32_P1
by EcoP1I shown as electrophoretic separation of cleavage products in absence (A) and
in presence (B) of heparin. Samples were withdrawn at time points (in minutes)
indicated on gel. C] Cleavage kinetics of without heparin (green) and with heparin
(purple). The orange line shows cleavage kinetics when enzyme and heparin were
added together before addition of ATP; D] Bar graph representation of fraction of
15/32_P1 cleaved for each of these conditions
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3.2.2 Heterologous cooperation assays reveal the cleavage to be a trans activity

We designed a 218 bp mixed HtH substrate containing one target site of EcoP1I and one
of EcoP15I to check if the enzymes cooperated with each other to bring about dsDNA
break (Figure 3.10). The enzymes cooperated with each other to cleave the substrate
close to the target sites resulting in four fragments, ~180, 171, 47 and 38 bp (Figure
3.10, Lane 9). This is a cis event where both the co-operating enzymes are on the same
piece of DNA. Interestingly, when one of the enzymes was omitted from the reaction,
cleavage close to target site of the other was observed. When EcoP15] was omitted,

cleavage close to EcoP1I target was observed and vice versa (Figure 3.10, Lanes 3-6).

A
5 CAGCAG 3’ 5’ GGTCT 3’
5’ A 3’
3: /’) | 5;
149 P e ML e A
B 2 + + - = pyestes Puestsa  + EcoP1l

- - -+ o+ - z +  EcoP15I

1 2 3 4 5 6 7 8 9

Figure 3.10: Cleavage assay with a mixed HtH substrate for EcoP1I and EcoP15I. A]
Mixed HtH substrate with target sites for EcoP1I (yellow triangle) and EcoP15I (green
triangle); B] Cleavage assay with mixed HtH substrate. The reactions contained 300 nM
DNA in buffer D+. 1) Marker, 2) Control without enzyme, 3) 300 nM EcoP1], 4) 500 nM
EcoP1l, 5) 300 nM EcoP15], 6) 500 nM EcoP15], 7) 300 nM P1(E916A), 8) 600 nM
P1(E916A), 9) 300 nM EcoP1], 300 nM EcoP151.
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We used the above knowledge to design a “heterologous cooperation assay” to find if
the single site cleavage is a cis or a trans activity. As the name suggests, the heterologous
cooperation assay involved use of two separate short pieces of DNA each specific for
EcoP1I or EcoP15], respectively. The assay was carried out by adding ATP to a reaction
mix containing EcoP15I and nuclease dead EcoP1I(E916A) bound to their respective
single-site dsDNA. After 15 minutes, the reaction was stopped and the DNA in the
reaction mix was analysed on a denaturing urea-formamide PAGE gel (Figure 3.11A).
5/24_EcoP15 was chosen as specific DNA for EcoP15], since it did not undergo single-
site dsDNA cleavage due to insufficient length downstream of the target site (data not

shown).

The nuclease dead EcoP1I(E916A) did not show any endonucleolytic activity with
15/32_P1 (Figure 3.11A, Lane 2), while EcoP1I cleaved this oligomer resulting in two
single strands of ~ 45 and 47 nucleotides (Figure 3.11A, Lane 3). Despite the use of the
nuclease dead EcoP1I(E916A), the DNA containing its target was nicked, but not
cleaved, in presence of EcoP15I bound to its specific DNA (Figure 3.11A, Lane 4). We
also noted that EcoP15I did not nick EcoP1I specific DNA in absence of EcoP15I specific
DNA (Figure 3.11A, Lanes 5, 7). Consequently, we concluded that the nicking of EcoP1I
specific oligomer was a result of cooperation between EcoP1I bound to its specific DNA
and EcoP15I bound to its specific DNA. The nick on the DNA specific to EcoP1I was
catalysed by EcoP15I in trans only in presence of its specific DNA. However, our
experiment did not rule out the possibility that the binding to the specific DNA is only
required for activation of the enzyme to a reaction competent conformational state, and

not actually during the reaction.
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3.3 Insights into interaction of motor domain and DNA for successful trans
interaction

We proceeded to further understand the relevance of the EcoP15I specific DNA in the
above reactions. An earlier experiment showed that the EcoP15I specific DNA 5/24_P15
did not get cleaved suggesting that it is not long enough to reach the active site of the
EcoP15I nuclease domain (data not shown). We next asked if there was a minimal
length of specific DNA required for the trans activity to be observed. Towards this, we
used EcoP15I specific DNA of varying lengths downstream of the target (Figure 3.11B).
We saw nicking of the EcoP1I specific DNA even in the presence of 5/17_P15 (Figure
3.11C, Lane 6). However, with the downstream length of EcoP15I specific DNA
shortening to 16 bp or less, the nicking of EcoP1l specific DNA was completely
abolished (Figure 3.11C, Lanes 4, 5). This analysis suggested that for trans nicking
activity of EcoP15], the ATPase domain has to be engaged by downstream DNA and
activated by ATP. From the partial structure of EcoP15I bound to a short DNA substrate
mimic, having only 11 bp downstream of the target site (26), we see that the ATPase
domain in not completely engaged with DNA. We propose that for successful interaction
of ATPase domain and DNA, a minimum length of 17 bp is required downstream of the

target site (Figure 3.11D).
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Figure 3.11: Heterologous cooperation assay: A] 1) Marker, 2) 15/32_P1 + EcoP1I
(E916A), 3) 15/32_P1 + EcoP1l, 4) 15/32_P1+ EcoP1l (E916A) in cooperation with
5/24_P15 + EcoP15], 5) 15/32_P1 + EcoP1l (E916A) in cooperation with NS_P15 +
EcoP151 6) NS_P1 + EcoP1ll (E916A) in cooperation with 5/24 P15 + EcoP15], 7)
15/32_P1 +EcoP151. B] Schematic of variation of downstream length in specific
oligomer for EcoP15l. The ladder represents dsDNA. The target site for EcoP15I (5’
CAGCAG 3’) is shown as triangle. The downstream length of DNA is numbered after last
guanine (G) of the target site. C] Denaturing 15% Urea-Formamide Gel showing single
stranded templates and products. 1) Marker, 2) 15/32_P1 + EcoP1IE916A, 3) 15/32_P1
+ EcoP1l, 4) 15/32_P1+ EcoP1IE916A in cooperation with 3/11_P15 + EcoP15I, 5)
15/32_P1+ EcoP1IE916A in cooperation with 3/16_P15 + EcoP15I, 6) 15/32_P1+
EcoP1IE916A in cooperation with 3/17_P15 + EcoP15I, 7) 15/32_P1+ EcoP1IE916A in
cooperation with 5/25_P15 + EcoP15I. * denotes specific DNA for EcoP1l, A denotes
nicked strands of 15/32_P1, ® and 4 denote specific DNA for EcoP15I. Note that in lanes
where EcoP1IE916A was used in cooperation with EcoP15I], only one of the strands of
15/32_P1 got nicked. D] Partial structure of EcoP151 with 3/11_P15 DNA shown in red.
Moda: Green, Modg: Cyan, Res: Brown. The target site for EcoP151 (5 CAGCAG 3’) is
shown as a grey triangle. The extended DNA upto 17 bp downstream of target is shown
as a ladder.
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4. Discussion

To cleave the dsDNA, Type III RM enzymes need to communicate between two distantly
located target sites (1, 3, 9, 14, 27-29). Moreover, the target sites need to be inversely
oriented to achieve successful interaction of two enzymes, whose orientation is dictated
by that of target site (3, 27). To explain long range communication and site orientation
selectivity associated with Type III RM enzymes, a number of models have been
proposed (3, 4, 6, 7, 9, 28, 30). However none of these modes of communication could
explain nucleolytic cleavage of DNA substrates bearing single target site. Nucleolytic
cleavage of single-site DNA substrates was observed earlier by a few researchers (14,
16, 18, 19, 31). However, it was overlooked grossly. A couple of studies also reported
cleavage of single-site oligomers as short as 70 bp and 50 bp by EcoP1Il and EcoP15I
(14, 19). Current modes of communication proposed for Type III RM enzymes fail to
explain such endonucleolytic activity, since juxtaposition of two enzymes cannot be
achieved on such DNA substrates due to spatial constraints. This is discussed in section

3.2.

Characterization of nucleolytic cleavage of single-site DNA : We investigated an unusual

mode of cleavage by Type III RM enzyme, EcoP1l, where it cleaved a substrate with
single target site. After characterizing this phenomenon, we found out that the
properties of cleavage were similar to that of canonical cleavage by Type III RM
enzymes. The cleavage took place 26 nucleotides downstream (confirmed by
sequencing the cleaved product of 1324/1364_P1) and 24 nucleotides downstream for
a family of short oligomers (confirmed by monitoring the cleavage products on a
denaturing PAGE gel). Similar to cleavage product of substrates with inversely oriented
sites, we saw an overhang of approximately 2 nucleotides in the cleavage product of
single-site DNA substrate. The cleavage took place only with a specific DNA with a strict
requirement of ATP. Mere nucleotide binding was insufficient to trigger the nucleolytic
activity since cleavage did not take place in presence ADP, AMP-PNP or transition state
ATP analogue ADP-vanadate.

In addition, cleavage was observed irrespective of length DNA substrate. As mentioned
earlier, single site cleavage by EcoP1I and EcoP15I was reported in literature, however,
groups working with longer DNA substrates observed that the cleavage was weak (16,

18, 31). In reports, where shorter oligomers were used for assays, the cleavage seemed
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efficient (14, 19). Consistent with these reports, we observed that the efficiency of
cleavage depended on the length of DNA. The extent of cleavage was highest with
shorter oligomers and decreased with longer DNA substrates. This effect cannot be
attributed to length of the DNA alone, as the reaction mix with short DNA had more
amounts of both enzyme and DNA (The detection method was staining by ethidium
bromide, and hence more amount of shorter DNA was required to visualize on gel). As
the crowding of enzyme-DNA complex in the reaction mix increased from long to short
DNA, it could have an effect on overall cleavage efficiency. Later we demonstrated that
this type of cleavage occurs by trans interaction of two enzyme-DNA complexes. The
crowding of enzyme-DNA complexes leading to increase in cleavage efficiency of single-
site substrates is a direct consequence of such a trans interaction. In conclusion, EcoP1I
cleaved single-site substrates of all the lengths with cleavage efficiencies appearing

higher for shorter oligomers.

Further we sought to understand the effect of AdoMet and SF on cleavage efficiency in
presence of potassium or sodium ions. There are contradictory reports on requirement
of AdoMet for cleavage by Type IIl RM enzymes (16, 17, 32). The role of AdoMet and
sodium ions in preventing the promiscuous cleavage by EcoP1I was reported earlier by
Peakman et al (16). It was also suggested that potassium ions leads to promiscuous
enzymatic activity (16). Here, the authors termed any cleavage event taking place on a
substrate containing directly repeated sites and/or single site as secondary or
promiscuous cleavage. Also, Raghavendra et al have reported the effect of SF on the
cleavage by EcoP15I (17). SF is a structural analogue and competitor of AdoMet that
lacks a transferrable methyl group to target adenine. We observed that nucleolytic
cleavage of single-site substrate DNA occurred irrespective of presence of AdoMet or SF
in the reaction mix. In presence of potassium ions, cleavage reaction was efficient;
however, a lot of extra bands resulting from non-specific cleavage events were
observed. The presence of SF increased specificity of the reaction. In presence of sodium
ions, an overall decrease in cleavage efficiency was observed which improved upon
addition of SF. AdoMet had an inhibitory effect on the cleavage possibly due to
methylation of target site. We know that the MTase of Type III RM systems recognizes
and methylates the target adenine in the target sequence (12, 13). The methylated site

is no longer identified by the enzyme as a target for activating endonuclease activity.
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Protection from cleavage upon methylation provided an indirect evidence for the single-

site cleavage to be site specific.

The unmodified single-site substrates stimulated the ATPase activity of EcoP1I. This is
consistent with the ATP-dependent nucleolytic activity of the enzyme and also a
previous study characterising the ATPase activity of Type III RM. This ATPase activity
reduced by 10 fold when the single-site substrate was methylated specific, which is
comparable to the ATPase activity of the enzyme in presence of non-specific oligomers.
Surprisingly, we found that when ATP and AdoMet were added together to EcoP1I pre-
incubated with specific oligomer, the ATPase activity was poor and comparable to that
noticed with methylated substrate. This suggested that the rate of methylation is faster
than that of ATP hydrolysis by Type IIIl RM enzymes. To the best of my knowledge, this
is the first observation on comparison of rates of methylation and ATP hydrolysis
associated with single-site substrates. Earlier, Muecke et al demonstrated that DNAse
footprinting assays with single-site DNA in simultaneous presence of ATP and AdoMet
resulted in very weak footprint of EcoP15I on substrate DNA as compared to that with
ATP or AdoMet alone (14). The authors suggested that methylation reduced the DNA
affinity of EcoP15I in presence of ATP. These rates, however, are calculated utilizing a
non-radioactive procedure (using malachite green) to detect inorganic phosphate.
Further investigations utilizing labelled elements in AdoMet and ATP to quantify these

rates would result in accurate estimation and interpretation of such a comparison.
To summarize, the properties of nucleolytic cleavage of single-site DNA substrates by
EcoP1l were demonstrated to be similar to that of DNA substrates with inversely

oriented sites.

Cleavage of single-site DNA substrates by EcoP1I/15] is a trans event: Type III RM

enzymes identify a pair of indirectly repeated unmethylated target sites through Mod,
which in turn activates Res to trigger ATP hydrolysis resulting in dsDNA break 25-27 bp
downstream of the target site. It is demonstrated that such a dsDNA break results from
a pair of nicks, where the top and bottom strand nick are contributed by proximal and
distal enzymes respectively (15). Also, using DNA substrates where the target sites for

EcoP1l were on two different rings of catenane, Peakman et al showed that there is a
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strict requirement of two target sites in cis for successful interaction between two
macromolecular assemblies (8). In order to understand mechanism behind nucleolytic
cleavage of single-site DNA substrates, we performed experiments with long DNA
substrates (>1000 kb) as well as extremely short oligomers (<40 bp). Upon
systematically monitoring the cleavage of various oligomers, we noticed that the
cleavage ceased only when the oligomer had < 25 bp downstream of the target site.
Thus a downstream length of just 25 bp was sufficient and necessary for a successful
dsDNA break. It is hard to envisage simultaneous occurrence of two heterotrimeric
EcoP1I/P151 molecules on such a short DNA piece. Observations from DNAase
footprinting assays (14), SEC-MALS analysis (19) and partial crystal stricture of EcoP15I
bound to substrate DNA mimic (26) further suggest that only single heterotrimeric
assembly of ModzRes can bind such a short oligomer. We considered three possibilities
of occurrence of nucleolytic cleavage of single-site DNA substrates as discussed in
section 3.2: 1) in trans: cooperation between a DNA bound enzyme and a free enzyme
molecule (from solution), 2) in trans: cooperation between two DNA bound enzyme
molecules and 3) in cis: single enzyme molecule executing a dsDNA break. To find out
whether free enzyme molecules in solution could cooperate with target site bound
enzyme molecule, we performed heparin trap experiments. The results of these
experiments suggested that nucleolytic cleavage of single-site DNA is a single turnover
reaction and that there is very less possibility of free enzymes (in solution) to cooperate
with target site bound enzymes. Further we designed “heterologous cooperation assay”
to directly probe the interaction between two enzyme-DNA complexes. It has been
shown earlier that EcoP1I and EcoP15I cooperate with each other in cis to cleave DNA
containing one target of each of the enzymes in Head-to-Head (HtH) orientation (33).
We conceptualized a scenario where a target bound EcoP1l and EcoP15I could
juxtapose such that the enzymes are oriented in a HtH fashion. When one of these
enzymes was replaced by a mutant lacking endonuclease activity (EcoP1I(E916A) in
our case), we could monitor the nick on EcoP1I substrate contributed by other enzyme
(EcoP15I). This nick was a result of trans activity. To our surprise, EcoP15I nicked the
EcoP1I specific oligomer in trans. In addition, this nicking showed a strict requirement
of specific substrates for enzymes (EcoP1I and EcoP15I). EcoP15I in presence of a non-
specific substrate or devoid of its specific substrate could not cooperate with target

bound EcoP1l resulting in abolishment of nicking. Similarly, EcoP15I could not
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cooperate in conditions where EcoP1I specific oligomer was excluded from the reaction.
These results show that nucleolytic cleavage of single-site DNA substrates is a result of
trans cooperation between two target bound enzyme molecules. Such a cleavage mode

has also been suggested for a Type IIGS restriction enzyme Tth111II (34).

Insights on requirement of sufficient downstream length of DNA to engage the ATPase

domain: From the partial structure of EcoP15I bound to a short DNA substrate mimic
(26), we see that the ATPase domain in not completely engaged with DNA. Gupta et al
crystallized EcoP151 with a DNA substrate mimic which has only 11 bp downstream of
the target site. We used heterologous cooperation assay to examine necessary length of
DNA downstream of target site for latching of ATPase domain onto polynucleotide track.
By systematically altering the length of DNA downstream of target site, we observed
that EcoP15I failed to cooperate with EcoP1I in presence of specific oligomers with
<17bp downstream of target site. With our studies, we propose that minimum 17 bp is
required for successful interaction between DNA and the ATPase domain. This
information was vital to design an appropriate DNA substrate mimic suitable for

crystallization of EcoP1I-DNA complex.

In summary, we demonstrated that Type IIl RM enzymes EcoP1l and EcoP15I can
communicate with two target sites by a 3D route, where two target site associated and
ATP-activated enzyme molecules cooperate with each other in trans to carry out dsDNA
break by contribution of single nick per enzyme molecule. Additional experiments are
required to be done to obtain a detailed molecular mechanism of this trans nucleolytic
activity. We need to investigate on the requirement of motor activity for either cis or
trans acting or both enzymes for successful nicking of each DNA strand. Heterologous
cooperation assays with EcoP1Il and EcoP151 where key ATPase motifs are mutated
could answer this question. In addition, we still do not know whether the enzyme
molecule interacting in trans needs to be bound to site; or an ATP activated sliding

enzyme which is still bound to DNA non-specifically is also able to cooperate.

In conclusion, we have learnt a new three dimensional mode of communication between

2 target sites by Type IIIl RM enzymes.
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Chapter 4

Sequence and Structure Analyses of Type III RM Enzymes

1. Introduction

Primary amino acid sequence forms the basic framework of the protein. Information on
conserved motifs, functional modules and sequence based phyletic relation between
different proteins can be obtained when the primary sequence of a large number of
homologous proteins performing similar function are analyzed together. A frequently
used and powerful means for such analyses is Multiple Sequence Alignment (MSA) of
the amino acid sequences, where sequences are aligned optimally by bringing the
maximum number of similar residues for a given position in the same column of the
alignment. A carefully built MSA can yield information about conserved functional
domains, conserved key motifs, insertions, deletions and evolutionary relationships
between different members of the alignment. Furthermore, if structure of any of the
members of alignment is known, we can predict spatial relationships of amino acids in
other proteins in the alignment with the help of structure based sequence alignment (1-
3). Conserved stretches of amino acids, generally referred to as motifs, is often
suggestive of their functional or structural importance. A motif could be vital for
interaction with a specific ligand or a co-factor, dimerization between subunits or could
just have implications in maintaining the tertiary structure of the protein. MSA also
reveals the presence of insertions in a particular family of proteins, which serve as
additional functional modules (4). Thus, MSA forms an important tool to identify
putative features of a family of proteins and enables us to predict possible functional

role.

We initiated our research project on the Type IIIl RM enzymes by carrying out a detailed
study of their amino acid sequences. As structural information of these enzymes were
completely absent when we initiated the study, the aim was to a) locate/identify the
various functional motifs conserved in this type of enzymes; b) locate and delineate the
boundaries of various functional and structural domains. As described in earlier
chapters, Type Il RM enzymes are composed of three subunits, two copies of the
methylating Mod subunit (Moda and Modg) and a single copy of the endonucleolytic Res
subunit (5-7). Each subunit, in turn, is made up of different functional modules. Mod

has a Target Recognition Domain (TRD) inserted between the AdoMet binding and
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catalytic domains of the MTase. The Moda and Modg subunits exhibit asymmetry in
function, where Moda is responsible for identification of specific target site and Modp is
involved in methylation of the target adenine (5). Res is a fusion of an ATPase and
endonuclease domains (3, 8, 9). The fusion of various functional domains is also seen in
other ATP dependent RM enzymes, viz. Type I and Type ISP, both of which restrict
unmodified DNA by carrying out ATP dependent dsDNA translocation.

In our endeavor to gain a better picture of domain architecture, comparison of the
amino acid sequences of a large number of Type III RM enzymes was carried out. In
2015, a partial structure of EcoP15I co-crystallized with AMP and a DNA substrate
mimic determined by the laboratory of Aneel Aggarwal at Mount Sinai Hospital was
available (5). The information gained by us from the sequence analysis of Type IIl RM
enzymes were mapped onto the three dimensional structure of EcoP15I in order to get

insights into their structural and functional relevance.

These analyses have led to identification of certain unique features of Type III RM
enzymes which were previously unknown. We identified six new motifs in the MTase
domain of the Type Il enzymes. Out of these six motifs, five are involved in dimerization
of the two Mods and one is involved in AdoMet binding. The analyses also revealed that
the sequence length of Mod was variable. This variation affected the length of the C-
terminal domain (CTD) while the length of other functional domains was less variable,
leading to certain functional implications discussed below. We also identified a new
motif unique to the ATPase domain of Type III RM enzymes, which is involved in
recognizing ATP. The sequence analysis of the endonuclease domain of Type III RM

enzymes led to identification of motif I.

In conclusion, sequence analyses empowered us to understand the enzyme system

better, and also led to identification of novel sequence features.
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2. Materials and Methods

2.1 Multiple sequence alignments

2.1.1 Domain-wise alignments for phylogenetic analyses (MTase, ATPase, endonuclease)
Homologous sequences were searched using EcoP1l as the query sequence using the
database search engine BLASTP (10) against REBASE (11) by setting the sequence
identity window to 20-95%. This analysis was carried out using sequences in REBASE
as on 25-11-2010. Only a representative sequence was used for a set of sequences
having more than 95% sequence identity amongst them. This helped to remove the
redundant sequences (sequence identity greater than or equal to 95%). This was done
in order to obtain a diverse set of sequences. The full length sequences of Res were
delineated into ATPase and endonuclease domains based on previous information
about domain boundaries (8, 12, 13). Multiple sequence alignments were done
separately for each domain in ClustalX2 stand-alone tool (14) with default parameters.
Each alignment step was iterated during complete alignment procedure. The resulting
alignments were manually edited and polished using SeaView (15) and JalView (16).
Sequence logos were generated using JalView and WebLogo online application (16, 17).
Evolutionary conservation scores were calculated using ConSurf (18) for Type III
MTase. Structure based MSA were generated using PROMALS 3D (multiple sequence

and structure alignment server) (19).

2.1.2 MSA of Archeal Holliday Junction Resolvases (AHJR)

Homologous sequences were searched using a Holliday junction resolvase from
Pyrococcus furiosus (PDB ID: 1GEF) as the query sequence for BLASTP (10) against non-
redundant (nr) protein database (NCBI). First 100 sequences were selected for further
analysis with sequence identity window of 35-96%. Redundant sequences were not
removed since this set of sequences was used to see the known canonical motifs within
AHJR family of nucleases. Subsequently MSA was done exactly as described in Section

2.1.1. Sequence logos were generated using JalView and WebLogo online application

(16, 17).
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2.2 Phylogenetic analyses

The multiple sequence alignment generated for each domain of Type IIl RM enzymes
was used as input for inferring phylogeny. The phylogenetic trees were generated using
Phylip stand-alone tool (20). The amino acid sequences of EcoR124] (a representative
of Type I RM enzymes) and LlaGI (a representative of Type ISP RM enzymes) were used
as outgroup sequences to obtain a rooted tree. First, a distance matrix was generated
from the multiple sequence alignment using the program PROTDIST. The distance
matrix was used as input for generating a N] (Neighbor Joining) tree using the program
NEIGHBOR. The resulting data set was resampled using SEQBOOT and a final tree was
generated using CONSENSE. The phylogenetic tree was visualized using Dendroscope 3
(21).

2.3 Mapping the sequence features on structure

Pairwise structural alignments were done using DaliLite-pairwise option version 3.1
(22). PyMOL was used to visualize protein structures (23). The outputs from ConSurf
(18) were mapped on to the structure using Chimera (24) for Type III

methyltransferases.

2.4 MTases for length comparison

A complete dataset of 1061 sequences of Type III MTases was downloaded from
REBASE on 11-9-2012. No sequence identity cut-off was set prior to MSA. MSA was
done exactly as described in Section 2.1.1. The lengths of N-terminal domain (NTD),
catalytic domain, TRD, AdoMet binding domain and CTD for each sequence were
extracted from the alignment using JalView (16) by delineating domains using
information from aligned canonical motifs as follows: From N-terminus to motif IV:
NTD, motif [V- VIII: catalytic domain, motif VIII-motif X: TRD, motif X-motif III: AdoMet
binding domain, beyond motif I1I: CTD.
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3. Results
The sequence analysis was done separately for each functional module i.e. MTase,
ATPase and endonuclease. The following section describes results obtained from these

analyses.

3.1 Unique features of MTase of Type Il RM enzymes

The MTases of Type III RM enzymes have TRD inserted between the N-terminal AdoMet
binding and C-terminal catalytic domains (Figure 1.4A, Chapter 1). This linear
arrangement of domains puts these enzymes under R class of MTases according to the
classification proposed by Malone et al (3). To identify unique features of Type III
MTases, we compared 92 sequences of MTases of Type III RM enzymes. After exhaustive
sequence alignments, a rooted NJ phylogenetic tree was constructed, to examine if

sequences cluster due to similarities or differences at primary sequence level.

3.1.1 Identification of non-canonical motifs

The phylogenetic tree revealed that the 92 sequences clustered into 3 distinct groups
while a few sequences were outliers such as CthVORF480P and LheDORF27P (Figure
4.1). Most of the canonical motifs of the 3 MTase were conserved in all the three
groups. A careful inspection of the MSA revealed certain motifs unique to each of the
three groups. These conserved stretches of amino acids were different from the
canonical motifs of B MTase core, and hence we referred to them as non-canonical
motifs. These motifs were found at the N-terminus of the MTase ahead of the canonical
motif [V (Figure 4.2). One of these motifs, glycine-aspartate-asparagine (GDN), was
found conserved in all the three groups. In Group I, two other non-canonical motifs

were found in the catalytic domain.
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Figure 4.1: Phylogenetic analyses of MTases of Type III RM enzymes. A] Rooted N]
phylogenetic tree of MTases of Type III RM enzymes. MTases of EcoR124] (Type I RM
enzyme) and LlaGI (Type ISP RM enzyme) were used as an outgroup and is shown by a
thick black line. The three groups are highlighted as green (Group I), pink (Group II) and
blue (Group III). The outliers are shown in black lines.
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Figure 4.2: Unique conserved motifs of MTases of Type III RM enzymes. The Mod
subunit is represented as a combination of AdoMet binding domain, catalytic domains
(pink blocks) and (TRD) (green block). Roman numerals represent canonical motifs
within B MTases. The location of non-canonical motifs is highlighted by orange, blue and
grey rectangles. The height of letters corresponds to the degree of conservation. The
conserved glycine-aspartate-asparagine (GDN) is found in all the three groups, hence is
highlighted by red serrated rectangle.

The sequence-based comparison of Type III MTases led to identification of previously
undefined non-canonical motifs. To gain insights into their functional relevance we
mapped the residues on to the structure of EcoP15I, which belongs to Group 1. We
observed that all the motifs except GDN are a part of the dimeric interface between
Moda and Modg (Table 4.1). Along with the motifs at the N terminus, two other motifs
were identified in the catalytic domain of the MTase (Figure 4.2). Structural mapping of
the two motifs revealed them to be involved in Moda-Modg dimerization rather than

catalysis (Table 4.1).

As mentioned earlier, the motif GDN was found conserved in all the three groups
(Figure 4.2). This motif was found to be located in the AdoMet binding pocket. To

examine if this motif interacted with AdoMet, we compared the structures of two stand-
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alone B MTases (MTases that are functionally competent on their own), M1.Mboll (PDB
ID: 1G60) and M.RsrI (PDB ID: 1NW5) co-crystallized with AdoMet with that of EcoP15I
(PDB ID: 4ZCF). The conserved aspartate D101 of GDN plays a dual role by interacting
via a hydrogen bond with the exocyclic nitrogen N6 of AdoMet (Figure 4.3B) and
capping the helix spanning N102 to Y113. We observed that an aspartate (D46) in
M.Rsrl and an asparagine (N11) in M1.Mboll at equivalent positions interact with N6 of
AdoMet and cap the helices C47-L53 (M.Rsrl) and C12-V19 (M1.Mboll), respectively
(Figure 4.3A). The superposition of these residues can be seen in structure based
sequence alignment of M1.Mboll, M.Rsrl and EcoP15I (Figure 4.4A). The sequence
analysis of Type IIl RM enzymes showed that the aspartate interacting with AdoMet is
strongly conserved in Mod. Hence, the triplet GDN is a motif unique to Type III RM

enzymes.

In summary, we identified 6 new motifs associated with MTases of Type III RM
enzymes. The triplet motif GDN was found to be involved in interaction with the
adenine of the methyl group donor AdoMet, while the other motifs were found to be
taking part in Moda-Modg dimerization. A summary of the newly identified motifs of

Group I of MTases of Type III RM enzymes is given in Table 4.2.

Table 4.1: N-terminal residues of EcoP15I involved in dimerization of Moda-Modg*

Mod A Motif Mod B Motif D'S(tg‘ce
L ]
D30, 0862 K : DK §52,0Y Not conserved 2.9
° ‘ ©
v56,10H | £ VN Q206, Ne2 h 3
v P
$57,0 E.fsLN N59, N E-YsIN 3
*V . ) v 2
E54,0e1 | E_Ys[N G62,N AL 3.2
[ J
$55,0 | Notconserved | N59,N82 | £ \o|N 3.4
[ ]
A nll LY
$172, 0Y SsSHS E54, 0s1 E_YsLN 3.4
\/ - .
L58,0 E Tu N K63, N{ KS " 3.5

*Residues from Moda and Modg are shown in green and cyan respectively. The height of letter represents
the degree of conservation. Residues involved in Moda-Modg dimerization are highlighted by red dot.
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Helix N102-Y113

o

Figure 4.3: Role of aspartate in B MTases. A] D46 (green sticks) interacts with N6
atom of AdoMet (green sticks) and caps the helix C47-L53 (green cartoon); B] D101
(cyan sticks) interacts with N6 atom of AdoMet (green sticks) and caps the helix N102-
Y113 (cyan cartoon) AdoMet was modeled from M.Rsrl (PDB ID: 1INW5) (green sticks).
The distance between various atoms is shown as dashed lines. The numbers indicate
distance in A.

Table 4.2: Newly identified motifs of Group I of MTases of Type IIl RM enzymes*

Signature Ecol_’lSl Function
coordinates
N L N . L
‘_K ol DK Ur L21 to F35 Dimerization
EHYS LNILY E54 to G62 Dimerization
KsY = | N K63 to A70 Dimerization
ARS
A Catalysis/
{1 DN G100 to N102 AdoMet Binding
SSSHS _ $168 to A173 Dimerization
-. O‘ S205 to 1207 Dimerization

*Equivalent motifs are present in Group II and III
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3.1.2 N-terminal insertion in Mod of Type IIl RM enzymes

The structural superposition of M1.Mboll with MTase of EcoP15I showed that there are
three major insertions in EcoP15I. The first insertion is at N terminus. The second
insertion results in a TRD larger in EcoP15 than in M1.Mboll. The third insertion is at C
terminus of Mod. Along with structural superposition, we also did a structure based
sequence alignment of M1.Mboll (PDB ID: 1G60), M.Rsrl (PDB ID: 1NW5) and Moda of
EcoP151 (PDB ID: 4ZCF) (Figure 4.4A). It was observed that the N-terminal insertion in
EcoP151 is ~74 residues long, the TRD is ~133 residues long and the C-terminal
insertion is ~132 residues long. To see if these insertions are conserved in Type III
MTases, we calculated evolutionary conservation scores for amino acid positions in the
MSA using ConSurf (18). These scores were then mapped on to the structure of Moda of
EcoP15I (Figure 4.4C). It was observed that the N-terminal insertion is most conserved.
The newly identified non-canonical motifs were located on the N-terminal insertion
(Figures 4.2). In conclusion, N-terminal insertion is unique to Type III RM enzymes and

contains conserved motifs involved in dimerization of the two Mods.

N terminal insertion

,,,,,,,,,,,,,,,,,,,, sv
NELQEK YTQWFREHRS ELWPLDRYKY

TRD starts —>

EDVDL GGYKAHLCDG RLYLIAPNFT SEALKALLQK VDSDKDFAPN KVVFYGSNES

Conservation Score

C terminal insertion

EcoP151 AKQMELNEAL KSYANSIELD LVVRN

Figure 4.4: Insertions in MTase of Type III RM enzymes. A] Structure-based
sequence alignment of M1.Mboll, M.Rsrl and EcoP15IModa. The figure shows NTD,
catalytic domain, TRD and CTD. The insertion in EcoP15IModa is highlighted in grey.
Canonical motifs are highlighted in green. B] Structural superposition of M1.Mboll (PDB
ID: 1G60) (in red) and EcoP15IModa (PDB ID: 4ZCF) (in cyan). Major insertions in
M.EcoP15I are highlighted by rectangles; C] ConSurf conservation scores mapped on
EcoP15IModa. The degree of conservation is depicted as heat map on right side, where
cyan to pink transition represents lowest (1) to highest (9) ConSurf grade.
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3.1.3 Analysis of lengths of various functional domains within Mod

The structure-based sequence analysis suggested that the MTase of Type III RM
enzymes is composed of 5 different domains - an N-terminal domain (NTD), catalytic
domain, TRD, AdoMet Binding domain and a C-terminal domain. Upon analyzing 1061
sequences of MTases of Type IIIl RM enzymes, downloaded from REBASE on 12-9-2012,
it was observed that the length of MTases showed large variations - ranging from as low
as 428 to as long as 1357 residues (Figure 4.5A). To examine the cause of variation in
length of MTases, we analyzed lengths of all 5 domains that constitute a full length
MTase (Figure 4.5 B-F). This was done by plotting the length of each domain against
their corresponding full length Mod.

The length of NTD showed variation ranging from as low as 17 residues to as long as
298 residues; however most of the members had length of NTD ranging from 50-100
residues (Figure 4.5B). We noticed that the lengths of catalytic domain (Figure 4.5C)
and TRD (Figure 4.5D) were less variable. The length of AdoMet binding domain of Mod
of length shorter than 1000 amino acids was less variable (Range: 60-120 residues). For
Mods with length between 1000 and 1200, the length of AdoMet binding domain
clustered between 200-250 residues; however for two Mods with a length greater than
1200, the length of AdoMet binding domain was greater than 500 residues. The most
dramatic variation in length was observed for CTD where the length of CTD increased
with an increase in length of Mod. The length of CTD showed three clusters, 50-150,
150-200 and 200-300 residues. This analysis revealed that the length variation in Mod
originated mostly from variation in the length of CTD. We observed four prominent
insertions in longer sequences that contributed to the increase in sequence length

(Figure 4.6).
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Figure 4.5: Analysis of lengths of Mod and various functional domains. A]
Distribution of lengths of full length MTase represented as a bar graph, where X axis
represents length in amino acids and Y axis represents normalized frequency of
occurrence of a particular length range. Scatter plots of lengths of Mod (X axis) and
lengths of N-terminal Domain [B], catalytic domain [C], TRD [D], AdoMet binding
domain (ABD)[E] and CTD (Y axis). The location of EcoP1I is highlighted by black square
in B-F. Total number of sequences = 1061.

To gain insights into the functional relevance of CTD we carried out a series of analyses.
Firstly, evolutionary conservation scores were calculated using ConSurf (16), and
buried surface area (BSA - solvent-accessible surface area of the corresponding residue
that is buried upon interface formation) of residues of CTD using PDBePISA (29). The
BSA score was calculated by assigning mnemonic score of 1 for 10% of the total solvent-
accessible surface area buried. In the partial structure of EcoP15I co-crystallized with
DNA substrate mimic and AMP, this C-terminal insertion of Moda is observed to be
interacting with Res. Upon calculating the evolutionary conservation scores of residues

comprising only CTD (residues 506-644, EcoP15] numbering), we observed that most of
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the residues of CTD were positionally conserved. Out of 139 residues, 71 residues had a
ConSurf grade greater than or equal to 6, while total 44 residues were observed to be
taking part in interface between Moda and Res as identified by their BSA scores (Figure
4.6). Most of the residues at the interface were present at C-terminal part of CTD

(Figure 4.6). From Res, a total of 74 residues were observed to take part in Moda-Res
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Figure 4.6: Positional conservation and interface scores of CTD. The X axis depicts
residue positions in EcoP15] numbering, the Y axis depicts ConSurf grade and BSA
scores on a scale of 0-10. Blue and maroon bars depict ConSurf conservation and BSA
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3.2 Sequence analysis of ATPase domain

The Res subunit of Type III RM enzymes is a fusion of N-terminal motor domain
(ATPase) and C-terminal endonuclease domain (12) (Figure 4.7A). The ATPase domain
belongs to SF2 helicases (8). The core of SF2 helicases is made of a fusion of two similar
subdomains, which have the fold of the bacterial recombinase RecA (Figure 4.7B, D, and
E). Hence, these subdomains are also referred to as RecAl and RecA2. The
characteristic motifs of the helicase core can be classified based on their functions
(Figure 4.7C), i.e. 1) ATP binding and hydrolysis, 2) nucleic acid binding, and 3) coupling
ATP hydrolysis to its specific function. Recently, the structure of EcoP15I also revealed
the presence of an additional all beta domain between RecA1 and RecA2, called the Pin

domain (Figure 4.7A, B) (5).

Based on sequence alignment of 39 sequences of Res subunits of Type III RM enzymes,
McClelland and Szczelkun identified the core helicase motifs in this type of enzymes

(13). Since the structure of Res was unavailable then, a few motifs were declared as
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putative and their possible functions were speculated. Recent determination of the
structure of EcoP151 led to the identification of motifs Ib, Ic and Ila (5). These motifs are
involved in contacting DNA and are not conserved. A complete list of these motifs is
given in Chapter 1. We had initiated the sequence analysis of ATPase domain as an
extension to McClelland and Szczelkun’s study, before the structure of EcP15I was
published. We aligned 96 sequences of the ATPase domain of Res by delineating it from
cognate endonuclease domain. The selection of sequences was done as described in
materials and methods. The boundary of the ATPase domain was set beyond motif VI
(the last motif in RecA2; see Figure 4.7A). This analysis led to redefining one of the
ATPase motifs.

A ATPase Linker Endonuclease
1 o 970
< > €—> € >

RecA1l Pin RecA2

|
Co-ordination
between NA
and ATP

N N

Figure 4.7: Organization of ATPase domain. A] Schematic of Res subunit of Type III
RM enzymes showing fusion of ATPase and endonuclease domains; B] Cartoon
representation of Res subunit shown as a part of the crystal structure of EcoP15I bound
to DNA substrate mimic. The RecAl, RecA2 and Pin domain are shown in magenta,
green and cyan respectively; C] Classification of various motifs in the RecA of an ATPase
based on their functions; D] Topology of RecA1 showing locations of various motifs; E]
Topology of RecA2 showing locations of various motifs. Beta strands and alpha helices
are depicted as arrows and spirals respectively.
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3.2.1 Identification of a unique non-canonical motif

To begin with, we built a phylogenetic tree from the MSA of ATPase domains. Similar to
MTase domain, we observed three groups in the phylogenetic tree (Figure 4.8).
Interestingly, the members within each of the three groups were identical for both
MTase and ATPase domains. We saw that there are subtle differences between groups
in canonical motifs Q, II, III, Illa and V (Figure 4.9A). These differences contributed to
clustering of different members in the three groups. We identified a short conserved
signature (K/R)(E/A)GT in the RecAl domain of Type III ATPases ahead of motif Ib
(Figure 4.9B). We mapped this signature on the structure of EcoP15I co-crystallized
with AMP and a DNA substrate mimic (PDB ID: 4ZCF). This conserved patch is located in
the ATP binding pocket at the boundary of RecAl and RecA2 (Figure 4.9B, C). The
conserved glycine is involved in interaction with 3’-OH of the ribose of ATP through
main chain oxygen. The conserved threonine makes a hydrogen bond with one of the
oxygens of a phosphate (Figure 4.10). Earlier, McClelland and Szczelkun had predicted a
signature for motif Ia as GxxKF++VVPSXAIKEG(x)9-11EHF. This whole signature was
thought to be involved in contacting DNA. After mapping this putative motif on EcoP15I

structure, we propose that there are two different motifs within this signature:

1) GxxKF++VVPS: Motif Ia, involved in contacting DNA
2) (K/R)EGT: A new motif, involved in contacting ATP
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Figure 4.8: Phylogenetic analyses of ATPase associated with Type III RM enzyme.
Rooted NJ phylogenetic tree of ATPase domain. ATPases of EcoR124I (Type I RM
enzyme) and LlaGI (Type ISP RM enzyme) were used as outgroups shown as thick black
line. The three groups are highlighted as green (Group I), pink (Group II) and blue
(Group III). The outliers are shown in black lines.

128



CHAPTER 4: Sequence and Structure Analyses of Type Ill RM Enzymes

Q L | oexd Lol
1 DEPH DEPQ )iyl
| BOLRECATF | PLELAYSATH | PLeTLRIGATH
ta LVKG LVKK LWKo
v RESKIT FIFSHAL | FIFSHAL
:I [ la KeGr tb ;:95
RecAl Pin RecA2

Figure 4.9: Sequence features of three phylogenetic groups in ATPase domain. A]
Differences in canonical motifs of ATPase within groups. The height of letters denotes
the degree of conservation. B] Location of conserved motif (K/R)(E/A)GT; C] Location of
(K/R)(E/A)GT (shown as blue patch on RecA1) in three dimensional structure. AMP is
shown as orange sticks.
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Figure 4.10: Interaction of G122 and T123 with AMP in EcoP15I (PDB ID: 4ZCF).
AMP is shown as magenta sticks. The key residues interacting with AMP are shown as
cyan sticks. The dashed lines denote distances between atoms. The numbers denote
distance in A.

3.2.2 Identification of Pin domain

Along with the highly conserved canonical and non-canonical motifs, we detected a
weakly conserved patch between the last motif of RecA1 (Motif VI) and first motif of
RecA2 (Motif IV) (Figure 4.11A and B). The average length of this patch was ~ 138
residues. Interestingly, on mapping this region onto the recently determined structure
of EcoP15I, we found this region to be an insertion, which is called the Pin domain (5).
From sequence alignment, we saw this domain to be present in all Type III RM enzymes,
which indicates its functional importance. Based on our analyses, we suggest that the
Pin domain is a unique and important feature of Type IIl RM enzymes. Despite the
occurrence of this insertion in all the sequences analyzed, we could not find any

conserved motifs in them.
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Figure 4.11: Analysis of Pin domain of Type III RM enzymes. A] MSA of ATPases
associated with Type III RM enzymes showing the presence of Pin domain between
motifs Illa and IV; B] Alignment features of Pin domain. The height of letters depicts
degree of conservation.

3.3 Analysis of endonuclease domain

The C-terminal endonuclease domain associated with Type IIIl RM enzymes has motifs
characteristic of Archeal Holliday Junction Resolvase (AHJR) family of nucleases (9). To
examine the sequence features of this domain, we aligned 96 sequences of the nuclease
domain of the Res subunit. A phylogenetic analysis of the Type Il endonuclease domain
using the MSA as input was carried out. The endonuclease domain of EcoR1241 (Type I
RM enzyme) which belongs to the RecB class of nucleases and LlaGI (Type ISP RM
enzyme) which belongs to the Mrr class of nucleases were chosen as outgroups (1, 25).
Once again we got three groups from the phylogenetic tree (Figure 4.12). Interestingly,
the members of these three different groups were identical as were found in MTase and

ATPase domains.

131



CHAPTER 4: Sequence and Structure Analyses of Type Ill RM Enzymes

o
A
&
L | o
M= Twm oM ]
5, g aq
@ En 908 T Raeg e
r,c'%%%%gg P RSS2 $
23 %L 2728 S9FLLLS, a8 &
% 02382923252 e”go‘?é@ﬁﬁé‘?ﬁ
o =
NOARCCHL L ELR HUH I3 7
SRR FIIEE LS8
%, R BG o, CES AL £
2 £ 6 F & oF
o e e L
b By e G %, < Ly
“ag,, O, W, 59 P i
N FEF & o
’&;%‘A bl ﬁ\‘f’
%gﬂs & & 0"
Mg ﬁ‘% o, 0 T e
Mo “ORe, ap P F gt
%E% !q?ﬁ-p c’?‘,ﬁ}?ﬂ AP
A0 0 1285 o geoﬂ?mg
< FFJ;I’;_,U. R 2 E0F
R Fop Aﬁﬁi'}%w
3P Tonegy, e 2P
.?QDQFEBJ
EPEIGRF 14590 - RF23TP
Vpal20080RFd4ap PpmgcoRFmrP
Mca54020RF 234P i :‘;{F;;‘FM F1003
)
EcoR124] Bps17i00RE:
ot ! 558
235
CPI\EGRF‘-'“"'SP Breaug e
e 15F Bty 21940
oSO | P H
o e ey, 2
ol o G &gﬁ.&# o P
o &
?iﬁ = g, D'QF'
pao 11-"*1:-_.# 2 Sy, o0
Gl o ?PEQP e
o dﬁcﬁ P N %“5 i
Ve e R "f’q@{% e
2 T, MO .
ﬁuﬁ&gﬁﬁr} Ko
& [y
*5??' gqg c.;“ib 5;?*3 ?9‘%“ A:‘Qp’{} B
A E S 1% %, %%, %,
S ELLTEs M| AR N
-
SESF 8880y 5331500000
hat =
FESEFEETTB RR[080 %
FEFSP08EE 3333238
L O 5 O @ o2 2 o om o
FEFFE 53385
D o5 $ B =Tk
L)
=8
=
=
[Tl
L)

Figure 4.12: Phylogenetic analyses of endonuclease domain. Rooted NJ tree of
endonuclease domain associated with Type IIl RM enzymes. Nucleases of EcoR124I
(Type I RM enzyme) and LlaGI (Type ISP RM enzyme) were used as an outgroup and is
shown by thick black line. The three groups are shown as green (group I), pink (group
I1) and blue (group III). The outliers are shown in black lines.

Although endonuclease domain of Type III RM enzymes belongs to the AHJR family of
nuclease, we noticed that the length of endonuclease domain of Type IIl RM enzymes
(~400) was much larger than that of a typical AHJR endonuclease (~140). Using limited
proteolysis, mass spectrometry and insertional mutagenesis, it was previously reported

that the ATPase and endonuclease domains are connected by a linker region of 23
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residues (12). This linker region was a part of endonuclease in all our analyses.
However, a linker length of 23 residues could not account for the observed large lengths
of sequences of endonucleases in our analysis. We suspected that the linker between
ATPase and endonuclease could be much longer than that predicted by limited
proteolysis studies. This speculation was substantiated by the recently published partial
structure of EcoP15I which lacked the endonuclease domain and a part of linker due to
weak electron density (5). Figure 4.13 shows the missing regions of the Res subunit of
EcoP15I1. The motif VI, which is the last functional motif of the ATPase domain, spans
from Q530 to L538 (QEVGLRGRL). After this motif, there are large numbers of missing
residues along with full endonuclease domain, making the delineation of boundaries

difficult.

ATPase Endonuclease

S

[ 549-550 ” 505-619 H 634-666 “ 706-743 ‘ 775-779 ‘ 801-803” 811-970 ‘

N [ QEVGRGLRL

Linker predicted by limited proteolysis
(706-728)

Figure 4.13: Missing regions of the Res subunit of EcoP15I (PDB ID: 4ZCF). Putative
boundary of ATPase domain (blue rectangle) is assumed at motif VI (QEVGRGLRL). The
missing regions in endonuclease domain (grey rectangle) are shown as red patches.
Region spanning residues 706-728 is the linker predicted by limited proteolysis (12).

3.3.1 Delineation of boundary between linker and endonuclease

To predict the start point of the endonuclease domain, we used a combination of
sequence-structure analysis. As the endonucleases associated with Type Il RM enzymes
belong to AHJR family of nucleases, we aligned 100 sequences of Holliday junction
resolvases (Hjc) to see the conserved signatures (Figure 4.14). The members of this
family are characterized by a set of 3 conserved motifs - I, Il and III forming a metal ion

binding pocket (2, 26-28).
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Figure 4.14: Sequence analyses of AHJR. A part of MSA of AHJR is represented to
highlight canonical motifs [, II and IIl. The consensus sequence logo is shown at the
bottom of the alignment where the height of letters represents the degree of
conservation. Key canonical motifs are highlighted by black rectangle.

To delineate the boundary between N-terminal ATPase and C-terminal endonuclease, it
was necessary to get insights on these canonical motifs. From the MSA of endonucleases
of Type III RM enzymes, we could confidently assign motifs II (PD) and III (ExK) (Figure
4.15A). However assignment of motif I was not straightforward, since analogous
conserved motif could not be detected in the MSA of Type III RM enzymes.
Identification of motif | was important to assign a putative boundary between the linker
and the endonuclease. Towards this, we did structure based sequence alignment of
EcoP1l with five structures of Holliday junction resolvases. (PDB IDs: 1GEF, 10BS,
4TKD, 2FCO and 2ZWCW)

Two important points were considered while assigning Motif I:

1) Is the signature conserved in Type III RM enzymes?
2) Is the chemical nature of conserved signature from Type III RM enzymes and

canonical motif [ of AHJRs similar?

Figure 4.15A shows putative motif I of endonuclease associated with Type III RM
enzymes satisfying these criteria. The identification of putative motif I let us draw a

boundary between ATPase and endonuclease domains.
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Based on the results from structure based sequence analysis and partial structure of
EcoP15], we propose delineation of the linker between ATPase and endonuclease
domains of EcoP1I/P15I as shown in Figure 4.15B. The delineation of boundaries
between ATPase domain, linker and endonuclease domain indicated that the additional
length of endonuclease domain observed was contributed by a large linker between
ATPase and endonuclease domains. The linker comprises around 260 amino acids in

EcoP1I/P15I. The C-terminal endonuclease is a short (~115 amino acids) domain.

A

1088/1-135 .23, IFA .5.. (80)
4TKD/1-141 ..24.. A .s. (83)
1GEF/1-123 ..18.. VA .5.. (74)
2FCO/1-200 ..46.. NG .5.. (98)
2WCW/1-139 = RI .23.. I VA ..5.. (82)
>ECOP1! Missing/1-160 (46) XIDSE ..34.. AY .. (51)

Motif | Motif ll Motif Il

Motif in Type IIl _f_DS D ETK

B
ATPase Linker Endonuclease
~ -
1 595 855 970

Figure 4.15: Identification of Motif I in endonuclease domain of Type III RM
enzymes. Structure based sequence alignment of EcoP1l with five Hjc members
depicting putative motif I of endonuclease of Type III RM enzymes. Key canonical motifs
are highlighted by black rectangle. D] Approximate domain boundaries in Res subunit of
EcoP1I/P15I. The linker (green) is inserted between ATPase (blue) and endonuclease
(grey) domains.
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4. Discussion
As a first step towards understanding the complexity of Type III RM enzymes, we took

up sequence analysis of various domains within each subunit, i.e. Mod and Res. This
helped us understand the canonical motifs in detail. An exhaustive sequence analysis of
Type III RM enzymes led us to identify certain unique features at the sequence level.
Structural and functional significance to these features could be attributed with greater
confidence upon the availability of first structure of Type III RM enzyme, that of EcoP15I
published in 2015 (5). When the coordinates of the structure became available, we

revisited the sequence analysis to gain insights into the observations that we had made.

Methyltransferase: Type Il RM enzymes have a cognate MTase, which catalyzes the
transfer of a methyl group from S Adenosine methionine (AdoMet) to either adenine or
cytosine base of DNA. An exhaustive sequence alignment of 92 sequences followed by a
phylogenetic analysis resulted in 3 distinct clusters of sequences. We found that there
were differential conserved patches of residues amongst these groups. Interestingly,
apart from canonical motifs, only one non-canonical signature (GDN) was detected in all
groups. The functional relevance of these non-canonical motifs could not be interpreted
until Gupta et al published the partial structure of EcoP15I bound to a DNA substrate
mimic (5). We mapped the motifs on the structure. We observed that six differentially
conserved patches were all located at the N-terminus of Mod and these residues
participated in Moda-Modg dimerization. The aspartate (D101 in EcoP15I) of non-
canonical motif GDN was found to be involved in interaction with AdoMet and also
capped the helix N102 to Y113. Since these are in silico predictions, we need to validate

functional relevance of these motifs by in vitro mutational analysis.

We also compared the structure of EcoP15] MTase with known structures of two other
B class but stand-alone MTases, namely M1.Mboll and M.Rsrl. A combination of
sequence-structure analyses demonstrated that there are three major insertions in
Type III MTases, an N-terminal insertion, TRD and a C-terminal insertion. An analysis of
1061 sequences of MTases of Type Il RM enzymes revealed that the length of Mod
ranged from 428 to 1357 residues. We carried out a comparative study of lengths of five

functional domains within MTases of Type III RM enzymes i.e. NTD, catalytic domain,
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TRD, AdoMet binding domain and CTD. We noticed that the length of CTD increased

corresponding to an increase in Mod length.

The evolutionary conservation scores and BSA scores of CTD calculated using
coordinates of EcoP15I (PDB ID: 4ZCF) suggested that a significant portion of CTD is
positionally conserved and is involved in making interface with Res. Mod-Res crosstalk
is probably crucial for relaying multiple messages across domains, such as recognition
of unmodified target site triggers ATPase activity of Res and hydrolysis of ATP, which in
turn brings about large conformational change in ModzRes assembly to switch from
loading to sliding mode. Gupta et al suggested that upon ATP hydrolysis, TRDa would go
away from target site to approach Pin such that enzyme remodels from a specific
loading mode to long range sliding mode (5). We then sought to understand the
requirement of CTD for interface formation with cognate Res. We observed that 16 Type
[II Mods having a CTD 64 residues long, did not have cognate Res in the ORF (Open
Reading Frame). Only one Mod having a shorter CTD had a cognate Res. This suggested
the importance of CTD for complex formation with Res. Those Mods having shorter CTD
may act as orphan MTases (MTases not associated with cognate Res). We propose that
the length of CTD of a Mod can be used to predict if it would function as an orphan
MTase or be part of a canonical Type III RM enzyme assembly. Orphan MTases have
been shown to have other cellular functions such as implications on epigenetic
regulations by providing site-specific methylation (30) or providing immunity against
parasitism by RM enzymes by targeting the same DNA sequence as the corresponding
RM enzyme for example Dcm, a cytosine methyltransferase in E. coli that targets the

same recognition site as the EcoRIl RM enzyme (31, 32).

ATPase: The ATPase domain of Type IIl RM enzymes is located at the N terminus of Res.
It belongs to SF2 helicases. For sequence analyses, based on the information on classical
SF2 helicase motifs present in ATPase domain of Type IIl RM enzymes, we marked the
boundary of ATPase domain at motif VI. MSA of 96 such sequences led to identification
of an additional motif in RecA1 located at the junction of RecA1l and RecA2. This motif
was considered as part of putative motif [a (GxxKF++VVPSxXAIKEG(x)9-11EHF) involved
in interacting with DNA (13). However, through a systematic sequence-structure

analysis we redefined the role of this motif. A conserved threonine (T123 in EcoP15I)
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interacts with alpha phosphate and a conserved glycine (G122 in EcoP15I) interacts
with 3’OH of ribose of AMP (5). These two residues are part of a conserved motif
(K/R)(E/A)GT in Type IIl RM enzymes. Functional relevance of this putative motif
needs to be validated through mutagenesis studies. In structures of other SF2 helicases,
despite the similarity in nucleotide binding pocket, nucleotide is held in the pocket via
interaction with other motifs. For example, in the structure of NS3h (DENV) co-
crystallized with AMPPNP and ssRNA, the N418 of motif V interacts with alpha
phosphate of AMPPNP, while in the structure of VASA co-crystallized with AMPPNP and
ssRNA, the interaction is accomplished by T296 of motif I (33).

Apart from identification of a new motif, we demonstrated that an insertion in RecA1l
and RecA2, called the Pin domain, is present in all the members of Type III RM enzymes.
Recently published partial crystal structure of EcoP15I revealed proximity of TRDa to
Pin domain (5). The DNA is bent by ~24° at the Moda-Res junction. Based on these
observations, Gupta et al suggested that enzyme sliding is facilitated by interaction
between TRDa and Pin domain upon hydrolysis of ATP. The presence of Pin domain in
all Type Il RM enzymes corroborates the functional relevance of Pin domain in
facilitating domain movements by acting as a hinge between Moda and Res. Though the
Pin domain was found in all the Type III RM enzymes used in analysis, we did not find
any conserved motif in Pin domain. Translocation assays using Pin-deleted constructs of
EcoP1I or EcoP15I would give insights into requirement of this domain for large

conformational changes accompanied with ATP hydrolysis.

Endonuclease: Endonuclease domain is located at the C terminus of Res. Detailed
sequence/structure analysis of this domain is under-represented, apart from assigning
the endonuclease domain to AHJR family of nuclease (9). Current structure of EcoP15I
does not give any information about this domain due to weak electron density in this
region. To understand sequence features of endonuclease domain of Type III RM
enzymes, we compared endonuclease Type IIl RM enzymes with AHJR nucleases. To our
surprise, the sequences of endonuclease domain of Type III RM enzymes were much
larger. This indicated that the input sequences of Type III RM enzymes had an additional
segment that was absent in the AHJR nucleases. According to limited proteolysis

studies, the ATPase and endonuclease domains are connected by a 23 residue long
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linker (12). We suspected that this linker could be much longer, based on length
differences between endonuclease of Type III RM enzymes and AHJR. To delineate the
boundaries between linker and endonuclease core, it was necessary to identify motif I
(the first motif in the core). In 2000, Aravind et al (9) did a comprehensive sequence
analysis of Holliday junction resolvases (Hjc) and proposed that the endonuclease fold
is present in a variety of nucleases including Type Il RM enzymes. This structural fold is
a common feature of a large number of bacterial and viral nucleases. Based on the PSI-
BLAST analysis of related nucleases, the authors classified the endonuclease fold into 2

groups:

1) Superfamily I: AHJR-Mrr family, RecB family, PHAC family and A exonuclease

family

2) Superfamily II: Vsr homologoues, classical restriction endonucleases

We took up structure-guided sequence alignment to decipher sequence characteristics
of endonuclease domain of Type IIIl RM enzymes. With an informed knowledge of key
motifs of AHJR family of nucleases, we compared crystal structures of five AHJR
nucleases. Motifs II and III could be assigned from MSA of endonucleases of Type IlI;
however identification of motif I was not straightforward. With a structure-based
sequence alignment, we proposed putative motif I (DS) (D858 and S859 in EcoP1I) for
endonuclease associated with Type III RM enzymes. Motif 1 of the AHJR fold is
characterized by a strongly conserved acidic residue (D/E). The acidic side chain in
motif 1 has implications in stabilizing metal ion binding (34) or facilitating
conformational transitions for coordination of the catalytic triad (35). In LlaGI like
proteins (Type ISP RM enzymes) belonging to Mrr class of nucleases, this role is played

by a conserved glutamate (1).

The in silico prediction of motif I forms the platform for future studies of validating its
functional relevance experimentally. As Motif I, II and III form a metal ion binding
pocket, the Mg2+ dependent cleavage competency of endonuclease mutants could be
examined, where motif I is altered. Such studies have been done with EcoP1I for motifs

IT and III, where the mutants (D898A and E916A) were deficient in cleavage (36).
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Phylogenetic analyses of Type III RM enzymes resulted in grouping of sequences in
three groups. The members within each group were identical in all the functional
modules, i.e. MTase, ATPase and endonuclease (Tables A1, A2, A3, Appendix I). This
observation suggested an interesting possibility of co-evolution of Mod and Res in Type
[II RM enzymes. A detailed investigation on features of these groups such as comparison
of characteristics of the host bacteria is required to understand the rationale behind
such clustering. Additionally we observed few sequences lying outside these three
groups. A similar analysis with larger set of sequences could help reconcile possible

relatedness of these outliers with other sequences.
To summarize, an exhaustive sequence of Type IIIl RM enzymes has led us to identify

unique signatures. The analysis still needs to be supported with experimental evidence

to validate the functional relevance of these signatures.
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Crystallographic Studies of EcoP1I

1. Introduction

Type III RM enzymes form a 260 kDa trimeric assembly of a two MTases (Mod) and a
restriction endonuclease (Res) (1-3). Each subunit within the assembly is a
combination of various specialized domains working in concert to bring about
endonucleolytic cleavage of DNA (4-7). Mod consists of N-terminal catalytic domain,
TRD and a C-terminal AdoMet binding domain (5); whereas Res comprises N-terminal
ATPase and a C-terminal endonuclease domain connected by a flexible linker (8, 6, 7).
The ATPase domain is composed of two RecA-like sub-domains namely RecAl and
RecA2 (3, 9). Together, this multi-domained assembly carries out two counteracting
activities - methylation of the target site for protection of self-DNA from destructive
cleavage and nucleolytic cleavage of the unmodified foreign DNA (10, 11). The cleavage
requires ATP-induced long range communication between two inversely oriented
unmodified target sites (12, 13, 2, 3, 14). This is achieved by a large conformational
change from a loading to sliding mode triggered by ATP hydrolysis (12, 14). Although,
ATPase domain of Type III RM enzyme harbours motifs characteristic to classical
ATPase motors, Type III RM enzymes consume as little as 30 ATP molecules for
communicating over large distances as opposed to classical ATPases (12), where 1 ATP
is used per base pair (15, 16). The long range communication results in collision of an
ATP-activated diffusing enzyme with a target site bound enzyme (14). The
endonuclease domains of two colliding enzymes interact to bring about dsDNA break

close to the target bound enzyme (17).

Although ATP-induced long-lived DNA sliding is a looming theme in Type III RM
enzymes, mechanistic details about this energy efficient process still remain
unanswered. Recently a partial crystal structure of EcoP15I bound to a DNA substrate
mimic in presence of AMP reported “division of labour” between two Mods, where one
of the Mods is responsible for recognition of target site while the other participates in
methylation of target adenine (3). The structure also revealed presence of an additional
Pin domain within the ATPase domain of Res. The authors proposed a hinge-like role for
Pin domain to facilitate enzyme remodelling from a tighter loading mode to a much

slackened diffusive mode. This structure, however, lacks information about the
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complete linker and the entire endonuclease domain due to weak electron densities. In
the current structure, the RecA2 domain is steered away from DNA. Hence, the
molecular interactions of DNA with RecA2, linker and endonuclease domain are still
obscure. We yet do not know, what is the precise nature of ATP-induced conformational
change leading to a much distinct sliding mode, how do DNA-Mod and DNA-Res contacts
get reorganised after ATP hydrolysis and how does Mod slacken the clasp on DNA to

leave the target site.

To gain structural insights into the mechanism of Type IIIl RM enzymes by using the
tools of X-ray crystallography, EcoP1l, a prototypical Type IIIl RM enzyme was chosen as
a candidate. The primary aim was to solve the crystal structure of DNA bound EcoP1I.
We set up crystallization trails with a suitable DNA substrate mimic. The initial crystal
hits were improved by optimization of conditions. After screening a large number of
crystals, one of them diffracted to 4.4 A. Although the diffraction data is anisotropic, we
have been able to do molecular replacement using partial structure of EcoP15I as search

model.

The details of crystallization trials and efforts towards structure determination are

presented in this chapter.
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2. Materials and Methods

2.1 DNA substrates

Oligomers were purchased from Integrated DNA Technologies, USA, and Sigma-Aldrich,
USA. DNA duplexes were made by annealing the single-strands and further purified
using an 8 ml MonoQ™ 10/100 GL column. The resulting duplexes were washed
thoroughly with MilliQ-purified water to remove any salt and concentrated using
Vivaspin®2 (GE Healthcare) concentrator (MWCO 3kDa). The concentrated oligomer
was stored in MilliQ-purified water at -80°C until further use. A list of dsDNA used for
the crystallization experiments are listed in Table 5.1. The T (top strand) and B (bottom
strand) pairs were annealed to get a duplex DNA. The convention to label the DNA
substrate is as described in section 2.4, Chapter 2.

Table 5.1: Oligomers used for crystallization of EcoP1I

Name Sequence (5'->3") Length
5/26_P1_T | GTACTAGACCTATCCTGTATGCTACGTATTCGTATC 36
5/26_P1_B | GATACGAATACGTAGCATACAGGATAGGTCTAGTAC 36
6/26_P1_T | CGTACTAGACCTATCCTGTATGCTACGTATTCGTATC 37
6/26_P1_B | GATACGAATACGTAGCATACAGGATAGGTCTAGTACG 37
7/26_P1_T | ACGTACTAGACCTATCCTGTATGCTACGTATTCGTATC 38
7/26_P1_B | GATACGAATACGTAGCATACAGGATAGGTCTAGTACGT 38

2.2 Protein purification
EcoP1IN-His and EcoP1I (E916A) ¢-His were purified as described in section 2.3, Chapter 2.
Selenomethionine (Se-Met) derivative of EcoP1IN-His was purified by a protocol similar

to that of EcoP1IN-His by maintaining 6 mM DTT in all buffers.

2.3 Crystallization and optimization of conditions

A complex of the purified protein and DNA substrate was formed by mixing the two in
1:1.3 molar ratio at 4°C in crystallization buffer (10 mM Tris-Cl, pH 8, 100 mM Na(Cl, 1
mM DTT). The final crystallization mix contained 1 mM sinefungin and a protein
concentration of 10 mg/ml. The sample was centrifuged at 15,000 rpm for 10 minutes
prior to setting up crystallization trails. A crystallization drop size of 200 nL was used
for all the initial crystallization trials by sitting drop vapour diffusion method. The

nanodrops were set using a robotic liquid handler. An array of 1404 conditions was set
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up as an initial screen for crystallization. The initial hits obtained from the screen were
further optimized by setting up an additive screen (Hampton Research) with a suitable
parent condition (PC). Further, combinations of various additives were used to optimize
the quality of crystals. Recipes of these crystallization cocktails are listed in Table 5.2.
For setting up bigger drops by sitting drop vapour diffusion method, 48 well
crystallization plates were used with 1:1 protein to reservoir ratio. The total size of the
drop was 2 pL (1 puL DNA-Protein complex + 1 pL reservoir solution). The volume of
reservoir was 100 pL.

Table 5.2: Recipes of crystallization cocktails

Sr No Crystallization Cocktail Abbreviation
1 PC + KCl+ DCM+ Werner's Reagent M1
2 PC + KCl+ DCM+ LiCl M2
3 PC + KCl+ DCM M3
4 PC+ KCl+ DCM+ Werner's Reagent+ Phenol M4
5 PC+ KCl+ DCM+ NaBr M5
6 PC+ KCl+ DCM+ EDTA M6
7 PC+ KCl+ DCM+ Werner's Reagent+ PEG 3350 M7
8 PC+ Sorbitol M8
9 PC+ PEG 3350 M9
10 PC+ Werner's Reagent+ NDSB 201 M10
11 PC+ Werner's Reagent+ NDSB 195 M11
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2.4 Synthesis of hexamine cobalt (11I) chloride (Werner'’s reagent)

Hexamine cobalt (III) chloride was synthesized from cobalt chloride (Sigma) and
ammonium chloride (Sigma) (Figure 5.1A). Cobalt (II) was oxidized to cobalt (III) in
ammonia rich medium. The hexamine cobalt (III) ion was stabilized by high
concentration of ammonium salt. The reaction of conversion of cobalt (II) to cobalt (III)

is as follows:

4CoCly-6H,0 + 4NH4C1 + 20NH3 + O, —  4[Co(NH3)6]|Cl3 + 8H20O

20 mM CoCl2.6H20 was mixed with 20 mM NH4Cl thoroughly with MilliQ-purified water
(20 mL). The mixture was swirled to dissolve solids. 0.5 g activated charcoal was mixed
with the mixture (Figure 5.1B). The activated charcoal contains finely divided carbon
sheets having large specific surface area. This helps trap the ligand molecules for ligand
exchange. To this, 15 mL ammonia solution was added. To facilitate oxidation, air was
bubbled in the Erlenmeyer flask (Figure 5.1C). Once the solution became brown,
oxidation was stopped (2 hours). Crystals and charcoal were filtered through a Buchner
funnel and further washed with hydrochloric acid (HCI) solution (3 mL conc. HCI in 40
mL water) (Figure 5.1D). The mixture was heated on a hot plate and filtered hot. The
solution was cooled to 0° (Figure 5.1E) and product was crystallized by slowly adding
concentrated HCl. The crystals of hexamine cobalt (III) chloride were filtered through
Whatman® Grade 1 filter paper. The crystals were further washed with 65% and 95%
ethanol. The product was dried at 80° C in oven for 1 hour (Figure 5.1F). The purity of
the compound was checked by UV-Vis spectroscopy. Figure 5.1G shows the UV-Vis
spectra of the synthesized compound. The two peaks on the spectrum are d-d

transitions for the d6 cobalt complex.
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Figure 5.1: Synthesis of Hexamine cobalt (III) chloride. A-F] Step by step procedure
of the synthesis protocol (see text above); G] UV-Vis spectra of Hexamine cobalt (III)
chloride. X axis depicts wavelength in nm. Y axis depicts absorbance.
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2.5 X-ray data collection and processing

Crystals that diffracted the best were cryo-protected for 1-2 S in reservoir buffer
containing 35% glycerol. X-ray diffraction data were collected at the in-house
diffraction facility (Rigaku MicroMax 007 X-ray generator and Mar Research 345D
detector) and at synchrotron facilities at Diamond Light Source (DLS), Oxfordshire, UK
and European Synchrotron Radiation Facility (ESRF). The diffraction data were indexed
and processed using MOSFLM (18) or XDS (19). The processed data were scaled and
merged using the program AIMLESS (20) in the CCP4 suite (21). 5% of the reflections

were set aside for calculation of Reee during structure refinement.

2.6 Structure solution by molecular replacement

A structure solution for EcoP1I-DNA crystal was obtained by molecular replacement
(MR) using the program PHASER (22). The coordinates of EcoP15I-DNA (PDB ID: 4ZCF)
(3) served as initial search model. Coordinates of the DNA were not included in the
model. The MR solution was refined against the data using the protocol of rigid body
refinement implemented in the program PHENIX (23). The electron density map

calculated using the partial structure was viewed using COOT (24).
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3. Results

3.1 Initial optimization

In order to co-crystallize EcoP1I and its DNA substrate mimic, we made use of results
from initial binding studies with EcoP1I as described in Chapter 2. These studies
indicated that the purified EcoP1I (E916A) could bind DNA bearing single target site.
The crystallization efforts were initiated by screening 1404 different conditions with
EcoP1l (E916A)-SF-DNA (5/26_P1). We got 3 hits from the initial screen. The
compositions of reservoir buffer of these 3 hits are given in Table 5.3. Upon comparing
the quality of crystals in these three conditions, we observed that condition 2 had better
quality crystals than either condition 1 or 3. To see the effect of pH on the quality of
crystals we varied the pH of Na-HEPES buffer from 6.5 to 7.7. At pH less than or equal to
6.7 and greater than 7.5, only crystalline matter could be visualized, however conditions
where pH values were maintained between 6.8 and 7.5, crystals could be seen. All
further crystallization experiments were carried out using condition 2 as parent

condition (PC) with pH 7.5.

Table 5.3: Composition of initial conditions that yielded crystals

Condition 1 Condition 2 Condition 3
[0)

Precinitant Mi PEG 4K, 10%, PEG 6K, 10%, El;';:(i 8K, 110 /0'1

eciprtant MIX | Giycerol, 20% MPD, 5% y egf/g yeob
0

BUFFER MES'ST‘:;ZOI& Na-HEPES, 0.1 M | Na-HEPES, 0.1 M

LIGAND Amino Acid Mix, ) )
0.1M

pH 6.5 75 75

To further improve quality of crystals, a variety of additives were added to parent
condition 2 (Table 5.3). This was done by using the additive screen (Hampton
Research). The crystals appeared in 4-5 days. After screening 96 additives, we got
crystals in 21 conditions. The crystals resulting from additive screen were mostly
clusters or micro-crystalline (Figure 5.2, A-K). However, with hexamine cobalt (III)

chloride very tiny single crystals were observed (Figure 5.2, L).
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Figure 5.2: Results of additive screen on EcoP1I-SF-DNA. Pictures of crystals in a
sitting drop 48 well crystallization plate with A] Potassium chloride, B] Lithium
chloride, C] Sucrose, D] NDSB 195, E] NDSB 201, F] NDSB 256, G] Glucose monohydrate,
H] Sodium bromide, I[] EDTA, J] PEG 3350, K] Pentanerythrol ethoxylate, L] Hexamine
cobalt (III) chloride as additive to PC . The drop size is 200 nL. The images captured by
Leica SBAPO with 4X zoom.

Further, to get single, bigger crystals, we tested combinations of different additives with
parent condition 2 (Table 5.2). Crystals of various morphologies appeared after 3-4
days. We obtained single crystals (> 100 pum) with M1, M3, M4, M5, M6, M10 and M11
(Figure 5.3, A, C-H). Clusters of crystals could be seen with M2 (Figure 5.3, B). With M7,
M8 and M9, tiny plate-like crystals (~50 pm) could be seen (data not shown). To
examine the quality of these crystals, we collected a couple of frames at the in-house X-
ray diffractometer. Crystals from M2, M3, M4, M5, M6 and M10 diffracted poorly with
varying resolutions, all lesser than 7 A. A crystal from M10 diffracted to better than 6.5 A

in-house. Data collection and processing statistics for this crystal are given in Table 5.4.
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Figure 5.3: Optimization of co-crystallization of EcoP1I-DNA. Pictures of crystals
with a variety of crystallization cocktails in a sitting drop 48 well crystallization plate:
A] M1; B] M2; C] M3; D] M4; E] M5; F] M6; G] M10; H] M11. The drop size is 2 pL. The

images are captured by Leica SBAP0 with 8X zoom.

Table 5.4: Data collection and processing statistics I

Space group 12

a(h) 124.8
b (A) 100.6
c (A) 253.2
b (%) 93.8

Resolution (A)*

30-6.5 (7.29-6.5)

Total no of unique reflections*

13970 (3804)

Completeness (%)* 85.2 (85.5)
Mean I/ o (I)* 8.5(1.4)
Rmerge (%)* 9.0 (52.5)
No of molecules in the asymmetric unit 1
Matthew’s Coefficient 2.77
Solvent content (%) 55.63

*Values in parentheses denote the last resolution shell.

3.2 Variation in lengths of DNA substrate mimic

All the above optimization trials were done for a 36 bp DNA substrate mimic. This DNA

substrate has 5 bp upstream and 26 bp downstream of the target site of EcoP1I (Figure

5.4, A). Earlier DNA binding studies with EcoP1l demonstrated that variation in length

upstream of the target site did not affect DNA binding affinity of EcoP1I (Figure 2.8,

Chapter 2). To further explore the success of co-crystallization, along with 5/26_P1, we

designed two DNA substrates, 6/26_P1 and 7/26_P1 with an upstream length of 6 and 7

bp respectively (Figure 5.4, B and C). We obtained crystals with both of these DNA
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substrate mimics in M10. After screening many crystals, few crystals with 6/26_P1
diffracted to better than 5 A, while those with 7/26_P1 diffracted to better than 6 A in-
house. One of the crystals with 6/26_P1 diffracted to better than 4.5 A at the

synchrotron. Though anisotropic, we collected a complete dataset for this crystal (Table
5.5).

A C
5/26_P1 6/26_P1 7/26_P1
D P N
/ - -
5 bp 26 bp 6 bp 26 bp 7bp 26 bp
D

Figure 5.4: Co-crystallization trials with different DNA substrate mimics.
Schematic of DNA substrate mimics: A] 5/26_P1, B] 6/26_P1, C] 7/26_P1 in a sitting
drop 48 well crystallization plate. D-E] Pictures of crystals with 5/26_P1, 6/26_P1 and
7/26_P1 respectively in a sitting drop 48 well crystallization plate .The drop size is 2 pL.
The images are captured by Leica SBAP0O with 8X zoom.

Table 5.5: Data collection and processing statistics II

Space group 12

a(d) 125.1

b (A) 101.8
c(A) 255.9

b (°) 94.3
Resolution (A)* 50-4.4 (4.8-4.4)
Total no of unique reflections* 20326 (4829)
Completeness (%)* 98.8 (98.8)
Mean I/ o (I)* 5.4 (1.4)
Rumerge (%)* 6.7 (77.3)
No of molecules in the asymmetric unit 1
Matthew’s Coefficient 2.77
Solvent content (%) 55.63

*Values in parentheses denote the last resolution shell.
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3.3 Experimental phase determination

Before initiating efforts towards experimental phase determination, we counted the
number of methionines in EcoP1I in each functional domain. Table 4.8 shows the
distribution of methionines in EcoP1I and their locations in partial structure of EcoP15I
(PDB ID: 4ZCF). Mod has 4 methionine residues while Res has 14 methionine residues.
Interestingly, there are 5 methionine residues in the flexible linker between ATPase and
endonuclease domains. To determine phases experimentally, we purified
selenomethionine (Se-Met) derivative of EcoP1IN-His, The Se-Met derivative of EcoP1IN-
His was crystallized with a 5/26_P1 in presence of SF. One of such crystals diffracted to
less than 5 A at 104, DLS. Since the data was highly anisotropic, a complete dataset could
not be collected.

Table 5.6: Distribution of methionine residues in EcoP1I

Structural
Domain boundaries of | No of methionines Primary seq no in
EcoP15I based on in EcoP11 EcoP1I
4ZCF
Mod: 4 Methionines
NTD K2-T76 1 1
Catalytic Domain N92-S260 3 109,119,234
TRD N261- L394 -
AdoMet Binding D395-G506 -
CTD F507- N644 -
Res: 14 Methionines
RecAl T6-L267 5 1,22,84,163,190
RecA2 including Pin T268- 1594 4 374,375,544,607
RecA2 before Pin T268-D287 0 -
after Pin P363-1594 4 374,375,544,607
Pin N293-N362 0 -
Linker between motor and nuclease| D620-L810 5 660,699,724,726,743
Nuclease Till P970 0 -

3.4 Partial structure solution of EcoP11

The first X-ray diffraction data from an EcoP1I-DNA crystal was collected in-house. This
data, which was indexed and processed using XDS (19) and scaled and merged using
AIMLESS (20), diffracted to 6.5 A (Table 5.4). A similar crystal diffracted to 4.4 A at the
104 beamline of DLS (Figure 5.5A). This data was indexed and processed using MOSFLM
(18), and scaled and merged using AIMLESS (Table 5.5). The better resolved data was
used for MR using the program PHASER (22). Using the coordinates of EcoP15I a partial
structure solution was obtained. The solution was clear and had a high LLG value of 210

and TFZ value of 12.2. Figure 5.5B shows the packing of the subunits in the crystal
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lattice. The model thus obtained was refined using PHENIX (23). Due to the low
resolution of the data, only a single round of rigid body refinement was carried out. B-
factors of all the atoms were set to 75 A2 R and R after refinement were 48.3 % and
47.6 %, respectively. The electron density map calculated using the coordinates of the
refined partial model was viewed using COOT (24). The map revealed discontinuous but
discernible electron density of the bound DNA. However, the density for the nuclease

domain was not clear.

A ] B

rr
F’

e

Figure 5.5: Crystallographic studies of EcoP1I-DNA complex. A] X-ray diffraction
pattern of EcoP1I-DNA crystal showing intensities of spots. B] Packing of the subunits in
the crystal lattice of cell I2. The unit cell is depicted using grey lines.
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4. Discussion

To understand the mechanism of working of Type Il RM enzymes, we initiated
crystallographic studies with EcoP1l. The enzyme forms 260 kDa assembly of 2 Mods
and 1 Res. We aimed at co-crystallizing EcoP1I-DNA complex. Crystallizing such a huge
protein-DNA complex was a not a trivial task. We used EcoP1IN-His and EcoP1I (E916A)¢

His for crystallization experiments.

Design of DNA substrate mimics: As an initial step towards co-crystallization, we

characterized the DNA binding properties of EcoP1l with a variety of DNA substrates
and buffer components (See Chapter 2). By systematically studying the effects of DNA
length on DNA binding and endonucleolytic activity of EcoP1I, we designed appropriate
oligomers for co-crystallization experiments. Heterologous cooperation assays
suggested that minimum 17 bp was necessary for engaging the ATPase domain on DNA,
while cleavage assays with 5/25_P1 and 5/24_P1 suggested that an oligomer with 24 bp
downstream of target site was refractory to dsDNA break. These results gave important
insights about effect on activity of ATPase and endonuclease domains with various
DNAs. Based on all these experiments, we designed three DNA substrate mimics for co-

crystallization studies, namely 5/26_P1, 6/26_P1 and 7/26_P1.

The EcoP15I-DNA structure published recently does not have information about the
endonuclease domain and the linker between endonuclease and ATPase (3). As can be
seen from the structure, the RecA2 subdomain is wheeled away from DNA. We suspect
that this is because of short length of DNA substrate mimic used for setting up
crystallization. With careful and systematic approach of designing the oligomers
suitable for co-crystallization with EcoP1l, we are confident that in our crystallization

experiments the enzyme is fully engaged with DNA.

Optimization of crystallization conditions: We screened a variety of conditions for

crystallization. Most promising crystals were obtained in a condition composed of PEG
6000, MPD and Na-HEPES (pH 7.5). Another important factor during co-crystallization
of EcoP1I-DNA was to choose the most optimum storage buffer for EcoP1l. The final
step of purification of EcoP1l was SEC, which was carried out using Buffer D, a

potassium based buffer. An earlier experiment suggested that DNA binding affinity of
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EcoP1l was unaltered in presence of either potassium or sodium ions (Section 3.3.1,
Chapter 2). We compared the quality of crystals by replacing potassium ions with
sodium ions in final storage buffer. Presence of sodium ions in storage buffer resulted in
chunkier crystals. Further, we examined effect of various additives on crystal quality.
We observed crystals with 21 various additives. Addition of most of the additives
resulted in clusters of crystals and micro-crsytals; however, we obtained tiny single
crystals with hexamine cobalt (III) chloride (Werner’s Reagent). We further combined
various additives to improve the size and quality of crystals. A combination of Werner’s
reagent and NDSB 201 gave single chunky crystals measuring up to 300 um. To assess
the quality of crystals, we screened them at in-house X-ray diffraction facility. After
screening a large number of crystals, one of them diffracted to 6.5 A. A similar crystal
diffracted to 4.4 A at the synchrotron. We further went ahead with molecular

replacement by using EcoP15I-DNA structure (PDB ID: 4ZCF) as the initial search model
(3).

The discovery of Type Il RM enzymes dates back to 1965. Complete structural
information about any of the prototype has been evasive due to large size of the
complex and flexibility associated with various domains within. We took up the
challenge to co-crystallize EcoP1I with a suitable DNA substrate mimic. We succeeded
in crystallizing the EcoP1I-DNA complex with three different DNA substrate mimics.
Despite getting good quality crystals, many were damaged during shipment to
synchrotron. One of the crystals of EcoP11-6/26_P1 diffracted to 4.4 A. However, the
diffraction data that we have is anisotropic. The quality of the map is not good enough
to be able to solve the complete structure. To solve the complete structure of EcoP1I-
DNA complex, we need phase information and crystals diffracting at even better
resolution. Soaking experiments carried out with tantalum bromide and sodium
tungstate decreased the diffraction quality of original crystals, and also resulted in
significant changes in cell parameters (data not shown). Crystals of selenomethionine
derivative of EcoP1I have been obtained. Work is in progress to obtain higher resolution
data with anomalous signal, which can be used to phase using the method of single-

wavelength anomalous diffraction with partial molecular replacement model.

160



CHAPTER 5: Crystallographic Studies of EcoP1I

5. References

1. Wyszomirski,K.H., Curth,U., Mackeldanz,P., Schutkowski,M., Kru,D.H. and Mo,E. (2011)
Type Il restriction endonuclease EcoP151 is a heterotrimeric complex containing
one Res subunit with several DNA-binding regions and ATPase activity. Nucleic

Acids Res., 10.1093 /nar/gkr1239.

2. Butterer,A., Pernstich,C., Smith,R.M., Sobott,F., Szczelkun,M.D. and T6th,]. (2014) Type
[II restriction endonucleases are heterotrimeric: comprising one helicase-nuclease
subunit and a dimeric methyltransferase that binds only one specific DNA. Nucleic

Acids Res., 42, 5139-50.

3. Gupta,Y.K,, Chan,S.-H,, Xu,S. and Aggarwal,A.K. (2015) Structural basis of asymmetric
DNA methylation and ATP-triggered long-range diffusion by EcoP15I. Nat.
Commun., 6, 1-10.

4. Timinskas,A., Butkus,V. and Janulaitis,A. (1995) Sequence motifs characteristic for
DNA [ cytosine-N4 | and DNA [ adenine-N6 | methyltransferases . Classification of
all DNA methyltransferases. Gene, 157, 3-11.

5. Malone,T., Blumenthal, R.M., Cheng,X. and Structural, W.M.K. (1995) Structure-guided
analysis reveals nine sequence motifs conserved among DNA amino-methyl-
transferases, and suggests a catalytic mechanism for these enzymes. J. Mol. Biol.,

253, 618-632.

6. Gorbalenya,A.E. and Koonin,E. V (1991) Endonuclease (R) subunits of type-I and type
-III restriction-modication enzymes contain a helicase-like domain. FEBS Lett., 291,

277-281.

7. Aravind,L., Makarova,K.S. and Koonin,E. V (2000) Holliday junction resolvases and
related nucleases : identification of new families , phyletic distribution and

evolutionary trajectories. Nucleic Acids Res., 28, 3417-3432.

8. Wagenfiihr K., Pieper,S., Mackeldanz,P., Linscheid,M., Kriiger,D.H. and Reuter,M.
(2007) Structural domains in the type Il restriction endonuclease EcoP15I:
characterization by limited proteolysis, mass spectrometry and insertional

mutagenesis. J. Mol. Biol., 366, 93-102.

161



CHAPTER 5: Crystallographic Studies of EcoP1I

9. Fairman-williams,M.E., Guenther,U. and Jankowsky,E. (2010) SF1 and SF2 helicases:
family matters. Curr. Opin. Struct. Biol., 20, 313-324.

10. Brockes,].P. (1973) The deoxyribonucleic acid-modification enzyme of

bacteriophage P1. Biochem. J., 133, 629-633.

11. Hadi,S.M., Baechi,B., Shepherd,].C.W., Yuan,R,, Ineichen,K. and Bickle,T.A. (1979) DNA
Recognition and cleavage by the EcoPl5 restriction endonuclease. J. Mol. Biol., 134,

655-666.

12. Toth,]., Bollins,]. and Szczelkun,M.D. (2015) Re-evaluating the kinetics of ATP
hydrolysis during initiation of DNA sliding by Type Il restriction enzymes. Nucleic
Acids Res., 43,10870-10881.

13. Meisel,A., Bicklel, T.A., Kruger,D.H. and Schroeder,C. (1992) Type IlI restriction
enzymes need two inversely oriented recognition sites for DNA cleavage. Nature,

355, 467-469.

14. Schwarz,F.W., Toth,]., van Aelst,K., Cui,G., Clausing,S., Szczelkun,M.D. and Seidel,R.
(2013) The helicase-like domains of type IlI restriction enzymes trigger long-range

diffusion along DNA. Science (80-. )., 340, 353-356.

15. Smith,R.M,, Josephsen,]. and Szczelkun,M.D. (2009) The single polypeptide
restriction - modification enzyme LlaGl is a self-contained molecular motor that

translocates DNA loops. Nucleic Acids Res., 37, 7219-7230.

16. Murray,N.E. (2000) Type I restriction systems: Sophisticated molecular machines (a
Legacy of Bertani and Weigle). Microbiol. Mol. Biol. Rev., 64, 412-434.

17. Aelst,K. Van, Téth,].,, Ramanathan,S.P., Schwarz,F.W., Seidel,R. and Szczelkun,M.D.
(2010) Type Il restriction enzymes cleave DNA by long-range interaction between

sites in both head-to-head and tail-to-tail inverted repeat. PNAS, 107, 9123-9128.

18. Leslie,A. and Powell,H. (2007) Evolving methods for macromolecular

crystallography. In Springer.pp. 41-51.
19. Kabsch,W. (2010) XDS. Acta Crystallogr. Sect. D Biol. Crystallogr., D66, 125-132.

20. Evans,P.R. and Murshudov,G.N. (2013) How good are my data and what is the

162



CHAPTER 5: Crystallographic Studies of EcoP1I

resolution? Acta Crystallogr. Sect. D Biol. Crystallogr., D69, 1204-1214.
21. Evans,P. (2006) Scaling and assessment of data quality. Acta Cryst, 62, 72-82.

22.Read,R.J. and McCoy,A.J. (2011) Using SAD data in Phaser. Acta Crystallogr. D. Biol.
Crystallogr., 67, 338-344.

23. Adams,P.D., Afonine,P. V, Bunkéczi,G., Chen,V.B., Davis,I.W., Echols,N., Headd,].].,
Hung,L.-W., Kapral,G.J., Grosse-Kunstleve, RW.,, et al. (2010) PHENIX: a
comprehensive Python-based system for macromolecular structure solution. Acta

Crystallogr. Sect. D Biol. Crystallogr., 66, 213-221.

24. Emsley,P., Lohkamp,B., Scott, W.G. and Cowtan,K. (2010) Features and development
of Coot. Acta Crystallogr. Sect. D Biol. Crystallogr., 66, 486-501.

163



APPENDIX 1



Type

FtuTORF1582P/1-551 1
FphPORF1891P/1-719 1
CjeCGORF275P/1-637 1
Cje4140RF430036P/1-619 1
HacSORF1417P/1-614 1
HpyB8ORF7P/1-683 1
EcoPl/1-646 1
EcoP15/1-645 1
MsUORF1026P/1-649 1
HpaSHORF1827P/1-640 1
HinR28660RFAP/1-628 1
IpoORF2074P/1-716 1
UbaNspORFAP/1-665 1
Vpa20080RF448P/1-646 1
CspLTORFBP/1-633 1
Cps410RF1462P/1-656 1
Mca54020RF234P/1-625 1
CkIORF3239P/1-656 1
AorOORF1317P/1-656 1
LgaORF1464P/1-636 1
LrhGGORF981P/1-643 1
LfeAORF1043P/1-573 1
SenAZORF2565P/1-652 1
BceSI/1-669 1
LkiORF6700P/1-608 1
SepKORFBP/1-448 1
PmMUORF698P/1-636 1
HpaSHORF2158P/1-635 1
AplJORF655P/1-618 1
BbrRORF912P/1-613 1
EcoCFTORF5372P/1-670 1
MspBNCORF543P/1-657 1
SacSBORF1825P/1-643 1
TspJRORF1073P/1-612 1
PthSORF151P/1-620 1
CphBORF1148P/1-644 1
LdeBORF1230P/1-624 1
AMUORF1521P/1-632 1
DfeORF5227P/1-641 1
MvaSBORF154P/1-646 1
SsuSCORF608P/1-558 1
SmiB60RF1249P/1-712 1
BfaSORF1120P/1-635 1
LmoHORF56P/1-632 1
BffYORF1142P/1-668 1
EleORF802P/1-586 1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

TspX5140RF1828P/1-632
HmMoORF3004P/1-637
VpaSORF4593P/1-624
MspMCORF787P/1-649
EtaORF3980P/1-628
DacSPHORF4205P/1-661
GprHORF22920P/1-662
Afe103310RF1394P/1-651
AavORF159P/1-668
PprDORF237P/1-626
BHORF41P/1-682
BgIBGRORF160P/1-674
BceAMORF20P/1-672
CteTORF908P/1-669
ECcOEDORF2295P/1-632
SWOGORF1548P/1-611
GspCORF2154P/1-633
BtrCIPORF1929P/1-621
Rba21500RF11466P/1-662
NwaCORF2929P/1-646
NhaXORF582P/1-660
NthORF364P/1-637
NhaORF3377P/1-650
Mrul2790RF580P/1-629
MsiPORF567P/1-629
MsiBL2ORF1946P/1-631
DIyBLORF1612P/1-632
DreMORF514P/1-664
CtaORF1P/1-685
PcaPC10RF848P/1-658
DdaEORF3047P/1-660
CjaUORF1580P/1-621
PhaBI/1-706
Asu1300RF673P/1-611
AplORF812P/1-615
HduORF1691P/1-705
EmIORF224P/1-656
LheDORF27P/1-608
Bgr4dORF10680P/1-546
Bps17100RF3656P/1-567
PphBUORF342P/1-581
PcaPC10RF851P/1-586
CcaP7TORFBP/1-625
CthVORF480P/1-623

MSTAQHSTAQHSTAQHSTAQHSTAQHSTAQHSTAQHSTAQHSTAQHSTAQHSTAQQTGENSGLEKLNLTSKDVFTDN ISK1GQ-

MTase

- -MIDKSQVEQNNLK I LDSSQVL QNDKKQ| 1AK
- -MINKSQVEQNNLK ILDSSQVLQNDKDQ I 1AK

-LKELLPNVINS - -
-LKQLLPNV INS - -

- -MLDINK IKK - - - - - -ENL INTKENKNELLEY -LKLNFPQT IK - - -
--MLDINKIKK------ENI INTQKNKNELLEY -LKLNFPQS IK - - -
---MGIPTIQ - - - -SQQENNALFDT -LKTRFPET IK - - -
-- —MQNKE ISG------- EKSVNEKNVEVFNRY -FPGCLS IENDN - -

- -MKKET IFS -EVETANSKQLAVLKAN
- - -MKKET IFSEVETANSKQLAVLKAN
- -MITETLFNAEN ITANSPQLEQLKQL
——————————————— MSQSLLDLLKAH
————————————————————————————————————————— MTE ITKETLFS -SNTQAENEQL S ILKRH
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- - -MLSTNGLKA ILKHNETAQPNDDL L NTLKAT
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- -MIRNISEHNEAVKPNDFE | ERLRAA
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- -MLKDNQKHNESVAPNSAFL SELQRA
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MDKLKMQSHDVTSSN INK I AR -
MPYLSEEDRL DMASPDLVSKNLEALAA -
---MDIEKLPLKTENLVTENVLKLGE -

-FPQCFDKN

-FPYFFNDS
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-LPEYFDGD
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LFPNCVTER-EVN -
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IFPGV I TEERDEK -
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LFPDAVTE IKDED -
LFPNCVTERL GKN -
LFPNCITETENGK -
IFPE ILTE IEKDG -

- - - - .- .- .- IAPSAFTEVRDDKT
-LSDVHSRQVDTD -
LFPNVVTESMGKD -
LFPQVVTE IKSAD -
LFPAVVKDG - -
LFPAAVKDGQ -
-QLFPEL ITEG-PNG-
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—MNKPEHTQPEK IDLRSMDVAEEKRGEL KRSLGQAFPD IFAEG
-MTTQPEQFDLDSHH IAEDKQQELL - - - -RLFPEARTEGG- - - -

- -MTDSVKMDLRSQDLLGER IQQLK - - - -KLFPEVFAEG- - - - -
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Cje4140RF430036P/1-619
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-SEKIKMIY IDPPYNTKNENF | YGDDFSQSNEEVLKQLDYSKEKLD - - -
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UbaNSpORFAP/1-665 -KHNAQPENANS - - - -GN I F I TGDN I DALRHLVNAY - - -ENK IKL |Y IDPPYNTG -KEFTYNDKFEFSDKKLKSSLG - - - YSDDE I A --
Vpa20080RF448P/1-646 -EHNRLDKNKNS - - - -ENVY | IGDNLEALRHLLGSY - - - IGK IKC 1Y IDPPYNTG-EDF | YNDSFTFTADDLVDR |G - - - IDRQEAE --
CspLTORFBP/1-633 -EHNNDARNKDS - - - -EN 1Y I VGDNLDALKHLKNSY - - -KGQIKCVY IDPPYNTGKGDFAYNDTFGFT IKDLVEKVG - - -LDEGEAE .-
Cps410RF1462P/1-656 -DHNSQPENKDS - - - -EN 1Y IVGDNLDALKHLLGSY - - -AGKVKC 1Y IDPPYNTGSDGFVYNDDFGFT IPQLVEKVG - - -LTEDEAE --
Mca54020RF234P/1-625 -EHNSKEENRNS - - - -ENLY IVGDN IDALKHLLNSY - - -AGRIKC 1Y IDPPYNTGSDGFVYPDNFQFNSEELSNRIG- - - ITEEEAK --
CKIORF3239P/1-656 -EHNSKPENMNS - - - -EN 1Y ISGDNLDGLKHLLKSY - - -SGQVKC 1Y IDPPYNTGTDGFVYNDQFNFTVEELSEKLS - - - ISEEQAQ - -
AOrOORF1317P/1-656 -EHNEKEENKNS - - - -ENGY | SGDNLDALKHLLKSY - - -SGMVKC | YLDPPYNTGSDGFVYNDKFNFTVEQLMERLS - - -LDEGQAQ --
LgaORF1464P/1-636 -KQNQ-GEGKDS - - - -KNLFFTGDNLEVLRHLQNNY - - -QNK IDV | Y IDPPYNTGSDGFVYPDSFEYSDEKLKDMFG - - -LDDDQVE --

LrhGGORF981P/1-643 -QQNK -NEGKNS - - - -KNLFFTGDNLEVLRHLQNNY - - -QNK IDV 1Y IDPPYNTGSDGFVYPDSFEYSDDQLERMFD - - - IDDDQVE .-
LfeAORF1043P/1-573 -KQNQ-GEGKDS - - - -KNLFFTGDNLEVLRHLQTSY - - -QNK IDV 1Y IDPPYNTGQDDFAYPDSFEYSDAQLEDMFG - - -LDDDQLA --
SenAZORF2565P/1-652 ~EHNTLAVNKNS - - - -HNLFLTGDNLDVLRHLQNNY - - -ADTVDMIY IDPPYNTGSDGFVYPDHFEYSDRALQDMFG - - -LNDTELA --
BceSI/1-669 -DHNNL DENKKS - - - -KNLFFTGDNL EVLRHLQNNY - - -NNS IDM1Y IDPPYNTGDDGF | YPDKFEFDDETLKDMFG - - -MNDKEFE - -
LKIORF6700P/1-608 -EHNSKPENANS - - - -HNLFFTGDNLEVL RHL QANY - - -QNSVDF | Y I DPPYNTGSDGFVYPDKFEYGDDQLKNMFG - - -LNDDELR --
SepKORFBP/1-448 -+ -KINFENKN- - - - - ENL IFSGDNLEVLRHLQNNY - - -QSRIEY | Y IDPPYNTGSDGFTYPDKFEYSDEKL ME | FNLSNEEL | RFK --
PmuORF698P/1-636 -EESVNFDTT - - - - - - QNLF IEGDNLDALKLLQETY - - -LGKVKMIY IDPPYNTGND -F | YNDDFAETVDDFLARSNQVDEEGNR - - .-
HpaSHORF2158P/1-635 -EESVNFDTT - - - - - -QNLF IEGDNLDALKLLQETY - - -LGK IKM1Y IDPPYNTGND -F | YNDDFTENYNDFL ERSNQIDEEGNR - - --

AplJORF655P/1-618

-EESVNFDTT -

----QNLF IEGDNLEALKLLQETY - - -LGKVKMIY IDPPYNTGKD -F | YKDNFAMANEDYQRESGQVDEEGNR - - --

BbrRORF912P/1-613 -EESVDFDTT - - - - - -KNLF IEGDNLDALKLLQETY - - -LGKVKMIY IDPPYNTGND -F | YEDDFAEDARTFLVRSNQVDDSGVR - - - -
EcoCFTORF5372P/1-670 BQTTKNSKGEH IEESVNFDTT - - - - - -KN IF IEGDNLDALKLLQENY - - -LGK I KMVY IDPPYNTGND -FVYADDFVDEVSEFFLRSNQVDREGNR - - --
MspBNCORF543P/1-657 90 - =« - ===~~~ DDSLQFEAT - - - - - -KNLF IEGDNLQALKL IQDTY - - -LGQIKL | YVDPPYNTGKD -F | YRDSFASDQNTHE | ASGERSEEGAR - - --
SacSBORF1825P/1-643 -EESVDFDTT - - - - - -KNLF IEGDNLEALKLLQETY - - -LGKVKMIYVDPPYNTGND -F | YEDDFSENSDEFL KRSNQKDEEGNR - - .-
TspJRORF1073P/1-612 -EDSVDWDNT - - - - - -QNLY |EGDNLEVLKLLQESY - - -LNKVKC 1Y IDPPYNTGKD -F | YRDNFRQENGEYL EDSGQVDDEGNR - - --
PthSORF151P/1-620 -EESVDWENT - - - - - -GN Y IEGDNLEALK ILQESY - - -LNK IKC 1Y IDPPYNTGKD -F | YKDNFKQSR IEYLAESGQVDGDGNR - - --
CphBORF1148P/1-644 -EESVNFDTT - - - - - - ENLY IEGDNFEVLK ILQESY - - -LCK IKMIY IDPPYNTGND -F | YKDNFAKSKDEYEEEL GT I DEEGGK - - -

LdeBORF1230P/1-624
AMUORF1521P/1-632

-EKSVGRDGTPGGVDSEN | Y |EGDNLDALKLLQETY - -
-EESVDFDNT - - - - -

-LGKVKMIY IDPPYNTGND -F | YEDDFAQSVDEYADNSGQTDEEGNR - -

-QNLY IEGDNLDVLKVLRETY - - -LGKVKMIY IDPPYNTGND -FVYNDEFAQGKSEFEQNSGL FDEEGNQT ID - - - -

DfeORF5227P/1-641 -EHSVNFDET - - - - - -ENLF IEGDNLDVLKLLQESY - - -FGK IKM1Y IDPPYNTGKD -FVYKDNFSRDTQAEL FEGGQKDEYNHR - - .-
MvaSBORF154P/1-646 -EDSVDFENT - - - - - -ENLY IEGDNLEVLK ILRKSY - - -SNS IKC 1Y IDPPYNTGKD -FVYKDNFSMSKEDYEAEAGA I DEEGNR - - --
SsuSCORF608P/1-558 -EESVDFDKS - - - - - -ENVF ITGDNLEVLKVLQESY - - -LGK IDM1Y IDPPYNTGKD -FVYSDKFQMSEEEL ADEMDL RDEDGL QRV --
SMIB60ORF1249P/1-712 -DESVDFENS - - - - - -ENVF ITGDNLEVLK ILQESY - - -LGK IDMIY IDPPYNTGKD -FVYSDKFQKTDEELKEDMEL L DEEGRQVV -
BfaSORF1120P/1-635 -EDSMDWDNT - - - - - -KN 1Y IEGDNLEVLKLLQRSY - - -MGKVKMIY IDPPYNTGND - FVYHDDFARTAAEEDL EAGSVDELGN - - - --
LmoHORF56P/1-632 -EESVNFEGS - - - - - -ENLF ITGDNLEALKLLQESY - - -LGK IDMIY IDPPYNTGKD - FVYQDNFKKTKKENDL SEG | LDEEGDR - - --
BfrYORF1142P/1-668 -EESRNWEQT - - - - - -QNLY | EGDNLDAMKLLKKSY - - -AGKVDV 1Y IDPPYNTGKD -F | FNDTFALSQEESDEKQGRYNEEGQR - - .-
EleORF802P/1-586 -GKSKDWDTT - - - - - -ENLY IEGDNLDALK ILKETY - - -AGKVKL IF IDPPYNTGHD -FVYKDDYSLSGAEYKN I DADVSEMG -M- - --

TspX5140RF1828P/1-632
HmMOORF3004P/1-637
VpaSORFA4593P/1-624
MspMCORF787P/1-649

EtaORF3980P/1-628 -EVSLNWEST - - - - - -QNLMLAGDNLEVLKLLQKSY - - -SGKVKL IF IDPPYNTGKD -FVYPDNFQDN IKNYLEL TGQMEN -GQKL S
DacSPHORF4205P/1-661 -EDSVDWETT - - - - - -QNLMIEGDNLEVLKLLQKSY - - -AGKVKL 1Y IDPPYNTGKD -FVYPDNFQDN IKNYLELTGQVEG-GQR IS
GprHORF22920P/1-662 -DESVDWDTT - - - - - -QNLMIEGDNLEVLKLLQKSY - - -AGKVKL 1Y IDPPYNTGKD -FVYPDNFQDN IKNYLELTGQVEG-GQK IS
Afel03310RF1394P/1-651 -EDSVDWDTT - - - - - -QNLV IEGDNLEVLKLLQKSY - - -AGKVKL 1Y IDPPYNTGKD -FVYPDNFQDS IKNYLELTGQVEG -GRK | S

AavORF159P/1-668
PprDORF237P/1-626
BHORF41P/1-682
BgIBGRORF160P/1-674

-EESKNPDTT -
-EESKHPETT -
-EDSVDWDTT -
-EESVDWDTT -

-EESVDWDST -
-EESVDWDTT - - - - -
-RESVGWAST -
-DESLDWDGT -

-ENLY IEGDNLEVLKLLRNSY - -
-ENLY IEGDNLEVLKLLRNSY - -
-QNLMIEGDNLEVLKLLQKSY - -
-RNLMIEGDNLEVLKLLQKSY - -

-YGK IKMIY IDPPYNTGND -F | YKDDFKKL KEESDKEEGEL DENGER - -
-YNKVKMIY IDPPYNTGND -F | YKDNFAMNQRENSAL EGE | DEMGER - -
-AGK IKL 1Y IDPPYNTGKD -FVYPDNFQDS I KNYLELTGQAEG -GRK I T
-AGKVKMIY IDPPYNTGKD -FVYPDDFRDN | RNYLEL TGQTDGEGRRVT

- - - -QNLMIEGDNLEVLKLLQKSY - -
-QNLMIEGDNLEVLKLLQKSY - -
-RNLMIEGENLEVLKLLQKSY - -
-RNLMIEGDNLEVLKLLHKSY - -

-AGKVKL 1Y IDPPYNTGKD -FVYPDNFQNG | QNYLELTGQTES -GVKVS
-AGKVKL 1Y IDPPYNTGND -FVYPDNFQDN I KNYLELTGQVEG -GAK IS
-AGRAKLVY IDPPYNTGKD -FVYSDNFTDSLRHYLELTGQTTD -GKR I S
-AGSVKLVY IDPPYNTGRE -FVYPDNFADSLRHYLAL TGQAAG -GVKL S

-LPEFF IADRYDEQGEL |AKGGFDLARFERALKERN - -
-LPEFFTESKFDEEGTL IEEGEFDLEKFQRALKERN - -
-MPEFFTADRLNENGQL | ESGFFDWOKFKQQFAANNV - -
- IPNYFRSNVYDEEGNL | EL GGFDFEKFNNN I KNS
LFPNC ITETQNAE - - -GK | IKCVDFDLLRQELSET

LFPEVLTEKRDE -Y -

,,,,,,, VAVNVDVLKALVGD -

,,,,,,, AAVNVDVLKQLVGD -

-PMLRNTESNGRFHTDW.NMIYPRLKVARDLLSEDG -

-GLTKNEKSSARYHSDWL NMMYSRLVLARNLLKDSG -
-GLTKNEKTSARYHSDWL. NMMYPRLRLARNL LKDSG -
-RFRKNTDTNGKFHSDWCSMIYSRLLVARSLLTEDG -

-DNQLNTQAL QDVLD IANT - -
-DNQLNTQALKDV IDIVNT - -
-DGQVDLKA IAMLLGLNN - - -
-DGQVDLKA IAMLLGLNN - - -
-DQQVSL SA I KMLLGLNES - -
-QLTLDTRRLKALLGDFS - - -
- -GAF IQEKLLE I IRASEV - -
- -GAF IQEKLLE | IRASEV - -
- -GHFLLEKFQAE IAQHT - - -

-TSNNQG - YELTFAGKG IAKAKADEPT | -KELKAEL 93
TSNNQG - YEL TFAGKG | AKAKADEPT | -KELKAEL 93
KE IRG - YELSFTGKALANAL YDTPNT -KELKFHK84
KE IRG-YELNFTGKALANALYDTPNT -KELKFHS84
MSNISG-YELTWIGKGLANALYSTPCQ-KALKLKE79
E IKEEG-YGLDFVGKK IALNQAFKKNN -K | LKPL N84
-ELSKES -YSLNWLGKSYARLLANLPPK -TLLAEDK82
ELSKES -YSLNWL.GKSYARLLANLPPK -TLLAEDK82
D ISHEF -YSMNWL.GKSYAKLLRNLPPE -TLLAEDV82

- -GNFKFADFRTALAEADS - - - -TFSQET - YRLDWRGKSYAKALVYDENR -TLL SANH70
- -GAFLPEKMAEALXSGGI - - - -KTEKES - YSLNWLGKSYAK |LKDRQPE -TLLAED 185
- -GNFNLEKFQWI ISPET - - - - -KVFKDS - YGL NWL GKSYARAL AQGEAR -KML REDV122
- -GNFKTDKFEDELKKNN - - - -AEARDG - YKL GFVGKDYARL QVGLKSE -TMIVPDK88
- -GEFLLEQFKQQLKKQD ! - - - -TFNKEG - YELNFLGKAYARYLSGAKTE -TFLAPHV83
- -GNFLMDKFQSMLGESKYV - - - -DVSKEA - YELNFLGKSYAKYLAGLATE -TV | IPDV83

- -GNFMIDRL QQAL QDGDV - -
- -GEFE IDKFKDFLKLEEV - -
- -GSFD IERFKEFLS -DK | - -
- -GSFD |EKFSKQLK -DKV - -
- -GSFDLDKFKDQLKDKNV - -
- -GSFDLEKFVGQLKDKNV - -

DLTREG-YELKFLGKSYAKYLMSTKTE -TVVVPDL 83
DLSKEG-YGLEFLGQSYAKYLSSLETE -TYLSPD 183
AVTGEG-YELKFLGKNYARLLAS IDTT -TVVVPDES82
-DVTSEG-YELNFLGKSYAKLLAS IDTT -TV IKPDL 82
N-ELSEGYQLDF | GKDYARRQAGEMPS -TV | VPDE83
D-ELSEGYQLVF IGKNYARRQAGEMPR -TV | VPDE83
——————————————————————— MPS -TV IVPDE10
N-ELTSGYQIDF IGKDYAKKQAGEKSV -TV IVPDV94
N-ELTSGYQLEF IGKDYAKKQAGEHPT -TV I VPNN94
-QAEL SNGNQL NF | GKNYARQQSGERPS -TV IVPDQ70
----- QQSLFSSSYSLNFVGKNYAKKQAGEKPT -S| I VPNK94
| IEGDKERYRLDWGKKEA ILTANAP | A -KTLRPCR89
rrrrr LVEGNQERYRL DWGKKQA ILAANEP IA -KTLRPCR89
I VEGNQERY QL NWWGKANATVLANAP IN -KTLRPCR87

-GE | IKGVDFDLLRQELSEV
-GKLEQA IDFDLLKQELSAT

-GCVKLAVDFDQLRQELSSS - - - - - I VEGPQERYHL NWPGKREALLTANAP IA -KTLRPVR83
-GSVKLAVDFDQLRQELSDS - - - - - IVEGPQERYQL NWPGKREALLTANAP IA -KTLRPVR88
-GAVRLAVDFDQLRQELSDH - - - - - | |EGPQERYRL DWPGKRDALAVANAP | N -KAL RPVP89
-GKLKLAVDFDLLRQELSES - - - - - IVEGPQERYHL NWPGKREALLTANAP | A -KTLRPCR89
-GRLRKAVDFDLLRQELSAD- - - - - LVEGDKERYQLTWPGKKQA ILLANTP IN -KTLRPVKS88
-GNP |KAVDFELLKQELSDR - - - - - VVEGDRERYQL TWPGKKEAMFLANMP IN -KTLRPVK88
-GTVKKAVDFDLLKQALSKN - - - - - LVEDDNERYRL DWPGKKASLLKANTP IT -KTLRPCH88

-GNTVRA IDKNVLMQE INTK - - - - - V IDDGQERYQF TWPDKRKSMVMANAP IS -KTLRLEK88
-GKPELA IDFEKLEAELSND ILAEGEERYQF TWPDKRAANRLANTPTT -MT L RPCR88
- - -AVDFDLLKQELSHQ- - - - - V IEGNKERYRLEWPGKREA IVTANLPTT -KTLRPSR89
KS IKT INLEKLK -ELVGD - - - - - YADKNSE | YELTWAGKQNARRVATESTT -NTLRPV 188
————————————————————————————————————— QKVVMKMAGKPTT -KTLRPDL 20
-GRLGPA IDFEKLKQFLSEE IVDGR -ESYEFTWGKREA | AEAGRPTT -KTLRPDL 149
-GA ISRKVNFEVFRQLLGDH - - - - - ATDGEGEMYQF TWGKNAARAEAAKPTD -KTLRPVV93
LLNELRDLFVK - AEEQKERYDFTWNGKAKAYFEAAAPTT -KTLRAQP66
-GQLHKA I DFDKLKFLLTANQAEMGVVYDDDERYEL TWGKKQA | REVAHP IR -KTLRPCP97
-GE |ERT IDFDALRDLLGD - - - - - - VVEGQRERYQF TWPGKREAKAEARRP | Y -KTMIPEP87
- - -QVDFEALKQELGQVEE - - -VGK - - -EKYELTWPGKTLAKQLALTDVVGKTLKYVP80
- ---VDLEALKAELGQFES - - -VSEKMSERYEL GWGKEEAKKLANQDVVGRTLKYVP84
- -AEVNVNVLKALVGD - - - - -RTAMDADEKY GL NWHGKRQARKLALTPST -GTLLPCP90
- -TAINVDVLKALVGD - -ATVTDAEEKYGLNWHGKRLARQIALTPST -GTLRPCR90
- -VVVN IDVLKGLVGD - -RTVTDADEKYGL SWHGKRSARQLAL TPST -GTLRPAT88
-ASVTDADEKYGL NWHGKRRARQLALTPST -GTLRPCP88
-QTVTDADEKYGL NWHGKRRARQLALTPST -GTLRPCR96
-ATVTDCDEKYGL NWHGKRQARQLALTPST -GTLRPAP88
-AKVTDAEEKYGLNWHGKRRARQLALTPST -GTLRPCP93
- -D I DEREEKYGL NWHGKRRARQLAL TPST -GTLRPSP78

-KPR-TAVNVDVLKALVGD - - - -

- -VAINLDVLKALVGD - - - -
- - -KIDFDTLKQLLGG -

- -ASVNLDALAAMVGAS - - - AAAVADADEKYGL NWHGKRRARRLAL TPST -GTLRPCP97
- -AALDLDVLKALVGD - - - - -RTLGEADEKYGL AWHGKRRARQLALTPST -GTLRPCR92
- -ASVDVDVLKALVGE - - - - -RTVGAADERYGFHWHGKRSARQAALTPST -GTLRPCP92
- -AAVNMDVLKQLVGD - - - - - KTVTDCDEKYGLNWHGKRRARQLALTPST -GTLRPCP88

-+ -GIDFDVLKQLLGEN- - - - - - VDEKEERYGL NWHGKRQARQL AL TPSR - GTL RPCK87
- - -KIDFDRLRLLLGD- - - - - -EVDTGKEKYEFTWPGKSDC | RLSQQQST -GTLRPDK78
- - -KIDFDKLKLVLGE - - - - - -E |[ETRNEKYEFTWHGKT QAMKL AQTPST -GTLRPDK78
- - -KINFDQLQELLGN - - - - - -YLVKNEDHYNFTWHGKRAASRLAQTPST -GTLRPCK78
- -DGIDFEALRQLLGD - - - - - - EVADGEEKYGLNWHGKKRARQ I AL TPST -GTLRPCP81
- -SGVNFDVLRQLLDDA - - - -KVL DEGEEKYGL NWHGKKKARQ IALTPST -GTLLPCP83
- -GK IDFEVLKQLLGG- - - - - -AVDERDEKYGL NWHGKRKARQ AL TPST -GTL L PCP86
- -GK IDFERLQE ILGE - - - - - -Y |EDKEEKYRFEWNGKSKA I KL SQTPST -GTLRPCK78
- -GNLDEKALRALVSP - - - - - -DGL AL NERFRFEWAGKQQSKRYAFTPSR -ATLVADP90
- - -RLDLETFQKLLG- - -MKVET - - -GRERYGL SWAGKAEA | RAVQ | PSR -GTLRPKR80
- - -KLDLETFKQLLG - -GRERYGL SWAGKAEA | RAVQ | PSS -GTLRPRR80
- - -SIDFDQLKRALG - -GKERFGLNWPGKAECMK | | QQPSP -ATLRPER90
- - -KIDFERLKLALG - -GKERYGMNWPGKAECFKT | QQPSM-ATL RPAP83
- - -KIDFTRLKQALG - -ERERYGL SWAGKSEA I KN 1QTQSH -GTLLPVP81
-DELVFSVDFERLKAELGAFTEVFES - - -RRERYGMDWPGKKDCLKT I QHRSY -ATLKPVP98
- - -KLDVEKLRELLAD - -DAAD - - - - SNERF GL FWPGKKCALRAAQAPTT -ATLKPDF119
- - -KLDVEKLRELLAD - -DVAD - - - - SNERFGL FWPGKKRALRAAQAPTT -ATLKPDS122
- - -KLDIEKLRELLAD - -DAAPESERASERFGL FWPGKKRALRAAQAPTT -ATLKPDV56
- - -K IDFDKFQQLFS - - -DNFST - - -EPDRYMLNWAGKSTAYQTLQTPTS -KTLTPCE122
-MLNWAGKSAAYQTLQTPTF -KTLTPCV26
- - -K IDFDKFQQLFS - - -DN ST - - -EPDRYHLNWAGKSQAYQQLQIPTQ-KTLTPCV56
- - -K IDWEKLKLVLGE - -ENLAD - - - HNERYCL NWAGKSNAYS L QSPSF -NTLAPCK125
- - -KVDFERLKLTLG- - -EHTA | - - -SNERYVLNWANKSDAFTA IQTPTT -KTLYPAV79
- - -EIDFDALQEALSPD - - - -LEDEESNEKYEF | WRGKQNAKK | ADAPFED I TL | GNK83
-MSYNKQKL EL NWI GKEKRPKLEPR | LLEDLEKSYH35
-MSKQKL EL TWIGKEKRPKLEPR ILLEDPEKSYH33
MTNKKRL EL TWI GKDKRPKL EPR | LL EDVARSYH34
————— MPTLNWIGKEAV | KHHKDVPF -RLLEHDV28
YLRKTKKYGL VWEEQAEEAEK | LKNNY -PVLTEVK69
I|EEAPGRPML HWL GKRPL RAVKY YEAQL KEQYGEP47

----------- FLTN- -CLWYSCGW.SFMYPRLK IARELLKEDG- - -V I F IS IDDNEQANLK | | CDE | FG221
-------- FLTNVYGTRSHSGW. SFMYPRLK | ARELLKEDD -
-LNFF INTRGDRSHSAWL GFML PRLKLARDLLREDG -
-LNFF INQKGDRSHSAWL GFML PRLKLARDLLREDG -
-SEK IKMVY IDPPYNTTNENF | YPDNFRQDYKK ILEEVGL |E IDENGEEVESES -LKFFKN IQGSRTHSGWL. SFMLPRLKLARDL LKEDG -
»»»»» Y IKNLFGSKCHSGWL SFMYPRL LLAKDLLKQDG -
-RILEFTTKGSSSHSAWL.TF I YPRLY |ARELLKEDG -
-RILEFTTKGSSSHSAW.TF I YPRLY | ARELMREDG -
-RILNFTDKGSNSHSAWL TFMYPRL YVARELLKEDG -
-Y IHGF INAKASSHSAWL TFMYPRLKLARELLKDDG -
-RVLEFTAKKSNSHSAWLTFMYPRLY IARELLRDDG -
-RILKWEGN -SSSHSAWLTFMFPRLYLARKLLTEDG -
-RLKS IQ- -GKSSHSAW.TFMYPRLK | AQRLLKDDG -
-RILDLN - -GKSSHSAWL.TFMYPRLVLARLLLREDG -
-RVLDLQ- -GRASHSAWLTFMLPRL | IARELLASEG -
-RVLDLR - -GKSSHSAWLTFMYPRL QLAKELLADDG -
-RILDLA - -GKSTHSAWLTFMYPRLLLARDLL SKNG -
-RILDLTKRGSASHSAWLMFMYSRLLLARDLLTDDG -
-R| IDMTNRGSASHSAW.TFMYPRLLLAKDLLKEDG -
-RLKS IQ- -GKSSHSAWLTFMYPRL ILAKRFLANSG -
-RLKS 1Q- -GKSSHSAWLTFMLPRL ILAKGLLSDSG -
-RLKS 1Q- -GKSSHSAWL TFMYPRL QLAKHLLKQTG -
-RLKS 1Q- -GKSTHSAWL SFMYPRLFLARKLLKDTG -
-RLKS 1Q- -GTATHSAWL TFMYPRLW.AKRLLKENG -
-RLKS IQ- -GKATHSAWL TFMYPRL YLAKKLLKDTG -

VIF IS IDDNEQANLK | |CDE | FG223
VIF 1S IDDNEQANLK ILCDE | FG224
VIF 1S IDDNEQANLK ILCDE | FG224
VIF 1S IDDNEQANLKLLCDE I FG221
-V IF IS IDDNEAAQLKLLCDE | FG209
V IF I'S IDDNEDKQL GL L CDEVF G216
T IF IS IDHNEFSQLKLVCDE | FG216
VIF 1S IDDNEVAQLKLLCDEVFG216
VIF 1S IDDNEQAQLKLLCDE | FG202
VIF 1S IDDNEQAQLK ILCDEVFG218
-V IF IS IDDNELAQLKLMCDE | FG258
V IFVS IDDNEQANLKL | MDDVF G219
V IF IS IDDNEYANLKQ|CDE | FG214
VFF ISVDDNEQGNLRL I CDE | FH215
VIF 1S IDDNEQANL RML CDEVF G215
VIF 1S IDDNEQGNLRL ICDE | FG215
VIF IS IDDNECHNLKLLCDDVFG216
V IF I'S IDENEHSNLRL L CDEVF G216
VIF IS IDDNESTNLKE | CDE | FG214
VI1YVS IDDNEQAQLKLLCDD I FG214
VIF IAIDDNEDGNLKE I CDE | FG141
F IF IS IDDNEHANL KL MMDE | F G226
-VILLS IDDNEQANLTLLLNE IFG226
V IFVS | DDNEQANL KL L MDEVF G202
K ISVS IDENEFATLKVLLDE IFG223
VIF 1S IDDNEQANLKR ICDE | FG220
VIF IS IDECEYDNLRKLCNE | FG220
VIF 1S IDDNEQANLKRVCDEVFG218
-V IFVSADDSE IANL IR ICDE | FG214
L IVIHIDENEYPNLEKLLAE IYG229
A |FVSCDEGEQPRLRL | MDE | FG220
VIF 1S IDDNEVTNL QRACDE | FG220
VIF 1S IDDNEVANLRK I CDE | FG219
VIF 1S IDDNEVHNLRK | CDEVFG219
-VIF IS IDEHELVSLAK IMEE | FG219
L IF IS IDDNEFGNLKK | CDE | FG225
V IF IS IDNNE |ENLRK | CDE | FS223
VIF IS IDENEVKNLLSLCDE I FG220
VIF 1S IDDNEVDNLKKVCNE | FG219
VIL IS IDDNEQANLKA I CDE | FG154
VIF 1S IDDNEQANLKA I CDE | FG283
V IF I'S IDDNEQRNLKN | CDEVF G224
| IFVS IDENE IANLELLLTE IFG197
| IF 1S IDDHELANL IK IGNEVFN228
VLFVC IDDNEFANLEKMLDE | FG217
VIF IS IDDNEVANLRK I CDE | FG211
-V IF IS IDDNEHSNLKLLCDEVFG215
HIF IS IDDSEVANLRAVCNEVF G220
V IF ISLDDTEVANARSVCDD | FG221
VMFMS | DDGEVANL RKVCDE | FG218
L 11 1SIDSSEATNLRL IMDEVFG218
VLMVSVDDAE I DHMKSVCTD | FG226
VLF IS IDDGE I GHLRTLCDEVFG218
AIFVS DD IELPRLK | ALDELFG223
VLF I'S INYRELAHVLRL CDE | FG208
V IAVH IDEHEQHAL VL VMRE | FG227
L IAIHIDEHELPALVLVMRE | FG222
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BceAMORF20P/1-672 -DDSVAWDDT - - - - - -RHLV IEGDNL DVMKL LHKSY - - -AGKVKLVY IDPPYNTGSD -FVYPDDFSDS IRHYLAMT GQTDG -GVKRS TNTEANGRFHTDWLNMMYPRLKLAHALLSDEG- - -L |AVH IDEHEVHAL VLML RE | FG222
CteTORF908P/1-669 -EDSVDWDTT - - - - - -QNLMIEGDNLEVLKLLQKSY - - -AGK IKL | Y IDPPYNTGKD -FVYPDDFKDN IRNYLELTGQVEG -GRK IS SNTEASGRFHTDW.NMMYPRLK |ARQLLSPTG- - -V IAVH IDEHELEALV | VLRDLFG218
ECOEDORF2295P/1-632 -DESVDWHNT - - - - - -KNLMIEGDNLEVLKLLQKSY - - -AGKVKL 1Y IDPPYNTGKD -FVYPDNFQDNMKNYLE I TGQTED -GARL S TNTETSGRYHTDWLNMIYPRLKLARNLLKEDG- - -V IF IS IDDTEVDNLKKVCSE | FG217
SwoGORF1548P/1-611 -ESSKDWDTT - - - - - -KNLY IEGDNLEVLRLLQKAY - - -HRKVKMIY IDPPYNTGND -F | YKDDYKDNVKSYKEKTEQS - - - - - - MK ANPATAGRYHSEWLNMMYPRLRLAKNLLSDDG- - -A |F IS IDDTELDNLKK I CNEVF G203
GspCORF2154P/1-633 -~ASSKNWETT - - - - - -ENLY IEGDNLEVLKLLQKSY - - -FGK IKM1Y IDPPYNTGKD -FVYKDDFRDN IKNYKE ITQQT - - - - - - TK ANTETNGRYHTDWLNMMYPRLKLARNLLREDG- - -V IF | S IDDNEVANL RKVCDE | FG203
BtrCIPORF1929P/1-621 -KESVDWDTT - - - - - -QNLF IEGDNLEVLKLLQKPY - - -HRQVKMIY IDPPYNTGND -FVYKDDFKDG | QNYL EMTRQLDNEGKR I G TNSSSAGRYHTNWLNMMYPRLKLARNLLRDDG- - -V IF | S IDDNEVHNL RKL CDEVF G209
Rba21500RF11466P/1-662 -EDSVDWKKT - - - - - -QNLF IEGDNLEALKLLQKSY - - -AGKVKMI1Y IDPPYNTGKE -F I YPDKYQDNLDTYL QYTGQKNEEGL SVT SNTESSGRFHTNWLNMMYPRLFAAKTLLSQDG- - -V IMIS IDEKECCNLRQICEQIFG212
NwaCORF2929P/1-646 -EESVDWDTT - - - - - -KNLF |EGDNLEVLKLLQKSY - - -ANKVKMIY IDPPYNTGKE -F | YPDKFQENLDTYLKYTGQVDDEGMKL S SNSESTGRKHTNWL.NMMLPRLKLARNLLTHDG- - -V IF I'S IDDNE | ANLKLLCND | FG214
NhaXORF582P/1-660 -DESVDWDTT - - - - - -QNLV IEGDNLEVLKLLQKSY - - -AGKVKL 1Y IDPPYNTGKE -F | YPDRFQDNLDTYLKYTGQKGEDGLKTT SNTENDGRFHTNWL.NMIYPRLKLARTMLADDG - - -A |F IS IDDNEKANLKE | CDE | FG217
NthORF364P/1-637 -EESKNWDET - - - - - -ENLF IEGDNLEVLKLLQKTY - - -HSS IKMI1Y IDPPYNTGGD -FVYEDDFQDNLNNYLK I TGQ INEEGKKNS TNTENGGRFHTKWLNMMYPRLKLARNLLNDQG- - -V IF | S IDDNESGNLWKVCNE | FG209
NhaORF3377P/1-650 -TRSVDFEST - - - - - -ENL | IEGDNLEVLKLLQATY - - -FERVKC 1Y IDPPYNTGND -F | YPDDYRETKTAYWKRSGA IKD -GVRLT AVTEASGRRHSNWLNMMQSRL L LARQLLRDDG - | IF 1S IDDNEVAHLKLLASD I FG220
Mrul2790RF580P/1-629 -DQSVDFDTT - - - - - -ENV | IEGDNLEVLKLLQQAY - - -HGKVKMIY IDPPYNTGND -FVYPDDFREG IRQYLRFTGQLSEDGVRLT TTPEEGGR IHSRWL. SMMYPRL QLARSLLRDDG - - -V IFVS I DDHEL HNL RA | MDE | FG211
MsiPORF567P/1-629 -DQSVGFDTS - - - - - -ENV | IEGDNLEVLKLLQQAY - - -HGKVKL 1Y IDPPYNTGND -FVYPDDFREGVRQYLRFTGQLSEDGVRLT TAPEEGGR IHSRWL. SMMYPRL QLARSLLRDDG - - -V IFVS | DDHEL HNL RA | MDE | FG211
MsiBL20ORF1946P/1-631 -EKSANFDEA - - - - - -ENVFVEGDNLEVLKLLQKAY - - -FGKVKL 1Y IDPPYNTGNE -F | YPDNFTETLETYLAYTGQVDDERKRFS TNTDQSGRYHSRWMNMMFPRL YLARNLLRDDG - - -A | F IS I DDNEVHNL RALMDQ | FG221
DIyBLORF1612P/1-632 -EESVNFDTT - - - - - -ENL | IEGDNLEVLKLLQKSY - - -LGKVKMIY IDPPYNTGND -F | YPDNYTESL QT YLEYTGQVDAEGRKFG NNNDTDGRFHSKWVNMMYPRL YLARNLLRADG - - -V | F | SVDDTEVDNLKK | CNEVF G214
DreMORF514P/1-664 -EESVNFDTT - - - - - -ENL | IEGDNLEVLKLLQKSY - - -HGKVKMIY IDPPYNTGNE -F | YPDNFKEGLEDYLRYSGQVDGDG IKLS TNTETEGRFHSKWLNMMYPRLFLARNLLREDG- - -V IFVS IDDNEVKNL RS | MDE | FG212
CtaORF1P/1-685 -EESVRWDSS - - - - - -DNLF IEGDNLEVLKLLQKSY - - -YGKVKMIY IDPPYNTGNE -F | YPDNYSESLETYLAYAKLTDEEGKRFA --- TNTASEGRFHTKWLNMMYPRLYLARNLLTEDG- - -T IFVS I DEHE | ENL NRL MDE 1Y G229
PcaPC10ORF848P/1-658 ~ANSKDWDTT - - - - - -QNVF |EGDNLEVLK ILQRHY - - -HNKVKL 1Y IDPPYNKGKD -F | YPDNYKEGLNSYL EWIRQVNEEGKKVS --- TNSETEGRYHSNWLNMMYPRLKLARNLLTDDG- - -V IF | S I DDNEQDNL KKL CNEVF G250
DdaEORF3047P/1-660 -VNSKEWDTT - - - - - -RNVF [EGDNLEVLK ILQRHY - - -HNKVKL 1Y IDPPYNTGKD -FVYPDNYKEGLDSYLEWTI RQVNEEGKKVS - TNSETEGRYHSNWLNMMYPRLKLARNLLTDDG- - -V IF | S IDDNEQENL RKL CNEVF G253
CjaUORF1580P/1-621 -ANSKDWDTT - - - - - -QNVF |EGDNLEVLK ILQRHY - - -HNK IKL 1Y IDPPYNTGKD - FVYPDNYKEGL DT YL EWI RQVNEDGKKVS - TNSETEGRYHSNWLNMMYPRLKLARNLLTDDG - - -V I F IS I DDNEVDNL KKL CNEVF G187
PhaBI/1-706 -EESVDFENT - - - - - -QN IF IEGENLDVLKDPQKSY - - -FNSVKMIYNDPPYNTGND -F | YNDSFADTKADYAEKVGDVDEHGKLKR - - -AFVRNSKENGHYHSNWL. NMML PRLHLAKNLLRDDG - - -V I F | S IDDNEQAQLKL L CDEVF G256
Asul1300RF673P/1-611 -EESVDFEHT - - - - - -QNVF |EGENLDVLKVLQKSY - - -FNSVKMIY IDPPYNTGND -F | YKDNFAESKAEYAERVGDL DADGKL KR - - -AFVRNSKENGHYHSNWLNMML PRLHLAKNLLTDDG- - -V IF | S IDDNEQAQLKL L CDEVF G160
AplORF812P/1-615 -EESVDFEQT - - - - - -QN IF IEGENLEVLKALQKSY - - -FNS IKMI1Y IDPPYNTGND -FVYNDNFAQNQTDYQAQTGE I GEDGFLKK - - - - - - AFRKNAKENGHFHSNWLNMML PRLHLARNLLKDDG - - -V IF | S IDDNEQAQL KL L CDEVF G190
HduORF1691P/1-705 -EESVNFDHT - - - - - -QNLF IEAENMEALK ILQKAY - - -AGTVKMIY IDPPYNTGNDSF | YPDKFSETREEYAKMVGDKDADGY | KRDG | FQGAFRKNSKDNGHYHSNWL SMML PRLHLAKTLLRDDG - - -V IF | S IDDNEQAQL KL L CDEVF G266
EmIORF224P/1-656 -KESVNFDTT - - - - - -QNVF IEGENLEVLK ILQKSY - - -FGK IKMIY IDPPYNTGNDNF | YPDKFAETKEEYLKK IKEKDEEGYLLKEG- - - »LFRKNSKENGQFHSNV‘LNMMYPRLFLAKNLLKDDG» -V IFVS IDDNEVHNLRLLMNEVF G216
LheDORF27P/1-608 -EKSENWNKT - - - - - -KNVY IEGDNLEVLKLLQKSY - - -SDKVQMIY IDPPYNTGND -F | YKDDF SDSYKSYLEQTNQ I DSNGNATT - TQKEARGR | HTAWLNMMYPRLKLARRLLKESG - - -V I F IS IDDHEQANL VK | MNE | FG214
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PphBUORF342P/1-581
PcaPC1ORF851P/1-586
CcaP7TORFBP/1-625
CthVORF480P/1-623

FtuTORF1582P/1-551
FphPORF1891P/1-719
CjeCGORF275P/1-637
Cje4140RF430036P/1-619
HacSORF1417P/1-614
HpyB8ORF7P/1-683
EcoPl/1-646
EcoP15/1-645
MsUORF1026P/1-649
HpaSHORF1827P/1-640
HinR28660RFAP/1-628
IpoORF2074P/1-716
UbaNspORFAP/1-665
Vpa20080RF448P/1-646
CspLTORFBP/1-633
Cps410RF1462P/1-656
Mca54020RF234P/1-625
CkIORF3239P/1-656
AorOORF1317P/1-656
LgaORF1464P/1-636
LrhGGORF981P/1-643
LfeAORF1043P/1-573
SenAZORF2565P/1-652
BceSI/1-669
LkiORF6700P/1-608
SepKORFBP/1-448
PmMUORF698P/1-636
HpaSHORF2158P/1-635
AplJORF655P/1-618
BbrRORF912P/1-613
EcoCFTORF5372P/1-670
MspBNCORF543P/1-657
SacSBORF1825P/1-643
TspJRORF1073P/1-612
PthSORF151P/1-620
CphBORF1148P/1-644
LdeBORF1230P/1-624
AMUORF1521P/1-632
DfeORF5227P/1-641
MvaSBORF154P/1-646
SsuSCORF608P/1-558
SmiB60RF1249P/1-712
BfaSORF1120P/1-635
LmoHORF56P/1-632
BffYORF1142P/1-668
EleORF802P/1-586
TspX5140RF1828P/1-632
HmMoORF3004P/1-637
VpaSORF4593P/1-624
MspMCORF787P/1-649
EtaORF3980P/1-628
DacSPHORF4205P/1-661
GprHORF22920P/1-662
Afel03310RF1394P/1-651
AavORF159P/1-668
PprDORF237P/1-626
BHORF41P/1-682
BgIBGRORF160P/1-674
BceAMORF20P/1-672
CteTORF908P/1-669
ECcOEDORF2295P/1-632
SWOGORF1548P/1-611
GspCORF2154P/1-633
BtrCIPORF1929P/1-621
Rba21500RF11466P/1-662

29251 QLY SSLLUYU TEFRG -
287KSGDFTGIG- -ETQSC - -
285TSVALQAKS - - - -GSS - -
282KSDPAHAQAGHGTKDQ - -
334PVSMAWPNKKKAPEDY - -
327PDN | SWPGGG -GPK - - - -
306F VDKQNPDANGFFKVS - -
288PSMYYP IT - - - - - IEGI -
286TSTDLSVGP - - - -VVAE -
287ESGV | SRAEEKSNVNSE -
288TPGDL TVGMTADMRPNQ -
290VTQPLAS -TSKGARVNL -
288ERLDKTSLTYSKSMDFP -
287KL IKLNSFS IQYSKSLD -
221TSGDLSVGPAVPS - - - - -
387RKGDL - -GGVKNG - - - - -
291KASDL SVGPAVEE -
304REVSMAAPDKPEKRS - - -
296PANKVVTS I PDGV I KAG -
283RSGDVRNALYRPNL - - - -
278 ISDN -LSVGRVTEK - - - -
280FDGNPVNNPGLRPN - - - -
302P IQTP -SGREVW- - - - - -
306S IKHPRTGEEVW-
298KAFTFKNGAAWA
320DEPRSGSDLTLW:
322GRLVCKNGKTAL
313DDLKVTDGRVAR
326GAAV IRGGRL |A
289NTMSFE I DGYAP
332LVSMAWPNKKKA
327LVSMAWPNKKRA
327LVSMAWPNKKKA
323LVSMAWPNKKRA
306YSITTPSGRIVT
284FT | INPTTGVEYN -

- R YUP TUSNGNKRKKVW W1 RPRMERA TSLNLVVE TR T ILKVQNY INK - - -
- - -RYK | ISPSG-AVFYPKEGKRWIVNQEKFNEL L EDNR I WFGSNQDS - - -
-SYE ITFPNG-VSWKPTEGTFPRL SKESL MKAFEENRLW-GVNGTN - - -
-FYVLTAPNGKKHELESGRCWL YT -EKVMNKE | ADGK | WFGKDGNG - - -
-F IPL IHPVTGKECPVPERGWRNP -PATMQELLKSGL | IFGPDEKT - - -
- -YEVLHPRTKRPVKVPSRGWMT SDPKRMQEWI DDDRVHF GDDENS - -
-T IPLDRFVKVEASTVDGLKSVWRWSKEKSEKEKDSLVAYEGNDG - - - -
- -DVYP IKDDG - - - - - - - SEGR -WRVGKEMAY DL L KHGHL RLVKKDNN - - -
- -KVYPITTPSGKV I YP -PNGRCWL TKERFEEFLSDNR | WFGRDGNN - - -
--NYYSITLPSGR- - - - -
- - -YYDLVDPKTGKVYKPNYNRVWSY IPESMNQL IKENR IVFPEDTSK - - -
---MYDILH--EGN | IKPPKGGRWIWSKDKFDAAYANNE |V I SKNSSG- - -
- - IVAPDGTE | YPPQPDLRNRTT IWRWSKDK | ETEKSE | EFHRDKKTG - - -
- -YE |EMPNGEKVTPSENGKRGCWRWSKTKFEWG | KNNF | EFKENTDGK - -
--NIYE| ISPSGRS IFPPSGRS -WLL SKERFEEF | ADNR | WFGANGDN - - -
- -NMTPLFNPLTCQEDPVPPGG -YRYKNEKLQELVNDNR IHFHTDG-S - - -
--NIYT ITTPSGRNVEPPAGRS -WRL SRKAFRERL QDNR | WFGPDGNS - - -
- - -HRPLTHPLTGKQTSVPAKG -WRY | DKTMDKL L QQDLV I FGSDEKT - - -
- - -MYGTDAYDVEL LEDTTVRGGL FTAPVKL KAKFKWSQANL DKE | QKGTT
---1YDIVSPSGKV IKPCPN - -GWRWSKETVQEK I ASGE | IFSEDETR - - -
--DIYEI ITPSGRKVLPPPG-NSWRVSKEKFEELVKDNR IWFGEDGNN - - -
--LQFDI ITPSGKL IKHPPNG - -WRWSKET |EEKLKTGELRFSEDETR - - -
PAQGRSWFTKEEVPGLVAESRLW GKDGSS -KPSKKLFLTEVKQGV - - - -
PEEHAVWRYTKDKHDQL EREGRL YWGPDHSYRKPRLKRYLNEVQQGI - - - -
PPKGTYRRFNDAAMRQMDEGDE | WF GEDGSL TPQRK -SFLSEVKQGV - - - -
PVSEAGEEL SWIWSKKK INDENFN - - -L | VVEGRSGKN | YKKQRATL - - - -
- -LSAGWIQKNQMT SWFS - - -GQETYDTKDQKVVEFYFTGT - - - -
- - IRGPWR INQETLDRTL - - -FVTRNLGLRRTMLPEELDQA - - - -
- -VESGWSSKDLLLEFVANGCLP IFDGKGQSTSFV ISRTGA - - - -
- - -QRWQGGEEE IKRLN I|EGYLEFRDGTPFKRYYEDEEGAE - - - -
PDDYFVPLVHPVTGKPCPVPERGWRNPPATMQAL | DKGLVEFGADET - - - -
PDDYF | PLVHPVTGKPCPVPERGWRNPPATMREL LERGL | EFGADET - - - -
PEEYFTPL IHPVTGKPCAMPARGWRNPPATMQAL |ERGQ | EFGPDET - - - -
PADYFVPLKHP I TGKDCP | PERGWRNPPATMKKLLEDGL |EFGPDE | - - - -
PPASRCWQVSEKRFVELCKENK IWFG -ENGNNVPS IKRFLTEVQDGV - - - -
PPKGRCWTNKNT | DKWIKEGRVFFG -QTGNGAPQL KRYLNEVQQGV - - - -
291EGSTS INFLEPF \VKNGLVISK I TANGPFVWI QNKL DEELRL G -TSVSL SSKFGFNVLKFDQESKVKR - - - -

292L IDPRTGH IFPY - =« =« - oo o=~

311E -RGSEADVE IT
314E -DFR -SSTAVL
318T -KSDEYCREAL
310SVDYQEGWEEVY
318SLDPKDGDEE | Y

308PK - - - -TGKE IWPS - - - -
308PK - - - -TGKE IWPS - - - -
308P - - - - - SGKKFTPG- - - -
306PN - - - - - GRDIYPK - - - -
339KRMIVEEGKLVEDCL - - -
338PKPGGYVYRVEHPETGE -

331A IKNPETGQEFYPSE - - -
336DL INPAT -CENYGCP - - -
288PPERPELGDG | WRWT - - -
378RY IS - -FFDDEFVEN - - -
264TE INILDKDDNL INQG - -
289RA INGRTLEEVTLSA - - -
387GR I DVDGY GCL YKVE - - -
323GKHGRADWGWRWSKDLF -
281LAT ILKSNRGINSRK - - -

206KSGDL SVKRVT - -LKD I YE -
204KATPLYAKRTGSEKEQAFS -
232KAVGDSYEALLSDFVVAN - -
257F PDNFHGPDDGRENRPRYP

422AGSGT | GDAVMQLN - - - -
433AGSGTTGDAVMQLN - - - -
443AGSGTTAQAVMELN - - - -
425AGSGTTAQAV IELN - - - -

421AGSGTTAHAVMELN - - - - - - -
458AGSGTTAHAVLESNKSDY QKL SEGGGGL FNGLNAAFKKRHF I LVQLDEK | DPKKDKSTHDFCL - - -

437AGSGTTAEAVAYLN - - - -
443AGSGTTAHTVFNLN - - -

435AGSGSTAHAVMQLN - - - -
423AGSGTTAHAVMQLN - - - -
416AGSGTTAHAVMQLN - - - -
476SGSATTSHAVNKLN - - - -
439AGSATTAHAVMQLN - - - -
434SGSATTAEA IMQLN - - - -
417SGSGSTAHAAYRLG - - - -
435SGSGTTAEASWRLS - - - -
412SGSATTADAVMQLN - - - -
442SGSAATAEA IMKLN - - - -
444SGSATTAHAVMQLN - - - -
402AGSSTTADAVMQLN - - - -
409AGSSTTAEAVMQLN - - - -
340AGSATTAEAVMRQN - - - -
419AGSGTTAHAVMALN - - - -
419AGSATTADAVMKLN - - - -
396AGSATTADAVMQLN - - - -
423GGSGTTAEAV IEAN - - - -
429AGSSTTAHAVMQFNA - - -
417AGSSTTAHAVMQLNA - - -
413AGSATTAHAVMQLNA - - -
414AGSGTTAEA IFELNT - - -
458AGSCTAAHALMLLNA - -
451AGSSTTAHSVMLQNA - -
435SGSATTAHAV IQLNA - -
409SGSATTAHAVMQLNA - -
417SGSATTAHAVMQLNA - -
415SGSATTAQAVMQLNS - -
421SGSATTAQAAMQLNA - -
426SGSSSTAHAVMKLNA - -
424AGSASMAHA ILDSNS - -
427SGSATTAHAVMQLNA - - -
352AGSATTADAVMQLNA - - -
506AGSGTTAHAVMQLNA - - -
423SGSATTAHAVMEQNA - - -
430AGSGTTADAVMQTNS - - -
441SGSGTTAEAVMRMNM - - -
410AGSSTTAEAVMRKNA - - -
408SGSATTAHAVMELNA - - -
413SGSATSADAVMQLNA - - -
419AGSGTTAQAVLTAN - - - -
422AGSGAF GHAA I SRNS - - -
415AGSGTTAHAVMGSN - - - -
439AGTGTTGHAVMAQN - - - -
440SGSGTTGESVLRVN - - - -
422AGSGTTGHAVMAQN - - - -
446AGSAPLGHV IYEQN - - - -
404AGSGTTGHAVMAQN - - - -
456GGSGTTGHAVMALN - - - -
451AGSGTTAHATLAAN - - - -
451AGSGSTGHAVMQVN - - - -
447AGSGTTGHAVMAQN - - - -
425AGSGTTAHATLNKN - - - -
400SGSSTTAHAVMKLN - - - -
418AGSAATAEAVMTLN - - - -
406AGSGTTAHAVMQLN - - - -
449FGSGTLGQALFEVE - - - -

NwaCOl 1-646
NhaXORF582P/1-660
NthORF364P/1-637
NhaORF3377P/1-650
Mrul2790RF580P/1-629
MsiPORF567P/1-629
MsiBL2ORF1946P/1-631
DIyBLORF1612P/1-632
DreMORF514P/1-664
CtaORF1P/1-685
PcaPC10RF848P/1-658
DdaEORF3047P/1-660
CjaUORF1580P/1-621
PhaBI/1-706
Asu1300RF673P/1-611
AplORF812P/1-615
HduORF1691P/1-705
EmIORF224P/1-656
LheDORF27P/1-608
Bgr4dORF10680P/1-546

Bne171NNDEARRADI_RRT

HAMMAEN - - - -
436AGSGTTAHAVMLQS - - - -
425SGAATTAHAT IKKN - - - -
439AGSGTTAHAVFQUN - - - -
423AGSGTLGQAVLEMN - - - -
423AGSGTLGQAVLEMN - - - -
423AGSGTTGQAV IEQS - - - -
418PGSGTTAHA | IALN - - - -
457AGSGTTAHAVLDLN - - - -
455AGSCASAQAVMDLN - - - -
446AGSATTAHAVMQLN - - - -
448AGSATTAHAVMQLN - - - -
404AGSATTAHAVMQLN - - - -
496AGSSSFPHA ILESN - - - -
400AGSSSFPHSVLDLN - - - -
404SGSGSTAHA ILETN - - - -
500AGSGSTAHAVMQLN - - - -
443AGSGTTAQAVMELN - - - -
408AGSSTTAEAVLQQON - - - -
336AGSGTTGAVAHKMG - - - -
227ACRATTRAVALKME . - - _

NPNRVWAY | PESMERL I KEGKVLFP | DTNKRPMLKRFQSELKSNY - - -
PLKSGGVDGRWRWGKDKTKENLD ILEAKYVKKSDKWNVSYR | YLDAAGPTP 1 EGEEDL DEDEFDDTSSTGSLPKS IWMGGEF SSDA -
PVWDDGFEGCWTWGKEKARKQ - - - -LSELVAK - -KVSSRWK | YRKGY - - - -
PKNSEGADSCWRWSSKKVQTDG I DATP I TVFAKQRRDGEWN | YEKSR - - - -
PMITNGL KSVWRWGKESARQQ - - - -ENKNLVARRGRDG | IRIYQKYR - - - -
PNWDDGF EGCWI WGKDRARQDL DK | VARKVSGRWK | FRKAYAAEPGN - - - -
- -PTRVWAYSREVHERNVSENRVWAGL NQ - -ENETPRYKRF - - - -
- -RTAVWRYSRERHEQNVREGRVWWGLNQ - -ENETPRYKRY - - - -
- -KGRYWPVSQSKFNDL NADGR I WAGVSG - -DS -MPRYKRY - - - -
- -RQWKWEKTRSLKALEKGELEFTKAADG - - -SWS ISTKQY - - - -
- -VFSGWANVNKLKEF IKNDFKPLDDEDGNLLEFYLSERGV - - - -
- -NCVLPANGYRFPEERMKEL 1QQKK | IFGDDH - - -TQIVQIKEY - - - -

- SEFQVGINITLVURNPNL 1L 1 INUL ISP Y Y VNURA T SMLNEL NL N
- -TPS IKRFLSEVKNG ISQSTFLDYTEV -GHSDGANRKLAELLEG
- -VPRLKKYLSEVKDGVLSNT IWFNDEV -GSTQSSKEMVKKLLNS - -
- -VPRIKTYLDAKERGLTPES ILFAEEV -GTNESAKNLLKELFSGR -
- -QPTRKYRLNDNLFENIPSLLYYGG- - - - - - - SDDALLADLK IP - -
- -VPCIKSYLKDKE -VQTPYSVFYQD - - -GRAAS - -KRL RAL MGG
----EIRIFQKERKLSQMAKTVLSDKE | - ISNKGTRELQVLLGKG
- -RFEIYRIFPESESQIAHDT | IP-GE | -GTTANGS I TLKSLNMQK -
- -APRLKKFKSEVKER ITPMTLWL.RDEV -GDSQEATRELKK | FDEK -
- -VPRLKIFENEEQEYFFDS - - - | IDEM-GTFTDAREE INE IFTNK -
- -RPMRKRFASELNSATNPQSTWLSDVG - -MN |EGTKQMYDLFGK - -
- -YSVRFKQYLRDKNGKMRKGTPLSL | ASVFNQEGTKEFAEL MGDK -
- -EWRVYTRTWESLDGVTPRSLLVEN I H-GRNRDGGQEL AKL | GP
LWYTKQYFKLDHNGNP I TRSVPHRGV | AKYSSTQATKQMEK I FGK -
- -VPRIKRFLSEVKN -TVTPMT I WKYADVGHSQSASQDLKKLFDGK -
- -LPT IKRYLNENS - -KQRPKS IMS - - - - - DDQRPDYALLKNMG -
- -VPAMKRFLSELRKTGITPMT IWKYTEVDHSQGATQKLAKLFDGK -
- - IPNQKYLLVENMMEKLPSLYYN - - - -GASGSGD ITK IGFKQ -
KIPTLKLSPSYEKLEYDPEVPPNL INYKVGVETNEQAGNHQL QFFDK -
-+ - -1 IRKIYLKNLEGRAPET IWFGKDV -GTTRDAASE IKSLFET - -
- -VPRIKRFLSEVKNG ITPKT IWEYSEVG-HTDSAAKELRALLKG- - - -SIFDYPKPVDLVKRC IHIGT KHDS | VL DFF407
----LIRRTYLYEMKGLPPSSLCIDLE ITGHTRRAKYELKKLFPEVPVTSLFSTPKPTLLLKY ILT IAS DNNA | VLDFF412
—————————— VPTTWWIHEDAGHNDE - - - - - - - - - -AKKELKALFT -ETLPFDTPKPTRL IQRILQIGTTG-NGGEVVLDFF418
- - - -VPPTWWKFEDSGHNDE - GQKETAKL IG-KKV -FSTPKP IRLLERLLEVGAPD -GG - - IVVDFF421
- - - -TPVTLWPYQEVGHNHE - -ANSDLKALD -LGG | FDNPKPVRLLQRMIHLATSA -DRQH | VL DFF 414
- - - -GDLPTSKPKS ILYKP - - - -EY -SSSNGTAE I SSLLG -SNVFDSPPKPRSL IRDFVT IG-T - -SPQD | | LDFF438
- - - -GKLKCRKERSK ITPPSLLPEYGMASEQTSYLEQLMG -AAVFQNP -KPVNMIADFVSWF -A - -NSDDL VL DFF439
----KLLNDLLDDNTCYNE - - - - - - - - - - KGSEELQQLFE -ATVFNNP -KPRGL |EYLASAAGYV - -KEKELVLDFF421
----1EVIKERTDTKSHV ISVLTGFGGTQKATSQLEELG- - -AFFNGYPKPLEL IRYLTKMV -P - -GNDG | FL DF F445
- - - -HDPFYCFMESDWSSTS - - - - -EAGKAELNE ILG-NDHGFDTVKPTRLLKTL 1QS ITNP -GNNE | VVDFF 403
----TQPQRIYFLDENMYEN - - -VPSVLPFGGSDDALMKS -LG | PFDQPKPVEFAAS | |GWCT DGDDL | VDFF455
----TQPQRIYFLDENRYEN - - -VPS |LPFGGSDDARLKS -LA | PFDLPKPTDFAAAL IGW.TG- - -GEDL | VDCF450
----TQPQRIYYLDENMYEN - - -VPSVLPFAGSDDALLKT -LGIPFDQPKPVDFAAAV I GWCT - - -RGDD I VL DCF450
----MQPQRIYFLDENMYEN - - -VPS I VPFGGSDDEL LKE -L SVPFEQPKPVDFSVQV I SWCS - - - SKDE | VMDF F 446
- - - -VPTTWWSYKECGHNQE - AKQELKKLMEG-ESVFFDTPKPLRLLDRILHLATTN -DKDC | ILDFF424
- ---VPITYWSYDECGHNDE - ARKE IKQLFS -EP -PFDTPKPTRL IKQILNISTN - - -KDS I VLDFF399
----PPTLLDNKLNIGTNED - AYEECLLLFG-EEGVVSYPKPVSLVKYL INTLGYY -DKEMIVLDFF417

- - -NPFSS IMTDIVGLNTE - ATRMIQE ILH-GN - IFDYSKP ISLLTTLLKQI - -T -TKDDL | LDFF405
GSRALKAL IP - -GTSLEYPKSVELLKRCIYYGTK - - -KDD | VL DFF 448
GQKAFNDLFGTKSKLFQSPKSLDV IGDA IAICQD - - -KDMIVLDFF432
GTVEAGKLG - -MSGVLDFPKP IEL IRRCVFLGTN - - -EDDL VMDFF 435
IPKTVWKDKE I IS IK - GTKEVQELLG- -SGIFDFPKPVKLLSDI ITIATD- - -QDS | ILDFF424
APVKKLKS IWSDKKYHTEK - GQTEFNRLFEKKEK | FQSPKSVDL IADA IRMATD - - -EES | VMDFF438
- - - -LSEV -AGVVADTWWAEHTDVGHTDEAKKEFKS - -L FGEDADAFDTPKPVRLLKRLLQLATEP -DAGD | VLDFF422
----LSEV-AGVVADTWWEHTDVGHTDEAKKEFKS - -LFGEDADAFDTPKPVRLLKRLLQLSTEP -DAGD | VL DFF422
- ---LSEVSAGRVPQTLWKYEEVGHTQDAKRELNKYVPYEETENTLNSVKPVNL IRRMIK IATKS -D -GD I VL DFF422
----LKDESGDEYGIKGFSL IDNIYNQEGTKE IEG- -LFG-SVKYFPFPKPTAL ITHL INIAGVK -N -DDL ILDFF417
----1YYKKSREKARN ILSVLRNMGTTEQMRSELE - -RLG- - - ILFQYPKPKELLQYL IKIG-SA -EG-E |VLDFF456
- - - -LKDF - -EEKLSSV IHLDSRAGANE I GRLLGN - - - - RKVFTNPKPYELLAY IFDFQLDN -G - -D | LLDFF 454

“KVFUFSKPVAL IELLVNLSA - ~LUENU | 1 LUFF428
-KFFDYPKPVELLHRLSHLGS - - -NKNAL | LDFF416
-NIFDTPKP IEY IKKMMRLTC NNNS | ILDFF412
-AVFDTPKPVGL IQTL IQLSC DEG- | ILDFF413
- - -FDTPKPVQVAKRL IQS IC KNDD IL I DFF457
-DLFDFPKDELVLQEV | EMMT EGSD|I ILDFF450
- - IFDFPKPVAL IKL ITT I1GS DEHSL ILDFF434
-T -FDYSKPTEL ICFLMDLAK SKDD | ILDFF408
-TYIDYPKPVRLLKRLLELTT ENND | ILDFF416
-EFFDTPKPTK ILKELSRCST EKDD | ILDFF414
-SFFPYTKPMSL IKSL ILQAT - - -EKDS | IVDFF420
-RIFDFPKPSDL IKFLLSLNINGGTTDFT | | DFF425
-KIFSNPKPLRLLKHL IRVAN - -LGPDD | VL DFF423
-KMFDYSKPYDL IQFLGLLAT DKDDT I LDFF426
-AYFTYPKPVPLMKQIVQLYS EKDGL ILDFF351
- IEFDNPKQMSFMTRILS IFD S -EA IFFDFF505
-KVFDYPKPVEL IKR1 ISLYS DSNS | ILDFF422
-NIFDNPKPVDL IRQL ICIYN KKNEV I LDFF429
-KVFNFPKPVSL IQYLCEF IDTK -NKDC | VMDF F440
-SVFDTPKPVGVVERALSLVK -GNN - - YLVFDFF409

IMTREFFVDKETLNSL IADNK | YFPKDGDG - - -

-ASDDGELPTKQLKS IWSEKRHHTEK -
rrrrrr KAKS IWSDTAV ISEQ -

-- - - -GRFWFNE IEVLRRITDGR | IFGKSG - - - - - TTRPVQK - - - - - - - -VFAAERAEKK | RAESWWDNHGMNEDATNE IR - -NLFGKSKLFTHPKPSQLLYNLAK IATN - -D -NS | VLDFF445
.- - - -PKGWRFEPETMRKK IMEGR ILFPATS - - - - - GGRPRHK - - - - ----LFLKEMRSLFKNMSSV ITDS -NTAVGTRETN - -GL IGNG -VFSFPKPVSL IFSLAEQIMS - -D-ED | ILDFF447
——————————— RTKFEQEREK IV IKAVRSSNLVTE - - - - -DGTPARW- - - - ----NVFTKTYLQDV IEASSAKPNNF |EGH INQVGSHELGELN IPFDYSKPSTL IKYLMEVSKVR -N -ND | I LDFF403
---TYTRFK-FLELFE -DESLEFTEDK IYEKNFS - - - - - DT IRMKS - - - - - - - - ILNNKNYKAVSAGNLTNYTLDVKTTSAGTLVKELFETKLPVFSAPKNPNFLRHL ITLFEDK - - -NF | SLDFF495
-Y IRYVSFFGEHFVENTYTKSR ILELYEDEALEFSADK | YEKNFSDTVR - - -MKSMLNNRSYKA I SDGKL IDYKLDLKTTSAGTFLKELFNTK IPVFSAPKN INFLKHL ITLFED - - -KYF |ALDFF399
- - -GWTI QKKQMTEFFAGNEVYDTKGQKV IEFYFS - - - - - STGKLKC - - - - - - - -RKERTSITPPT - -LLPKYGMSSLHTDN - - -LKELMN - -ATAFNNPKPLPMLSDF IRWFTGR - - -AD | | LDFF403
- - -GIGEDG | GHRYFTGPKKEGATKGKFYSGVPL - - - - - KRVNE IN- - - - - - - ~QGESKKYNP IVN - -LYDYSADFGN I SHEG - -NMVFR - - - - - - GGKKPVKML SHF IK I SNVS -S -ADL | L DFF 499
- - -EFGFSNGFVELKDSGSRPR IYTKTYQNVK IE - - - - - KVGNKYE - - - - ----1INIDRSKPLSTLEF IEN- -KYSNDNATKV IDGV IG- -KGIFEYTKPPEL ISQLAHL INEK - - -DFFVLDFF442

-TMNFEFHGYKPSDT QRWQAGKEK | QELWDORNQ | EFKNGTPFR - -
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LrhGGORF981P/1-643
LfeAORF1043P/1-573
SenAZORF2565P/1-652
BceSI/1-669
LKiORF6700P/1-608
SepKORFBP/1-448
PMUORF698P/1-636
HpaSHORF2158P/1-635
AplJORF655P/1-618
BbrRORF912P/1-613
EcoCFTORF5372P/1-670
MspBNCORF543P/1-657
SacSBORF1825P/1-643
TspJRORF1073P/1-612
PthSORF151P/1-620
CphBORF1148P/1-644
LdeBORF1230P/1-624
AMUORF1521P/1-632
DfeORF5227P/1-641
MvaSBORF154P/1-646
SSUSCORF608P/1-558
SMIB6ORF1249P/1-712
BfaSORF1120P/1-635
LmoHORF56P/1-632
BfrYORF1142P/1-668
EleORF802P/1-586
TspX5140RF1828P/1-632
HMOORF3004P/1-637
VpaSORF4593P/1-624
MspMCORF787P/1-649
EtaORF3980P/1-628
DacSPHORF4205P/1-661
GprHORF22920P/1-662
Afe103310RF1394P/1-651

369AGSGTTGAVAHKMG - - - -

386AGSGTTAHAVFQLNQ- - -
432AGSGTLGQA ILEMNK - - -
402KNDLEAKE IVMKLYG- - -

[

PVVKPQDDKE

RRWIMVELGEHCHTHI IP - - - -
GKKNP INF IL |EMDNNVA INKTRER - -

VEPVKRSFFDGL L DGKWKVVELNRVCSK - -

556ES | DNKNGTSTEARDLNKNTSHSGLD - —PESSSRSEEMLNQVQHDG KPLD IGYKVFSLKDKP -

484 - - - -

- - - -HEHLTPYEKA -
- - - -HENLNPYEKA -
- - - -RSDLTPFDKA -
----DLFAYFNPKK -
HTFFDDAVLTPEQYD -
HTFFDDVVLTPEQYD -
AQLPNLTSLTESQIQ-
LQLLENLQLSDTDCQ-

LNLALLDG-KTLDKDLKMILK -
LNLALQDG -KTLDKELKMILK -
-LNLALQCG-KVLNKALE I I IK -
WETQT IL | -KLLGCEGLELTTP
--ALLTTWCVYDG-SLLTTP IEDVDL -
--TLLTTWCLYDG-SLLTTP IEDVDLGG -
--TLLTTWRVYDG-AKLTE IVQAVDL -
- -NILTTWCVQDG -MPLHHTPKQVDL -

EDNGERQF ILSNIGRETPENILN - - - - ------

1QQSPFYG-LTVES IANKG - - = = - = - - -

RLQK\/IDGEDKGG\/TEATGW(G
- IRKA IDGY IPLTGKKRSPVAG
————— ICENITYRRIRNI ITGY INSHDTY IKG -

DIEMSEVLENLK -
LKALLQKLDSDE -

-+ -1 ICL IENALYLAENTAF IVG- - - -
YTAHFCNG- -RLYL IAPNFTSEA - - - -
YKAHLCDG- -RLYL IAPNFTSEA - - - -
Y IAYLCDK - -RLYLLHEHFNSQH - - - -
Y IAYRYDT - -VLYLLNKGFDTKH - - - -

----IDFLPKIDLNNEQLH - --QLLTTWRVFDG-CRLTEKVETFDL - - - - - - - AG------- YTAYCCRQ- -HLYLLASGFTSES - - - - VKAL |ERLDHDK -
----ITLPEHISLTNNDRL - - -DLVHTYKLQDG -NFLNTE |ETVKL SWEKTVVGGDGSGTY | YEGYRVGE - - ILYL IDS ISSSKV - - - - QSK | IEK IDNDP -
- -EETNL IADDMIKPFEYKKT - --ETDGLVT\LAT\AL IDDG - YRFDTSVEE | IF - YKAHYVREAMTLYL | NMGWDTKA - - - - LKAMLNQIG-TN -

--D--SL ILEDMVKLFDTDCS -
- -SQTGLFD IDRVEDFAPEDG -
- -QDGTLLAGDYVSKFDLN -
- - -ELKL ITDDMISVFDNN -
- -ENKLFANKD I L SDFGKP -
AF |ADKT ILDEFGSA -
NTNLFTNMVDGFSSQALN | DGDASGEET ILTTWL.AKDG - YAF DADVQDVKFGN -
NLNLFTDMVDSFSSESLGVAGDASGTKT ILTTWL. AKDG - YPFDACVQGVNFGN -
NTNLFTNMVEGFSSDSLN | PGNSSGEQT ILTTWL.AQDG - YSFDAN I QE | QFDN -
521SSGQLVAFTESGFTDMINPFSARGL GVPGGASGEAT ILTTW.VTDG - YKMD | DVQA I DFSG -
538SSGQLNQL SESGFDDM I QPFSSKGLKVDGNASGEDT | I TTWLVSDG - YKMG I DVER INLNG -
---LKLDLFDDMVTSFSSQTLDVAGGATGLDT ILQTW.VSDG - YRFDVARRDVDFSG -
QTLLDHMESN IKE -
QSLLDQMTSH IKE -

- ---QGDLFSQVEH IKA -

KANLDLFVDN IKS -
KANLDLFVDN IKP -
QKDLLAAVDN IKP -
QGQLK IFTDN IKS -
QDGLFTLESN IKE -
-QQDLFGMVSN IKE -
QDQLSFLESN IKE -
QLSLDGFEDN IKE -
EQSL - -FNENVKP -
QDQMD IFTDN IKP -
QTTL INFKDT IKE -
-QESLFDSVSN IKD -
QGELFDSVSN IKE -
QDQLNLFADN IKQ-
QVDLLQD IDNHSD -
QSDLFYFTDN IKE -
QESLFDFADNVKE -
-QITLSESALSVKDA -
QMTL DESAMT DKDR -
-ALDDSLFAHQ-
-DLEKTLFNHQ-
-SLEQSLFDTA - -
-DLEATLFDHQ-
-DLEVTLFDHQ-
-DLEAELFAHQ-
-DLNQALLEHQ-
-DLEQTLLDHA - -
-DIQQSLFAAV - -
-NVQQSLLDAV - -
-DFDHALFASV - -
-NLDQTLFDHV - -
-TLSEQIDAYV - -
-ELEGTLKGMV -
-NLEQTLFDLQ-
~TLETDL INAV - -
-DLEQSLLDHA - -
-DIEESLFTHQ-
-DIEGTLLANA - -
-NLEMTLEDMV -

- - -NVAALEEHLEASR - -
- - -EAED IQGALEGLYV - -
- - -EAED IQGQLEALV - -
- - -TSSDLESQLQLHV - -
- - -DTASLEKQLELHI - -
- - -DPAQLEQQLNMFT - -
-~ -TVDQIAEQLELHV - -
-~ -EPDKLTQHLLDLR- -
- - -EPDKLTQHLLDLR- -

- - -EPDKLEQHLLDLRTSTQNQADDNATQ-DDLL IEILLKMG-LSLTVAITTENIAG-

--Q--GKNAILMTYK IMDG -YGFTSS IAPYQL -
- -TATGKDV ILTTWLNKDR -QGL TPNVFTVKL -
- -GTPGHDTVLATWLVEDG -HGLVTGAQQVTL -
- -HSSGKES ILATWINEDG - YGLTKCSTPYKL -
- -TVLATWLVRDG - YGL TADAEELNF -
--T ILSTWAVKDG - YGFNPPMEV IDL -

- - -DRSAEDLLFQVMLDWG - IELSLPIEQK - - -
- - -DRSAEDLLFQVMLDWG- IELSLSITRK - - -
---DRTEEDLLFQVLLDWG-VDLTLP IEKR- - -
- - -DRTAEDLLFQVMLDWG -VDLALP IEKK - - -
- - -DRTPEDLLFQVMLDWG -VDLALP IAKQ- - -
- - -DRSAEDLLFQVLVDWG-VDLTLP IKRE - - -
- - -DRKPEDLLFQVLLDWG-VDLSLP IRKE - - -
- - -DRTGDDLVVQVMLECG-LELSLPMEKR - - -
- --DRTGEDLL IQVMLEWG -LELSLSMEKR - - -
- - -DRTPEDLLTQVILDLG-LELTLP IETK- - -
- - -DRTPEDLL IQUMLDLG- ILLSSDIETQ- - -
- - -DRSSEDLLFQVMLDLG- IELSAKIETR- - -
- - -DRTADDLLAQVMLDWG -LPLSYKIEQL - - -
- - -DRTEEDL IYQVLLNMG- IPISAKIEIN- - -
---GRTDLDLLFQIMLTWG -MELSLP ITKT - - -
-+ -GRTGLDLLFQVMLTWG -MELSLA IDLE - - -
- - -DRTDLDLLFGAMLAWG -VTLDLPMTQE - - -
---NRSDYDLLYDVLVDGA -LEYNRPITID- - -
---DRTGLDLLYGCLTNLG-LSLSLPHDEE - - -
- - -GRSDLDLLFEVLPKLG- IPYSAKIEER- - -
- -LDFNPGFTD IDVVYE IMLRHRDFPLTSK IEKL - - -
- -LDFTPGFTDLDVVYE ILLRHRD I PLSSKVEKV - - -
-DHLVENRTE -SDVLYELL IKLG-LDLCVP |AQRVVAG- - -
-EHLVEGRSE -QD ILFELLLKLG-LDLTVPMEQRAFAG -
-PHILEGRSA -ADVLSELLLKLG-LELCVPVVTKT IAG-
-DHLLEGRSE -ADVLYELLLKLG-LDLCVP IEQRNIEG-
-DHLLEGRSE -ADVLYELLLKLG-LDLCVP IEQRT IAG -

-DH IVEGRSE -AD ILYELLLKLG-LDLCVP | QEKEVKSQGTE -

-EHLLPNRTE -QDLLYELLLKLG-LDLCVP IQQQMIAS - - -
-EHIVSGRSE -QDILYELLLKLG-LDLTVP IEQKP IAG-
-EHIKPNRSE -EDLLYELMLKLG-LDLCAP IDART IAG- - -
-EHVKSGRTD -ADLLAELA IKLG-LDLCAP IDTLP IAG-
-EHVKTGRSE -DDLLAELTLKLG-LDLCTPVEHHWAG -
-EHLKEGRTE -QD ILYELLLKLG-LDLCVP IETRT IAG-
-SP ILEGRSE -EDLLTELMLKRG - IDLSVN | E IRQFDG -
-DP IKEDRTQ-EDMLYE IML IYG- IDLT IPLEEIQIKG-
-NNIKEDRTK -EDLLYE ILLKIG-LPLTVP IEE IDCRG -
-DYLKRDRSN-EDLLYE ILLKYG-FDLTVS IEMRLLAQ -
-EHLVEGRSE -QDVLYELLLKRG-VDLTVP |EEKE IAG -
-ELLVQDRTE -QDVLYELLLKRG-VDLAVP | ESRDLNG -
-EHLAQGRSE -QDVLHELLLKLG-LDLCVP IEKKQIAG- - -
-ENFVDGRTE -EDVVYE IMLKYG- IDLTFP IETTE IDG -
-QHLLFGNEDFDEVVTE IALKNG -YGLFYELEKLAAFTS - -
-DNLVEGRSQ-EDVLFELLLKAG-LPLSSKIREQE IHG-
-DNLVEGRTQ-EDVLFELLLKAG-LPLSSRIQKKELEG-
-DHLRDAGEP -EDVLYELLLKSG-FPLATKVVK IDLNG -
-DH IKEARS | -DDLLYELLLKSG-FPLTTPVEPLTLAG-
-DNLVSGRTQ-LDILYEILLKAG-YPLTSKVNKVTAGA -
-EHVDPSASQ-EALLFE ILLKAG-FRPTAKVETVEMAD -
-DSSTDDASP -DDLLTELLLKLG-YSLSEHLSTQA IAG-
-GSSTDEASP -DDLLTELLLKLG-YSLNEHLSVQT IAG-

----- ENLADQLEMF | - - - -DPVSEKADT -QAVLYELLLRLG -LKLTAKVRLENKYV - - - -
---LADQLEMF IDPVS - - - - - ---- EQTDTQAVLYE ILLRLG-LKLTAKVRLEN - -
-- -ESLAEQLEMF | - - - -DNVKENTEL -QAMLYE ILLRLG-LKLTCNVRYENN |
---EVENIATQLAMFQ- - - -DIVEPTATV -ENMAYELALRLG-FQLTDS IEFADQV

-TKEDLATT INMFE - - - -DALKDGAKE -TN ILCELLLKRG-YDLNVPVETAEVD - - - -

NFEKQINLLNN- - - - - AFTEKSTDDERARE IALKSG - - - - - ITLDESPIVD- - -

-EYNAAML SEAMCKHMGF TYAPDENHYWMQGYSTETDY I YVTTSAMTHEQLR -
-EYNAAMLAEALAKLEGFTYAPSETRWAQHGHSSERDF I YVTTQNLSADQLQ -
——————— FTYAPSDTLYWQQGHSTERDF 1Y ITTQTLGADQ -
-QLREFVWFMETG - -
-CSELLCIKENCFN- - -
DILTDRKD | IFKRPPEAD I TLKLDGGKAVVE | RQFYSPMLL QKL QLEDDPE

——————— SGLTVSPLTKEQPATPLLGVHQEKA -
----LYKSGCQYNIFTSNN-LAMI ICQSFMDAS

632LFKT

- -DLDLENFLNLGVTDKDNVSVVY - -

- -KMVY -
- -KMVY -
- -SVVY -

- -LKLESGDLK IRG

- -NKKS IE -LDLVVRN - -
- -NKKS - IELDLVVRN - -
--NRKNIS-LSL IVRA - -

- -PRKGNK -LYLVVRNRADKG - - - - -
- -NKKGLNNLSVLARY - - - -

- -NKKGAN - |EVEVRY - -
--DNS - - - -PNL IERY - -
- -NNK - - -HVEL IERY - -
- -NNQ- - -TVKLEMRY - -
--SGR---TVSVIERL - -
- -NNK - - -NVTL IERF - -
- -DTEKNLRINFDIRY - -
- -NSEKNLKVNV ITRY - -

- -SKVT -
- -NKVT -
- -GKVN -
- -QKVN -
--SKIN-
- -SNVS -

QLSPET -

-QLSPDT -

QLAPHS -
LLSPST -
LMSPVT -
QVSPGT -
QMSPGT -
MISPGT -
MLSPTT -
RLSPET -
TYSPET -
HYSPDT -
QLSPDT -
DAELKS -
EEAPNT -
ELSPHT -

616 | KLFNQGKDQ- -

-QLMDWI DDEAFKN IKV | -
-11SPDT - -
-TLSPGT - -

-MKKNSGLKKKAYRVEF | -
---NGIATVRSL -

-DQLAGIRSL -
-SGIKNIRSL -
-HGIQNVRSL -
-HG I QNVRSL -
-NG I ANVRSL -

-QMAGKNVHFVDG -

-QIDGTAIYNVA - -

YVADK IED- -SLY | IENGLASED - - - -
YELLVSDK - -YAY | IDPGFDSSD - - - -
YELDVCGD - -SAY | IPPGLTSDD - - - -
YSADF IDK - -SLY | IDEGLEDED - - - -
YNGYY IGK - -HLYL IDPELSNKA - - - -
YTAYLCKK - -HLYMVNPD | KDAS - - - -

VFEL IKQLE -NR -
LVKLVELLE -EG-

IEAIVVKYETDG -
ITKL |IEKFEEEG -

YTAHKVEDN -RLYL INEGWGADQ- - - - TKELLNQLGTHQ-
YTAY | IDDN -RLYL |EENWGAKQ- - - - TKELLNQLGTHH -
YHAHLVDD - -RLYL INEGWSSTQ- - - - TKQLLNQLGTNE -
YRAMYVDNT -RLYL IDERWGTEQ- - - - TRDL L NRMGMHQ -

TKELLNL IGTNK -
TKALVNMIGTNQ-

YQASY IDNS -RLYL INPHWSSEQ- - - -
Y IAPYVDGT -RVY | INKGWEANN - - - -

SVGNS ILYYVGG -
T IDNAT IYFVGE -

LTLDV INE IAKHQ -
----PLTPEIINVIAQAM-

VLNGKNVYFVDG- - - -NALVACFDK - - - - - - - AIDEGI IQE IAKHQ -
ATQGKDVFFVDG - - - -NALVACFDAHG - - - - - GVDETFVKELATHK -
S IQGKDVFFVDG -
KVQGKTVFFVDG -

T IQGKTVFFVNQP
E IEGCEVHFVAG -
DILGKEVHFVAG -
KILDNTVF IVQT -
E IAGKKVFSVAD -

-VSEELVRE I AREK -
IDFK I VDT ISDLK -
VTEETV IE IAKKR -
VNESA ITE |ARLK -
IDEAFAKE IASYK -

FVLDKKVFRVAQ -
T IQNKKVFV INS -

-DGAL IACFADE -
KVAGAEVYDVD - - - -QGSLMACFEDE -
EVDGCT IYTVN - - - -DGDLVACFTER -
TMNDEQI IKYDYLGELSGVVCYFGEN - - - - -
DIHGYTVYSVDK - TELMACFAEQ-

- ISESVLCQIAKAE -
ISEEV IRH IAQAQ-
I TDNVVAAMADKT -

LTDELTRQIAILK -
IPEKVFRE IAGRQ-

- -RSFLLFDGCN -

TNIGNRTYMFAD - -SVVVCLEET - - - - -
AS IGERTY IFAD - -TVLVCLEEN - VTESMIDK | AA |EP
- -KE IHSVGGG - -VLMACLAAH | EAAEVEAVAHG | ATWRKELAPAG -
- -KTVHS IGLG- -ALMVCLAEQIKRADVEPLAQG | LDWARELAPAYV -
- -HEVSSVAGG- -AL IACLAPS ITTDDVEALAEG I VEWRRELAPSA -
- -LHVHA IGGG - -VLLACLAET ITREQVEPLAQG | IGWHKALAPAG -
- -REVHSVGGG - -VLMACLAEQ I TAKQVEPLAQGM I DWHKEL APAG -

-GKKYTVYAVGYG- -VL |ACLSEE |AVDDVEAL GQG | VGWRKEL APAG -

- -KSVHAVGAG - -VLLACLAEG I TAAEVETLAEG | VQWHQQLAPVG -
- -KTVHS IGAG- -ALLVCLSDT IDRDA | EPLAQG | VAWHNEL KPAV -

-ITSDIVDK IASLEPK

IDLNL IRELAE IKSE IS -

- -KAVYVIDG- - -AIVACFDAH IDRASTDALGEG I VEL IAEAAAAGAAH

- -KAVHV IDG- - -A IVACFAARLDRAEAEALAL G IVGVLDAVEAPP -
- -KTVHL IGR - - -S IVACFDAR | SRDDAGPL SDG | VELL DATGAT - -
- -KAVHS |GGG - -VLLACLATR I TREEVEPLAQG | VAWHQAL APAG -
- -LTVSCVDGG - -KLFTCFAKQIPASSVEELTKG | | DWHKSLKVGK -
- -KTAYSVGLG- -YMIVCLEDGLTLDV IEA IGAMK - - -QSGQE | AR -

- -KT IYNVAYG- -SVLVCLEDE IDLDLVQEMLN - - - - - YRSEHL - - - - -

- -KNVY | IGHG- -AL IVCLDTD IDMDV INS IGT - - - - - LKEELQPD -
- -KTVYS IGFG- -VLFACLGEA IDKCE |ET | GKG | SDWHKEL EPAA -
--KT1YSIGYG- -VLFACLDES I TKDQVEV | SQG | VEWHRELAPSS -
- -KAVHS |GGG - -AL | VCLADGL TKDVVEAL ANG | VAWRKAL APAV -
- -KKVYNIGFG- -ALFVCLDDE ITLNVVKS |AK - - - -LKED IDP -E -
- -NAVYRLRGNDKAALL CLDATLNEET IEALAQHS

QKVYSVAEGQLLVCLERP IRA --- - -ETLRAMTALEPK -
QKVYSVAEGQLLVCLERP IRA - - -ETLRAMMALEPK
AEVFS |EEGALL ICLSKE ITP - - -EL IDALAEAN - -
KTVHSVAGGMMF ICLEKD IT | - - -EL IRAMADRK - -
QEFYSVDEGLLL ICLEKE I QK .- - -ETLQAMMELE - -
LPLYSVASGALL ICLAHRITK - = - - - ------ EL IDAVAAAE - -
LDIRT IVGDADKPRLLAYLNER - - - - -TKPTLEQLRELVNAE - -
LDIHA IVGDADKPHLLAYLNER - - - - -TKPTLEQLRELVNAE - -
LPVNRVDSGE -SDKLLAYLDEH - - - - -TKPTLKQLRALVDAA - -
FWE -ENGL | -FALLLNAADE - = - = = - = = - - - EIIQTVIAQQ- -
- - -QVFWEDENGQTFALMLTE IND .- - -EMIEKV IATQ- -
- FWIEDEKSQH-YAILLEHIDE --- - -NLLNSVINVQ- -
- VWLNDKTGKRKTALLLAQYHN --- --EMLNCI IGAQ- -
----KTKIYIVNNGELVVCLEKLSD- - - - - - --KVISKILEIK- -
- - -DSNYHYLKDDKEVFV ILGNYDET - - - - - - - -LLDELNKERR -
- IMSEEVGSHRTLL ICGTAFDTKSAS - - ----FENLTLTK- -
- ALSDEVGAEQTLL ICCSAFRGVTAAK - AADRWPNLTLKK - -
- -LHALSEDVGTERSLLVLCSAFRGNP - - - - --ERFTNLTVKR - -

SLKFLDE ITPPH -
LDCE ISEFEELN -
LKPA 1QD IPGKK -

VFLLYNGILKDRSD IGGNVLNHR - - - -
MISS IEKDLKCLNSYKK ILYFLS - - - -
-E IDDWRQLVEAVL IDPNYDGEV - - - -

R T DS,

-GGGFRYYR | APSL L DKDKWGNW \SKEYN .- 7451

LGSGFQYFRLSKDPLFLPDGP IRHDVTFN - - - -475
IGGNVKYYKVEF IPKNQSRDALK IKLADR - - - -525

- - - -EDVQAVFDE ILSKGEKE IEATYRRGVL - - - ILCSGHEYDVLDYAKRLNVVNIPFEIR- - - - - - 499
------------------------------------------------------------------------------------- 551
F \AE\/TNDGGQ\/SF\/PQNLREKT R LDTLANMLCATCKPLHTK IETL ITDKLYKADNE I YLLGSVDKSELEKYKDLK INVDGY 696
- - -DKLYGCENCFYMLN - - - - CDDEVLEFLRKT - - - QNENVY INGYDD INLEDYLNLESFLKER632
--- - - -DKLYQCEESFY IVK - - - - SDDEVLELLRKT - - - --- QNENVY INGYDD INLEDYLNLESFLKER614
- - -DKLYKCEDAYFCIA - - - - CDKEVLEHLAKS - - - - KNEMVFLDGYEE IDLEAFLNLNAGFKER609

DKGVEK | SMYMPA | SNDRL CLEL GSNL F670
- - -DFAPNKVVFYG -CNFESAKQREL NEALKSY632
- - -DFAPNKVVFYGSNFE -SAKQMEL NEALKSY631
- - -AFNPNRV IVFG -NH | ESAMQQEL NQAL ASY 635
---EFNIDKIVILE -PHFDSKAKRELTEA | GQY621
---DFVPERIVLFG-ENIDSAMQKELAQAVKTY613
- - -EFEINKIVIYGFTNT IGKYRVELEEN IKNY702
- - -KLLVKT IVMYPYSFE -FEAMRE | KTN | KNS654
---TLNINRLVLYSYSIE -FSVLHELRRN I SNL 634
---ELNIHYL ICLPYSLT -FSSSRE | EAAL SSM621
- - -DLAVSRVVVFGYSVT -FGVMHEL KKNL SVL 644
- --ELEINRVVVYVHS IR -FNVLQEL RKNLKVL 613
- - -SFNPENVVLFGYSFT -WIEMEALK I NLKRL 641
- - -DFNPENIVLFGYSF I SWSLTQML ENN I KQL 641
----LEVQSVVLFGYSFN -VAELRELENGLKQL 626
LEVQSVV IFGYSFK -LAALHELE IGLKQL 633
LHLQSVVVFGYSFN - IAELREL ENGLKQL 563
-LPVQT IVIYGYSFD-LES IRELE I GLKQL 642
LVVQT IVLYGYSFG-LES IRELELGLKQL 659
LVVQTVVVYGYELN -MESLRELE IALNQL598

PLRVVSCESA IQHDQ -DKTN IKERFK - -625
PLRVVSCESA | ITDH -DKTN IKERFK - -624
PLRAVFRDDGFVSDT -AK INADQLFK - -607
PLRVVFRDAGFKDSA -VK INVEQIFK - -602
PLRVVFRDAGFKNSA -VK INVEQIFK - -659
PLRVVFRDNGFVSDA -VK INVEQVFR - -646
PLRVVFRDTGFVSDG -VK INVEQIFK - -632
PLRVVFRDSSFASDA -DR INVEE I FK - -601
PLRVVFRDSSFADDA -AR INVEELFK - -609
PLKVVFKDASFKDDK -DR I NVEERFK - -633
PFYAVFRDNSMAND | -VAANFEQIFE - -613
PVYFVMRDASAANDN -V IDNFEQIFR - -621
PLRIVFRDQSFKDDT -AKENVRQLLK - -630
-GLKPKFVFRESSFKNDS -EMINTMEYLKTK631
PLRAVFKDESFANSA -AK INLGQIFK - -547
PLRAVFRDSSFANSA -DK INVSE | FK - - 701
PLRVLFRDSCFAQDD -QK IN | YEQFK - -618
PLLAVFKESTFDKSA -QKVNVMEQFR - -621
PRRVVFRDASFRDSA -DR IN IDE I FK - -657

--PI1KI IFRDSAFDDD ISLKLNILHRLDTQ615
MPTK | IFRDSAFGAD I SLKTNSML RLEAQ620
DTTCVFRDSAFADDYV -AKTNMAA | LEQ -615
PVQFVFRDSGFADDV -AKTNLAA | LEQN637
DPTCVFLDDAFADDM-AKLNVTAILEQ-619
DTTCVFRDSAFADDV -AKTNLAA ILEQ -652
DTTCVFRDSAFENDV -AKTNLAA ILEQ-653
ETTCVFRDSAFADDE -AKTNLAA I LNQ -642
DTTCVFRDSAFADDYV -AKTNMAA | LQQ -659
DTRLVFRDSAFADDV -AKTNLTA ILQQ-617
- - -ARDVTCVFRDSGFADDV -AKVNLSA ILEQ-673
- - -AHDVTCVFRDAAFVDDV -ARVNL SA ILEQ -665
- ---RDVTCLFRDSGFVDDV -AKLNLAALLEQ -663
DTTCVFRDSAFADDV -AKTNLAA I LEQ -660
DTVCYFLDDAFENNV -AKTNLCA ILEQ-623
- - -VVFRDSGFADDN -VKTNAVQL LKK -602
PPKV IFKESGFMSDA -VKTNAL QTLKK -624
IMRVVFKDDSFKDD | -VKTNALMCLKR -612
DTQVVFRDSAFADD | -AKTNMTA ILEQ -653
DTH | FFRDSAFSDDV - SKTNMAA | LEQ - 637
DTRVVFKDSGFADDV -AKTNMAA | LNQ - 651
ITRVVFKDNGFQSDA -AKTNA | E ILKR -628
-DEQL IVSSRALDTT -KKWAL QAAFKD -645
PLQVVCLDVAFSGNDA -LKTN I VLEMRDR622
-PLQVVCLDVAFVGGDA -LKTN | ALEMRDR622
PLQV I CLDEGFKGNDQ -L KTNAVQTFKAR618
PERVVCLDAGFAGNDQ -L KANAVQ | FKTK624
PVQVVCLDVAFQGNDQ -LKTNTVLEMKSH657
PMHFFCLDSAFGGNDQ -L KANAVQTFAAR670
PTRL IVLEDAFHGDDE -LKTN IAQYARSK651
-PTRL IVLEDAFHGDDE -LKTN IAQYARSK653
PTRL | VLEDAFHGDDE -LKTNLAQYAKSK614
PKKV | ALDRL FNGNDA -RKKNTEL QUQDA699
-PKKVVTLDRLFNGNDAQKKNTEL QMQDA604
PQKVVALDRL FAGNDA -L KKNAEL QMKDA608
PQKVFALDKVFNGNDD -L KANLAL QL KDA698
- - - -PQRCLMLDSLFDGKDS -LKTNTVL QL QDA649
- - -LQYALVVLKEMDSGSET - -KFNL | EHLKQS596
IPRAVLEKCEWGRDDY SLNVANLEPV V527
IPKMVLAHCEWGRDDYSLNVANL PMAQ 1533
IPSTVLSKCEWRHDDYSL |LQNL PMAQR560
FSGTRVVYGARSRFDKKKLNQLGITFHQL576
----AIGIKVKP IPQK IMEVYEEALKSW625
DMVSGVYELPLTGPGQK IAVK | VDVL SEE613

719
637
619
614
683

636

668

632
637
624

628
661
662
651



AavORF159P/1-668
PprDORF237P/1-626
BtIORF41P/1-682
BgIBGRORF160P/1-674
BceAMORF20P/1-672
CteTORF908P/1-669
ECOEDORF2295P/1-632
SwoGORF1548P/1-611
GspCORF2154P/1-633
BtrCIPORF1929P/1-621
Rba21500RF11466P/1-662
NwaCORF2929P/1-646
NhaXORF582P/1-660
NthORF364P/1-637
NhaORF3377P/1-650
Mru12790RF580P/1-629
MsiPORF567P/1-629
MsiBL20ORF1946P/1-631
DlyBLORF1612P/1-632
DreMORF514P/1-664
CtaORF1P/1-685
PcaPC1ORF848P/1-658
DdaEORF3047P/1-660
CjaUORF1580P/1-621
PhaBI/1-706
Asul300RF673P/1-611
ApIORF812P/1-615
HAUORF1691P/1-705
EMIORF224P/1-656
LheDORF27P/1-608
Bgr4ORF10680P/1-546

- -HGIQNVRSL -
- -QGLDDVRSL -
- -HGVKRIRSL -
- -HGIRSVRSL -
- -HGVKRVRSL -
- -HGIANVRSL -
- -HGLTNLHSL -
--FGIEDFRT I -
- -HGITDVRSV -
- -YGIADVKSL -
- -NGIAHVRSL -
- -NGINHVRSL -
--NGILDVRSL -
--HGIEEIMSI -
-NLHTA -
IRFRTA -
IRFRTV -
-SEIVFKTV -
-KFETV -
- -FHTV -

-GREKASQIVFRTV -

-- IELRTA -
IELRTA -
IELRTH -
ITFFVI -
IAFFV I -
IAFFV I -
IAFETF -
----- IDLTVV -
-LMNHFNLEWI -

- -ENNKNKD IVQAELD -

LFE-

Bps17100RF3656P/1-567 534EKAQAVVTGAG | KKTKSKSAARNERQGGL FGENE

PphBUORF342P/1-581
PcaPC1ORF851P/1-586  577P -
CcaP7TORFBP/1-625
CthVORF480P/1-623

561EEETLKKKKSAHPSLFDNQDA - - -
-~ - -YELAVKTWL - -

668

586



Table A4 : Evolutionary conservation scores (ConSurf grades) of MTase*

*The table details the residue variety in % for each position in the query sequence.

Each column shows the % for that amino-acid, found in position ('pos') in the MSA.

ConSurf ConSurf ConSurf ConSurf ConSurf

ConSurf

Grade

296
297
298
299

237
238
239
240
241
242
243

178
179
180
181
182
183
184
185
186
187
188
189
190
191
192

119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

60
61

62

63

300
301
302
303

64

65

66

3*

244
245

67
68
69
70
71

304
305

246
247
248
249
250
251

10
11
12
13
14
15
16
17
18
19
20
21

306
307
308
309

72

73

310
311
312
313

74
75

252
253

193
194
195
196
197
198
199
200
201
202
203

134
135

76
77
78
79
80
81

254
255

136

314
315

137

256
257
258
259
260
261
262
263

138
139

316
317
318
319

140
141
142
143

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

82

83

320
321
322
323

84

144
145

85

204
205
206
207
208
209

86

264
265

146

87
88
89
90
91

324
325

147

266
267
268
269
270
271
272
273

148
149

326
327
328
329

150
151
152
153

210
211
212
213

92

93

330
331
332
333

94
95

154
155

214
215
216
217
218
219

96

274
275

156

97
98
99

38
39
40
41

334
335

157

276
277
278
279
280
281
282
283

158
159

336
337
338
339

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

4%

160
161
162
163

42

220
221
222
223

43

44
45

340
341
342
343

4%

164
165

46

224
225
226
227
228
229

47

284
285

166
167
168
169

48

344
345

49

286
287
288
289
290
291
292
293

50
51

346
347
348
349

170
171
172
173

52
53
54
55
56
57

230
231
232
233

350
351
352
353

174
175

234
235
236

294
295

176

177

58
59

354



ConSurf ConSurf ConSurf
Grade

ConSurf

ConSurf

611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633

547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603

483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499

419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482

355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373

500
501
502
503

374
375

504
505

376
377
378
379

634
635

506
507
508
509

636

380
381
382
383

637

638
639
640
641
642
643

510
511
512
513

384
385

514
515

386
387
388
389

644

516
517
518
519

390
391
392
393

520
521
522
523

394
395

524
525

396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418

526
527
528
529

530
531
532
533

534
535

536
537
538
539

604
605
606
607
608
609

540
541
542
543

544
545

610

546



Table A5 : Evolutionary conservation scores (ConSurf grades) of CTD*

*The table details the residue variety in % for each position in the query sequence.
Each column shows the % for that amino-acid, found in position ('pos') in the MSA.

T
kDOO\IO\U‘I-thHa

NNNNNNRRRRERRRERRRR R
U WNRPROWLONOODUDWNERERO

ConSurf
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pos

26
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39
40
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ConSurf

Grade
7
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pos

76
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99
100

ConSurf

Grade
8
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101
102
103
104
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112
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114
115
116
117
118
119
120
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125

ConSurf

Grade
4
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pos

126
127
128
129
130
131
132
133
134
135
136
137
138
139

ConSurf

Grade
7
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Type

FtuTORF1582P/1-544
FphPORF1891P/1-545
CjeCGORF275P/1-491
Cje4140RF430036P950/1-495
HacSORF1417P/1-544
HpyB8ORF7P/1-550
R1.GspCORF2154P984/1-543
SWOGORF1548P/1-594
CthORF519P/1-592
BtrCIPORF1929P/1-592
CcaP70ORFAP/1-600
NthORF364P/1-550
MstDORF470P/1-544
BgrdORF4100P/1-550
DdeGORF1743P/1-600
Rba21500RF11466P997/1-600
NwaCORF2929P/1-588
CteTORF908P/1-600
Afe103310RF1394P993/1-595
GprHORF22920P/1-573
DacSPHORF4205P/1-600
AavORF159P/1-600
VpaSORF4593P/1-595
PphBUORF1128P/1-600
NhaXORF582P/1-600
PprDORF237P/1-600
MspMCORF787P/1-600
BORF41P1009/1-592
Bps17100RF259P/1-592
BgIBGRORF160P/1-585
BceAMORF20P/1-591
EtaORF3980P/1-600
EcoEDORF2295P/1-600
Mru12790RF580P/1-550
MsiPORF567P/1-550
DreMORF514P/1-550
DIyBLORF1612P/1-577
MsiBL2ORF1946P/1-584
CtaORF1P996/1-600
MhaPORFAP878/1-550
PhaBI879/1-550
Asul300RF673P/1-550
ApIORF812P/1-550
HAUORF1691P/1-550
EMIORF224P/1-550
DdaEORF3047P/1-594
CjaUORF1580P/1-585
HmMoORF3004P/1-592
TspX5140RF1828P1032/1-593
NhaORF3377P/1-550
SsuSCORF608P/1-600
SmiB60RF1249P/1-600
LdeBORF1230P/1-591
DreMORF2247P/1-581
AMUORF1521P/1-586
EleORF928P/1-575
LmoHORF56P/1-584
HpaSHORF2158P/1-573
PmuORF698P/1-576
SacSBORF1825P/1-600
PcaORF2729P/1-593
MspBNCORF543P/1-600
BbrRORF912P/1-583
VeiORF3485P/1-593
EcoCFTORF5372P/1-600
Pin370RF2487P/1-600
AplJORF655P/1-597
TspJRORF1073P/1-589
PthSORF151P/1-600
DfeORF5227P/1-584
CphBORF1148P/1-589
BfrYORF1142P/1-600
BfaSORF1120P/1-589
MvaSBORF154P/1-595
LheDORF27P/1-539
BceSI/1-550
SenAZORF2565P/1-550
LgaORF1464P/1-550
LfeAORF1043P/1-550
LrhORF1023P/1-550
SepKORFAP989/1-550
LkiORF6700P/1-550
UbaNspORFAP/1-516
Mca54020RF234P/1-600
Vpa20080RF448P/1-600
Cps410RF1462P/1-600
CspLTORFBP/1-600
CkIORF3239P/1-600
AorOORF1317P/1-600
EcoPI/1-536
EcoRP15I/1-400
NmeBORF1261P/1-550
MsUORF1026P/1-600
HinR28660RFAP/1-550
HpaSHORF1827P/1-550
IpoORF2074P/1-550

FtuTORF1582P/1-544
FphPORF1891P/1-545
CjeCGORF275P/1-491
Cje4140RF430036P950/1-495
HacSORF1417P/1-544
HpyBBORF7P/1-550
R1.GspCORF2154P984/1-543
SwoGORF1548P/1-594
CthORF519P/1-592
BtrCIPORF1920P/1-592
CcaP7ORFAP/1-600
NthORF364P/1-550
MstDORF470P/1-544
BgraORF4100P/1-550
DdeGORF1743P/1-600
Rba21500RF11466P997/1-600
NwaCORF2929P/1-588
CteTORF908P/1-600
Afe103310RF1394P993/1-595
GprHORF22920P/1-573
DacSPHORF4205P/1-600
AavORF159P/1-600
VpaSORF4593P/1-595
PphBUORF1128P/1-600
NhaXORF582P/1-600
PpPrDORF237P/1-600
MspMCORF787P/1-600
BHIORF41P1009/1-592
Bps17100RF259P/1-592
BgIBGRORF160P/1-585
BceAMORF20P/1-591
EtaORF3980P/1-600
ECOEDORF2295P/1-600
Mru12790RF580P/1-550
MSiPORF567P/1-550
DreMORF514P/1-550
DlyBLORF1612P/1-577
MsiBL20ORF1946P/1-584
CtaORF1P996/1-600
MhaPORFAP878/1-550
PhaBI879/1-550
Asu1300RF673P/1-550
AplORF812P/1-550
HduORF1691P/1-550
EMIORF224P/1-550
DdaEORF3047P/1-504
CjaUORF1580P/1-585
HmMOORF3004P/1-592
TspX5140RF1828P1032/1-593
NhaORF3377P/1-550
SSUSCORF608P/1-600
SMIBEORF1249P/1-600

I ATPase

MLFEKQQ-YQEDCVNN IVN | L DECDVFNNDYSN
ML FEKQQ-YQEDCVNN IVS | L DECDVFNNDYSN
MIFEKQE -YQVKC IDN1 I TLLKDFDFKRQDN - -
MIFEKQE -YQVRC IDN | I TLLKEFDFKRQDN - -
MIFEKQD -YQQEC INN 1 I TLL NGFDFKHHNALV
- - - -MK IKFKRLD - YQEQCRDQILGVFKG | DLREPENDAQR\ANPVFE 1GA
LKFNADL DYQRRAVESVVH | FKGQEMSQSNFTVS - -YG -
LKFVSDQQFQLDAVAS I SD | FQGQAVKQANF SVASTMG -
LKFDKNLEYQQQA | ASVVDL FRGQTPMHTNFTVSAYN - -
| KFDPNQHHQRRAWE SAVGVF EGQEL DKAL FSMPSL SK -
LKFNSDLDYQKES ISS IVN I FKGQTPAQSNFTVSAMM- -
LQFNPNLDFQQEA IRS VD IFEGQP I THSNFTVANLS - -
LNFESNLEYQQDA I GS | VDL FNGQASDNSPF QL GGF YR -
LKFK -QQEFQNDAVKSV | DL FKGQPRRNSS | FL HSEQG -

LHFEPNLDYQL QA |EAVCDLFRGQE ICRTEFTVTRQTSL
LHFEPNLDYQWQA | EAVCDL FRGQE I CRTEFTVTRDPAD
LHFEPNLDYQMQA | EAVCDLFRGQEVCR - - = = = = = = = = -

IKFESNQEYQLEA | QAVTGVFEGQPL -SEGLY -TLGME - -SDE - -
IKFESDQEYQLEA |RAVTGVFEGQPL -GEGLY -TL SME - -SDE - -
IKFDSNQQYQLDA | QA I VDVFKGQPR - SQGKF -EVDLMGL SSG - -
L QF DANQQF QL DAVAA | TDL FDGQPK -GAPEYAV INL GDMAGQ - -
LKFDPSL QYQQDAVSAVVGAFEGQPFVQT G -AMAFQSLQIGGL - -
LKFDSTLEYQHDAFNAVTDL FEGMAF SQDSHSVTLGTETMFGG - -
LQFETLE - YQLQAVNATVNL FVGQPN - -AATEFSLKAQNDM- - - -
LQFETLE -YQLQAVNATVNLFVGQPN - -AATEFSLKAQNDM:- - - -
LQFETLD - YQLNAVNAAVNLF | GQPN - -ATSGFALRSQNDL - - - -
LQFETLD -YQQQAVRSVLNLFVGQPN - -QQTN -DLQLTNHF - - - -
LKFEELT -HQQQA I EAV | ALFKGELN - -KTTEFSLNNLGSQ- - - -
LHFDAKQPYQQDAMRA | | DVFKGQP | - -NNGDFEASFGGVDGL - -

-MS - - - -FRFDSHQQYQLDA I SAV | DLFDGQPTNADKLA | ALRG | VADT - - -
MMT NR | AF QF DDKL GY QKDAVNSVVNL FKGVSRHDDGT | YRQL QRMKKL VE -
MTRKV | FNFDDNL EYQKKA | NSVVAL FRGQDREL GDV | YRGKTRH IGR IS -
- - - -MR IHFEPNLKHQSEAVSA I VRVFEGAP - - - - - - - YTRPE - -ERFW6 -
------ L QFKQQQ - FQL DAVASVVDVFVGQGKHSG - -FDYHMDKGQGMGAE
L QFKKQQ-FQLDAVSA | ADL FQGQAKHTG - -VQYMADPGRL KSDE
FKFT 1QQ-YQTDAVNSVVNVFKGQPKQGG - -VSYRRDVGKEYED -

FKFKI1QQ-YQTEAVENTVAVFTGQPSYA | - -EGYRL DRGRQDDE -

LQYKNQQ-FQLDAVEA I TS IFEGQPRQTN - -MSYMMD | GKEKN I T
LQFRTLG-YQLAAVKAVVDCFTGQPKSTG - -HRYQRDKGL NKGSE
IQFRTLN -YQLDAVQAVVNCF QGQTRHEG - -KRYMRDL GNTKS - -
LKFKVQP - YQTNAVEAVVDCFAGQVNTSG - -
LKFKVQP - YQTNAVEAVVDCFAGQVNTSR - - | KYRVDPGMVKDSL
LKFKVQP -YQTQAVTAVVDCFAGQPMSTG - - ITYRIDPGRKTQTS
LKFKTQA - YQTAAVQAVVDCFKGQVPHHG -G | RYRL DPGSQKE - -
LKFKTQP -YQTAAVQAVL DCFKGQPPASAPATRYR | DPGRAK - - -

LQFKTQQ-YQTNAVNAVVGVFDGQPYRGL - -REYRMDMGNAKQG -
LKFKHQQ-FQIDAVNAVVDCFAGQPNTVS - - -KYTLDRGNRPDR -
LKFK 1QQ-FQTEAVNAVADCFAGQPNGQS - -

LHYKKQD -FQEHAVNAVCD | FEGEMGAVS - - -KY | LDKEKSNGT -
- - - INYEKLD -YQENAVKAV INTLSNHDETAT
-MKILLE -ELPHQEESLKA ILENFTGIDNAANDSDVDYVYANP -
- -MTMNILLE -ELPHQEQALAA ILASFTGIDHAQVDHN - - -HYANP -
- -MKIKLE -TLQHQTDALTA IDKAFPGIDTTTNDPNANY | YANP -
- -MKIKLE -TLQHQTAALAA IDKAFYGMDTTTSDPNANY | YANP -
-MK IKLE -TLQHQTDALTA INKAFPGL DT TSNDPNADY | YANP -
-MK IFLE -EL IHQQQAVKK | IDTFTGIEKYLTSKNCDNEFANN -
-MK ILLE -ELPHQQEAVKA IDDAFYG IDENSKNPNKDYTYANP -
—————— MRLD -KLQYQL DA IDNAVKA |E -LDNTPSKNN - - - - YANP
-MS IELS - ILPHQNEFLKAVRKAFED IRVMSNED IHQNS | | DLDDNK -
-ME IKLA -VLPHQTKCVKS IASVFDSVNMVETDEPSANP IFSKED IT -
-MQIRLQ-TLEHQQRALTA I TRVFHGVDFDSGGL MEANPTFDLADSQ -
-MSTFSLSLE -EQKHQ I DAVNAVVAAFEG I DPNL SES - YSNPVL TKDDLEK
- ---MEL ILQRGLPHQQKAVDAVSAALNGVQIASPVQFYENPS I SLSDPK -
----MDL ILKGDLPHQQKA IDA INTVFKGVK ITKPSLSYMNPSFD INSGI -
- -MSKGFTFEKNL PHQKAGVDAVMNVFVSATSHQEDNVS IRLLVNPELRLT
- -MSKGFTLEKNLPHQKAGVDAVMNVFVSATPHL TDNVAVRLLANPELKLS

- - - -MSGFNYEKNQPHQMRAVSAVL GVFDGATPK - - - -YRTA -DENPELLFA
IVNGGQECPPYRK I MSGFNYEKNL PHQEQG | QAVL GVFDHASRR -FHQP -DENPQIVFG
- - -MAGFTYEKNL PHQERA | ESVLAVFDLVHLN -TKVQNDENPL IEFA
- - -MAGFNFENDLPHQLSA IED ILQMFEYAK ISYAQNLETRLKSNPVLELN
rrrrrrrrrrrrrrrrrrrrrrrrrrrrr MSKHLNFENNLKHQNDA IES IVDVFRDAGIY - - - - -ETTPHSNYNLAKD

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

MCARRVG ILAHQK | I T
1

72 IKT IFE INKQFGKTKF | IVLPRTA IKQG- -V IQN IKLTDEYFYNEYG - KHLKF IDYTGKDS - - -

72 IKT IFE INKQFGKTKF | IVLPRTA IKQG- -V IQN IKLTNEYFYNEYG - KHLKF IDYTGKDS - - -
70LNL IFELHRQFKQNKF | IFVPRKA ILES - -VKQNIELTK IYFYSEYQ - KYLKVYYYSDGKS - - .-
70LNL IFELHK IYKQNKF | IFVPRKAILES - -VKQN IELTKTYFYSEYQ - KYLKAYYYSDSKS - - ---
72LNL IFALHKAYKQNKF | IFVPRKA ILES - -VKQN IRLTKDYFHLEFK - RHLKTYTYEGAKS - - ---
92LECVYALHKNYHLSKF IVLVPSNA IKLG - -VLKSVE ITREFFKSEYS - THLESY - - - - -

100LRT | YELHKHYGFTKFV I VVPSVA IREG - -VYKSLQITRDHFDELYD -
105 IRT I YELNKLYGFTKF | IVVPSVA IREG - -VNKSLE IMEEHFKSLYE -
103LRT IFELHKNYGFSKF | IVVPS IAIKEG- -VYKTLQITEEHFKELYD -
105LRS IFEMNKRYGFSKF | IVVPS IA IKEG - -VFKTLEMARAHFKEQYD -
108LRT IFELNKQYGFTKF | IVVPSVA IKEG - -VMKS ID IMTEHFKEL YE -
105LRTLFELNQKYGFKKF I IVVPSVA IKEG - -VVKS IN IMSDHFKLLYD -
102LRS IFELNKNYGFTKF | IVVPSLA IKEG - -VKKTLD I TRNHFKGLYD -
98SKT IFELNQRYGFTKF | IVVPSVA IREG - -VYKSLQVTREHFQAEFD -

----RTP-VEYF IYDSQK - - -
-GAN -CDYF | YDSSK - - -
-NT | -YHYF I YDSSK - - -
-NIP-FDYFVYDSSR - - -
-NV I -FKAYEYKSKN - - -
-NVM-FRAYEYQSQN - -
-NP | -YNYFVYNSSR - - -
-NLP -YRYF I YNSKD - - -

100LRT IFELNKRYGFTKFV IVVPSVA IKEG - -VYKTLQITRDHFENLYP - - ---ESKGYDYFSYDSSK - - - .-
106LRT IFELNKRYGFTKFV IVVPSVA IKEG- -TYKTLQVTREHFENLYP - - ---MAKGYEYFQYDSGK - - - ---
101LRT IFELNKNYGFTKFV IVVPSVA IKEG- -TYKTLQITQEHFEGLYP - - ---KAKGYEYFLYDSSK - - - ---

-GVP -FDYFLYDSAK - - -
-GVP -FDYFLYDSSK - - -
-GVP -FDYFLYDSSK - - -
-GVP -FDYFLYDSGK - - -
-GVP -VDFFLYDSAK - - -
-GVP -VDFFLYDSGK - - -
-GVP -FEYFLYDSSK - - -
-GQP -FDYFLYDSGK - - -
-AAKGYEFFQYDSSK - - -
-NAP -FEYFLYDSGK - - -
-GVP -FDYFVYDSAK - - -
-GVP -FDYFVYDSAK - - -
-GVP -FDYFLYDSTR - - -
-GVP -YDYFLYDSAK - - -
-GVT -FDYFLYDSGK - - -
-GVP -YEYYLYDSAK - - -
-NVPVD -YWYDSKQ- - -
-NVPVD -YWYDSKQ- - -
-NQPFD -YWYDSKR - - -
-NIPFE -HFVYDGKK - - -
-NAPFD -HFVYDSKR - - -
-NVAFD -SFVYNSRD - - -

105LRT IFELNKRYGFTKFV IVVPSVA IKEG - -VYKSLQITEEHFKSLYA - - -
100LRT IFELNKRYGFTKFV IVVPS A IKEG - -VYKTLQITEDHFKSLYS -

90LRT IFELNKRYGFSKFV IVVPSVA IKEG- -VYKTLQITEDHFKGL YA -
106LRS IFELNKRYGFTKFV IVVPSVA IKEG- -VYKTLQITEEHFKGL YA -
105LRT IFELNKRYGFTKFV IVVPSVA IKEG - -VYKSLQITEEHFKALYA -
100LRT IFELNKRYGFTKFV IVVPSVA IKEG - -VYKSLQITEEHFKG I YA -
104LRT IFELNKRYGFTKFV IVVPSVA IKEG - -VYKTLQITEDHFKGL YA -
106 | RTVFELNKRFGFTKFVVVVPSVA IKEG - -VYKTLQITEDHFKGLYS -
104LRT IFELNKRYGFTKFV IVVPSVA IKEG - -TNKTLE I TRDHFEGLYP -
101LRT IFELHRRYGFTKFV IVVPSVA IKEG - -VYKS |Q IMEEHFRGL YA -
101LRT IFELHRRFDFTKFV IVVPSVA IKEG - -VYKTLQITERHFRRLYA -
101LRT IFELHRRFDFTKFV IVVPSVA IKEG - -VHKTLQITEQHFRRL YA -
101LRTLFELHRRYGFTKFV IVVPSVA IKEG - -VHKTLDVTRSHFRRLYD -
101LRT IFELNRRYGFTKFV IVVPS A IKEG - -VHKTLS I TEDHFRAL YA -
108LRTLFELNKRYGFSKFV IVVPSVA IKEG - -VYKTLQTTEDHFKGL YA -
103LRTMLELNKRYGMSKF | IVVPSVA IKEG- -VYKTLQITEEHFKSLYA -
107LRT I YELHRLYGFKKF IVAVPSVA IREG - -VLSNLRLTKEHFDTLYG -
107LRT IYELHRLYGFKKF IVAVPSVA IREG - -VLSNLRLTKEHFGALYG -
100LRT IHELYAQYGFTKF | IVVPSVA IREG - -VLKNLS ITKEHFQGIYG -
107LRT IFELSKKYGFQKF | IVVPSVA IREG - -VLKN | E I TKDHFRALFN -
101LRT IFELNKTYGFKKF | IVVPSVA IREG - -VLKS |EVTKEHFHTLYD -
109LRTVFELNRLYGFRKFVVVVPSVA IREG - -VTTSLVLMRDHFRDLYD -

95LRT IFELNRQYGWQKFV IVVPSVA IREG - -VLHTLETTKSHFNTVFD - - - - -NPSVNQKFEYKSNQ- - - ---
95LRT IFELNRQYGWQKFV IVVPSVA IREG - -VLHTLETTKSHFNTVFD - - - - -NPSVNQKFEYKSNQ- - - ---
95LRT IFELNKQYGWQKFV IVVPSVA IREG - -VLHTLD ITQTHFNHVFD - - - - -KPSVSPKFEYKSNQ- - - -
94LRT IFELNREYGWQKFV IVVPSVA IREG - -VLHTLETTRQHFATLFD - - - - -NVSVNQKFEYKSNQ- - - -

-KPTVN-TTVYRSDR - - -
-NTSVK -FQVYDSAK - - -
-AQPFD -ANVYSGDK - - -
-AQPFD-SGVYSGER - - -
-LD IMNHAFVYDSKN - -
-LDISNYAFVYDSNN - - -

94LHT IFELNKQYGWQKFV IVVPSVA IREG - -VQQTVRTTAEHFTNLFD -
100LRT I YELNKQYGFKKFV IVVPS IA IKEG- -VLKNLE I THEHFQGL YE -
112LRTVFELAKKYGFTKF IVLVPSVA IREG - -VNTS IRLMREHFRSLYP -
107LRT IFELAEKYGFTKF | ILVPSVA IREG- -VNTS IRLMRSHFRDLYP -
105LRT ILELYRAYGFTKFMIVVPT I A IRKG - -VEKTMAMLREHFKG | YDG
105LRT ILELYKNYNFLKF | IVVPTVA IRKG - -VEKN |E ILKEHLKTLYD -

LHFEPNLDYQMQA | EAVCDL FRGQEVCRTEFTVTMKLPDD - -VQMSL GVAQS - - - -

FQFDSYQQYQL DA INAVVDL FDGQPKDADK I A |ALRGNVASREGELDLG

FQFK 1QQ-YQTDAVNSVVN IFAGQPY IDR - -VSYVRDLG | KKAAPP -

FKFKVQR - YQTDAADAVTSVFEGQPNQGA - -SVYLRDLGRKPKCAQGE ID -

IVYRI DPGVNKKL\/AQEP ILPGMDMEQTGFKNAD IQLTD - -AQLLTN IHAVQRRQNLPLSDKLVSSAGC - - - - -

LKFKHQP - YQAAAVQAVVD | FQGQPPASDAAMSYRLDPGNTKNGMG - - - - - - DLFAVDTGFKNAELTLSE - -VALLDN I QQVQRQQNLPLSESLVKTKVA -
LKFKHQG - YQADSVQA I VDCFKGQL INDT -ASRYR IDPGQLAKGRTG - - - - - SLGQDDAGFRNTD I QAN

-LFTLDIGQLNSGPQL

IKYKHQR -FQAEATRCVTDVFQGQPKRDG -L SNFL IDQGK - -GHIG- - - - -

- - -SKKQIDVLMETGTGKTFTY71
-NKKQIDVLMETGTGKTFTY71

-DKLNLD ILMETGTGKTFTY69

-LKN I IKEHYKTQRYSQFETS - -
LKN | IKEHYKTQRYSQFETS - -
LKECLKEFYNNTFLPVQNIS - -
LKECLKDFYKTTLMPVQNIS - - -DKLNLDILMETGTGKTFTY69
LKDCVSKFYATHE IPVKNLS - - -GKLNVD ILMETGTGKTFTY71
rrrrrr IKDVLLENIENLRSKQK ITQG- - - - - - - -SVGIEKSLNCD ILMETGTGKTFCF91
-PDAG- - -MIQTDLGVGN -RLD - -LTPEE ILKNVQD IQVRNGL PRS - -ERL DG - -MHFT IEMETGTGKTYVY99
-SSAQGELGYQTELGYAN -KLD - -LLDDELLEN INR IQLRNGLPKS - -TD 1QG - RNFTVEMETGTGKTYVY104
-GQIGLFDTEN- - -GIGN -RLE - -LDEEE ILKNLQEVQLRNGL PQT - -KFLKAGE - YDFD IEMETGTGKTYVY102
-NEFETHLTQQSD IGFGN -RLR - -LLPEE ILEN QN IQLRNGLKQT - -KELKS - FDFT IEMETGTGKTYVY104
-DKAGTEGKL ITNLGVGN -KLE - -LDEED ILKNVKE IQLKNGLKPSSEKD IKKNN - - - - - - -YYFT IEMETGTGKTYVY107

-GQIGIH---ETNIGVGN -KLDPSFDEED ILKNVRK IQLRNGLPQT - -ENIEKDD - - - - - - -YHFTVEMETGTGKTYVY104
-TGKT - -ASNIGIGN-RLD--LREDI ILENIRKVQLKNE ITPT - -DNINKSK - - - - - - -LKFTVEMETGTGKTYVY101
-QLALN - - -EFGCGN -QLL - - ISDES ILANLQEVQQNNKLLAS - -KTLEQ- -----KQFSIEMETGTGKTYVY97

LHFEDNLDYQLDA IRAVTD | FKGQERNASLFSVSKTY - - - - -AKGMIES - - - - -DKGIGN -RLEL - -LDDELQENLNA I QLRNGLRPT - -HSLTSG ------DFTVEMETGTGKTYVY99
LHFEDNLDYQHAA |ESVVDLFKGQE INRTEFTVTHRSGDA - -AQGSFGITES - - - - -ALGIGN -KLEL - -LDDE | LENMRAVQLRGGLRPS - -ESLTSG DFTVEMETGTGKTYVY105
LHFEDDLDYQKAA IDSVVSLFKGQE I SRSEFTV I SPKN - ---VTGQVDT - - - - -SLGIGN -RLVL - -VDEE | EENLRKVQLQNGLRPT - -KKLASG DFTVEMETGTGKTYVY100

DFTVEMETGTGKTYVY104
DFTVEMETGTGKTYVY99
DFTVEMETGTGKTYVY89
DFTVEMETGTGKTYVY105

- -AFAKSDPGVGDLGVGN -RLTL - -LDDE ILANLRDVQ IRNGLAPS - -ETLASG
---ELGIGN-RLML - -LDDELLKNLND IQLRNGLPPS - -ESLASG
-DLGVGN -RLTL - -LDDELHKNLAD | QLRGGLAPS - -GALASG
-DLGVGN -RLTL - -LDDELLKNLAD I QLRGGLPPS - -SSLTSG

-LGMAES -

LHFEPDLDYQKQA IESVCDLFRGQEVCRTEFTVTMRLPEQ- - -QLTLGVAET - - - - -DLGVGN -RLTL - -LDDQL L KNL QDVQMRNGLAPA - -GTLASG DFTVEMETGTGKTYVY104
LHFEPNLDYQL QA IEAVCDLFRGQEACRTEFTVTMKLPD - - - - - - - - GVAET - - - - -DLGVGN -RLTL - -LDDQLLQNLRDVQLRGGLAPS - -SMLASG DFTVEMETGTGKTYVY99

LHFEPNLDYQLQAVEAVCDLFRGQE ICRTEFTVTMPTTKD - - - -MQFPGMES - - - - -DLGIGN -RLTL - -LDDDLLKSLHD IQLRNGLPPS - -GTLASG DFTVEMETGTGKTYVY103
LHFEPDLDYQHTA IEAVCDLFRGQE INRTEFTVTRRPDGG - -VQGELGLVEN - - - - -ERGIGN -RLTL - -LDDE | ITNLKD IQLRNGLPPS - -GNLASG DFTVEMETGPGKTYVY105
LHFEPNLDYQHAA | EAVADLFRGQE ICRTEFTVTSG- - TG~ ---DLGIGN-RLQL - -LEDELLANLRD IQLRNGLRPS - -DSLSSG DFTVEMETGTGKTYVY103
LHFEPDLDYQLAA | ESVCALFRGQE | GRTEFTVTLPSGT - - -RLGIGN -RLKM- -LEDEVHANLKEAQLRNGLRPA - -SSLATM DFTVEMETGTGKTYVY100
LHFESDLDYQLEA IEAVCGL FRGQEACRAEFSVT - - - - - ---GLGVGN -RLTL - -DAHTFAENLARVQVRNGL PPS - -GAPRSN DFTVEMETGTGKTYVY100
LHFESDLDYQLEA IEAVCDLFRGQEACRAEFSVT - ---GLGVGN-RLTL - -DAHTFAENLARVQVRNGL PPS - -GAPSSN DFTVEMETGTGKTYVY100
LHFEADLDYQREAVDAVCDL FRGQDAPRAAFSVT - - - -ALAVGN -RLAL - -EPAALARNLAEVQARGGL PPS - -GALVST DFTVEMETGTGKTYVY100
LHFEADLDYQREA I DAVCDL FRGQESYRGDFSVL - -ANAAPGGFAVS - - - - -EQGVGN -RLSL - -TDDALARNLADVQLRGGL PPS - -GLPGSR DFTVEMETGTGKTYVY100
LNFEPNLDYQRQA | ESVCDLFRGQEVCRTEFTVTRQTPDAQSQQMSLGIAES - - - - -DLGVGN -RLTL - -PDDA | QQNLAD | QLRNGLPPS - -SALTSG DFTVEMETGTGKTYVY107
LHFESDLTYQQNA | TSVCDLFVGQEKWESEMTVLAPAQG - - - -ALSFEGATG- - - - -SMPVNP -QIP - - -EDDVLLKNLNNVQLKNQLPPS - -PVLDSH DFTVEMETGTGKTYVY102

- -GIAAYAN-GLLL - -SPEALLENVRRVQEANGLEPS - -DRLEA IE | PDSG IALNFSVEMETGTGKTYVY106
--GIAAYAN-PLLL - -SPEALLENVRRVQEANGLPLS - -ERLEA |IE IPDSGIALNFSVEMETGTGKTYVY 106
- -NELGVGN -HLTP - -DEDT ILANLKE IQEQNG IPQA - -EALDG- - - - - - - - - MNFSVEMETGTGKTYVY99

--TELGIGN-RLLL - -AEDRLRENTRKVQIQND |EAP - -EHEAPLTVRR - - -CPHFSVEMETGTGKTYVY106

- -TELGLGN -LLN - -GDEQILANVRAVQEANE IEKV - - IALNGR = = - = - = - - - EFSVEMETGTGKTYVY100
- -AELGIGN - IMPL - -APTQFLANLQSVQARNNVPKS - -RAL IEEGGPYD - -FPNFS |EMETGTGKTYVY108
---RFVPNL -GLQI - -SDEQL QQNLANLQNRQK IDR - - -TLLVEQ ----GKNFTVEMETGTGKTYVY94
---RFVPNL -GLQI - -SDEQL QQNLANLQNRQK IDR - - -TLLVEQ - ---GKNFTVEMETGTGKTYVY94
--- ---RFIPNL -PLQI - -SDEQL QQNLANQQNYQK IDR - - -TLLSEN - ---GKNFTVEMETGTGKTYVY94
- - --QFCPNA -ELAT - -G-LPLAENLANQQKTQQIKQK - -TTLSDH ----GLNFTVEMETGTGKTYVY93

-GLHFSVEMETGTGKTYVY93
-GLNFT IEMETGTGKTYVY99
-KLDFDIEMETGTGKTYVY111
-KFDFD IEMETGTGKTYVY106
-FT IEMETGTGKTYVY104
-FSVEMETGTGKTYVY104
-FT IEMETGTGKTYVY90
-SYNLT IEMETGTGKTYTY110
-AYNFS IEMETGTGKTYTY110

---PIMAN- -QLAL - -PLEEVEKNLNAVQEKFHQKT - - -TALSDH
- -SIMGVKN -N VL - -SEEQILKNVCEVQEKNGLD IA - -TKLE - -
EQ----EIGAIGN-NLVL - -DEGT ILANLQTVQDRNGLEVS - -EKLVDD
--AQ- - - -EVGAIGN -NLVL - -DESA ILANL QAVQDRNGLEVS - -NALTTENGIA - -

-------GDPVRN-PQLV - -SPARLLHNLREVQQKNKL FTDHEL K - GNN
-~ -EEIIRN-RLDI - -GRNV ILENLRE | QTQNMLFPSADLQP I YN
- - -GEVSSN - ILKL - -PAEYWQANVAA | AAEN -G | EDYAPTSERD
LDMNF | GFRNAP 1QLSQ- -ETVSQQVRAKQLSYGLKPSENLS | QKVDGRP - -
VDLVLDAYRNAP |QLSQ- -AS IRENVHAVQTRFGLRPSESLS I DRVNGNP - -

S.AL -

--- NTYLAGFSNASVALSS - -EQLLNN IREVQKENN IDNPSTL - - - -AKHMG - - -ACSLDVEMETGTGKTYVY104

- ----EDEVAAGFKNAD IALPS - -DQLLLN IRNMQVRNN IKQSDSL - - - -VNHLG - - -KCSLDVEMETGTGKTYVY107
------------- TGYRNHCVELDG - -KALLKN INT IQNLYD ITPSSSL - - - -SKGIG- - -AVNLD IEMETGTGKTYVY 100
-FGDESTEGYANAPVALSG - -AD ILANVRAVQRRNQ | PESEEL - - - -FCSMG - - -ACQLDVEMETGTGKTYVY112

------ LD IVNGFKNAA ISLSD - -SDLLKN I QATQKKNG ILTDNKL - - - -VKDC - - - - -LTLTVEMETGTGKT YT Y103
-DISNGD IGFRNAP ITHLN - - -NVLSN IQKVQGESGLTPS - - -DKL ISS- - - - - -QLN ID IEMETGTGKTYCY104
-HIDYDEFGFANQP IDSLD - - -NVLKN IKK IQKENNLSPS - - -THL IS - - -PLNIDVEMETGTGKTYCY101
-K INLDVEMETGTGKTYCY115
-DINLDVEMETGTGKTYCY105
-RINLDIEMETGTGKTYCY105
-KVNLD |EMETGTGKTYCY107
-RLNLDIEMETGTGKTYCY107
-KLNLDIEMETGTGKTYCY111
-L INLDIEMETGTGKTYCY110
-TLNLDIEMETGTGKTYCY103
-RYNLT IEMETGTGKTYTY101
-KYNLTVEMETGTGKTYVY105

-LEVEGFKNAD IQLSG- -LQLLDN IRAVQRRQNL FMSNSLVKSAGC -
-AFEEGFKNADLALTE - -LQVLAN | KDVQLRQNL SLSDKL VT SAGC -
- -AAAEKEAAFRNADFTLSE - -TALLDN | QAVQRGQNL PL SDTLVKTKVA -

- -TAQDMQDGFKNADLMLTD - -DGLLKN I I QVQRQQNL PQSDEL IKTKVS -

VRILENIQKAQRHQNLPQSLKLVNTKAC -
- -FYDGFRNAE | IDTVK -QNLLAN IQNVQANQNLPLSEKLA -TQTN -
YSDAVGFKNKELMITD - -QDVLAN | QKVQKRNGL KVSEKLEG - - -
----- GISYEVTGFRNRP IELTP - -EEVFEN IKKVQVRGGLK | SPKLEG- - -

.- LQFKEQS -FQLDAVQA ITDCFLGQPRETN - - -RFTLEKSKELEV - - - - - - - - - - - EEL IGYRNRQIQITE - -DQLLEN IQQVQRQND I TQSKSLEKPKGVKK - - - -GYQFTVEMETGTGKTYTY105
-- L IFKQQP -YQTDATMAVVGCFEGQSKGFR - - -KEVVGRETLDHGLFG- - - - - TEVKVEE IFSNKKLE ITE - -VD ILKNVQAL QKEQGLKT ISKLDG- - - -----LNFTTEMETGTGKTYVY104
-- LKFKHQK -FQEDAAKAVCDVFGGQPYK - - -MFDYQVETRKKDGQTS - - - - - - - - FEKFTGFRNHP IVPQLTDE IVLKH IRD IQRAQQ IKPSEALEG- - - ----KYNLT IEMETGVGKTYTY104

FK-VEGFGNAP IV - -LDRESLCEN IRT IQMAQGLKP IEHIQGE - - - - - - - - - GLTLTVEMETGTGKTYTY102
DKN I YAFRNEK INLSN - -ELLLKN INE | QKRNG | FGSEVAESMDKAN - - - - - - LNIT IEMETGTGKTYTY105
-KL ILNSDYLDN -SVRETLLNNGQKYPGSGYLNPFP - - = = - - =« = s o om oo QFN IEMETGTGKTMVY80
.- - -L IRGRYNE ISN IDVKMETGTGKTYVY67
- -L INGRYDDKAN IDVKMETGTGKTYVY66
- -L IRYRYNDKAN ID IKMETGTGKTYVY67
- -L IKYRYNDKAN ID IKMETGTGKTYVY67
- -L IKYRYNDKAN ID IKMETGTGKTYVY67
--L | INRYSEEAN IDIKMETGTGKTYVY67
- -1 IKGCGNESTN ID IKMETGTGKTYVG67
—————————————————————————— LVRN- - - -TQN IDVKMETGTGKTYVY56
IKEN INDLWNGYQG -L QK I PMAWRTR -DDDDYLG I D IRMETGTGKTYCY92
-LKNNIDKIQSGLY - -ESV IPVESRTS - IAN -EFGVD IKMETGTGKTYCY90
-LAHN I SELQNGAVAGVSA | PRAWRGR - VDDGVL G | DVKMETGTGKTL VY93
-VREN I DQLHKGQVEGL PA IPFEHRTR -QEYGPL G I DVKMETGTGKTYTY96
-LAANIREIQ- - - -KNIPAEYRSSMP ISDCLN ID IKMETGTGKTYVY88
-VKENIKEVQ- - - -KE IHPSMRGSNE |EDYLNLD IKMETGTGKTYVY88
-EQQYYKN IKKVQEL - - -NGIEHVK -NNYDARSNV IDVSMETGTGKTYTY94
-EQQYYNN IKNVQAF - - -NGIAHSK -DNHNAKSN | IDVSMETGTGKTYTY94

- - -AKQYANN ILKVQSQ- - -NG | DGRF
-QNQYTANLQKVQNE - - -NG IDRTL
-GSLKTDNLQK IQQA - -

-ESQKKRNLAE IQTR - -

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr RDV IDSN |ER | RGE - -
LSAVQQSF - IRNESDLTVLVSTNSAFNKDA -NTINQ- - -
LSAVQQSF - IRNESDLTVLVSTNSAFNKDA -NTINQ- - -
QSA I INHY - INNKDEL SVLVLTNSA IDKKT - - - -NLLNQ- - -
QNA | INHY - IKNKNELSVLVLTNSA IDKKA - - - -NLLNK - - - - - - -QNENLFN -
QSN I INHY - IKNQDELSVLLLTNSA IDKGA - - - -NILNK - - -
-EDVERF | -L ASNHKCCVL VMTFSAFNSEK - - - -NT INQSCL

-NDRLNGY -
-HDRMNGR -

-LDQVRN - -FATATT IQIMI IN IDAFRKS -D -KANV IHRP - -
-LGQLRT - -FATSSNIQIMV IN I DAFRKSPD -KAN | IHRE - -

-LEQVRS - -FAVSDN IE IMV IN IDAFRKS - - -KAN | IHRT - - -NDRLNGM-
-LEKVRS - -FASNDY IQIMV IN IDAFRKS - - -SAN | IHRW- - -NDKMQG - -
-LDL IRE - -FATSDY IR IMVMT | QSFNKD - -TNV INMD - - -HEKTNGV -
-1ERIRD - -FATSDH IQIMVMT I QSFNKD - - -HERTNGL -
-LND IHN- -FVVDNNINIMI INIDSFNKD - - -QDTLQGN -
-LSQIRQ- -FASSTNIE IMI INIDAFKKA - - -QDRLNGE -

-MGQVRN - -FATSPNVQ IMVVTVGA | HKK - - -SEKTGGD -
-PGTVRN - -FATSPNVQIMVVTVGA I NKK - - -SEKTGGE -
-LGQVRN - -FATSSNIQIMVTTVGA INKK - - -DVNNL YKE - - -NENTGGE -
-LGQVRS - -FATGAN IQ IMVVTVGA INKK - - -DVNNLYKD - - -SEKTGGE -
-LGQVRN - -FATSAN I QI MVMTVGA INKK - - -DVNNL YKE - - -SEKTGGE -
-LGQVRN - -FATSSN IQIMVVTVGA INKK - - -DVNNLYKD - - -SEKTGGE -

-PGPVRN - -FATSSN IQIMVVTVGA INKK - - -DVNNL YKE - - -SEKTGGE -

-LGQVRN - -FATSSA IQVMVVTVGA INKK - - -DVNNLYKD - - -SEKTGGE -
-LGQVRN - -FATSST IQVMVVTVGA INKK - - -DVNNLYKD - - -SEKTGGE -
-LGQVRN - -FATSSQIQIMVMTVGA INKK - - -DVNN | YGKGA -NESTGGE -
-LGQVRN - -FATSPT IQIMVVTVGA INKK - - -DVNNLYKD - - -SEKTGGE -

DVNNLYKD - - -SEKTGGE -

-LGQVRN - -FATSPNVQIMVVTVGA I NKK -

-LGQVRN - -FATSPNIQIMVVTVGA INKQ- - -DVNNL YKE - - -SEKTGGE -
-LGEVRS - -FASKSTVQIMIVTVAA INKK - - -DVNTLYKD - - -SEQTGGE -
-LGEVRS - -FASKS IVQIMIVTVAA INKK - - -DVNTLYKD - - -SEHTGGE -
-LGQVRR - -FATSATVQIMVATVAA INRK - - -DVNNLYKP - - -SEKTGGE -

EINNLYKD - - -SEKTGGE -

-LGQVRH - -FAASAA | Q | MVMTVAA I NKK -

-LGQVRN - -FATSPH | Q IMVMTVGA INKR - - -DVNNLYKN - - - - - -GEKTGGE -
-PADVRN - -FATSSVMQ | MVMTVGA INKK - - -DVNKLYQS - -

-VSRLRS - -FATENTLQIL | INIDAFNKPSN- - -NV [FLP - - - - - -NDRL SGF -
-VSRLRS - -FATESTLQIL | INIDAFNKPGN - - -NV [FLP - - - - - -NDRL SGF -
-VSSLRQ- -FASSNQLQILV INIDAFNKKEN - - -NV I HKE - - -NDRLSGR -
-VNQLRQ- -FA ISNTLQIMI INIDAFRKNKS - - -NV I YKE - - - - - -SDRLSGR -
-LGKVRQ- -FATSNQIQIMV INIQSFQKDLN - - - -V INRE - - - - - -NDRMSGR -
-LSRVRQ- -FAVNNE | Q MV IN |QAFAKDAEKAGNV | HQE - - - - - -QDRMSGR -
-TSRLKS - -FASANH |E ILVMN IDAFTKESN - - - -V INTV - - - - - -NE - -SGD -
~TSRLKS - -FASANH |E ILVMN IDAFTKESN - - - -V INTV - -

-LSRLKT - -FANSNH |E ILVMN | DAFAKDSN - - - -V INT | - -

-LSRLKQ- -FAENHN IE [LV INIDSFAKDSN - - - - | INTL - -

-LNALRS - -FATNNQIE L IMN IDSFKKDDN - - - -V INR1 - - - - - -NE - -SGE -
-VSALRG- -FADSNN IE [LV IN IDSFAKDEN - - - -VVNNE - - - - - -NDKLTGK -
-AEEVQA - -FATATNVQILVMT IDA IRGNKN - -TR | IHQQ- - - - - -RDKLNGL -
-AEEVQA - -FATATNVQ I MVMT IDA IRGDKN - -TR | IHQQ- - - - - -RDKLNGL -
-LKK ISSS -FVETRDLS IVVMN | QAFNKD - - - -SNK IRQS - - - -DEYGQI -
-LNKLMD - -FVEARDLR IV IMN |QAFNKD - - - -SNK IRRE - - - - - - -DERGRV -

-NNVAD IA -
-SSFAKSLNKTGNTLSNIFDIAMETGTGKTYTY94
-KKLSTLKKEYKEGDPL ILD IHMETGTGKTYTY90

-PDRSDDQN ILD ISMETGTGKTYTY88
-SLNSDGINVLD ISMETGTGKTYTY118
LSHS - - -NVLDISMETGTGKTYTY86

-AKEDLVE -HSSVWEA | ADKKP | VF | DEPHLLKG195
-AKEDL |E -HSSVWEA | ADKKP | VF | DEPHLLKG195
-QNESLSE -FKSVFEN I IDLKP IS | IDEPHLLKG193

IKSVFEN IVDLKP IS | IDEPHLLKG193

-NSENLFN-TKS IFENIAGLKP IS | IDEPHLLKG195
-ENTNLFNGAKSYMQALAS IRP IV IMDEPHRFL G211

RP IEF IQQTNP IV | IDEPQSVDT222
RP IEF IQQTNP IV | IDEPQSVDR228
KPIEL IQETRP IV | IDEPQSVDT224
VP IDF IKSTHP IV | IDEPQSVDT225
KPLEF IKETNPFV | IDEPQSTVS228
-KP IEF IRDTNP IVV IDEPQSTVS225
RP IDL IAQTNPF | | IDEPQS ITA222
SAMRY IQDTNP IV | IDEPQSVDN218
KP IDLVKATHPV | IVDEPQSVDG222
KP IDLVRATNP | | IVDEPQSVDG228
KP IDLVRATNP | | IVDEPQSVDG223
-KP IDL IRATRP IV IVDEPQSVDG226
KP IDL IKATRP IV | VDEPQSVDG221
KP IDL IKATRP IL |VDEPQSVDG211
KP IDL IKATRP | | IVDEPQSVDG227
KP IDL IRATHP |V IVDEPQSVDG226
KP IDL IKATRP |V IVDEPQSVDG221
-KP IDLVKAVRP IL | IDEPQSVDG227
AP IDL IRATRPV | IVDEPQSVDG227
KP IDL IRATSP | | IVDEPQSVDG226
KP IDLVRATRPVL IVDEPQSVDG222
KP IDL IRAAHP |V IVDEPQSVDG222
KP IDL IRATHP |V IVDEPQSVDG222
-KP IDL IRATRP IL IVDEPQSVDG222
KP IDL IRATRP |V | VDEPQSVDG222
- -KP IDL IKATHPV | IVDEPQSVDG229

-SEKTTVDDLDKP IDL IRATRP | | IVDEPQSVDG227

- -CP |EF IRAAHP |V | VDEPQNFES228
RP |EF IRAARP |V | VDEPQNFES228
-KP IEF IQATQP IV | VDEPQNMES221
QP IEFVQAARP IV | I DEPQSVDA228
RP |EF IQAASPVV | I DEPQSVDT221
KP IDFVRATNP IV | IDEPQSVDT233
AP IFY IQQANP IV | IDEPQNMET214
AP IFY IQQANP IV | IDEPQNMET 214
-AP ISY IQKANP IV | | DEPQNMET 214
AP IHY | QQTRP | VM| DEPQNMET 213
AP ILQISQTQP IV | IDEPQNMET212
KP IEF IQATNP IV | VDEPQNMET 220
RPLDYLKGTHPVV | MDEPQNMES234
RP IDYLKATRPVV | MDEPQNMES229
LWED IRY IHP 1V | IDEPQK | EG226
LWOL IKYTKP IV | IDEPQRLEG224

TEAEVTEYDSKN - -
KKPRYFVYDSS - - -
KQPRYFVYDSS - - -

91LRT IFELHRRYGLHKF | IVVPSVA IREG- -TLAQLCLTKGHFRE I YA -
111 IRTLMELNKQYGWLKF | IVVPS IAIREG - -VLKSFE IMADHFQMEYG -
111 IRT IMELNKRYGWLKFV IVVPSVA IREG - -VLKSLQIMSSHFQVEYG -

- -LTQVRS - -FCVSNHLS IMVMNKQAFDSD - - - -AK | I NDE -
-RLGELDK - -FANSSD IQVMI INSQAFNATG -ADARR I HTE -
-RLGDLDS - -FANSSDLQIMV INIQAFNAKG -KDARR | HSE -

-NRDGGN - - - -LMEMLRQVQP | | IMDEPQ- - - -204
- - -QESFRWRKP IDV IAATNP IL | IDEPQSVE -232
- - -QESFRWRRP IDVLAAMNP IM| I DEPQSAN -232


Manasi Khasnis
Typewritten Text
Type III ATPase


LdeBORF1230P/1-591
DreMORF2247P/1-581
AMUORF1521P/1-586
EleORF928P/1-575
LmoHORF56P/1-584
HpaSHORF2158P/1-573
PMUORF698P/1-576
SacSBORF1825P/1-600
PcaORF2729P/1-593
MspBNCORF543P/1-600
BbrRORF912P/1-583
VeiORF3485P/1-593
EcoCFTORF5372P/1-600
Pin370RF2487P/1-600
AplJORF655P/1-597
TspJRORF1073P/1-589
PthSORF151P/1-600
DfeORF5227P/1-584
CphBORF1148P/1-589
BffYORF1142P/1-600
BfaSORF1120P/1-589
MvaSBORF154P/1-595
LheDORF27P/1-539
BceSI/1-550
SenAZORF2565P/1-550
LgaORF1464P/1-550
LfeAORF1043P/1-550
LrhORF1023P/1-550
SepKORFAP989/1-550
LkiORF6700P/1-550
UbaNspORFAP/1-516
Mca54020RF234P/1-600
Vpa20080RF448P/1-600
Cps410RF1462P/1-600
CspLTORFBP/1-600
CkIORF3239P/1-600
AorOORF1317P/1-600
EcoPI/1-536
ECOoRP15/1-400
NmeBORF1261P/1-550
MsuORF1026P/1-600
HinR28660RFAP/1-550
HpaSHORF1827P/1-550
IpOORF2074P/1-550

FUTORF1582P/1-544
FphPORF1891P/1-545
CjeCGORF275P/1-491
Cje4140RFA430036P950/1-495
HacSORF1417P/1-544
HpyBSORF7P/1-550
R1.GspCORF2154P984/1-543
SWOGORF1548P/1-594
CthORF519P/1-592
BtrCIPORF1929P/1-592
CcaP7ORFAP/1-600
NthORF364P/1-550
MStDORF470P/1-544.
Bgr4ORF4100P/1-550
DdeGORF1743P/1-600
Rba21500RF11466P997/1-600
NwaCORF2929P/1-588
CteTORF908P/1-600
Afe103310RF1394P993/1-595
GprHORF22920P/1-573
DacSPHORF4205P/1-600
AavORF159P/1-600
VpaSORF4593P/1-595
PphBUORF1128P/1-600
NhaXORF582P/1-600
PprDORF237P/1-600
MspMCORF787P/1-600
BtIORF41P1009/1-592
Bps17100RF259P/1-592
BgIBGRORF160P/1-585
BceAMORF20P/1-591
EtaORF3980P/1-600
EcOEDORF2295P/1-600
Mru12790RF580P/1-550
MsiPORF567P/1-550
DreMORF514P/1-550
DIyBLORF1612P/1-577
MSiBL20RF1946P/1-584
CtaORF1P996/1-600
MhaPORFAP878/1-550
PhaBI879/1-550
Asu1300RF673P/1-550
ApIORF812P/1-550
HdUORF1691P/1-550
EMIORF224P/1-550
DdaEORF3047P/1-594
CjaUORF1580P/1-585
HMOORF3004P/1-592
TspX5140RF1828P1032/1-593
NhaORF3377P/1-550
SSUSCORF608P/1-600
SmIB6ORF1249P/1-600
LdeBORF1230P/1-591
DreMORF2247P/1-581
AMUORF1521P/1-586
EleORF928P/1-575
LmoHORF56P/1-584
HpaSHORF2158P/1-573
PMUORF698P/1-576
SacSBORF1825P/1-600
PcaORF2729P/1-593
MspBNCORF543P/1-600
BbrRORF912P/1-583
VeiORF3485P/1-593
EcoCFTORF5372P/1-600
Pin370RF2487P/1-600
AplIORF655P/1-597
TspJRORF1073P/1-589
PthSORF151P/1-600
DfeORF5227P/1-584
CphBORF1148P/1-589
BffYORF1142P/1-600
BfaSORF1120P/1-589
MvaSBORF154P/1-595
LheDORF27P/1-539
BceSI/1-550
SenAZORF2565P/1-550
LgaORF1464P/1-550
LfeAORF1043P/1-550
LrhORF1023P/1-550
SepKORFAP989/1-550
LKIORF6700P/1-550
UbaNSpORFAP/1-516
Mca54020RF234P/1-600
Vpa20080RF448P/1-600
Cps410RF1462P/1-600
CspLTORFBP/1-600
CKIORF3239P/1-600
AOrOORF1317P/1-600
EcoPI/1-536
EcORP15/1-400
NmeBORF1261P/1-550
MSUORF1026P/1-600
HIiNR28660RFAP/1-550
HpaSHORF1827P/1-550
IpOORF2074P/1-550

FtuTORF1582P/1-544
FphPORF1891P/1-545
CjeCGORF275P/1-491
Cje4140RF430036P950/1-495
HacSORF1417P/1-544
HpyB8ORF7P/1-550
R1.GspCORF2154P984/1-543
SwoGORF1548P/1-594

105 IKTMFELNKRYGWNKF I VVVPS |AVREG - -VQKSFQMMEDHFKEKYE -
108 I KT IFELNKRYGWSKF I VVVPS IA IREG - -VKKTFA | TQEHFMEHYG -
101 IKTMFELNKQYGWSKF I VVVPS |A IREG - -VAKSFRMLEEHFMEHYG -
113TKTMLELNRL YGWCKF I VVVPSVA IREG - -VAKSLENTQEHFFSQYH -
104 IKTMLELNKQYGWSKF | IVVPS IAIREG- - IAKTFESTSEHFKQAYG -
105 IRTMFELNKHYGWSKF | IVVPS IA IREG - -VDKSFKLMEEHFQQEYG -
102 IRTMFELNRQYGWSKF | IVVPS |A IREG - -VDKSFSMMSEHFQQEYG -
116VKTFFEMNKRYGWTKF I VVVPS IA IREG - -VLKSLE ITAEHFTESYG -
106 I KT | FEMNKRYGWSKF | VVVPSVA IREG - -VYKSLE I TADHFTENYG -
106 KT IFEMNKRYGWSKF | IMVPS IA IREG - -VHKSLQITADHFTESYG -
108 IKT IFELNKLYGWSKF | IVVPSVA IREG - -VAKSLE ITAEHFLETYR -
108 IKT IFELNRQYGWSKF | IVVPS IA IREG - -VAKSLAMTAEHFQETYN -
112 IKTVFELNKQYGWSKFV IVVPS IA IREG - -VAKSLE ITAEHFQETYH -
111VKS IFELNKHYGWSKF | IVVPS IA IREG - -VHKTLE I TAEHFLEDYS -
104 KT IFELNRQYGWSKFV | IVPSVA IREG - -VKKSFE I TADHFQQEYG -
102 IRTMFELNKKYGWSKF IVVVPS |A IREG - -VYKSFQITEDHF INDYG -
106 IKTMFELFKRYGWGKY IVVVPS A IREG - -VKKSFE I TEEHFMEQYG -
106 IRTMYELHQL YGWSKF IVVVPS A IREG - -VYKSFQVMQDHF QERYG -
105TKTMYELNKHYGWNKF | IMVPSVA IREG - -VHKSLE ITADHFQE I YG -
105 IKT IFELNKRYGWCKF | IVVPSVA IREG - -VHKSLE I MKEHFASDYS -
103 |KTMYELNQRYGWSKF | IVVPS |A IREG - -VFKSFESMAEHFAGEYG -
106 INT IFELNKRYNWTKF | IVVPS IAIREG- -VYKSFEDMEEHFLA IYG -
81LQT IMALHKRFHENKF | IVVPSRA IKAG - -VEDNLKKVQVYLSD YN -
68TRLMYEMHQQYG I FKFV I VVPSPA IKEGAKNF | QSDYAKQHFSQF YEN
67TRLMYELHQKYGLFKFVLVVPTPA IKEGARNF I TSDYARQHFSQF YEN
68 TRMMY DL HQKYGLFKFV IAVPSPS IKEGTRSF | TSDYAKQHF SEFYEN
68 TRMMY EL HQKYGLFKFV IAVPSPS |KEGTRSF | TSDYAKQHF SEFYEN
68 TRMMYDL HQKYGL FKFV IAVPSPS IKEGTRSF | SSDYAKQHFSEFYEN
68 TKMMYELHKKFG IFKF ILVVPSPA IKEGAKNFLTSLSTKRHFQETYGN
68VRAMYELHQKYGLFKF | IVVPSPA IKEGWKNF | AADYAKQHF GQYYEN
57TRL IHRLRHEYGIFKF | ILVPSVA IKEG I KMS | ASDDWNKHFRQEF GN
93TRMMYEL NEMYGFNKF ILLVPSTS IKEGSKSFLQADYSNRHFSDLYPN
91TRLMYELNKLYGFFKF | ILVPTTP IKEGTLNF | QSNYAMQHFSDLYPG - -
94TQMMYELNRLYGFTKF IVVVPSTA IKLGTRSF ITSEYARNYFDDTYGGS -
97TRLMLELNRRFGFHKF ILLVPTAP IRAGTASF | SSDYAGEHFDMEFDE - -
B89THT I YELHKRYGLNKF | IAVPSLA IKAGTAQFLRDEYVKRHFSDVCGYG -
89TQT IFELHKRYGFNKF | IVVPSLA IKAGT QKF INSPYVKHHFRETQRYY -
95TKT IFDLNKSFGINKF I | IVPTLS IKAGTVNFLKSDALKEHFRDDYER
95 IKT IFDLNKSFGINKF I | IVPTLS IKAGTVNFLKSDALKEHFRDDYKR

95TRAMFSLNQSFGVNKF IVLVPTVA IKAGTKNFLESASARSRFFDDFGK
91TKT IFELNREYGLNKF IVVVPTLS IKAGTVNFLKSDACRLHFNS | YKK

KKAHTCIYNSK - - - -
KKARHFVYNSK - - - -
KKARWF I YNSG - - - -
KKIRFFI1YDSD- - - -

- - -NLAELDN -
- - -NLQQLDS -

KKARFF I YNSKQ- - -
KKARFF IYNSKR - - -
KKARFF IYNSKQ- - -
RKARFF IYNSRQ- - -
KKARFF IYNSKQ- - -
KRARFF I YNSKD - - -
KKARSF IYNSSQ- - -
IKARYF I YNSKQ- - -
RKARYF IYNSRQ- - -

----LHHLES -

----LHNIES -

KK INYFVFNSSK - - -

- -EIKTYVVESQK -NAG- - - - - - - - -A | HDF VEK -

- -GATVEALEKLDSLF - IRFGATYPT -
- -GATVEALEKLDSLF - IRFGATYPT -
- -KAFNEYFSK INSLY -FRFGATFPKL - - - -
- -KAFNEYFSKINLLY -FRFGATFPKL - -
- -EAFSKYFSK IGALY -FRFGATFAK
- - -DKTKKYLEQLNALLTLRFGATFKDDY - - -
KSKEA IASLNPLCTLRYSATHV -DK - - -
KAKEA IASLNPLCTLRYSATHV -ET - - -
KAKEA IKSLNPLC ILRYSATHV -ER - - -
-KSGEA IKALNPLCTFRYSATH I -DK - - -
KAKDA IASLNPLSTVGYSATHK -DK - - -
KAEDAVMSLNPLCTLRYSATHR -KK - - -
KGEQA IERLNPLCTVSFSATPP -DNS - -
KAKEA IASLNPLCVFRYSATHK -DE - - -
QGKKALESMNPLCTLRYSATHV -DK - - -
-RGKEALEAMNPLCTLRYSATHV -DK - - -
AGKAALTAMNPLCTLRYSATHV -DK - - -
QGKAALDAMNPLCTLRYSATHV -DK - - -
RGKEALDAMNPLCTLRYSATHV -DK - - -
AGKEALDAMNPLCTLRYSATHV -DK - - -
RGKEALDAMNPLCTLRYSATHV -DK - - -
-AGKTALDAMNPLCTLRYSATHA -DK - - -
AGKTALDAMNPL CTLRYSATHA -NK - - -
AGKTALDAMSPLCTLRYSATHV -DK - - -
RGKQALDAMNPLCTLRYSATHV -DK - - -
RGKEAL GAMNPLCTLRYSATHV -DK - - -
KGKAALSEMHPLCTLRYSATHV -DK - - -
-RGKEAL DAMHPLCTLRYSATHA -DK - - -
RGKEALDAMRPLCTLRYSATHA -DK - - -
RGKEALEAMAPLCTLRYSATHA -DP - - -
RGREALAAMAPLCTLRYSATHV -DR - - -
RGKEALAAMEPLCTLRYSATHA -NQ- - -

- - -VNVAYALDS INSFENYLVKRIAVKN ILTGAEESD | -
- - -VNVAYALDS INSFENYLVKRIAVKN ILTGAEESD | -
- - -SNMIYCLDS ISAFKEYLVKQVKVHTLGVNTNN IFL -
- - -SNMTYCLDS ISAFKEYLVKQVKVHTLGVNTNN IFL -
- - -SNVAFCLDS | SAFRNYLVKQ | KVHS | VQDSQAPFL -
- - -NNL | YALDSKKAFDCAL VKS | SVASVG -ESDECFL -
- - -YNMIYRLDAVDAYNQKL VKK | EVMSVRSEPSFNVP -
- - -YNLMYCLGPVDAYQKKLVKE IVVDS IKEAGNFNRP -
- - -HNLVYKLDAVDSYNLGLVKQIEVAGFTTKDYHNKA -
- - -HNML YKL DS IDAYEKKLVKQIEVAS | QVUKDGHNKA -
- - -HNLMFRLDAVDAYERQL VKQ | EVAS | VSKDNNNNA -
- - -HNLMYKL DAVDAYQRQL VKQ | EVASVTSKDYHNDA -
- - -ENY I YKLNAVDAYNKKLVKQIEVDS | L SHNDHNSP -
---INLLYRLTPVDAYQKGLVKQICVSSNQIEQDFNRP -
- - -HHMVYRLDAVDAYEKQLVKQIEVASLE IDGGYNKP -
- - -HNMVYRL DAVDAYEREL VKQ | EVASL GVEGGHNKP -
- - -HHMTFRL DAVDAYERGL VKQ | EVASL Q | DSGHNKP -
- - -HHMVYRL DAVDAYEKRL VKQ | EVASATVEDAHNKP -
- - -HHMVYRLDAVDAYEKRLVKQ I EVASATVEHAHNKP -
- - -HHMVYRLDAVDAYERKLVKQIEVASAT | EAAHNKP -
- - -HHMVFRLDAVDAYERKLVKQ | EVASATVEDAHNRP -
- - -HHMVFRL DAVDAYERKLVKQ | EVAAATVEDAFNKP -
- - -HHMVFRL DAL DAYERKL VKQ | EVAAAT | EDAYNKA -
- - -HQMVYRL DAVDAHDKGL VKQ | E | AAATVEDAFNKP -
- - -HQMVYRL DAVDAYDRKL VKQ | EVASL EVEGGHNKA -
- - -HHMLYRLDAVDAYEQKL VKQ | EVASASVEGGNNKA -
- - -HHMIYRLDAVDAYERRLVKQIEVASL EVEGGHNKP -
- - -YQMLYRLDA IDAYERKLVKQVE IASATVEDAHNKP -
- - -YQMLYRLDA IDAYERKLVKQ | E | ASATVEDAHNKP -
- - -HQMVYRL DAVDAYERRL VKQ | EVASATVEDAHNKP -
- - -HHMVYRLDAVDAYERKLVKQIE I ASA | VEDAHNKP -
- - -HHMLYRLDAVDAYERKLVKQIEVASATVEDAYDAP -

---NLTEIDD- -FSSRADLSVMI INVQAFNARG -KDARR | RME - -
FSSSAGINVMI INIQAFNTS -
FSSDSGLSVMI INTQAFASS - -KESR | I YSE - -
---NLTELDA - -YSQSSDVNCMV INMQAFNAS - - -AAR | I FDE - -

IGIRHF I YNSSPS - - ---QLAKIEA--FASDAGINV | IVNTQAFNARG -ADARR IDMI - -
KKARCF | YDSKS - - - ----LHHLEN- -FSADSGINVMI INVQAFNATG -KDQRR I YEE - -
KKARFF | YDSKA - - - ----LHHLEN - -FSADGGLNVMI INVQAFNATG -KDARR I HEE - -
KKARFFAYNSRQ- - - -+ --LHHLES - -FSSDAG INVMV IN | QAFNATG -KDNRR | YDE - -

----LHHLES - -FSSDAG INVMV IN | QAFASRG - ADNRR | YDE - -
----LHELES - -FSSDAGINVMV IN | QAFAARG -ADNRR I YEE - -
FSSDAG INVMV INVQAFASRG -AENRR I YDV - -
----LHHLES - -FSSDAGINVMV INVQAFAARG -ADNRR | YEE - -
----LHHLES - -FSSDAG INVMV INVQAFNATG -KDNRR | YEA - -
----LHQIEN - -FSSDGG INVMV | NVQAFNARG -KDARR | YEE - -
----LHEIES - -FSSNTDINVMI INIQAFNASG-KDNRR | YEE - -
FASDAG INVMI INSQAFNARG -KDARR | YME - -
----LHKIDQ- -FASDPGINVMI INTQAFNARG -KDARR | YME - -

HRISPFIYNSSR - - - ----PQDIES--FASDSRISVMI INTQAFNAKG -KDARR | YME - -
KK ITRFSTYNTQNK - - --SNL INIKS - -FANTSNIEVL IMNYQAFATTS -QESRK I YOK - -
TPLSYF IYDSKQ- - - ----LGELNA - -FVTDSK IHVMI INSQKFNATN -KDARR | YMK - -
KRMQYF I YNSKQ- - - ----LSKIDG- -FAQDNG IHVMV INTQAFNASMNEEAR | IFSR - -

- ---INDVMS - -FARDDG INVMI INNQAFNKT - - -ESNT IHNS - -

-VE IE INT INKGDFNTRSG -RK IFPPHLSNF IESS -NLNANQIQVLL INAGMLNS - -
-SRINLNV INAGDFKAKSG -RHNMPASLLNFVEGN -RLNSNT IEVLL INAGMLNS - -
-QSIHLGI INAGDFDA - - - - = = - - - - - LRSFCD------ DKS IHVLLLNDGMLSS - -
-KSLELS ILEPQ-K -KTKG -RKMFPAA | SEFARGT -SLEKNRFSVLLMTSGMLLS - -
-RRIELSVLNVQ-K -SNKG -RKMFPQAVANFARST -VLEKNK I SALLMTSGML IS - -
- IKLELDVLDPQ-K -RSKG -RKFFPSAVANFVSASPRLTKGRVHALLMTDGMLRS - -
-TAVQLEVLSPV -KNKKKG -RSSLPTALSNYLTDN -MFAERQVDALLMTGSMLMS - -
-TEIEVGVLETP -KNKKKG -RSYFPSVVSDFVKGS -CQNTKK | YVLLVNMQL LVVRS
-SE IDLHVLES - -KKTKKG -KNFFPSPVREFVSGS -NQVTNK I HVLL TNMHL L QDRK
-+ -KYIHVLV INTGMIHS - -
- -ELRTYVVESQK -NAGKNTKSYMPQA | HDFVEAS -NFNKKY IHVLV INSGMINS - -

89TQTMFELHRWLGVFKF IVVVPTLS IKAGT QQFL QSKALAEHFEQDFGGDYEGVRLKTYVVESAKKNKGKK - -SNAP I T |EQFVKAE -N - -KKE IHVLL INAGMVNS - -
119TKTMFDLHRMLGVFKF IVVVPTLS IKAGT QQFL QSQSLAEHFEQDFGSDYQGVRLKTYVVESQKATKGKK - -TH IQTA IDAFVKAE -N - -RQE IHVLL INAGMINS - -

87TKTMFELNRELGVFKF IVVVPTLS IKAGTKNFLQSTSLAEHFRKDFAGQYGETE IELYVVESQK -NKAKK - -AFMPSE I VRFVQAE -D - -KQK IHVLL INAGMINS - -
- -RIELYEVNAKKGNKKDK - -QQVPENL INF INAN -D - -QNS IHILL INMGMLNS - -
- -DINCLVVDSGNKKTTAK - -RPFPPKVKEY | EGS -KMDKNS I YVLV INQGMINS - -

KITKINAKG

Y IRLDSTHS
YVRLVSVSN - -KKGT | SARVEL DMQTAGGKVRRQEVTVQDGD - -NLEQT TG -RAMYANCR | GE 1348
YVRLVSVSN - -KRG | I SAKVELDVKTDSGGVKRREVKVQDGD - -DLEE IAG-RA I YAGYR | GE 1343
FVRLLSTSN
FVRLVKVEN - -KRGR | SAKVELDKQTATG -VQRAEVTVSDGD - -DLQQSADGRA | YADFRVGE 1349
YVRLVAVTN - -KRGR I SAQLEL YVQEAAG -PKLREESVSDGD - -DLQQVTK -RA | YADFRVGE 1347
FVRLVSVTN - -KRGA | SAKVELHVKTASG - VKPQEVTVGDGD - -DLQQSTK -RAVYADFRVGE 1342
YVRLLKVEN - -KRGR | SALVEL DKMTASG - VRRKESVVVDGD - -NLEMVTG -RA | YADCS | GE 1348
YLRFLSANN
FVRLLSVSN - -KRGS I TARVEL DVQRGGQ - VSRAEVNVQDGD - -ALEFVTN -RA | YANCS | GE 1347
YLRLLSVSN - -TRGR IAAKVEVDAL QGKA -VRRKTVTVQDGD - -DLEQITE -RSLYADHR | GE 1343

- - - -LDEFASRRP IDV IKANRP IV I LDEPQKMG - 226
- - - -LDDFGSRRP |EV IKANRP | L | LDEPQKMG -227
- - - -RDEFGSRRP IDV |AANRP | | | MDEPQKME -221
- - - -RDEFSSRRP IDV IAANRP |V | CDEPQKMGK 233
- - - -LDQFRGRRP IDV IAATNP IMI IDEPQSVL G228
----LDEFQSRRP IDV IRKNRP IL ILDEPQKM- -225
- ---LDEFQSRRP IDV IAKNRP IL ILDEPQKM- -222
- - - -LDEFQSRKP IDV ISSNRP IL ILDEPQKM- -236
- - - -LDDFQSRKP IDV IAANRP IL ILDEPQKM- -226
- ---LDDFQSRKP IDV IASNRP IL ILDEPQKM- -226
- ---LDDFQSRRP IDV ISANRP IMILDEPQKM- -228
- ---LDDFQSRKP IDV ISANRP IL ILDEPQKM- -228
- ---LDDFQSRRP IDV ISANRP IL ILDEPQRM- -232
- - - -LDDFQTRRP IDV | KANRP IMILDEPQKM- -231
- - - -LDDFGSRKP IDVLSANRP IL ILDEPQKM- -224
----LDDFQSRRP IDV IAQTNP IL | IDEPQSV - -222
----LDEFQSRMP IDV IAQTNP IMI IDEPQSV - -226
----LDQFGTRKP IE | IAQTNP IL | IDEPQSV - -226
----LDTLQSERPIDI IKRARP IL | IDEPQRMG I230
- - - -LDDFGGNCP IDV IAQMNP IL | IDEPQSV - -225
- - - -RDEFGSRRP IDILAKTNP IMI IDEPQSV - -224
----NNEYG-VAP IEY INTTNP IMI IDEPQSVEG225

EARRIYEE - -

————— TDKYHYFVYDSKQ----------1AQLQS - - -FEGNGFE IMLTT I QAFNKN - TNV INQEY - - ---NEGFFGGKPLDQIREANP IV | IDEPQSVDS201
-VRIELNV INAGDFKSKSG -RRNFPAQLLNFVEGS -RQNSNT IEVLL INADMLRS - - -KSMRNN - - DYDQTL IGGTTSP IEA IQDTRPVV | I DEPHRFPR207
-TRMELCT INAGDFKVKSG -RKNFPAQLLSFTDAS -RRDSHT IQVLL INAQMLNS - - -ASMTRD - - DYDQTLLGGLTSPVKGLQMTRPVV | | DEPHRFAR206
-TRVQLNV INAGDF SARSG -RRNFPAQL SEFVEAT -RQNANQ I EVLLVNQGMLHS - - -KSMHRD - - DYDQTLLGGETSP IKA IAATRPVV | | DEPQRFPR207
-TRVQLNV INAGDFNARSG -RRNFPAQL SEFVEAT -RQNANQ I EVLLVNQGMLHS - - -KSMYRD - - DYDQTLLGGETSP IKA IAATRPVV | | DEPQRFPR207
-TRVQLNV INAGDFV IRSG -RRNFPAQL SEFVEAT -RQNTNQIEVLLVNQGMLHS - - -KSMHND - - DYDQTLLGGETSP IRA IAATRPVV | I DEPQRFPR207

-SNMTKV - - DYDQTLLSNYSNP IEALKATKSVV | IDEPHRFPR207
DYDQTLLSGLTRPLDALQAVCP | ILVDEPHRFPR206
DYDSTLFGN ISCPMEGLKATRP IV | IDEPHRFNK181
DYDQT ILGNFSQPYETLRATRP IV | | DEPHRFKK231
DYDQTLLGHYSKPYDTLKATRP IV | | DEPHKFKR228
1'YDQTVLGMSSQPYEALAATRPVV | IDEPHRFRR233
-TDQMVLGKYTQPYEAVAATRP |V | IDEPHRFRR234
DYDYGVEGFYR -PLDA IRATNPVV | IDEPHRFSR230
DYDYGVEGFYK -PSDAMKATKPVV | I DEPHRFAR229
STYDVGLLDNHFDSPFSALGAVKPF | | IDEPHKFPT219
DTYDTGLLDNQFNTPVDALRAVKPF | | IDEPHRFPT233
DTGDK -ALKDL FDNPVDALAAVRPFMIVDEPHKFPT228
NAGDV -ALKDL FDNPVEA I|AAVRPFV | VDEPHKFPT258

I'A 1DQDMFQEAHGSAFEAL SAVKPFL | IDEPHRVKT230
EEKYDVTLFDRFSCCLDGISSTKPV | | IDEPHKFKS228

SKTGLD IYHGVTLTK 1307
SKTGLD IYHGVTLTK 1307
————— SLLNNAILTQV292

-KQSDKSVTFSYS -KNQQIYSTT IK IGDDVG - -
-KQADKSVTFSYS -KNQQIYSTT IK IGDDVG - -
----NKKAIFTYT -LNGIEREET IKLQDSF - - -
- - - -NKKATFTYS -LNGIEREET IKLQDSL - - = - - - - - - - - SLLNNAILTQI292
- - - -QKSAK IAFY -KAG ILKQSAVLKGEDLG - - K 1D - -AQFSGISLVKS297
-KRNGYEAA INYTDLENKTQSVKVKTHDNLG - - - - - VVTQISALEDY IVEK 1323
R----KAKLELDVESR -GKVKRTTKTVKYGD - -DLYDVSGEREL YRGY 1VVQ1338

Y IRLVSVKN - -SNG-FQAVLELD IKNRSGVVQRKQKTVRVGQ- -DLFD ISGERE I YSGY | INN 1348
YLKLLSVDN - -KKSP I TAK | EMDVKDRKGVVKRKAVTVKRGD - -DLYEKSGGRDVYEGY | VSE 1345

-KKG-HRAK IELD 1Q-QKNT IKRTEKWKQGD - -DLLR ISGGRSLYDGYV IND | 344
KKSP IKAK | E IDKLEK -GA IKR IAKEFKVDN - -DLYEL SGNREVYKGYQITE 1348
SKTP ITAK | E IDKRTKNGG | KRQSVQVKKGD - - DL FEKSGGREQYSGY | VSE 1346

YMKLVEVKA - -KP - -YSAK | E IDANVK -GVTKRKTVKVKNKT - -DLSDLS -KRE I YTGY I VDN 1342
Y IALKSVSH - -KHG -FKARLELD IAGKNGTVSRKTVTVRQGD - -DLYRVTGGREL YRGY IVSG 1338

KRGV ISAK IEVHIQSGKS -VRPQI ITVQDGD - -DLEQETG-RA IYENFR | GT 1343
-VRGS ITAK IEADAMSGGN -VKRQIFTVEDGD - -DLEQETG -RELYENFR | GT 1349
RKGS I TARVEVDVQRGKN -VRREFLTVEDGD - -DLEQITG-RS | YENMQ | GT 1344

KRGT ISARIELDVATANG -VKRQEVTVQDGD - -DLEQTGK -RP I YADFR | GE 1332

RGGA I TARVE I DVQQGAH -VQRKEVVVQDGD - -DLEDL TG -RAVYKDSR | GE 1348

-RRGA |AARVEL DVATAAGDVERQTVSVSDGD - -DLER IAR -RAVYANFR | GE 1344
RRGA | AARVEL DVATAAGDVERQTVSVSDGD - -DLERVAR -RAVYANFS | GE 1344
RRGS | AARVELDVATPGG -VERQ|VSVGDGD - -LLERVTR -RAVYGDYR | GE 1343

YVRLVGVSN - -RRGA I SARIELDVATAAG -VKRQIVSATDGD - -DLERLTK -RALYAGLRVGEV343
F IRF IKAES - -KRGN ICAT IELD IATAGG - IKRQEVSVQDGD - -DLAR I SR -RSL YADFR | GE 1350

228GLNG - - - -AGKTALDAMHPMFTLRYSATHV -HK - - - - - -HHMVYRL DA I DAYNQKL VKQ I EVAGL EVQNASNSP - YVKLVS INS - -KKNS ISATV IVD IADKKGNVTRSE I TVHDGM- -TLDDETG -RD I YQGYR | SE 1349
229N - - - - - - -LAKRALASLNPLCTLRYSATHR -NP - - - ---YNLLYRLDPVRAYDLGLVKQIEVTSVLEEENFNVP - YLKLKEVKA - -TKSS | SAKVEL DVWDGSA -AKRKSVTLKQ -G -SDLYEL SGGREL YR -GYVVDE346
229D - - - - - - -LAKRALASLNPLCTLRYSATHR-NP - - - - - -YNLLYRLDPVRAYDLGLVKQIEVTSVLEEENFNVP - YLKLKEVKA - -TKSS | SAKAEL DVWDGSA - TKRKSVTLKQ -G -SDLYEL SGGREL YR - GYVVDE346
222T - - - - - - -QAKEA IQSLNPLCTLRYSATHR -H | - - - - - -YNLLYRLDPVKAYDMKL VKR | EVDSVLEEDNFNQP - Y IRVES IKA - -TKTK I TAKLT I DCKQADG -VKRTSVS I SKNG - TDL YEL SGNREL YQ - GY | VDH340
229TE- - - - - -KSQEA IRSLNPLCTLRYSATHR -SP - - - - - -YNLVYRLDPVKAFELKLVKQIVVASAVAEGSANDA - FVRVENIEY - -KKG-LKARLK IHVQTKDG -PKEKSVTVTS -G -ADL FTLSDERACYQHGF SVAE347
222TE - - - - - -KSRRA IGNLNPMATLRYSATHR -NP - - - - --YNLLYKLDP IKAYDLRLVKRIEVASVRSDDNFNDA - YVKLLKTDN - - -KTGIKAQIE IHREGATG -PKAAKLWEKQ -G -DDL YVKSDERDAYRDGY | VQN340
234TA - - - - - -KSQKA IAGLNPLLCLRYSATHV -HP - - - ---YNLLYQLDP IRAYDLRLVKQIEVVDANPVRDFNRT - MVRLDWIGYPGRAKTPQAKVTVFEDTSNG -PREKPVTLKH -G-ADLSLFTN -RSDY -EGYQVTN353

215D - - - - - - - IRRNA IESLNPLFTLRYSATHK -NA - - -
214E- - - - - IRRKA IESLKPLFTLRYSATHK -NA - - -
213D- - - - - - -LAKQA IEALNPLFVLRYSATHK -NP - - -
221E - - - - - IRKRA IARLNPACTLRYSATHK -NM- - -
235L - - - - - - -LSQSAVGELDPVFTLRYSATHK -QR - - -
230L - - - - - - -LAQSA IGELEPVFTLRYSATHK-QL - - -

227TAKKK - -SASLEA IEGIDPLFVLRYSATHK -SR - - -
225NGKKK - -SASLKA |EELDPLF ILRYSATHK -KL - - -
205EGMDT - -PNMQAR IAAFNPLFKLRYSATHR -EL - - -
- -GKKTKERLEDFKPLFTLRYSATHK - -DK -
- -GKQTKMGL KDFKPLFTLRYSATHK
- -GKKTQESLKEFNPLFTLNYSATHK
- -GDKTQKALANFNPLFCLNYSATHA - -QH - -
- -GDATQAG IKRFNPLFVLNYSATHT - -TR - -
-KGGATQKG IARFNPLFVLNYSATHK
229NGSKAELNATRVGLAKFNPLFF INYSATHR - -DN - -

226 -QADK - TLQSLANFNPLF ILRYSATHK - -RN - -
223 -HADK - TLTSLANFKPLF ILRYSATHK - -RQ- -
237 -EGKK - TLEALAKFKPLMILRYSATHR - -TT - -
227 -EGRA - TLESLAKFNPLMILRYSATHR - -TT - -
227 -EGAA - TMEALPKFKPLMILRYSATHK - -TQ- -
229 -EGAA - TLKSLEAFKALMVLRYSATHK - -TT -
229 -EGAQ - TQESLQAFKALMALRYSATHK

233 -EGGK - TLDSLANFNPLMVLRYSATHK

232 -EGAK - TLDSFAEFNPLF ILRYSATHK

225 -EGKK - TLEALAKFNPLMILRYSATHK - -TE - -
223 -EGER - TKEALKAFNPLFTLRYSATHR - -QE - -
227 -EGTK -

227 -EGDK - TLESMQDFNPLFTLRYSATHK
231EEGSK - VVEA INEFNHLCTLLYSATHK

226 -EGAK - TKEGLKRFNPLFTLRYSATHR - -EL -

225 -LGTDKGNATRRG | QLFNPLFKVLYSATHRKDD | - -

- IRRNA IESLSPLFTLRYSATHK -NA - - -
IRRNA |ESLSPLFTLRYSATHK -NA - - -

TVEALKLFKPLFTVRYSATHR - -YE - - - -YNKVYRLDAL DAYNKKL VKK INVKG INVKGTTGTD -

- --YNP IFSLNPVQAYEMGL VKQ I EVDSVLAENEVNGA -
- - -YNP IFSLNPVQAYEMG | VKQ | EVDSVLAENEVNGA -
- - -YNP IFSLNPVQAYEL GLVKQ | EVDSVVAENEVNGV -
- --YHP IFSFNPVQAYEQGYVKQIEVDGVLAENEVNGA -
- - -YHKIYSLNPLDAYNQKLVKQIEVEPVLAENDVNGA -
---YNLLYSLDPVKAYDLGLVKQIEVDSV ITENDHNRA -
- - -RNLVYRLDPVDAHDL GLVKQ | VVAEVAQHGADVAP -
- - -RNLVYRLDPVDAHDL GL VKQ | VVAEVAQQGADAAP -
- - -YNQVYKLDSFDAYQKDL VKK | QVKTVHGA | PKDFP -
- - -YHQVYKLDSYQAYKQDL VKK IEVKTVYGN I SKDYP -
---KNIIYRLTPFDAYNRGLVKK IAVLS IHETNTQSNV -
- - -HDMIYRLDAL DAYNKKLVKK IAVKTVEQTATTGTQ -
- - ~-HDMVYRL DAMDAYNQKL VKK IAVKA IEQTGTTGTQ -
- - -HDLVYVLDALDAYKKKL VKK | EVKGFD I KNLRGTD -
- - -HNLVYVLDAVDAYNKRL VKK | EVKGFEVKNLRGTT -
- - -HDT IYALDALDAYRQKL VKR IHVKGFEVKNLRGTS -
- - -HDLVYALDALDAYNQKLVKR I EVKGFALKNMRGTD -
- - -YNMVYRLDAVDAYQKNL VKK IAVKG | E ISGSNASS -
- - -YNLVYRLDALNAYNQKLVKK ITVKGIEVQNLSGTS -
- - -YNLVYRLDALDAYNQKL VKK I TVKG | EVQNL SGSN -
- - -HNK |HRL DAL DAYNQKL VKK | AVRG | AVKGLAGTN -
- - -HNKVHRL DAL DAYNQKL VKK IAVRG I TVKGLAGTN -
- - -HNRVHRL DAL DAYNQKL VKK IAVRG | QTRGLAGTN -
- - -HNK IHRLDAL DAYNQKL VKK IAVRG IAVKGLAGTA -
- - -HNK IHRLDALDAYNQKL VKK I AVRG IAVKGLAGTN -
- - -HNK |HRL DAL DAYNQKL VKK | EVRG I SVKGLAGTN -
- - -HNKVYRL DAL DAFNQKL VKK | GVRG I TTKGLAGTN -
- - -HNK IHRLDAL DAYNQKL VKK IAVRG IT IHGLTGTK -
- - -YNK I YRLDALDAYNKKLVKK IQVKGISVKGSTGTE -

- - -YNKVYRLDALDAYNKKLVKK IQVKGINIKGTTGTS -
- - -FNK I YRLDA IDAYNQKL VKK | SVKG | EVVGNSGTN -
- - -YNLVYRLDAMEAYNL QLVKK |AVKG IS ISGTTATE -
- - -YNMVFRLDA I DAYNKRLVKKVEVRGVHQLGSTATN -

YLSLKE IKT - -GAKSWSAK | E | LFNDKKA -MKKKV I SVKPNQ - -DL YEL SNQNEMYRSGF | L SG333
YLSLKE IKT - -GAKSWSAK | E | LFNDKKA -MKKKV | SVKPNQ - -DL YEL SNQNEMYRSGF | L SA333
YLALKE IKT - -AAKSWSAK | ELL FNDSKA -MKKKVVTVKPNQ - - DL YDF SNQNEMYRSGF 1L SG333
YVALKELKT
YVVLKEPVV - -GKGKLKAK | E IHVQTEKE -TKKKVVT I QAGD - -DLYEKSGKNESYRHGF | INE331
FIELVEFKQ- -NKNSVLAKVK |ECESPSG -VKSKVVT IGADEKYDL YQL SGQRE | YKDNFVP 15341
YVKLLEVKD
YVKLLEVKH

TAKSWSAKME | L FNDKKA -MKKKVVT IKPNQ - -DL FEL SNQNEMYRSGY | L SG332

TK - -AAKLELACRKADGS IARRSKKVKPHQ - -ELSDVSGNPAYTGWR I NAL S351
AKTWSAKLELACRKADGSL ERKAKTVKQYQ- -ELFEVTGNPAYDGRR | EE | R348
- -DLFAK | ELFCVEQGGQ | RKKQVKVRGGD - - SL FECSGNL DQYKNMFVMED348
- -DLKAK |E IFYREPGGQVKLRTFNVQKGV - -SLYEL SGEL SQYRDMIVLED346

ATEFRKLNLS - -AADPTARL QLNVRLKGGDLKAKL ITVKRGD - -DLEKKTGNPVYHG - -WIVED327
GYLYLQELVPQKSGSPKARIEFEVRTKSGDVKWTKLVEEPFALF - -EESGNL PAYQGGWT L SH355
GYLYLQE | IPQKTGAPKAK | EFEVKMQSG -VKRKLKVVEEPFDLY - -AESGNL SAYKG -MT L SH353
GYLYLEN IV ISPNHPPRARLEFE IKYNK -S INREVR | LGVDDDL Y
QYLYLENIL ISPKKPPMAK |ELE IKQKS -G IKRDTRLVGVDDNLY - -A | SKELEQYKGYH IS -E348
GYLYLDN IVLSPKRPPEARIELEVKNASGS IVRK IKTFGVGDNLR - -EES -GLAEYDNFVVS -E342
GYLYLRD IVVSKNRAPEAV | EFKCMGSGGKVRKKTARFGEGDS | YGASGSTKLEAYRGYT | ASG359
GYLYLEA IKEKP - -ALKAR IQFEKL SATGNVVKTSKLLDKGDN 1Y - -PLSGE | ESYNSGFVVSE355
GYLYLENIE IS -KSLP IARLELE IATKNG -FKRE IRK ISKGDNLF - -E I T -KAQQYH -RYVVED345
SYLYLQHIE IS -KSAP IAKLELE IAHNNG -FKLE IRK | KKGDNLF - -E |SNEARQYN -GYVVAE343
AYLYLES IE IS -KKAPVAR |EMEVRQ -GGG | KR | VKRLERGKDLF - - IESNELDQYR -GFV | AQ357
AYLYLESIEIS-KQAPVARIELEVKLKSGGIRRR IVRLEKGADLF
AYLYLEGIE IS -KKAPVARLE |EVKLASGE IKRQLKRLEFRDDLF - -AESGEL DQYRDGFT 1 SQ349
GYLYLQS IE ISSKKPPEAR IELEHKLANGD IKRVVRKLGKGDNLF - -DL SGGLDQYRN -YVVTD351
AYLYLQS IETSTKKPPEARVEFECKLKSGE IRR | VRKL SRGDNL F
AYLYLQS | E ISNKKPPVAVVEFEQKL SGGN | KRVTRKL GKGDNL F
AYLYLEN IE ISTSKPPVARVEFEQKLKSGS IKR | VRKL GKGDNL Y
AY IYLQQIHISSNKAPTATVELEFKLASGE ISRK ICK |EKGDRLA - -EKTG-LSQYD -GFVVSE346
GYLYLEGIDVSSKKPP IARIEFEKKTGAG - IKKVPLKVNAGDDLY - -QLSGGLEQYR -GYVVSE344
GYLYLEGVD ISQKHYPLARLEFEKKTRSG - IKRELRRVSVNDNLY
GYLYLEQIQLSTSRPPLAVLEYEKRNGTG -VRRVREKLEKGANLF
SYLFLDK IQISTSQFPVAYVELEVKQANG - | QKK IRQ I KEKDDLY
GFVYLEGLNLYPDKNPTAN | GFEVKRTKA -VNQVVRALK INDDLY - -AKSNHLEEYRNDYV | TD348
GYVYLDE IV IGKG-NPQAR | GFDMKTNNG - TRHV IRLAGEGFNLK - -EQSGGL QEYEDNY | VER352

ALSKGLEQYQGYH IN -D347

AQSNELDQYR -GFV 15Q348

-DL SDEL GQYHDGYVVSD352
VLSNEL DQYRDGFVVSD356
DL SDGLDQYQ - GFVVSD354

ELSGHLEQYK -GYVVSE348
-ELSGEMPQYK -NWLLEE348
VFSNELKQYK -GFVVKS353

226KGKTK - TKDVLSEFKPLFTLRYSATHR - -EL - - - - -YTLVYRLDAVDAFNKKLVKRIEVKGIEVKGGNATH - GYFLVDE ILTS -KGNPKARIE IDISTSK - - - -RQLKKVEDGDN 1Y - -EKYAQLEQYK -DWV | DK344
202AKAG - - -KKA TASLNPKLALRYSATHK -EKQ- - --- ---YPMLYEYGPVQAYKDRMVKH IETLGTEVNTNGN IP - --- F IELKEQPE -FKNGRL QAKVLAYKQVKDD -FLKRTVTLKKGD - -SLAEKAKNPRYERL GKVTA 1323
- -DKANYQS I|EA - IKPQV | IRFGATFPEVTTGKGSNK I TKKDYYRKKPQFDLNA |ESFNNGLVKGID I YYPNLTEEQAKN -RYVVDSV - - - - - KAKELVLKQN - - -SKSWILHVGDNLAEVDSGFEGD IEYAG- - - - - -328
- -DNKFYRA I QA - IQPQMIVRFGATFPD | VEGKGKNKCVRKDYYRRKPQF DLNAVDSFNDGL VKG ID | YYPNLPEEQANN -RY IVDSV - - - - - TAKKL ILRRG - - -SK | AEVGVGENLADVDAGFEGS |EYAG- - - - - -327
- -GKKFYED | EE -MKPQL | VRFGATFPETTSGRGKNK I TK | DYYRGEPQFNL DAVDSFNQGL VKG I D I DYPDMTEEQANN -LYKVKQV - - - - - KAKGL ILTKG- - -KKEYQL SVGENLADVDPGFEGN ITYAGG - - - - - 329
- -GKKFYED IEE -MKPQL | VRFGATFPETTTGRGKNKVTKVDYYRGEPQFNLDAVDSFNQGLVKG ID IDYPDMPEEQANN -WYKVKQV - - - - - KAKELVLTKG- - -GKDYPLNVGENLADVDAGFEGN ITYAGG- - - - - 329
- -GKKFYDD IED -MKPQL I VRFGATFPETTTGRGKNKVTKVDYFRGEPQFNLNAVDSFNQGLVKG ID IDYPDMSKEQANN -L YKVKQV - - - - - KAKEL ILFKD - - -GKDYLLNVGESLADVDSGFEGN ITYVGG- - - - - 329
- -DKKNYKS IEN -LEPQMIVRFGATFPEVKKGTGKKAVY IKDYYRGRPQFELNAVDSFNQGLVKG ID I YYPNLTPEQAKN -RYT IDSV - - - - - KAKE IVLKKG - - -KNKWI'LGIGENLAN IDSLFEGDLSYSG- - - - - -328
- -DKANYKA IEA -TQPQMI IRFGATFPK I TVGKGKAAKE I TDYYRKKPQYNLNAVRSFNEGL IKGIDISYPNITPEQAED -KYVVESV - - - - - TVKQLVLKHG- - -TTKRT INAGD - - - - - DIGFDGDITYKG- - - - - -322
- -TNKAWKT ITEGLCPQI | IRFGATFPE IK - - - -----DYEN--LVYDLNS IRAFNEGLVKGVH |EYPMLSDTKTELVKYKVKQIER- - - GKSVTFVKVGS - - -KKEHKLC | GEDLSFVDPLFSGG I TLEEASS - - -297
- -ENQAYQR ILKELHPQC | IRFGATFPDK - - - - - -KSSKDKDYNN - -L | FNL GPNQAFNQNL VKGVETFMIDAERKNETK - -L KL MDFKR - - - S -PKLCTFRDE -MTKKP | ELSRGDNL SKFGEEFSG I T | EE | GPTSDD354

-ENTAYKRL IERIDPLC I IRFGATFPKK - - - -

-ENKAYQT | IDQIQPQAVVRFGATFPKN -

-DQKQYQAVVNNLDPLA | IRFGATFPRNEVGRGSNKRTV IDYNN
-DQKAFKV IVDE IKPQC | IRFGATFPETTSGRGKNK I TVKDYQN
-DQKTFEF |ENNVKPQMI | RFGATFPDREVKVGRKKQTVKDYYN

RGQQERDYNN - -LLFNLGACEAFNSNLVKGVETQL IEQESLNETR - -VKVLD IKH -
————— DKTGQIDYNN - -LVFNLGAVEAFNEQL VKGVAVQYPEDDGQDSTR - -LKLTSLSA -
LVYDLNAAKSFNSGLVKGVKVQNPEGL SMEDSR - -LKLMNVTR -
-LLYDLNACESFNONL IKGVTKEHFEPVSKREEK - -VKITSITS -
LLYNLSSCDAFNQNL | KGVSKEHFEP | SKKQDK - -VK I VSVNN -

-GKKTWEN | EK -FNAQY | IRYGATFSEGYKN - = - = = = =« = s n oo - LVYRLTAVDAFNEDLVKG I DAY | ED | VGDGDANLKF | KSDGE - -

-GKKTWEN | EK -FNAQY | IRYGATFSEGYKN -
-SAKTWGN I KR -LKPQY ILRYGATFNDEYYN -
-SAKTWKN IKQ-LNPQY ILRYGATFNEQYYN -

LVYRLTAVDAFNDDLVKG IDAY IED I VGDGNANL KFVKSDGK - -
LLYRLTAVDAFNDGL VKGVRVFQEEMQGGMDAAVKLVSSDGK - -
L IYRLTAVDAFNDGL VKGVRVFQEEMQGGMEAS IKLLSLDGK - -

TNPKSCV IRNE -KSGKSYTLALNDSLSTVSDDFHGV | 1QS I GKTEEE352
RKPKQATFTNL -DTSKTLTVGSGGSLAEADGAFAGIT IEAVGKTENP357
K -PRKAVFRDE -ATRETFSLTDGDNL GE IHPDFSGLTVR | E - -KSED361
-KDSVTFQYKKRDESTKTFTLKTGDSLS | INEAFEGITVHAIG- - - - - 356
KTSVNIQY IKEGEKT ITHTLAKDEPLS | ITSSFEGVY ITGIG- - - - - 355
-EVTFELNENNK - -KTLFKLTKGESL SKTHSA IHDLTLDALG- - - - - 329
EATFELNENNN - -KKSFKLAKGESLSKTHSA IHDLTLDALN- - - - - 343
EAKFELNEKDK - -KQTFKLAKGEDLAQ IHPA ISDLK IDKMN - - - - - 340
EAVFELTENGK - -SKKFALSKGDDLAQIHSA IFELK IDALN- - - - - 370

- -SKKTWEN I QK -FNAQF ILRYGATFNNQFEN - -----LLYRLSAIDAFNDDLVKGIRAFTEQIDGDNGER IKL IDLDGK - - - - - - KQAFKL SKGENLNR IHQA ISDLFVSEMN - - - - - 336

- -SGKTWQNVLK -LGVQY ILRFGATF -DGFEN - -+ ---L IHTLTSLDAFEQNLVKGVRAF ITEFDGVDDML IKF I GQTESK - - - - - - - - -SEAVFE I THSHKKTPKRLE |AKNGSL GV |HGEMSHLLLNEFN - - - - - 343

----- DKKTWKNLMN -FNPQFL IRYGATFDKKYYD - - = = - = = = = - - - - - -LVYSLDA IKAFNNDLVKG | VVN | EENKDGKNES IVLNDNDGK - = = = = = = = = = = = = = - = - - -EAKF | Y INELGK -KQTFTL SKKDDFSVVHSEMKGLT IEA IN- - - - -339
308NAK - - - -EIFFSNGD - -TKKVSESY - - - - - - - - ELNDDE |EQMLRVTVSNHFEKEERLFNQG- - - - - - - - - IKELSLFF IPSIADFRGD - - - - - - - - - NPRVRKFFEK I YRE IRDEYY - - - - - HNTTNQEYKKYLDKDF - - - - - KD -GKLQVLEGYF421
308NAK - - - -EIFFSNGD - -TKKVSESY - - - - - ELNDDE |EKMLRVT ISNHFEKEERLFKQG- - - - - - IKELSLFF IPS IADFRGD - -----NPILRKSFEKIYRE IRDECY - - QNTTNQEYKKYLDRDF - - - - -KD -GKLQVLEGYF421
293KDN - - - -KAYFNDET - - | |EKKESY - - - - - VLNNDE IKELLKKA IDLHFEKEEKLFKKG- - - - - - IKALSLFF IPNITDFRGE - -----SPFIKNTFEELYKEKRKEIL - - KLNLDVRYKEYLEKDF - - - - -DEAGNL RVHQGYF407
293KDN - - - -KAYFNNKT - - | [EKKESY - - - - - VLNNDE IKEL |EKA I DLHFEKEEKLFKKG - - - - - - IKALSLFF IPNITDFRGD - - - - -KAF IKNTFEELYKEKRKE IL - - KLNLDVKYREYLEKDF - - - - -DDKGDL RVHQGYF 407
298TKD - - - -KAYLSDGT - -TLEKASSY - - - - - KLVQDE ISTLLEKA IDLHFEKEKFLFSQN - - - - - - IKPLSLFF IPRIEDFRQIEGKG- - - - -TPF IKTEFERLYKLKRAS ILA - KADLSPSYKEYLERDF - - - - -DESGNLRVYQGYF 417
324TKT - - - -EIRFLNGFNLLLDQKEPFS - - - - HLLEGEQEVMLKEA IKSHFEREEGLFKKG- - - - - - IKALCMVF ISGVNSYLSENEK - - - - - -PAKLALLFEKLYQQKLEEVL - - KKPLDENYRAYLER - - - -TKDA ILKVHGGYF 442
339DWTEGNEAVE IN - - -GYRLG-VGDA - - - - - GDVDDDA I KRYQ IRKT IEEHLNKELWLRPRG - - - - - - IKVLSLFF IDKVAHYRDYDQDGNP | - -KGKYAVMFEEEYRNL MQKP - - - --- KYRPLWODP - - - - - G1DQD I EKVHNGYF 458

GN I SGDD I KRGQ I SAT IKH

HLDRELRLVPQG- - - - IKVLSLFF IDRVDNYR I YDSNGNPQ - -KGKYALMFEEEYSKL IKLP - -

- -MLNDDPSMVHDGYF471



CINUKFOLYPIL-592
BtrCIPORF1929P/1-592
CcaP7ORFAP/1-600
NthORF364P/1-550
MstDORF470P/1-544
Bgr4ORF4100P/1-550
DdeGORF1743P/1-600
Rba21500RF11466P997/1-600
NwaCORF2929P/1-588
CteTORF908P/1-600
Afe103310RF1394P993/1-595
GprHORF22920P/1-573
DacSPHORF4205P/1-600
AavORF159P/1-600
VpaSORF4593P/1-595
PphBUORF1128P/1-600
NhaXORF582P/1-600
PprDORF237P/1-600
MspMCORF787P/1-600
BHIORF41P1009/1-592
Bps17100RF259P/1-592
BgIBGRORF160P/1-585
BceAMORF20P/1-591
EtaORF3980P/1-600
EcoEDORF2295P/1-600
Mru12790RF580P/1-550
MsiPORF567P/1-550
DreMORF514P/1-550
DlyBLORF1612P/1-577
MsiBL20ORF1946P/1-584
CtaORF1P996/1-600
MhaPORFAP878/1-550
PhaBI879/1-550
Asul300RF673P/1-550
AplORF812P/1-550
HAUORF1691P/1-550
EMIORF224P/1-550
DdaEORF3047P/1-594
CjaUORF1580P/1-585
HmMoORF3004P/1-592
TspX5140RF1828P1032/1-593
NhaORF3377P/1-550
SsuSCORF608P/1-600
SmiB60RF1249P/1-600
LdeBORF1230P/1-591
DreMORF2247P/1-581
AmMuORF1521P/1-586
EleORF928P/1-575
LmoHORF56P/1-584
HpaSHORF2158P/1-573
PmUORF698P/1-576
SacSBORF1825P/1-600
PcaORF2729P/1-593
MspBNCORF543P/1-600
BbrRORF912P/1-583
VelORF3485P/1-593
EcoCFTORF5372P/1-600
Pin370RF2487P/1-600
AplJORF655P/1-597
TspJRORF1073P/1-589
PthSORF151P/1-600
DfeORF5227P/1-584
CphBORF1148P/1-589
BfrYORF1142P/1-600
BfaSORF1120P/1-589
MvaSBORF154P/1-595
LheDORF27P/1-539
BceSI/1-550
SenAZORF2565P/1-550
LgaORF1464P/1-550
LfeAORF1043P/1-550
LrhORF1023P/1-550
SepKORFAP989/1-550
LKIORF6700P/1-550
UbaNspORFAP/1-516
Mca54020RF234P/1-600
Vpa20080RF448P/1-600
Cps410RF1462P/1-600
CspLTORFBP/1-600
CKIORF3239P/1-600
AorOORF1317P/1-600
EcoPI/1-536
ECoRP151/1-400
NmeBORF1261P/1-550
MsUORF1026P/1-600
HiNR28660RFAP/1-550
HpaSHORF1827P/1-550
IpoORF2074P/1-550

FtuTORF1582P/1-544
FphPORF1891P/1-545
CjeCGORF275P/1-491
Cje4140RF430036P950/1-495
HacSORF1417P/1-544
HpyB8ORF7P/1-550
R1.GspCORF2154P984/1-543
SWOGORF1548P/1-594
CthORF519P/1-592
BtrCIPORF1929P/1-592
CcaP70ORFAP/1-600
NthORF364P/1-550
MstDORF470P/1-544
BgrdORF4100P/1-550
DdeGORF1743P/1-600
Rba21500RF11466P997/1-600
NwaCORF2929P/1-588
CteTORF908P/1-600
Afe103310RF1394P993/1-595
GprHORF22920P/1-573
DacSPHORF4205P/1-600
AavORF159P/1-600
VpaSORF4593P/1-595
PphBUORF1128P/1-600
NhaXORF582P/1-600
PprDORF237P/1-600
MspMCORF787P/1-600
BORF41P1009/1-592
Bps17100RF259P/1-592
BgIBGRORF160P/1-585
BceAMORF20P/1-591
EtaORF3980P/1-600
EcoEDORF2295P/1-600
Mru12790RF580P/1-550
MsiPORF567P/1-550
DreMORF514P/1-550
DIyBLORF1612P/1-577
MsiBL2ORF1946P/1-584
CtaORF1P996/1-600
MhaPORFAP878/1-550
PhaBI879/1-550
Asul300RF673P/1-550
ApIORF812P/1-550
HAUORF1691P/1-550
EMIORF224P/1-550
DdaEORF3047P/1-594
CjaUORF1580P/1-585
HmMoORF3004P/1-592
TspX5140RF1828P1032/1-593
NhaORF3377P/1-550
SsuSCORF608P/1-600
SmiB60RF1249P/1-600
LdeBORF1230P/1-591
DreMORF2247P/1-581
AMUORF1521P/1-586
EleORF928P/1-575
LmoHORF56P/1-584
HpaSHORF2158P/1-573
PmuORF698P/1-576
SacSBORF1825P/1-600
PcaORF2729P/1-593
MenBNCADERA2D/1 _ANN

S4DYUEEGNEYVAF 1S - -KRFUILK IGRA |
345YCEESNEY IDFTS - -KPD | IRLHHA |

349SAKEGNEYVSFVG- -HEDLY -LGEVR - - - - - GE IDEDL IKRMH IRKT IDEHLNKELRLKKEG- - - - - - IKVLSLFF IDKVANYRY | DKDGKNQ - -KGKYALWFEEEYKEA IKNP - - -
347YAKEGSEYVDFTS - -RKHIE -LGEVR - - - - - GELDDEV IKRTQIRKT IEEHLEKELRLKQEG- - - - - - IKILSLFF IDRVSNYRYYDEEGNPQ- -KGKYA IWFEEEYKD | IQKP - - -
343 ICSEGRESVEFTN - -GER IK -LNLAV - - - - - GETNEKL IKREL IHYT IKEHLDKELRLLKKG- - - - - - IKVLSLFF IDKVANYR | YDKEGNPN - -LGDYAV | FEEEYKKL IKED - - -

339NCMAGDEAVEFSD - -TE I VK -FGHAL
344NCGKGNQS | ELSVPNGEYVL YPDDE |

----- GUVUULA IREUMIKR T TEEHLURELVLNKL G - -
----- GDVNEDEYKRLQIRKT IEEHLDKELKLTPMG - -

----- GDVN IVELKRAQIYRT IETHLDKELRLAPLG - -
----- GGVNQDD | KRLMIRRT | KEHL DKELRFAAL GH -

350TVGKDNQSMDL SMPGGEAEL GPGDEV - - - - - GGVDKDSLKRLMIRRT | KEHL DKEMRFAAQKR -

345TCGKDNES | EVKGDGFDQL LRPGDA |

349RVAKGDEYLELRVPGGEL YLKPGQAW- - - - - GDVDALAVQREMIRRT IREHLDKEKRLRPQG- - - - - - IKVLSLFF IDEVAKYRSYDVDGNPV - -KGDYAR | FEEEYRRAANLP - - -
344RVEKGNEYMEL RVPGGEHFLKPGQAW- - - - - GDVDMLAVQRQL IRRT IREHLDKEMRLLPKG- - - - - - IKVLSLFF IDEVAKYRQYDAAGNPV - -KGDYAR | FEEEYRRAANLP - - -
333NTAKGEEFMELRYPGGEVFLSPGQAH - - - - - GDVDALAVQREMIRRT IREHLDKEKRLRPMG - - - - - - IKVLSLFF IDAVDRYRQYDADGNPYV - -KGDYAR | FEEEYKRAAKLP - - -
350NTAKGEAFMELRYPGGEVFLQPGQAH - - - - - GDVDALAVQREMIRRT |KEHLDKEKHLRPLG- - - - - - IKVLSLFF IDAVDKYRQYDADGQPV - -KGVYAQMFEEEYRRAAKLP - - -
348NTAKGSEFVELRYPGGEVALA IGQAH - - - - - GGVDELAVQREMIRRT IREHLEKEKLLRPKG- - - - - - IKVLSLFF IESVDRYRKLDAQGQAYV - -KGDYAR | FEEEYRRAAKLP - - -
343NTAKGEEFLELRYPGGEVMLAVGQAY - - - - - GDVDALAVQREMIRRT IREHLEKEKLLGPKG- - - - - - IKVLSLFF IDAVERYRQYDTEGNPV - -KGDYAR | FEEEYRRAAKLP - - -
349RVEKGKEFMEL RFPGGEQFLKPGEAY - - - - - GDVDALAVQRQMIRRT IKEHLDKELRLRPQG- - - - - - IKVLSLFF IDEVAKYRSYDSDGNSV - -KGDYAR | FEEEYRRAAKLP - - -

349RVAGNDSLLEVKLAGSEEFLPVGKA |
348RCAKGQEL VE IRVPGGEEW. KPGQA |
344RVAKGDEFLEVR IPGSETFLRLGEA |

345HAARGAEYLVLRYPGGDAFLS IGDTY - - - - - GDVDTLA |QREMIRRT IREHLDKELRLTPLG- - - - - -VKVLSLFFVDAVDKYRKYDRHGQPF - -KGDYARL FEEEYRRAAKLP - - -
345HAARGAEYLVLRYPGGDAFLSVGDAY - - - - - GDVDTHA IQREMIRRT IREHLDKELRLTPLG- - - - - -VKVLSLFFVDAVDKYRKYDRHGQPF - -KGDYALL FEDEYRRAAKLP - - -
344DTTRGAEFVELRYPGGETFLAVGDAH - - - - - GDVDPLA IQREMIRRT IREHLDKELRLTPLG- - - - - -VKVLSLFFVDSVERYRRYDRGGHAV - -KGPYAA | FEDEYRRAAKLP - - -

344HAVKGAEYVEL RHPEGEAFL SL GEAF

rrrrr GGVDSDQ I KRLMIRRT | KEHFDKEL MFAANKK -

rrrrr GDVDADA IKRLMIRRT IHEHLEKEKRLAPLG - -
----- GGVDEDALKRQMIRRT IKEHLDKELRLKTRG - -
----- GDVDQEEMKRQMIRRT IKEHL DKEKRLRPLG - -

rrrrr GD IDTLAVQREMIRRT IREHLDKELRLAERG - -

IRVLOSLFF IUKVANYRY YUENGNFU - KRG 1 YARLFERHYRUL TRKLF - - -
IKVLSLFF IDKVANYRDYTALE - -Q- -KGKYAL | FEEEYAKA IKKP - - -

- - IKVLSLFF IDEVAKYRSNDEEP - - - - - -ALYERMFEECYEELLAKK - - -
-RVKVLSLFF IDKVEFYRQYDEDGNE | - -QGKYAK | FEEEYRKLAHSD - - -
-EVKVLSLFF IDSVEFYRSYDEDVN IV - -KGKYALMFEEEYRRLAKQP - - -
-PIKVLSLFF IDSVEHYRQYDEDGNAV - -KGKYARMFEEEYRKLAKSA - - -

IKILSLFF IDAVEHYRSYDADGNPV
- -VKVLSLFF IDSVEHYRKYDADGNQV
- - IKVLSLFF IDSVANYRAYDAEGNPA

KGKYAT IFEEEYRRAAKLP - - -
-KGKYAL IFEEEYRRL IKHP - - -
KGPYAE | FEKEYRRWIRHP - - -

- -VKVLSLFFVDSVERYRRYDENGMPV - -KGDYAL | FEEEYARAARVP - - -

DYNTLFREV
EYRALFAGV

RYNILFRUID - - -
KYHSLFSEMD -

351STAKGAQFMEL RYPGGEAFLRQGQAH - - - - - GGVDALALQREMIRRT IREHMDKELRLRPLG- - - - - - IKVLSLFF IDVVEMYRQYDASGQPL - -KGVYAT IFEEEYRRASKLP - - - -
350RTGK -EGYLTLETPSNTYYMQVGDVV - - - - - GD IDPML | QRHMIRRT IREHLDKELRLNSQQ- - - - - - IKVLTLFF IDKVDFYRQTNEEGLRE - -PGEYAR |FEEEYLKA IKSP - - - -
347 1D - - -AGFKYVSFANGVRLEEGQEQG- - - - - VNAD - -ELMRAQ I RETVREHLNKELAVAR -LPEG - QRLKVLSLFF IDRVANYRGED - AKFRRWFEEAYHELSSLP - - - -
347 1D - - -AGFKYVSFANGVRLEEGQEQG- - - - - VGAD - -ALMRAQ IRETVREHLNKELAVAR -LPEG - QRLKVLSLFF IDRVANYRGED .- AKFRRWFEEAYLELSALP - - - -
3411D- - -AGSQY IAFTNGVVLNTGQQMG - - - - - GYND - -DIMKVQIRETVKEHLEKELH I YRNLPEG - KRLKVLSLFF IDKVANYDDAE --- GK IRLWFEEVYQELAFKP - - - -
348 IWG -EPGNEY |RFNNGKVLRLGEEMG - - - - - GLRD - -DVWRTQ I KHT IKKHLDKEVQLRG --- RGIKVLSLFF IDRVANYRDYDQSGQPV - -AGKFARAFEEEFKALAELE - - - -
341 1DC-TPGSEY |EFNQGRFLELGQEVG- - - - - GLGE - -DIMKAQVYETVEQHLKKERALKG - KGIKVLSLFF IDRVANYRIYNEDGTTS - -LGK IGQWFEEAYQQL TAKP - - - -
354 1SA -EPGSEY IEFGNGQILELSRETG- - - - - GMAD - -ERMKNQ | RQTVEEHFAKEKKFKA - LGIKVLSLFFLDQVGSYRQYDDEGNRC - -NGKVSQWFEE | YAEVAAKS - - - -
334MDT - - -DSQMVSFSNGTQIFQGAEHS - - - - - QLKE - -DVQKMQ | RRT | GEHL QKEKKLRP - LGIKVLSLFF IDKVDNYRPSAQSP - -T - -GGKFAKWFEE | YLELAKEE - - - -
334EWIP - - IAKWLASPTAHKFFKGRNIP - - - - - NLKK - -MCKKCRFRRT | GEHL QKDK ILRP .- LGIKVLSLFF IDKVDNYRPSAQSP - -T - -GGKFAKWFEE | YLELAKEE - - - -
334MDA - - -ESQMVEFSNGTQIFQGVDHS - - - - - QLKD - -DLQKMQ | RRTVAEHL QKEKKLRP --- LGVKVLSLFF IDKVDNYRSSAEKP - -S - -GGKFAQWFEE | YRELAKEE - - - -
333MDF - - -DAQMIEFNSGMQVFAGANNS - - - - - ALKD - -DLQKMQ I RRT | EEHL QKEKKFRP --- LGVKVLSLFF IDKVDNYR - - - --N--GGKFYQWFEE I YQELVNES - - - -
332LSA - - -DPFE IHLSNGQVLTQSEDDD - - - - - LLRD - -E IMKKQMECT IKEHLAKEKWLNS - KGIKVLSLFF IDKVANYR - - - - -D- -NGKFYRWFNE | YERETGKS - - - -
342LDA - - -GEGFVEFGNGLRVSLGQSNS - - - - - QVKD - -D IMKTQIERT IAEHLAKEKQLRP - QG IKVLSLFF IDRVANYRAWDESGN IV - -EGK | HKWFEE | YKN I VSKS - - - GNSNIMS- -
352 | AAFGDPAS | ELMPNGNLLHEGESLG - - - - - GATG- -A | YKEMIRETVREHL RKEAMLRP - KGIKVLSLFFVDKVASFLGDGVNNEDA - -NGEFTKWFDEVFREERSKSG - - VYQTLLP - - -
349 IADGTEPGS IELTNYG-VLQEGEA IG- - - - - DATG- -AIYKEMIRETVREHLRKEAMLRTN -PKT - SGIKVLSLFFVDKVASFLGDGTNNDDA - -NGDFVKW-DEVFAEERNKNT - - .-

349PHK - -LKKLK I SKWDD I LELAVGE
347PHK - - INGLK IGYKEGIL ILKEGE

356F DA -REGENS | QI GAN -RKLYVGEV |
354FDA -RE - -NKLQVGVT -QELHVGEV |

- -NNAD ISEEET IRIQIRLA IKSHLEKQYK ILKSGR - -
- -NNYNLDELDL IRIL IRLT IQTHLTKQLK ILEKGY -
IGTTDLYGGEGYVKFTNGEQ | GEGAKHGSDQEA | FREQ | RRA IHNHFERKKQLVP IG - -
----- GETNEDD IRR IQIRET IASHL QKEERL YKRG - -
----- GEVDESS IRRIQIRET IKSHIEKESKLYNRR - -

-KIKVLTLFF IDAVNKYR - -DTSSPDG- -RGEYLRIFDEEYSK | ITDK - - -
-KIKVLSLFF IDRVKNFR - -DSEAPDG- -RGIYAR IFDEEYEKV IKDP - - -
IKPLALFF IDRVANYM- -DED - - - -

KGKQLFVEYPEL -
RYNELFKKYPDL -

IKVLSLFF IDEVAKYKCYDEQNDAY - -NSTYAQMFEEEYEAQVKALLADLN -
IKVLSLFF IDEVAKYKQYDEHNDAY - -NGEYAQ|FEEEYRNQVNQF IQTQ- - -

-LHGSNFWHYLNKHQ -
- -EPTPYRRYLEANL -

- -LUIAAEEVHNGYFao/
- -TDSLASQVHNGYF464
- - IESEAG I VHNGYF 469
- - IETEAEAVHNGYF 467
- - INVD ISQVHNGYF 463
- - - -ONVRNVHGGYF 453
-DLESDASEVHNGYF469
-DLDVEADEVHNGYF475
-DLEAEADEVHNGYF470
-DLTRAAEEVHNGYF472
-DVSREAEKVHNGYF 467
-DLDTAAEDVHNGYF 456
-DLESAAEEVHNGYF473
-DLTTAAEEVHNGYF471
-DLASAAEEVHNGYF 466
-DLTHAPEEVHNGYF 472
-DVTSDAVEVHDGYF 472
-DLETEAGDVHNGYF471
-DTETLPAQVHDGYF467
-DCA | AAEAVHDGYF 468
-DAGLAAEAVHDGYF 468
-DAERDVAAVHDGYF 467
-DVALEVERAHNGYF 467
-DPEALAQAVHNGYF 474
-SHPEHAKDVHDGYF470
PPVEQVHGGYF 457
PPVEQVHGGYF457
PPVEAVHSGYF452
YP IAQLHNGYF 465
-FSVADVHNGYF 456
YSAEQVHDGYF 469
- - - -VHNGYF 436
-VHNGYL 437
-VHNGYF 436
-VHDGYF429
- -VHNGYF 428
QD I KE I HNGYF 455
QDPCEL RRAYF 469
QEPREL RKAYF469
FKDYKNVHKVREGYF 474
FPEYKNVQKVREGYF472
- -DPPNAHEVHGGYF 437
- - - -E-GNPVHAGYF483
E -GNSVHAGYF 477

348 IDP - INGLVTFTNG- - -VE IHTGEVQ- - - - - GDVSEKD IRRVQIRET IRSHFEKEKDLYNRG - - - - - - IKTLSLFF IDKVEHYRKYDEEGNEV - -NSEYGQMFEEEYNS ILNEYLT - - -LFDTPYEKYLKSID- - - - - -VKKTHAGYF 469
349 IDP - IRGTVTFTNG - - -HVLARGEVV - - - - - GDVSEKDIRRIQIRET | ISHFEKEKRLFELG- - - - - - IKTLSLFF IDEVAKYRAYNEAGEEV - -NSEYGEMFEQEY INILNEY IT - - -LEDTPY IRYLKGIG- - - - - -PSATHTGYF470
343 IN- -MNGYVTFLNG- - -VT IRRGEV | - - - - - GDPDELDMQRVQIRET IMSHLEKERQLFKRG- - - - - - IKCLSLFF IDEVAKYKSYDENGEEV - -KGVFQKMFEEEYARLVNEEFY - - - - - - IWDEDYNEYLRRFL - - - - - -PQDVHRGYF 463
360NDG -RPGYVRFLDGS - -GRVY IGEVY - - - - - GDSAADDMQR IQIRET ILSHLQKEEALFRRG- - - - - - IKCLSLFF IDQVAKYRDLSGNGETV - -G- -YGK IFEEEYEA I VSDRLEHPTQDD ILDPSYAEYLGRFE - - - - - -ACSVHSGYF486
356 INA -VDQFVEFTNG - - -QKLSVGEVV - - - - - GNTNDEDLRR IQIRET IHSHLAKEESLFKRE - - - - - - IKTLSLFF IDEVVKYKDYGV IDDKG- -T - - YAR IFEEEYEN I VRDRLT - DTLLDEKYRTYLEREL - - - - - - -ESPEKVHAGYF 479
346 INF -RESTVYFTNG- - -VK IHIGEAL - - - - - GDVNETAVRT IQIRET IRSHL IKERQLFDRG- - - - - - IKVLSLFF IDEVAKYRQYDEDNNP | - -DGEYVR | FKEQYKQV INEFSELDLDG - -YG - - YWNYLQN - - - - - - IDVNKTHNGYF 469
344 IDA -RENAVSFTNG - - -VK I YVGEAL - - - - - GDVNETTLRT IQIRET IRAH ISKEKALFDRG- - - - - - IKVLSLFF IDEVAKYRQYDDENNTQ- -DGEYVR IFKTQYEQVLNELKDTS | IG- -SP - -YWDYLQN - .- 1D IDKTHNGYF467
358 I DA -NKDTVEFTNG - - -HVLSAGDAT - - - - - GDITEMA IRRIQIREA IRAHLEKEQVLFAQG- - - - - - IKVLSLFF IDEVVKYRDYSQADE - - - -QGEYAR IFEEEYERLKAEYLSLLPLD - -GG-VYQEYLKG - --- IHVGRTHNGYF480
349 IDA -TKDTVEFTNG - - -HELRAGDAT - - - - - GDVTEGT IRRIQIRET IKAHLEKERKLFSQG- - - - - - IKVLSLFF IDEVAKYRDYDQTDD - - - -KGEYAR IFEEEYQLLKQETLGELVFD - -NE -EYRKYLDN - --- ILPERTHNGYF471
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- -KNNETEKDELEVKAKSQED IER-GIQL ILEKKDEL ISF - - - - - -DEPLAF IFSHSAL REGWDNPNVFQL CTLKKGSSE - | AKKQE I GRGLRLPVDIYGN - - -RCFD - - - -SEINVLTVIANDYYDHFAEALQ- - - - - ---593
438BAKTS - - - -SGDYTD - - -NAKSMATNAE - | YEK ILKAKEALLSF - - - - - -DEPLEF |FSHSALGVGWDNPNVFT ICTLNETES | - IKKRQE | GRGLRL CVDQQGR - - -RYRDPESVKENEEVNLLTVVANQS - - - - - --550
484SVDK | KKSDKVKFVDYKSATEKKNNQSND - - -KDAYDL | MKDKERLLSF - - - - - -EEP | RF IFSHSALKEGWDNPNVFQICTLKNT -GTETEKRQK | GRGMRLAVDQKGV - - - RQDEEL L GADVHN INKL = - - = - - - - - - - - - -600
478SVDKVKKSDKT IFVDYKSTSEKKSNLSND - - -TDAYDL IMKDKERLLSF - - - - - -EEPVRFLFSHSALREGWONPNVFQICTLKKS -SAEVGKRQE | GRGMRLAVDQNG | - - -RQDFEL L GNDVHE INKLTV IANE - - .- .- ----600
----HKIDSKIKRGSDISDD - - -ESAYEL ILKDKEKLLSF - —r—rDNPVRFIFSHSALREGV\DNPNVFQICTLKHGGDSTTNKRQEVGRGLR\CVNQDGDV—VRMDEH\LGAE\/QDVNKLT\/\ASDGYKDF—V— --- ----501
- - -RKVDSA IKRGKDESDD - ISAYDL ILKNKERLLSF - - - - - -EEPVRF IFSHSALREGWDNPNVFQ | CTLKHGGSSPTQKRQEVGRGLRLCVNQQGV - - -RMDAER IGETVHH INML - - - - - = - - - - - - - - --- ----581
464S IDKKTN - - - - - -RV IDGKVEKKTGL SDD - - - ISAYDL ILKNKERLLSF - - - - - -EEPTRF IFSHSALREGWONPNVFQICTLRHS -NSSTAKRQEVGRGLR I CVDRNGV - - -RMDKEL L GEDVHEVNKL TV IANESYADFT - - - - - --586
487SVDKKG - - - -NAVESKAERKAE | NDDDA -KRGYDL | LRDKERLLSF - - - - - -DEPVRF | FSHSALREGWONPN | FQICTLKES -GSETSKRQEVGRGMRLA - - ----575
480S I DKKG - - - -KSVDSK IKRGSESSDD - - - SAYDL IMKNKERLLSF - - - - - -EEPVRF | FSHSALKEGWDNPNVFQIATLRQS -SSD | KKRQE | GRGLRLAVNQKGD - - -RQDEQSL GENEV - - - - - ---584
470S IDKKSK - - - - - -RMVDPSLDKKAEEAQ|ISNDSDAYDL ILKDKERLLSF - - - - - -EEPTRF IFSHSALREGWONPNVFT IC ILKYS -DND | SRRQEVGRGL RLAVNNKGE - - -RMDAKYL - - - - - - - ---- - ... .- ----573
468S IDKKSK - - - - - -RL IDPT IDSRANEVGSTSDSDAYDL ILKDKERLLSF - - - - - -DEPTRF IFSHSALREGWONPNVFT I CTLKHS -DNV | SRRQEVGRGL RLAVNKNGD - - -RMDAKHF GENSP - - - - --- --- ----576
481S IDKKTK - - - - - -KLTDPSFKTRGEEAGL SDDVDAYDL ILKDKERLLSF - - - - - -AEPVRF | FSHSALREGWDONPNVFVMCMLKHS -DNT I SRRQEVGRGL R I SVNQLGD - - -RMDNPAT VHDVN ILTVVASESYK - - - - - --- ----600
472A I DKKTK - - - - - -QFKDPKFKTRGQNAGL SDDVDAYDL ILKDKERLLGF - - - - - -EEPTRF IFSHSALREGWDONPNVFVMCML KHS -DNT | SRRQEVGRGL RLCVNEQGD - - -RMDHPA | VHD INVLSVVASESYKDF - - - - - - - - - - ---593

A72Q IMKKTN - - - - _DI KADAVAADSVNS - - _NPVNAVAIL 11 KNKEDI | QE _

_AEDTDE IEQUIAI DEMWNNDANVEVMOML KHS -ANTVSDBAEVADAI DI SUNANAR -

_DAMAND AV

VLR MV TAAVAGEQVINEV AR AKE | A



EerORFSlZP/l 583
VeiORF3485P/1-593
EcoCFTORF5372P/1-600
Pin370RF2487P/1-600
AplJORF655P/1-597
TspJRORF1073P/1-589
PthSORF151P/1-600
DfeORF5227P/1-584
CphBORF1148P/1-589
BfrYORF1142P/1-600
BfaSORF1120P/1-589
MvaSBORF154P/1-595
LheDORF27P/1-539
BceSI/1-550
SenAZORF2565P/1-550
LgaORF1464P/1-550
LfeAORF1043P/1-550
LthORF1023P/1-550
SepKORFAP989/1-550
LkiORF6700P/1-550
UbaNspORFAP/1-516
Mca54020RF234P/1-600
Vpa20080RF448P/1-600
Cps410RF1462P/1-600
CspLTORFBP/1-600
CkIORF3239P/1-600
AorOORF1317P/1-600
EcoPI/1-536
ECOoRP15/1-400
NmeBORF1261P/1-550
MsuORF1026P/1-600
HinR28660RFAP/1-550
HpaSHORF1827P/1-550
IpoORF2074P/1-550

FUTORF1582P/1-544
FphPORF1891P/1-545
CjeCGORF275P/1-491
Cje4140RF430036P950/1-495
HacSORF1417P/1-544
HpyB8ORF7P/1-550
R1.GspCORF2154P984/1-543
SWOGORF1548P/1-594
CthORF519P/1-592
BtrCIPORF1929P/1-592
CcaP7ORFAP/1-600
NthORF364P/1-550
MStDORF470P/1-544
Bgr4ORF4100P/1-550
DdeGORF1743P/1-600
Rba21500RF11466P997/1-600
NwaCORF2929P/1-588
CteTORF908P/1-600
Afe103310RF1394P993/1-595
GprHORF22920P/1-573
DacSPHORF4205P/1-600
AavORF159P/1-600
VpaSORF4593P/1-595
PphBUORF1128P/1-600
NhaXORF582P/1-600
PPrDORF237P/1-600
MspMCORF787P/1-600
BtIORF41P1009/1-592
Bps17100RF259P/1-592
BgIBGRORF160P/1-585
BceAMORF20P/1-591
EtaORF3980P/1-600
ECOEDORF2295P/1-600
Mru12790RF580P/1-550
MsiPORF567P/1-550
DreMORF514P/1-550
DIyBLORF1612P/1-577
MSiBL20RF1946P/1-584
CtaORF1P996/1-600
MhaPORFAP878/1-550
PhaBI879/1-550
Asu1300RF673P/1-550
ApIORF812P/1-550
HdUORF1691P/1-550
EMIORF224P/1-550
DdaEORF3047P/1-594
CjaUORF1580P/1-585
HMOORF3004P/1-592
TspX5140RF1828P1032/1-593
NhaORF3377P/1-550
SSUSCORF608P/1-600
SmIB6ORF1249P/1-600
LdeBORF1230P/1-591
DreMORF2247P/1-581
AMUORF1521P/1-586
EleORF928P/1-575
LmoHORF56P/1-584
HpaSHORF2158P/1-573
PMUORF698P/1-576
SacSBORF1825P/1-600
PcaORF2729P/1-593
MspBNCORF543P/1-600
BbrRORF912P/1-583
VeiORF3485P/1-593
EcoCFTORF5372P/1-600
Pin370RF2487P/1-600
AplJORF655P/1-597
TspJRORF1073P/1-589
PthSORF151P/1-600
DfeORF5227P/1-584
CphBORF1148P/1-589
BffYORF1142P/1-600
BfaSORF1120P/1-589
MvaSBORF154P/1-595
LheDORF27P/1-539
BceSI/1-550
SenAZORF2565P/1-550
LgaORF1464P/1-550
LfeAORF1043P/1-550
LrhORF1023P/1-550
SepKORFAP989/1-550
LKiORF6700P/1-550
UbaNspORFAP/1-516
Mca54020RF234P/1-600
Vpa20080RF448P/1-600
Cps410RF1462P/1-600
CspLTORFBP/1-600
CKIORF3239P/1-600
AOrOORF1317P/1-600
EcoPI/1-536
EcORP151/1-400
NmeBORF1261P/1-550
MsUORF1026P/1-600
HinR28660RFAP/1-550
HpaSHORF1827P/1-550
IpOORF2074P/1-550

472S I DKKTK -
477A I DKKTK -
481S | DKKSK -
475S | DKKSK -
469SVDKKSK -
468S I DKKTN -
473A 1DKQG - -

477SVDKKG
469S | DKKSK -
438AQDR - -
461GEDRGS
460GEDRGS
465SEDRGS
465SEDRGS
465SEDRGS
461GEDRGS
449GQDNL S
420AEDNSKK - - -
483SDDDST
480AEDNST
485SADNAS

590G | - -
596GVVES

-RLADPTVAARGENAGL SDDVDAYDL ILKDKERLLSL -
-RLADPDMDKRGENAGL SNDVDAYDL | LRDKERLLSF -
-RLTDPKAAARGENAGL SDDVDAYDL |LKDKERLLSL -
-HMVDPKTAARSTET - - -DDVDAYDL |LKDKERLLSF -
-KW/DPS | KTRGEEAGQSDDVDAYDL | LKDKERLLSF -
-RLVNSKVSARETES - - -DDVDAYDL | MKDKERLLSF -
-RMTDPKVKARETDS - - -EDEDAYNL I MKDKERLL SF -
-KMIDPLVKRGSEET - - -DD I SAYDL I MKDKERLLSF -
-LF IDSKEKRGESGS - - -DDVSAYDL IMKKKE ILLDL -
-KL IDSKTERGTKES - - -ADEDAYDL I MKNKERLLDR -
-VSVESKSKEGENE - - - - - - ERGFNL IMKDKERLLSQ-
-QLKNPDLKGKGKEK -TCSDPDTFEL | MKDKKRLLDL -

VAEP\/RF IFSHSALREGWDNPN\/F\/ I CALKHS DNT \SRRQE\/GRGL RLS\/NQTGD -

-AEPVRF | FSHSALREGWDNPNVFV | CALKHS -DNTVSRRQEVGRGL RL SVNQSGD -
-AEPVRF | FSHSALREGWDONPNVFV I CTLKHS -DNT | SRRQEVGRGL RL SVNQNGE -
-EEPTRF IFSHSALREGWDONPNVFV I CTLKHS -DNTVSRRQEVGRGL RLAVNQFGD -
-GEKTRF | FSHSALREGWDNPNVF VL CMLKHS -DNT | SRRQEVGRGL RLAVNKL GE -
-EEPTRF |FSHSALREGWDNPNVFQICTLKHS -DST | KKRQEVGRGL RL CVNMHGE -
-SEPTRF IFSHSALKEGWDONPNVFQICTLKHS -DST | KKRQEVGRGL RL CVNQDGE -
-DEPTRF |FSHSALKEGWDONPNVFQICTLKHS -DAS | RRRQEVGRGMRL SVNKHG | -
-KESTRF IFSHSALREGWDONPNVFQICTLKHS -QSE | SKRQE | GRGLR I CVNSKGE -
-KEP IRF IFSHSALREGWDNPNVFQICTLKQS - SAEVRKRQEVGRGL RL CVNGQGD -
-ECPVRF |FSHSALKEGWDNPNVFQICTLKDT -ANE | KKRQEVGRGMRL CVNDKGE -
-KNPVRFLFSHSALKEGWDNPNVFQIC ILRDNESTE | KRRQEVGRGL RL CVNQNGE -

-ATRNKPAMYRDTKGDTTKDETAYGA IMDDKEGLLTK - - - - - - Y IKLRF IFSHSALKEGWONPNVFQILT IATPKND -L TRRQK I GRGLR I PVNQEGK -

SDDR | EQE INE | LHDKEKLL SLDNPR -
SDDK IEQE INE | LHDKQALL SLDNPR -
KDDK |EQEVNE | LHDKETLLSLANPR -
KDEY |EKQINE ILHEKEKLLDLDNPR -
SDEK |EKEVNE I LHDKESLLDLDNPR

GDES IQAEVDD | LKNKEKLL SFKDENGNWQTRRFLFSKWIL REGWDNPNVFV |AKLRTSGSD -NSK | QEVGRGLRLPVDETGH -
GDEA IQAEVDD I LKYKEKLL SFSDHHGNWETRRFLFSKWIL REGWDNPNVFV | AKLRSSGSE -SSK | QEVGRGL RLPVDENGH -
SDAD IQAEVED I L SNKEKLL SFKDKDGNWL TRRFL FSKWI'L REGWDNPNVFT | AKLRTSGSE - | SK IQEVGRGLRLPVDET
SDAD | QAEVED | L SNKEKL L SFKDKDGNWL TRRFL FSKWILREGWDNPNVFT | AKLRTSGSE - | SK | QEVGRGLRLPVDET
SNAD | QAEVED | L SNKEKL L SFKDEDGNWL TRRFL FSKWILREGWDNPNVFT | AKLRTSGSE - | SK | QEVGRGL RLPVDET
GDEA | QAEVND | LKNKEKML SFKDENGNWI TRRFLFSKWI L REGWDNPNVFV | AKLRTSGSE -NSK | QEVGRGL RL PVDENGH -
GEEQIKQQVDD I LRNKEKLL SFKDAQGNWL TRRFLFSKWTIL REGWDNPNVFL |AKLRTSGSE -NSK | QEVGRGL RLPVDENGH -
GDAA | QDEVDKVL RDKEQSL QFKNKN - - - -VCRFFFSKWTI'L CEGWDNPNVFV |AKLRSSGSE - | RK | QEVGRGLRLPFDETGS -
SDKD IQKEVDK | LRNKEALLNFHDETGRWNTMRF | FSKWI'LKEGWONPNVFQ IVKLRSSGSE - | SKLQEVGRGL RLPVDEKGR -
SDIDIQKE IEQILKDKQSLLSFKDEYGRWTRRF | FSKWILREGWDNPNVF Q| CKLRSSGSE - | SKLQEVGRGLRLPVDEYGN -
TDEA | QAEVDL | LRDKQSML SFTKADGSPNTMRFVF SKWT LREGWDONPNVFQ | VKL RSSGSE - | SKLQEVGRGL RLPVDVSGS -
KDEAVQAQ INA | LHDKQKL MSFEDEDGTPNPLRFVFSKWTLREGWDAPNVFQ IAKLRSSGSE -VSKLQEVGRGLR | PVDERGH -
SDED IAKEVET I LHGKKHLL SFKNKDGSYNTLRFLFSKWILKEGWONPNVFT | AKLRSSGSE -NSKL QEVGRGL RLPVDENGN -
SDEA IAQEVNE I LFQKEKLLS IKNEDGSYNTRRFLFSKWILKEGWONPN IFT ITKLRSSGSE -NSKLQEVGRGLRLPVDEFGN -
KDDK | EKE INE ILHDKELLLSLDNPR -

- -RF IFSKWI'LREGWDNPNVFQICKLRSSGST -TSKLQEVGRGLRLPVNEYMC -

- -RF | FSKWTLREGWDNPNVF Q| CKLRSSGST -TSKL QEVGRGL RLPVNEL MA -
- -RF IFSKWTLREGWDONPNVFQICKLRSSGSQ-TSKLQEVGRGL RL PVNEL ME -
- -RFVFSKWT LREGWDONPNVF QI CKLRSSGSE -TSKLQEVGRGLRLPVNEYMA -
- -RF IFSKWT LREGWDONPNVFV | CKLRSSGSE -TSKL QEVGRGLRLPVNEFMH -
----- RF IFSKWTLREGWONPN I FV | CKLRGSGSE -TNKL QEVGRGLR I PVNEYMN -

-RMDHPAT . . P
-RMDDPAT VHEVNVLTVVASE - - .- .- R
-RMDHPS | VHD INVLTVVASESYK - - - - = - - - - - - -
-RIDDPS | VHD INRLTVVASESYKDFVSALQRD - - .-
-RQDNPAN - - -VHE INVLTV |ANESYSTFVDNLQKE - - e

-RIDSS IPGIDVHD INVLTVVASESYEQF - - = - - - - - -
-RIDDSVPGIDVHQVNVLS IVASESYDAFARELQRE .-

-RQDEEA

-RMDASVLDSDFFDVNKLTVVASES -
-RMDANALGVEVHRVNLLTV IASESYESFAKGL QTEMAE -
-RQDTDVLGDTVFNINILTVIASE - -« -~~~
-RIDSSFEGIDVDKTNVLT | IANESYESFAN -

-RVYNE -
RI----
-RVQ- - -

VRLLQEEMPSRLKFL -
-RVTPERYNEDFR - - - - - - - - --coomoon
-RIADEQFYLRYL IDYSEKDFASKLLGE I QA -
-RLSEEQFYLTYLCDYSEKGFAESLVTE INSDSF - - - -
-RLADEDFRLTYL IDYTEESFANSLVSE | - - -
-RVKDEEFYLTYL IDFTESDFADK - - - - - - - -
-RISNEEFQLNY IVDFTEADFAKRL IDQINGE I - - - - -
-RISNEEFFLNY IVDFTERDFAEELVRQINSEL -

-RVKDR -

-RVRDV -

rR\/REPQYKLNYFVDSSEKDF\/AEL IGE R
-RVKDHAFFLN - - -

IGEQVHE INKLT I IAS - - -

,,NQN,,,,

592

584



Mca54020R/1-438
Vpa20080R/1-424
Cps410RF1/1-420
CspLTORFB/1-437
CKIORF323/1-426
AOrOORF13/1-424
NmeBORF12/1-429
MsuORF102/1-426
EcoPI/1-420
HinR28660/1-416
HpaSHORF1/1-421
IpOORF207/1-425
SepKORFAP/1-439
BceSI/1-437
SenAZORF2/1-441
SenAKUORF/1-439
StyLTICAG/1-434
LKIORF670/1-416
LgaORF146/1-441
LfeAORF10/1-441
LrhORF102/1-441
Cje4140RF/1-450
CupORF798/1-457
HacSORF14/1-479
SWOGORF15/1-429
CcaP70RFA/1-430
NthORF364/1-428
CthORF519/1-441
BtrCIPORF/1-441
Vsp2220RF/1-451
DdeGORF17/1-440
Rba21500R/1-437
NwaCORF29/1-437
PphBUORF1/1-431
CteTORF90/1-431
Afe103310/1-433
GprHORF22/1-441
DacSPHORF/1-441
VpaSORF45/1-437
AavORF159/1-438
EtaORF398/1-442
NhaXORF58/1-433
PprDORF23/1-431
MspMCORF7/1-442
BHIORF41P/1-449
Bps17100R/1-449
EsaSS21P1/1-448
BceJORF34/1-450
BceAMORF2/1-451
BmuJORF41/1-448
EcoEDORF2/1-426
R1_GSpCOR/1-434
MStDORF47/1-445
Mru12790R/1-341
MsiPORF56/1-341
DreMORF51/1-377
DlyBLORF1/1-422
MSiBL20ORF/1-432
CtaORF1P9/1-436
DdaEORF30/1-434
CjaUORF15/1-433
Asu1300RF/1-359
PhaBI879/1-359
APIORF812/1-360
HAUORF169/1-366
EMIORF224/1-347
SSUSCORF6/1-462
SmiB60RF1/1-455
HpaSHORF2/1-468
PMUORF698/1-473
MspBNCORF/1-462
SacSBORF1/1-455
BbrRORF91/1-448
VeiORF348/1-449
EcoCFTORF/1-453
Pin370RF2/1-450
ApIJORF65/1-445
LdeBORF12/1-470
DreMORF22/1-453
AmMuORF152/1-448
EIORF928/1-460
TspJRORF1/1-446
PthSORF15/1-448
CphBORF11/1-454
DIeORF522/1-468
BfrYORF11/1-450
BfaSORF11/1-450
LmoHORFS56/1-460
MvaSBORF1/1-449
HmMOORF300/1-452

Mca54020R/1-438
Vpa20080R/1-424
Cps410RF1/1-420
CspLTORFB/1-437
CKIORF323/1-426
AOrOORF13/1-424
NmeBORF12/1-429
MsuORF102/1-426
ECoPI/1-420
HinR28660/1-416
HpaSHORF1/1-421
IpOORF207/1-425
SepKORFAP/1-439
BceSI/1-437
SenAZORF2/1-441
SenAKUORF/1-439
StyLTICAG/1-434
LKIORF670/1-416
LgaORF146/1-441
LfeAORF10/1-441
LihORF102/1-441
Cje4140RF/1-450
CupORF798/1-457
HacSORF14/1-479
SWOGORF15/1-429
CcaP70RFA/1-430
NthORF364/1-428
CthORF519/1-441
BtrCIPORF/1-441
Vsp2220RF/1-451
DdeGORF17/1-440
Rba21500R/1-437
NwaCORF29/1-437
PphBUORF1/1-431
CteTORF90/1-431
Afe103310/1-433
GprHORF22/1-441
DacSPHORF/1-441
VpaSORF45/1-437
AavORF159/1-438
EtaORF398/1-442
NhaXORF58/1-433
PprDORF23/1-431
MspMCORF7/1-442
BUIORFA1P/1-449
Bps17100R/1-449
EsaSS21P1/1-448
BceJORF34/1-450
BceAMORF2/1-451
BmuJORF41/1-448
ECOEDORF2/1-426
R1_GspCOR/1-434
MStDORF47/1-445
Mru12790R/1-341
MsiPORF56/1-341
DreMORF51/1-377
DIyBLORFL/1-422
MSiBL20ORF/1-432

Type

nuclease

- ISKLQEVGRGLRLPVDEKG -RR | ADE -

-LDFDD -NKF

PVDEYG -NRL SEE -

PVDERG -HRVKDE -
LPVDENG-NR I SNE -
LPVDEFG-NR ISNE -

-G- HRLNQD -
G-HRLSQD -
G-HRLNQD -

-VNQEG-ER| -FD- -
LAVNQEG-ERV -YG-
-VDQNG -ERR -HG -
IGRGLRLCVNQEG-ERQ-YG -
- - -LRIAVNQNG-ERV -HG -
———————— DQSG-ERVPYG -
-RGLRL CVNQDG -QRL -RG -
----- LCVNQDG-QRL -RG-

-TLGRGLRLCVNQSG ERL -RG-

- -NQHG-LRL -RG-

QFYLRYL IDYSEKDFASKLLGE I QA - -
QFYLTYLCDYSEKGFAESLVTEINS - -
DFRLTYL IDYTEESFANSLVSE INA - -
EFYLTYL IDFTESDFADKL ISEINS - -
EFQLNY IVDFTEADFAKRL IDQING - -
EFFLNY IVDFTERDFAEELVRQINS - -
PYKLNYFVDSSEKDFVKQLVGE IND - -
QYKLNYFVDSSEKDFVAEL IGEVNQ- -
NFTLKYYVDFTEKDFVDSLVKEVN - - -
————— YFVDNSETDFVKKLTDEVN - - -
QFYLNYFVDFSEKDFVADL IKD IRE - -
-HYLHYFVDFEEKDFVENLQKE INS - -
- ---EFPSRLSFL IGYDEKDFAEKL IGE INS - -
- - - -EWPTRLAFL |GYDEKDFAQKL IGE INS - -
- - - -EWPSRLAFL IGYDEKTFASMLVDE INR - -
----EWPSRLSFL IGYDEKAFASMLVDE INR - -
- ---EWPSRLSFL IGYDEKAFASMLVDE INR - -
————————————— IGYDERDFANKLVGEVNA - -
- - - -EWQSRLSFL IGYDERDFAQKLVGE IND - -
- - - -EWQSRLSFL | GYDERDFAQKLVGE IND - -
- - - -EWQSRLSFL | GYDERDFAQKLVGE INE - -
----YDINYLDILVSAREVDY IENLQKEVL - - -
G-KRITHRFMDFDDDSFYRLNYLD | IVSAKESNY IGNLQKE IED - -
VGRGLR IAVNNEG -KRVTHGFLNANDSAFYE INYLDMLVSGEEVGF | EGLQKE | EA - -
----PQINTLSVMANESFAEFAENL QSEMEA - -
- - - -FNVNTLTVMANESYEEFASKLQKEYEE - -
- - - -FNINTLTVMANESYEDFAKAL QKE I EE - -
----SFINTLTVIANESYEEFAAKLQKEYET - -
----FEVNTLTVMANESYETFVDDL QKE IEK - -
- ---FEVNTLTVMANESYDQFVAAL QKE | EE - -
----FDVNTLTVIANESYEQFAETLQKE IEE - -
----FDVNTLTV IATESYEQFAEKLQKE IED - -
- - - -NDVNTLTV IATENYEKFAENLQKE IEQ- -
----FEVNTLTVIATESYEQFAENLQRE IEA - -

- -SMN IKKYLTE IAK IRNKSE
- -SISIMELLPKVAADKGITP
- -APSVKELLPRVAAKL GKDE
- - -KNITDDLEDVAEKRTVDP
- -SSISEERLEQVAKKLGMTS
ELPEI - ---LVLTDEDIEKVAKKLR IDP
-NSFQE -E ISKKFTEELKQK ILQKYPD IK
HSFSE -T IPQKFDEALEQK ILQKYPE IE
ESSFKERVPSKFTQELKEQIRAQYPELS
SAVVKP IVFTALTDEL IKK IQTAYPDVS
KSGEKV I IPTKLTDELLAK IMQCYPNES
GSLFD-EQPKVLTDELLKE ISKTYNKED
-DVDVK -LSEDKLTDEMINK I VEHRKQVD
DAKLQ-LNEEKLTEDMIQL IVTKRKKVN
DSKVQ-LNEQKLDEAMITL IVTERQKVD
DSKVQ-LNEQKLDEAMITL IVTERQKVD
DSKVQ-LNEQKLDEAMITL IVTERQKVD
DVE | | -LDNELLDEQTVK | ILKAHPELS
-DSP IK-LNQEELTDDMIEL I VQAKQKAD
DSP IK -FNQEELTDDMIKL I VKAKQQTD
DSPVK -LNKEELTDDMIKL I VKAKQKTD
DSSFR-FDSQTLEKSFLENLLNVDLAND
SSY IL - -SDKA INQDELNTLLNNQRLAS
SSF IS - -GGSVLDRENLANLGLNDRE IN
-FGF IEKHAFAGISYTDDSGK
-FGVVESHTFANIK | -T IDGA
-FGVVEKHTFANLKVEREGEY
-FGI IESHLFAN IPVKQVDGS
-FGI IEEHAFAN IV IEKNTGE - - - -

-FGVVEKHQFAN | PVQGADGE
-FGVVEKHQFAYLEVTAEDGT
-FGIVEPHQFAT | QTLNDQGE
-FGIVEEHQFAA ISVTTDEGV

-NE IFGELLMKQY IDYDGN IQLEK IDDLY -102
NVLMAELLSKCY INCNGE | FEEKAEKFL -89
TELF IELLQKGLVDSDKNL | DGKAEALF -84
DDLFMELLKKKY INRNGDVLEDTQNEFF -88
DELFDALYDKHY IDRRLN IKPDTRDAFF -90
————— DDLFLELLTKKY IDRNKKVNVEKKDEF | -90
----PLVLVNQLFLDGI IDDNENFAEDGYDKLK -81
----PLDLMFELVEKG! IDRKKVFTENGYTRLK -89
- - - -SRALMNELFNDE | IDDNDNFKDSDAY SRLK82
----KKQIRNQL - -ADL TDDDDVFLENGFAETK -74
----KRK I INHLADEH | IDDDLNLL GNGWKQLQ -82
————— DDVFDELKTLK | IDRKQNFLDQGFER IK -79
PHYNDEVLLEQLDERNL INRKNEFKTDVE IDGVK91
PEFTDERLLEHLDNLG I INRKNEFKES ID | GGVQ91
PTFTELRLLEDLDDKKL INRSNEFKPSVTFNGET90
PAFTELRLLEDLDDKKL INRSNEFKPSVTLNGET88
PAFTELRLLEDLDDKKL INRSNEFKPSVTLNGET89
----EELLKEQLGEAG! ISFSGKYREGGFEK IK -74
PQFNEDQL LDDL DDHNV I TRSNKFKANVEL DGQT95
PKFDENQL L DDL DKHNV | TRSNKFKDDVNL DGQT 95
----- PKFDEDQL L DDL DRHNV | SRSNKFKQDVNL DGEA95

--LIYLLKRLKL ISFNEEQSNY - - - - - KILSPIYENIKD93
-HLLLTLEDLEL IAFDKSDNTY | - - - - - IQAP I YES IKD102
-KLCIKLEDLNALEFDENSNTY - - - - - K1 1AP IYETMQN114

- IENLGYEASENLWGFLLEEDL I YTTGKVKLELKEQIAN100
-ARYLDQEGSEK | YNHLKDNNY | DDKGK | EDKL RSDL KA101
- -QYLEQNASEELWNDLKSKEY I DDQGK | TDKLKED | KN99

-VKYLGQEASET I FKAFLNNGY INESGEVQYKLKND I KD108
-QVFLGAKASE | LWNNFLAKQY I DQHGKVTDKL KKALKE104

-FGAVEKHQFAN IV ISSNKESDEHDTKEFL GAKKSEE | YQHLADKGY I DKKGK | LDSLKTDL VD105

-LHPLGFKKSEELWR | LKEREF | DKNGKVQDTL RTAL KE106
-T IPLGVEKSEDVWNF L KDKGL L DARGKVTDTL RTALKD102
-VAPLGVEQSEK | WQF L KDQQF VDAKGKVQDSL RAVL KD109
-SVPLGFEQSKLLWEHL KEQNY | DSKGKVQDSLKSAL KE99

- -NQQG-ERV -RG- -
- -NQYG-ERV -RG- -
-VNQSG-ERV -RG- -
-VNQDG-ERV -RG- -
- - -QHG-ERV -RG- -
- - -QAG-ERV -RG- -
-LRLCVNQQG-ERV -RG- -
- -NQKG-ERL -RG- -
QQG-ERL -RG- -
_LRLCVNQNG-ERQ-RG - -
- -RLAVNQRG-ERV -RG- -
- -RLAVNQRG-ERV -RG - -
- -RLAVDQDG -ERV -RD - -
- -RLAVDQDG -ERV -RD - -
- -RLAVDQDG -ERV -RD - -
- -RLAVDQDG -ERV -RD - -

.......... EG-ERV-RD- -

- -DQNG-ERV -HD - -
CVDQDG -NR IKNN - -

1EGWONPNVFQICTLNETKSEMKKRQE |

------ PVDQNG-LRV -FD
- -GLRLPVNETG-ERV -HD

GRGLRLPVDQTG-HRV -FD - -

----FEVNTLTVVAMESYEQFAENL QKE IEE - -
-FDVNTLTV IATESYEDFAENL QKE IEE - -
-FDVNTLTV IATENYEQFAENLQKE IEA - -
-FEVNTLTVVATENYEQFAENLQKE | EK - -
-FEVNRLTV IATESYEQFAENLQKE | EA - -
-FDVNRLTV IATESYEDFAENLQKE IEA - -
-FDVNTLTV IATESYEQFAEQLQTE IER - -
-FDVNTLTV IATESYEAFADNLQKE IER - -
-FDLNTLTV IATESYQQFADNLQKE IED - -
-FDINTLTVIATESYEQFAETLQKE IEA - -
-FDVNTLTV IAGESYEQFAENLQKE | EA - -
-FDVNTLTV IAGESYEQFAENLQKE IEA - -
-PGVNTLTV IATERYESFAENLQKE IEA - -
-AGVNTLTV IATERYESFAENLQKE IEA - -
-PGVNTLTV IATERYESFAENLQKE IEA - -
-PGVNTLTV IATERYESFAENLQKE |EA - -
-DSINILTVIASENYEAYAERLQSE IEN - -
-DHVNILTVMANESYEEFVATLQKE IEE - -
-PNINILTVMANESYDQFAEGL QKE IEE - -
RINRLTV IANESYKDFAKALQTE |EE - -
RVNRLTVVANESYRDFAKALQTE |EE - -
-TTMNRLTVVANESYEDFARSLQTE | EE - -
- ---DSINKLY IMANESYEDFARKLQTEYEE - -
----ETINRLTVIANESYEDFARTLQTEFEE - -

-FGVVEQHQFAG I PVSQPDGS
-FGIVEADQFAH | VVTDANGK
-FGIVEPHQFAA IAVAGADGQ
-FGIVEQHQFAA I AVTGADGH
-FGILERHQFAA |A IKAADGT
-FGIVEPHQFAG | PVAGADGQ
-FGI |EPHQFAA | PVMDVDGK
-FGIVEKHQFAA | PVQNEDGS
-FGIVEKHQFAA I SVTDPTGK
-FGVVEKHQFAT IPVTDEHGR
-FGIVETHQFAAL PVPAGDGS
-FGIVETHQFAAL PVPADDGS
-FGIVEEHQFAAL PVQESDGP
-FGIVEQHQFAAL PVQEDDGP
-FGIVEEHQFAAL PVQEGDGP
-FGIVEQHQFAAL PVQEGDGP
-FGI IEKDAFAHL IASDYPQG
-FGK |EKHVFAKL | YLDEATE
-FNR I TDTSFSFTKYTNRKGD
“FGQER----===--===---

-FGKVP ITALAKLCRV | DGQE
-FGRIEK IAFAKLVRRAADGT

- -TVPLGVEQSRALWEHLKTAGY | DDKGKVQDSL KQAL KD99
- -ASPLGIERSKALWESFKAYGY | DAKGRVQDSL RRALRD99
- -AVALGVEKSKALWEHL KAAGH | DAKGKVQDSL KKAL KE100
- -AAPLG | EQSKAL WEHL KAAGH | DAKGKVQDSL KTAL KN100
- -LAPLGVDQSRAL WDHL RAAGHL DAKGKVQDSL KVAL KN98
- -VTAFGVEQSRLLWEHLKAAGQ | DAKGKVQDSL KQAL KD98
- -SAPLGVDRSKTLWQSL QAQGYL DARGKVQKSL KQAL ND104
- -AAML GFDESAA | YDWL QGEGF I DTKGKVQDKLRTA | KD99
- -VTPLGVEQSEA IWSHL KQAGFVDHKGKVQDSL RKAL KD98
- -QSPLGVEKSEALWKHLHATGYVDTKGKVQDAL RTALKE104
- -VQPLGVERSTALWT YLRDAGYL DARGRVQDTL RAALKL 103
- -VQPLGVERSAALWVHL RDAGYL DARGRVQDTL RAALKL 103
- -AHAL GTEL SRVLWNHL HEQGYVDAQGKVL DRL KDAL RQ103
- -AHALG I EL SRVLWNHL HEQGYVDAQGKVL DRL KDAL RQ103
- -AHALGIEL SRVLWT HLHEQGYVDAQGKVL DRLKDAL RQ103
- -AHALG | EL SRVL WT HL HEQGYVDAQGKVL DRL KDAL RQ103
----- VG IAGSHE IWAEL QTEGYLEKSGK | TKALKEAL FK94
-EPVQMGYDL SLKLYEELKQNGY I DKQGKATEKLKQA | ED100
- -EEELGDQKSKL I YKYLEANGY IKKDGK ILPQLE ID | EK102
--EGR- - - -
- - -QP IGRTEAET IKAALMEQK | I DSEGR | QKGFDPKRPD100
- -DVELGQDESVK IWHEL VAKGYLNGAGD | LEKFDPKNPH105

92KSGFEWLLELYPE -
92KSGFEW.VEL YPE -
91KSGFAWLLEFYPE -
B89KSGFAWLLKFYPE -
90KSGFAWLLEFYPE -

96MSGYDAL CQL YPE -
96MSGYDAL CHL YPE -

- - - -PVAKTVKGYERV -SD- -
- - - -PVAKTEQGYVRI -AD- -
- -NQHG-QRI -YD- -
-VNQQG-LRI -YD- -
LPVDQKG-ERL -RD - -

----RSVAQLTVVANESYATFAQNLQAEYR - -
----RGIATLTVIANESYTAFAQNLQTEYQ- -
----RAQSTLTV IANESYEQFAATLQRE | EE -
----RHLNTLT | IANESYQQFAATLQRE | EE -
----KSKNILTVIANESYEEFASKLQRE IEE -
AVNQQG-ER I -YD - - ----ESVNILTVIPNESYQSFAANLQKEYED -
-VNADG-MR | -YD - - - - -KSINKLTVVANETYADFSANLQKE IED -
GRGMRLAVDQKG - VRQDEELLGAD - - -VHNINKLTV IANESYEDFAKNL QRELRE -
------ AVDQNG - |RQDFELLGND - - -VHE INKLTV IANESYDQFARNL QEE IKE -
GRGLRLAVNNKG -ERMDAKYL GENSRE IHQ INNLTVVTNESYKTFVKNLEAEMLE -
—RRQE\/GRGL RLAVNKNG -DRMDAKHFGENSPE IHQLNNLTVVTNESYKEFVKNLQKE ILD -
- - -QEVGRGLRL SVDQNG -DRMDNP - - -AV - - -VHD INVLTVVASESYKNFVAGL QKE IAD -
———————————— SVNQL G -DRMDNP - - -AT - - -VHDVN ILTVVASESYKDFVGNLQRE ISD -
»»»»»»»» NQTG-DRMDHP - - -AT - - -VHEVNVLTVVASESYKDFVAALQKD ISD -
- - -LRLSVNQSG -DRMDDP - - -AT - - -VHEVNVL TVVASESYKDFVAAL QKD | SE -
-SVNQNG-ERMDHP - - -S| - - -VHD INVL TVVASESYKDFVTALQKD ISD -
LAVNQFG-DRIDDP - - -S| - - -VHD INRLTVVASESYKDFVSALQRD ISD -
LAVNKLG-ERQDNP - - -AN - - -VHE INVLTV IANESYSTFVDNL QKE INS -
-RGLR ICVNQDG -DRMDEH I L GAE - - -VQDVNKL TV IASDGYKDFVSSL QKE IKD -
»»»»» QGVRMDA -ERIGET - - - - - - - -VHH INMLTV IASEGYRTFVADL QTG IKE -
- -GLR ICVDRNG -VRMDKEL L GED - - -VHEVNKLTV |ANESYADFTTAL QKETRE -
-VDQDG -NRQDAALLGPD - -EVHRVNLLTV |ASESYETFVRDLQTD I SK -
————— G-ERIDSSIPGID- - -VHD INVLTVVASESYEQFARQL QAE I AE -
- -NQDG-ER IDDSVPGID - - -VHQVNVLS I VASESYDAFAREL QRE | AE -
-VNSKG -ERMDASVLDSD - - -FFDVNKLTVVASESYDSFAKALQNE I VE -

- - -TLKHSDAS IRRRQEVGRGMRL SVNKHG - IRQDEEA IGEQ- - -VHE INKLT | IASESYEEFARGL QSE IAA -

- B L G-DRMDANAL GVE - - -VHRVNLLTV IASESYESFAKGL QTEMAE -
CVNDKG -ERQDTDVLGDT - - -VFN INILTV IASESYDDFAKKL QKE | AE -
————— LAVNQKG -DRQDEQSLGEN - -EVQQVNVLTV IANESYETFARDL QSE IAD -

---LRLCVNQNG-ERIDSSFEGID- - -VDKTNVLT | IANESYESFANAL QSEFNE -

----EQINRLTVIANESFQDYAKGL QAD |EKA IDPDGSFR -

-FGRVPKLAFTPLL - - -NPEG
- IGQVRPNEFAKL MKRDPHGA
- IGLVRRNEFARLTKLDAEGR

- -TAQLTEEQSEA IWKHL VSKGFL DRNGDFESAFKPNSEG97
MTDDML GFRMSSA | FKHLENSGF | -KDGKTTSMFL PDAAG104
ATDDLLGFKDSLA IFQHLERAGF | -KDGRATSL FQPKLEG104

-PSKVEVDFFVNKVLENEAGQ
-PAKVDVTLFTNKVLTNQEGQ
-PSKADEAYFTGKV | ILNDGK
-PTKADQQYFSGKFVRLENGE
-PRKATEAYFTGKT I TTDAGP
-PRKADEAYFTGKV ITTETGT
-PRVANEEYFTGKVLKTATGD
-PRVADEAWFTGKLLKTASGD
-PRVADKAYFTGKMLNTKEGP
-PKVANEEYFTGK ILVTEEGD
- -VKLDKDFFSSKVLKTENGN
-PTKITLDFFENKQIKHNDEV
-PAKASMEYFMGKT ITVGDQT
-AAKATVAYFQDRQIK I GEE |
-PKKVEMDL FSGRDVVLDGET
-PHKADVQFFLDRAVTNERGE
-PRKADVQFFLDNVLTNEREE
-PVTLT IEVLNNRV IHNEKGE
-PQKATVEFLTGKLLTDEHGN

- -KLTVTKEVAKE |ERQL IKQDY IDSKGNL TATYFEQKET114
- -TIRITKEQADS IHFDL IRQGY | DREGQL TTEYFTAKEN108
- -KHQISEQEAKQIYRYLLKNDY | DDNDQ | TDNYHQAKQE117
- -KHQISEQQAKQ I YHYLVKNDY | DDNDSL TEVYKTAQKT 122
- - - 1E ITPAMAKQ I YRYLVKNDYSDDADQ | TSAYHQAKEA113
- - -VE ITPVMAKQ I YKYLLKNDYTDDADQVADAYHEAKAN104
-+ -VPVTPQLAKQIYRYLVKNDYTDDSDR | AGAYHDAKKA102
- - -VEVTPQLARQIYKYLLKNGYRGNANH | TEAYHQARKD107
- - - ITVSDDQATD IEFYL IQNGYVDKKRN | TEKYHQAKKD104
- - -VE ITAALAKQIYRYLLKNDYTDDKDH | TDEYHNAKRD105
- -~ ITINEE IAEA I QYW | RMGYVDSKYQPTAEF QKA | SE104
- - -VK ISKEQSNV IMHYL I KNDY | DDDDHVTDTYRTDVAN112
-+ -VILDVKLAKD I YRYLLKNDY | DDNDNVTREYRTDLAN103
---HT ITETEASRI | IYLEDNGY | DEDKH | TPDYREAVAN111
- - -VSFTEDESRRVYKTLYKCDL | DDDDKPTAEFRKAVED107
- -T IRIDEHLAKKLNKFFYKKDY | DEDDNL TQNYFTAVET103
- -KIRIDERLARKL YQTFVKNNY | DEEDNL TEDYYQA | EK106
- -KFVFDSQSSMDL | FDMKTKGYLDANYH I TEAL | TDVEN107
- -QKRLTFEEAKKLNKYL YKEDVL DDDDK | TDDGRRL VEE129
-PQKVT IQLFKDQSLRLANGE - - - - -T | IATED IAQS | YDSLLENKY | -KKGEL TDKFYEDRKQ102
-PV IVTANLFADAMAQTEDGT - - - - -TVK I STQQAVD I HEEL I TQGY | -KKGKL TQKYFDEKKA107
-PKL |EPKLFEGRELVVEDSNGQVTAKMVVDNTQAAE I WACLKTGKL | EKNKQTSVTYQKLSVT115
-PTKFSVEFLKTQNINGTQIS -~ ==~ -~~~ PDLANK IHYSFV INQYL TEDNEFTEKFRTDLET 106

B VDIEG-TRC-TD--------- KT INELTV IANDYYDQFAAAL QKDFNE - - -KEEVT IDV IHASLRNAG I PE ----NKIIDLTEPLRKEL IEQN | INKEGMLTKDAKK IEA 198
---------------- AVTGLKPNKYV - - - - - - - - - IDGNKKKNF - - - -VKVR - - - - -QDKF - -DD | SDLWKN INRKY - -YLKFEN | SDEELSDAFYNVL - - - -K - - - - - -SD - 1Y IDTT IDVKTRRTV - - -SK -DGE | VL RERV198
- -FNIGL IQGKVRN - -+ - -KNKDNKGH - - - -VGIR - -SNKF - -DE IKNLWKSLNKKY - -YLVL -DD I SDEYLDKA ILS | - - - -L - - - KS -GIKESVYAYTVRKSL - - - -V -FDKMQAYVRD184
-FAEGKLKPGK - - - - - - -VVTDKKKAR- - - -VGIR - -KNRY - -SELKQLWEAVNAKY - -YLRL -DDLTPAE ISTCIDEI - - -LD- - - EG- IYKAQTGRFTQDLLT - -TSE -DGVLTT ISST181
- -FAQFLLHGKV IDGT - - - - -GDGDGTQKKPKNYVG IR - -KDKY - -RLLKGLWES INARY - - IVTM-DEVDRETLDSAVDY | - - -FE - - - QK -PYREQKRKVHEQTMK - - - - - - RGEKGVTLES190
- -FATGLSSGKVKD - - - - -RNVAKPRP - - - -VK IR - -KAVY - -SE IRELWEA INQRY - -LLFY -DDDL DADMAKVVLSL - - -LE - - - KPGVFTDIVMTSSRD IVK - - - SDGSQMM | VS186
- -FVGGLNKGK - - - - - - -VKDSNKNKPQP - -VK IR - -KSNY - -AELKELWE ILNQKY - -F I YYEKLEEEF IEEQLVELL - - -- KKDVFTDV | IASKRDIVR - - - GSENGMV | GE185
-AFPKGLDKGKVSN - -+ - -AKDEGKDT - - - - | IMR - -EGKY - -EELKALWEL IHHKA - -VLQYK IKDEAEFADLFTAYL - - -- NAAKFPQAG IRTAVNEAY - - INN -GLML SRR 1 DS182
-AFEQTLKKDK I - - - - - -GKAGEGKDT - - - - IKMR - -VGKY - -EELKALWEL IHHKA - - ILQYK | GSENEFLALFTAYL - - -- NLTKFKQAGIRTAINETY - - INN -G | MLNRRKEN189
-AFP IGVKPGK | - - - - - -KKATDGKRR - - - -VGKF - -SELKELWEL INQKA - -V IEY -K INSENEFLS IFKSF - - - - - - - - MLEETERFTKSGVHTRIDK Y IH-NDMAMSKS V181
-ESSGSLKDGK - - - - - - - IKGSGEKVEK - - - 1AKY - -DELKALWET INQKALLQYK | - -KDEDEFLSLF IRYL - - -KE - - - NADKFTATGIRTVQNK IR - -VDN -GLL SATETRS176
-EFESSLNNK - - - - - - -QTGIGKKET - - - -KDKY - -HALKTLWETLNRRV - -VLNY -QIDNEQSFYSLLKQFFAVEV - - - MG -KLDKSYTTMQAQELQ- - - -VNPDEML 1KY181
-LVFEQLKKNKVRS - - - -SKDGDKK - - - - - -QEKY - -LEFKKLWEELNKKV - -L IKY -DFKSNQEQQELLNNMILEFW- - - GNGL FENSGFKLKVHKME - - - -KGDK I DF IEEKS179
-VNASKLNADKVRD - - - -MKKNPPNLK - - - -KENW- -NKLRFLWENL SKRY - -MLEFKKMSEDDLYLFVERLL - - -ND - - - DD -LFVKQQPER IHQSLE - -KDD -EGKQV I KES 1200
-LNTNRLREGKV ID - - - -TKKHS IKVR - - - -KENW- -EKVKELWQQFSNRY - -MLEF -QR IPET ISFMAEQIV - - -GN - - - HS -L YEREVPMQMKESLH - -ASD -DNESVVLREQ199
-LTQARVRADR IRD - ----NKPASRLR- - - -KENW- -EQLSG IWVEQFSRRY - -MLQF -ERSGSSLEQIAAGVL - - -RD - - - PT -LYVRQKPSQMQQRLYV - - SNEDNGRFEVAQRE 198
-LTQARVRADR IRD - - ---NKPASRLR- - - -KENW- -EQLSS IWVEQFSRRY - -MLQF -ERSGASLEQIAAEVL - - -RD - - - PA-LY IRQKPSQVQQRLYV - -SNEDNGRFEVAQRE196
-LTQARVRADR IRD - - ---NKPASRLR- - - -KENW- -EQLSS IWEQFSRRY - -MLQF -ERSGASLEQIAAEVL - - -RD - - - PA-LY IRQKPSQVQQRLYV - -SNEDNGRFEVAQRE197
- IEETQVRPGAIT - - - - -TGGPTSKMR - - - -KENW- -NKMRDLWERFANRY - -MLEF -EH | SDDAMQLLVDEV - - -MQ- - - NMANFALQYPETVENE IY - - YDDGNGGMRL RERT 175
LEQQTKVAKGRVRD - - - - -KNSKDNTV - - - -KQNW- -QQLKNLWL. QLAKRQ - -MIKF -DPSVNQDAETVARNVFNDSD - - - NK - IFVLQRPQMVHQEVV - - - - - - TDNSSASVRE203
LVQETKVAKDKVRD - - - - -KNSKDSTT - - - -KQNW- -QQLKNLWL. QLAKRQ - -MIKF -DPSVNLDAETVARNVFNDSD - - - NK - I FVLQRPQMVHQEVD - - - TTSGNA | VKE203
LEQQTK IAKGKVRD - ----KYSKDSTT - - - -KKNW- -LQLKNLWL QLAKRQ - -MVKF -DPSVNRDAEAVARDVFNDND - - - NK - IFVLQRPQVVHQEVV - - - TDKN IASVQE203

96 MT GYDAL CRLYPE -
94NEEFK - - -ELLGD -
103DDK IK - - -ELLGE -

11SNEN IK - - -STVLSAFKMAENATNKHDQV INANQPQEK - - - -QDLA - -KEFKELWQT INMQANL 1YQ- -NIQKTAL IET |AKAF - -
101DT - - - - -----EF - -EHVEQE IKQV IRQSLNKLP - - - - - IRNHNNEVT - - - -KRVYLGPEFESLWNR I KFRT - -TYSV -AMD | EKLVQECVDA | - -
102KN - - - - -----EF - -KECEEQI IATLKKL -AGNLN - - - -VKNAGDRKT - - - -KQRY I SPEFKELWOK IKYKT - -TYSV -EFSSEEL INKCSEE | - -
100KN - - - - -----EY--KEVEDQVVATLKK I -AGSLR - - - - INNADDKKE - - - -KQRYLSPEFKELWDR IKYKT - -TYNV -EFDTEEL IQECVEE | - -
109NK - - - - -----EY--EHVRAE ITALARKVCSGLN- - - - - IRNNSDKKT - - - -KQVYLDPEFKELWNR IKYKT - -TYSV -DFDSEKL |EECCKEM- -
105DS - - - - -----QF - -EAQKEA ITATLKKV -AGGLN - - - - IKNNEDKRT - - - -KAIFESSEFKELWOR IKYKT IYNV -EFNPNKL IEKCATS | - -
106NT - - - - -----SV--QEHSDA ILATLTKVAKGLS - - - - - IKKHEEKKT - - - -ATLREDNG -KQ I VL GDDFKALWDR IKYKT - -TYRV -NFSVGELVQKC IKE | - -
107KT - - - - -+ ---EF - -KPELDA ISSVLRKL -AGRLD - - - - IKNADERIT - - - -VKPN - -KERLLSPEFQELWER I KHKT - -TYRV -DFDNEKL |QDCAKS | - -
103DK - - - - EF - -SEQQDGVKE ILRKL -AGKLE - - - - IKNADERIT - - - - IRTR - -EA | IESEGFKALWOR | KHKT - -TYRV -EFDNTKL IDDCARA | - -
110GN - - - - FELPEG\KQEL\/KDHGEEQADI IASD IQGVLRKLAGKLD - IKNADDRK | - - - - IRTR - -EAVLESDDFRLLWER IKYKT - -TYRV -EFDNLKLLNDCAVAI - -
100GT - - - - -----QF - -RPQLDQITAVLKKL -AGRLE - - - - IKNANERRQ- - - -VHTR - -QAVLHSPEFKELWER IKHKT - -TYRV -EFDNEKLVESC IKAL - -
100DT - - - - -----PF--AAQRDQIVAGLKKL -AGRLE - - - - IRNADERRQ- - - -VRTR - -QAVLHSPEFKALWER IKYKS - -TYRV -HFDNKKL IKRC IRAV - -
100GT - - - - -----EF - -AAQRDQITDVLKKA -AGRLE - - - - IKNADERRQ- - - -VRVR - - - - - GEVH I SDEFKALWOR I KDKT - -TYRV -KFDNEALVEAC IKAL - -
101GT - - - - - ----EF - -DAQKSQIAEVLRKY -SGRLE - - - - IKNADERKQ- - - -VPLRKGQDGKA | ALSDEFKALWDR I KHQT - -TYRV -QFDNAKL I TNC I SAL - -
101GT - - - - - ----EF - -DAQKAQIAEVLRKY -SGRLD - - - - IKNADERRQ - - - - VPLRKGKDGKAVYL SDEFKALWDR I KHQT - -TYRV - QFDNAKLVTDC I AAL - -
99GT - - - - -----AF - -EAQRTQIAEVLRKV -SGRLE - - - - IKNADDRRA - - - -VLLRKGADGKAVYL SEDFKALWOR | KHRT - -TYRV -QF DNAKLLQDCTTEL - -
99GT - - - - -----AF - -AAQRTQVLELLRKV -SGRLE - - - -VKNADERKT - - - -VALRKDADGKA I TLGEEFKALWOR | KHKT - -TYRV -QF DNAKL L QDCTKAL - -
105GT - - - - -----EF - -EAQRGP IVEVLRK | -SGRL | - - - - IKNADERRA - - - -VPLRKGSDGKAL YLSEAFRALWOR | KHKT - -TYRL -RFDNEQL ISECIAGL - -
100GT - - - - -----AH- -AAHLPQVKEVLRK | -AGKLD - - - - IKNADDRVT - - - -QAVLHSAEFQALWER IKHRT - -TYRV -HFDNDKL IEDCAKA | - -
99GT - - - - - -+ -EF - -KAHLPQVKEVLRKL -SGRLE - - - - IKNADERTP - - - -QAVLNSEEFKALWNR | KHKT - -TYRV -HFDNDALLTKCAEA | - -
105GT - - - - - ----AF - -NAQAPQIQE ILKKL -AGRLE - - - - IKNADERES - - - -KEVLCSPEFQALWOR | KHKT - -TYRV -EFDNDRLLEECAKA | - -
104RA - - - - -----EF - -GSQRAL IVDMLRKL -AGRLD - - - -VRNADERRH - - - - IALRPDAHGKAVYLGDEFRALWER I QYRT - -TYRV -NFDNARL |ERCVAAL - -
104RA - - - - -----EF - -DALRAL IVDMLRKL -AGRLD - - - -VRNADERRH - - - - IALRRDAHGKAVYL GDAFRALWOR IRHRT - -TYRV -NFDNARL | ERCVAAL - -
104SA - - - - -----AF - -EMLRAP IVATLRKL -SGRFA - - - -VRNADERRA - - - - IALRRDASGKAVVFGEDFRALWDR |RHRT - -VYRV -EFDNAKLVRDCAAAL - -
104SA - - - - -----AF - -ERLRAP IVATLRKL -SGRFA - - - -VRNADERRA - - - - |ALRRDASGKAVVFGEDFRALWDR | RHRT - -VYRV -EFDNAKLVRDCTAAL - -
104SA - - - - -« ---AF - -ETLRAP IVATLRKL -SGRFA - - - -VRNADERRA - - - - |ALRRDASGKAVVFGDDFRALWDR | RHRT - -VYSV -EFDNAKLVRDCTAAL - -
104SA - - - - -« ---AF - -ESLRAP IVATLRKL -SGRFA - - - -VRNADERRA - - - - |ALRRDASGKAVVFGDDFRALWDR | RHRT - -VYRV -DF DNAKL VRDCAAAL - -
95NT - - - - -----KY--ALLQEQIET ILRKS -AGRLN - - - - INNADERKT - - - - IKYR - -KEVLNSPEFEALWQR ICQKT - -LYRL -AFDEDEL IKSCTKSL - -
101YD- - - - EF - -QPWRSA IVKE IKRHLQALP - - - - -VKDGTKKKK - - - -MAVLNQEEFRRLWDK IKYKT - -VYSV -DFDSEQL IDLCIAAI - -
103GE - - - - - -FKLAP IVED IASDK - -EELRNN | INE IRTL -TAPP | - - - -VKKRGDRKT - - - -YDKYKKEDFYK IWNK | KHKS - -MYKV -QFDTERL IEECSKRL - -

- - - - IKNSRERRT - - - -KGWELNEDFRALWER | KHHT - -RYRV -EFDTEDLVQRAAKA | - -

- - - - IKNSRERRT - - - -KGWELNEDFRALWER | KHHT - -RYRV -EFDTEDLVQRAAKA | - -

- - - - IDNKRQRRT - - - -KGWRMDENFLALWOR I KYKT - -RYSV -KYQTGHL IAQAAQA | - -

-----AH--QELAPAV IDLLASYQIELH- - - - - IRKDRDERYV - - - -KAVLLGPEFQELWIRINPKT - -TYRV -EFETAELVNRAVAAI - -

-----AF - -ADLRAE | IDEVNRKLFKNR - - - - - IVNVRDERT - - - -KEVHLSADFQALWDK IKHRT - -RYRV -TFETAAL IDRALSRI - -

-NKFLNIFKESSNNTHQQ | INAKNQDNK
-PKVLEFFKAKESQSPNKHKQVENGEKKSDQ -

- - -THLAKDFKELWDK INKKAQI 1YQ- -NIKEQN | INEVALAF - - - -N- - -
- - -PNLAKDFKELWEK INQKAK ITYQ- -DIKEQD I INQATKEF - -

TL -NIEKERVYYQRKLFD -
NKTNIEKESYTYERKRYD -

-AQQ-NS | ITEE IKT205
-AQQ-NI1ITEDSIT217

NKNHVRREV ITVESKRYD - - -AKTNQ| ITEESSV228
MP -A IPKVRL IQESARID - - INQ-SGVSGEL - - -209
NL -KVNKAKFLFTKAELD - - INK -SGTVTKE - -N211
NL -MIDKAKV IYTKGEVD - - ISA -AGTVAEE - -K209
SL -FVSSPKL IYTKAGLD - - ISA -GG | EAKE - -S218
NL - IVSKTKFNYTRAKTE - - ISK-AGVNITE - -S214
SV -AVASAKFEYKKVKVA - -VTE -AELETFD - -E219
GP -P ITKTRARFRNANLA - - | GE -GG | EADE -KA217
GP -SITKTRAQFRVAD IA - - | GK -GGVEASE -TS213
CP-PITKTRAQFRKAD IA - - IGK -GGVGVQE -TS233
AP -A ILKTRMQWHKAE IV - - IGK -SGVEATE -RS210
AP -A IPKTRLQWRKAD IA - - IGK -AGVEATE -RE210
MP -A IPKVSLQWRKAD IA - - IGK -AGVVAAE -RE210
AP -A |AKARLQWRKAD IA - - | GK -AGVQATE -KS216
AP -V IAKARLQWRKAD IS - - | GK - AGVAATE -KA216
AP -A |AKARLQWRKAD IA - - IGK -AGVQATE -KE214
AP -P IPKARLQWRKAD IA - - IGK -AGVETKEQKD215
AP -DISRTRLQWRKAD IA - - IGR -SGVAATE -KN220
GP -P IPKARVT IRKADLA - - IGQ-GGVLATE -TS210
CP -P IAKTRLQWRKAELA - - | GK -SG | DAQE -TS209
AP -PVSRARLQISKADLA - - | GK - GGVQAKE -TS215
AP -AVARARL QWRKAE IA - - IDA -AGVEA |E -TE219
AP -AVTRARLQWRKAD IA - - IDA -SGVEATE -TE219
AP -DIARARLQWRKAE ID - - IGK -AGIEA | E -VA219
AP -DIARARLQWRKAE ID - - IGK -AGIEA |E -VA219
AP -D IARARLQWRKAE ID - - I GK -AG | EAVE -VA219
AP -D I ARARLQWRKAE ID - - I GK - SGVEA | E -VG219
MQ -PVAKAMVSFSKAT IK - -QSQ-SGL DVKAKTN206
MR -P IEK IRIVSRKGRVE - - IDHVTGVQAQT - - -210
EL -NIGNPTV IFTKAGYK - - IEY -SGIEPQE - -E219
MP -KVERPRYR IEKGR IV - -RLG-EDLETAL - -V118
MP -KVERPRYRIEKGC IV - -RLG -KDLETEL - -A118
MP -A |ESPK IMAQKRGLE - - ITS -KGLETRM- -L 162
ME -S |EKPK IQVHTGQVS - -VTR-GGVDAA | - - 1210
IE-PIKAARIETTVVEVD- - ITD-AGVSADR - -Q215


Manasi Khasnis
Typewritten Text
Type III nuclease


CtaORF1P9/1-436
DdaEORF30/1-434
CjaUORF15/1-433
Asu1300RF/1-359
PhaBI879/1-359
AplORF812/1-360
HAUORF169/1-366
EmIORF224/1-347
SsuSCORF6/1-462
SmiB60RF1/1-455
HpaSHORF2/1-468
PmMUORF698/1-473
MspBNCORF/1-462
SacSBORF1/1-455
BbrRORF91/1-448
VeiORF348/1-449
EcoCFTORF/1-453
Pin370RF2/1-450
AplJORF65/1-445
LdeBORF12/1-470
DreMORF22/1-453
AmMuORF152/1-448
EleORF928/1-460
TspJRORF1/1-446
PthSORF15/1-448
CphBORF11/1-454
DfeORF522/1-468
BfrYORF11/1-450
BfaSORF11/1-450
LmoHORF56/1-460
MvaSBORF1/1-449
HMOORF300/1-452

Mca54020R/1-438
Vpa20080R/1-424
Cps410RF1/1-420
CSpLTORFB/1-437
CKIORF323/1-426
AorOORF13/1-424
NmeBORF12/1-429
MSUORF102/1-426
ECoPI/1-420
HinR28660/1-416
HpaSHORF1/1-421
IpoORF207/1-425
SepKORFAP/1-439
BceSI/1-437
SenAZORF2/1-441
SenAKUORF/1-439
StyLTICAG/1-434
LKIORF670/1-416
LgaORF146/1-441
LIeAORF10/1-441
LrhORF102/1-441
Cje4140RF/1-450
CupORF798/1-457
HacSORF14/1-479
SWOGORF15/1-429
CcaP7ORFA/1-430
NthORF364/1-428
CthORF519/1-441
BtrCIPORF/1-441
Vsp2220RF/1-451
DdeGORF17/1-440
Rba21500R/1-437
NwaCORF29/1-437
PphBUORF1/1-431
CteTORF90/1-431
Afe103310/1-433
GprHORF22/1-441
DacSPHORF/1-441
VpaSORF45/1-437
AavORF159/1-438
EtaORF398/1-442
NhaXORF58/1-433
PprDORF23/1-431
MspMCORF7/1-442
BHIORF41P/1-449
Bps17100R/1-449
EsaSS21P1/1-448
BceJORF34/1-450
BceAMORF2/1-451
BmMUJORF41/1-448
ECOEDORF2/1-426
R1_GspCOR/1-434
MstDORF47/1-445
Mru12790R/1-341
MSiPORF56/1-341
DreMORF51/1-377
DIyBLORF1/1-422
MSiBL20ORF/1-432
CtaORF1P9/1-436
DdaEORF30/1-434
CjaUORF15/1-433
ASU1300RF/1-359
PhaBI879/1-359
APIORF812/1-360
HAUORF169/1-366
EmiORF224/1-347
SSUSCORF6/1-462
SMIB6ORF1/1-455
HpaSHORF2/1-468
PMUORF698/1-473
MspBNCORF/1-462
SacSBORF1/1-455
BbrRORFI1/1-448
VeiORF348/1-449
EcoCFTORF/1-453
Pin370RF2/1-450
AplJORF65/1-445
LdeBORF12/1-470
DreMORF22/1-453
AMUORF152/1-448
EIORF928/1-460
TspJRORF1/1-446
PthSORF15/1-448
CphBORF11/1-454
DfeORF522/1-468
BfrYORF11/1-450
BfaSORF11/1-450
LmoHORFS56/1-460
MvaSBORF1/1-449
HmMoORF300/1-452

Mca54020R/1-438
Vpa20080R/1-424
Cps410RF1/1-420
CspLTORFB/1-437
CKIORF323/1-426
AorOORF13/1-424
NmeBORF12/1-429
MsuORF102/1-426
EcoPl/1-420
HinR28660/1-416
HpaSHORF1/1-421
IpoORF207/1-425
SepKORFAP/1-439
BceSI/1-437
SenAZORF2/1-441
SenAKUORF/1-439
StyLTICAG/1-434
LKIORF670/1-416
LgaORF146/1-441
LfeAORF10/1-441
LrhORF102/1-441
Cje4140RF/1-450
CupORF798/1-457
HacSORF14/1-479
SwoGORF15/1-429
CcaP70RFA/1-430

-DF SAEGFEAAVVGRLNRF -VPRDF - - - -VKDARMRES -
- - -EFRPYETDI IHCILNAGIEKY - -VKPVSARAK -

-KPYEAQI IGL

IDRSG1GQY -

-VKPTSKRQV -

- - - IKKREDKRE -
- - -VKKREDKKA -
- - - IKNKAERKY -
- - -VKSKQARLQ-

- - - IKDKRARKK -
-AGVEVAVKD ILET IYDANRYQIERENDSEVVFA -
-AGYEDKLVE ILESVYHAGQYE | ENANNAV | QFS -
-TAYQTHIFTL IDGVFDPKALEGM-VENSSQK IM-
-SSLSSP IFQL IEGILDPDL |ERM- I DN I HLKKE -
-KAHADQIFQI I DSVFSDAQLPK - -VEDGRKPKT -
-APHAEQIFGL IDSVFSESQLPD - -VGDDRKPKT -
-KPHAAQVYQL IDSVFSASQLPD - - I GDDRKPKK -
-QAHADQVYQL I DSVFDDSQLPK - - |GDGRRSKT -
-QPYAEQVFQL INSVFSESQL - - - -MQVEDGRKP -
-QPYAPQI IQL IDSVYSDAQLPD - - | ADERKAKC -

-ENYQQAFVALLQGSTGSASDYA - - IENGRKQ- - - - - -

- -KRVELNPEFQILWEK ISRKT - -RYSV -EFQTDEL IAKA ILKM- - -RD - - - MP -E IKAVRIEVTKRSVD - - ITE -AGVDGGL - -V209
- -KELYASPDFERLWSA I SQKT - -TYRV -TVKHPMLVETC IKA | - - -KA - - - EP-KIQPLRIDVTRAGVR - -VLR -GGTQGLE - -L 214
- -KALYATPEFEHFWNA | SQKT - -TYHV -QVEREKL IANVVAA | - - -KA - - - AP -RILPLRIE IKQAKVT - -VMR -GGT QGSE - -T214
- -KDFSLHPDFVA IMVER IKQQT - -TYRV -NFSNDEL |ERAVEK | - - -HK - - - MP -A |EATK IKHAKAKLV - - IDE -SGIATDY - - -127
- -KDFSLHPEFAA IWER IKHQT - -TYRV -DFSNAEL |ESAVDK | - - -RK - - - MP -D IEATK IKHSTVKLE - -MNE -TGISTNY - - -128
- -KDFSQHPEFQTLWER IKYKT - -TYRV -AFAQADL IENA IAK | - - -AK - - - MQ-RVEAVK IQHTKVKLR - -FDE -TGVQTDL - - -130

- -KGFTLDPAF | E IWQKL QQKT - -LYSV -RFEREKL |ESAVKLM- - -SE - - -
-KGFELDAKF | ELWDK | KHKT - -TYKV -DYDSQDL | KAAGKAL - - -RD - - -
-PDNYNRQEFKRLWES IHHKS - -TYYV -EFDDEEL |EKSVKAL - - -NE - - -
-QEN IARKEFLNLWKQ INRKT - -SYQV -EFDDAELVKHSVDY | -
-KTNLQRKEFQALWQR INHKA - -VFE | -QLDSEKL IADS 1SQI -
-SSNLNRKEFQALWKK INRKA - -VFE | -QLDSGSL IQES ITK | -
-NENFEKKEFQELWRR INQKA - -VYRV -EFDSDELVRKCVSAL - - -DS - - -
-NANFEKKEFKALWSR INQKA - -VYRV -EFDSSEL IRNS IRAL - - -DK - - -
-NANFDKQEFKALWNR INRKA - -AYSV -DF DSDELVQKAVKEM- - -DA - - -
-NDNFDKQEFKELWNR INRKA - -FYSV -DFDSAELVDKA | AEL - - -DK - - -
-NANFEKQEFKALWGR INRKA - -TYSV -LFDDVELVNNA | KALNDKNA - - -
-NGNFYKKEFKELWSR INHKA - - 1YQV -EFDSEELVVKS IKSL - - -DD - - -
-NANFDRKEFKALWOK INRKA - -VYQV -DFDSDEL IKNCVEAL - - -NR - - -

MP -A 1QRVQLNVQKAKLR - - QSE - QG I WGEE - - -129
LETEIKAP I IRTVKTGVN- - ITS-EGVFGTV - - -128
SL -FVKKPSYMITEAEAREMQAK -HGLD - - - -FK229
KL -VVSKPSFH I TQASATEMSKE -EGLH - - - -LT223

-TRIACERDNR-FVES ISYKLGTTTQKEQ DY -NDLKVKESF G242
-EKEAQSRGGL -FVES ITYK IGETTQKDN IEY -SDLQ | RESF G247

QL -RVTPLQYTVQTG I QGDGL TD - EQL KAGDGF A230
EL -RVTPLTY IVQKGVQTTEATY -DRL KSGQAF D221
AL -RVTPLQYT IQAGEQIDQVTG - EALKRGDGF K219
NL -RVPPLHYL | QT GEQADHVGH - DEL DNRRVFV224
GL -RVTPLQYT IHRGKQADTATY -DDLKKG | AFE224
KL -RVEKL HF DVVRGEQSDAVSY -EQ | KAGQGF $222
HL -NVTELTYTVREGVQKSQISD -RDL DEKTAFK220

KYGVRELTPE I|HALVQSVYDDHAL DDFVLDGRKTK IP - - -
SL - -APLAAGVHTL 1QSV -FDKSVL DDMVEDGNKTKLKE -
RL - -QP IAEGVVRL INS |FDPKALDDMVVEEKTTTPD -
E IADAAHAKAVEALVKSV - YDAHALDGMIGRAQEK IS -
EF - -NNHVEAVVELLKE | YSPDKTSL - -VSDERKGNV -

-EL - -KEHKHAV IKLVST I YSESASPL - -VHNERNKNVE

116EK - LEA\QE\/LDE—
107ND------IKISE-------

199ANYY - - - -LVDDKVA - -YR -
185EPTKSQ- -VLDQS IK - -YG -
182KETYAV - - - -DGS P - -YG -
191GTAYSH - -EVDSALP - -YG -
187DT GAQY IVSKPIP--YN-
186SAGVYY - -TLEKPLP - -YF -

183FEDEDF - - IRFNTMT - -YR -
190LENDDF - - IRFNTMS - -YR -

182SDDDDF - -AKLNTMS - -YR -
177LNDEVF - -EP INTLN - -YR -
182GGREKL - - IENTGYVLSYG-
180VSYK | - - -QNMSHLT - - YK -
201SEYNYR - -NEF IYMN - -YG -
200ENEYQR - - IYLPGMA - -YG -

199GELAAS - -EFMAGMK - -YG -
197GELAAS - -EFMAGMK - -YG -
198GELAAS - -EFMAGMK - -YG -
176ATYDSR - -RPLSGMR - -YG -
204TQADYN - -TEYLTMK - -YG-
204TQADYS - -TEYLTMK - -YG -
204TQLDYN - -NEYLTMN - -YG -
206 |EE IDYKKSLYQE 1Q- - -
218LGD | DYQASFAKDMQ- - -
229L KEKNYTNALQKE IN- - -
210 -TSVKV - -LDQID IKHSLP -
212DRRTEE - -VKNNNF | - -LP -
210GRYAMV - -VDDAKFR - -LP -
219DRYAVV - -LDNQKET - -LP -
215KESTHI - -YDVRDYQ- - IP -
220ESK 1QY - -YRNRNFQ- -LP -
218VSQYTT - - INESDIE - -LP -
214SSGFTS - - INESDIE - -LP -
234ASGYTT - - IHENDIE - -LP -
211GAATVV - -LDENDIE - -LP -
211GAATVV - - IDEAD IE - -LP -
211RGAPVG- -LEETDID- -LP -
217GAATVV - -LDETDIE - -LP -
217GAATVV - -LDEAD IE - -LP -
215GAAT IV - -LDETDIE - -LP -
216GAYTVG- -LDESGIE - -LP -
221GAMSVT - -LNETYRE - -LP -
211TSGPVT - - IEEGD IV - -LP -
210VSAP IT - - IDEHD IE - -LP -
216KAAP IT - - IDERDIE - -LP -

220AAGA |A IDEGEID- -LP -
220DAGA IA - - IDEGEVE - -LP -
220GAGTVL - -LDEGELP - -LP -

220GAGTVL - -LDEGELP - -LP -
220GAGTVL - - IDEGELP - -LP -
220GAGTVL IDEGELP - -LP -
207GTTSSV - - IDVAEQP - -LP -
211 - ISEKV - -EDYVSLHHTLP -
220 WDV |E - -SQGDSVD - -LP -
119RVNTED - -LDFRP -A - -VP -
119RVNTED - -LDFRP -A - -VP -
163SVQETK - -VGYSGLP - -VP -
211ATAEEQ- -VSFRSQP - -VP -

216 ISSRVR - -DVQQVKYV - -LP -
210TSNRTY - -VVANEQP - -LP -
215GA -RTV - -DLKGSYD - -LP -

215RTPRIA - -ELKGSYD- -LP -

KL - -QGFESCVAELMT G| YTTANFKAAENENANN INE - - -

QL - -EAFRDS INQLLRSVYMGEA - - - - - IKPENDRQS - - -

EL - -TDYKAS IMT ILAS I YNPREM- - - -QPNDARKSK -
- -ANELKSF | IKQLDKVFDPDSVK - - -PTNGREKKE - - -

SL
TL

EL - -QVFALP IQKL INSV -YNLKDLP - - IENENKRTT - - - -LKLN -
-KEYSKE | IELSKKVVNNK IDISKASGKSDVRSH - - - - IKL - -

-QEHS IMIKKAF | EAMQAKGSKK I L

-DFLKE INRQ- -TGISAK IVHKTLC
-EFLKQVHQN - -TGVP | ISMHKALC
-QWLRLAYTQ- -TYLP ISE IHAGLV
-KFLRLLSTT - -THLPVEV IHEGC |
-EFLKRITNA--TNIP IK ILHEALC
-EFLRRVNEG- -TNLP ITA IHKA IV
-EFLEKLAQT - -AK IRMQTLHQAFY
-EFLSELAVS - -AK IQUNTLHQAFY
-EFLDNLSQT - - IFVKHDTLHKVFC
-EFLLKLSQT - -AL IQMQTLHKAFF
-EFANELAMS - -LNVSLKSLHQVLL

IKNGDEEP | ENGAHSY | -

- -EKLNDPEFDKLWNY ISTKS - -YYTV -DFDTKEL IKNSVAK | - - -NE - - -
-SEEQFEQLLKELGKRMSQRT - -LYQV -N I DSDAF |EESAREL - - -NE - - -

-NDNFNKEEFQKLWQQ INHKY - -SYTV -HFDSKEL IENSVNY | - - -NS - - - KL -YVAPLQYTVTKGTQGEEWSS -DSVKAGSGF V234
-D-NFFKKEFQTLWSY INHQY - -AYTV -EFDSQEL IEKA IKH | - - -ND - - - NM-FVSQLQYT IVTGKQTLNLHE -EA | ARGESFQ223

- -NENFQKAEFQALWNE INHQY - -VYTV -SYDSNEL IEKAILHI - - -NS - - - EL -EVKRLRYVMVEGTQDEEQVT -D- - - - - - - FG223
- -TDNFARREFKELWAR INRKH - -AYTV -SFSDDELRRKS IER | - - -NC - - - DL -RVSRLQYTLTVGGQKSRATR -DEVQGGSSF G233
- -NDNFYKKEFQDLWN | INRKT - -AYTV -RFDSDELVKKC IEA| - - -DQ- - - KL -AVPD IQFRVKYGEMTK I DSR -DRLKKGEAFE221
- -NDNFYKEEFQKLWKK INVKT - -AYTV -KFDTEELVDKC INAL - - -DT - - - RL -RIADISYQIKDGVLEV IDSK -EQL ERGEGFV223
-NDNFAKKEFQDLWKK | KVKT - -VYEV -DFESAELVDLCVKA | - - -DT - - - NL -TVKK IL INITSGEQQDK I DE -ATLKSGESMK227
-NSNFHKKEFQKLWNK INLKT - - I YEV -QFNSEKLVSDAK IR | - - -NA - - - DL -NISERTYE IRSGELEES -TK -EQL QEKNAF Q243

--INLRLS - - -KDKLENSKLQELLKLLCSKS - -TYTV -KFDEKELVERA IESL - - -NE - - - KL -RVSQLYLSV ITGQMEK IKSK -AAL | SGEAFK219
-AKFN - -ADNFHKKEWQELWKR INTRT - -YYNV -NFDTSKL IKNA IDEL - - -YK - - - HL -NVTE IRIVVESGG I EGIRDR -EELEVGTAMS222
-REKYASKEFKNLWSK INRKS - -YYTV -DFDDQE | IEKSIQL | - - -NK - - - NL -TVKTLKAR ITEGNMQAT - - - - - - - DTGT IFT230

KL -TVSSVYVELRTG- - - - - ITK -KEHENTVEFE218
LL -RFKRVLYEYN | ETGKAEFDEQKKFRLSE - -S218
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-EFLQKLARL - -TKVKVSLLHASLA
-KFLK ILAQQ- -TDLSVNLLNNLMI
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-DIITYLQNE - -TSLTRKT IVRILK
-DI IAYLQNE - -TNLTRKT IVEIL |
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-Q--EE-LTGYLKNML - -ETE - - - -313
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-S--EP-LTGYLSSMR -RGAA - - - -324
-S--EA-LTGYLRNLR-PDAQ- - - -324
-S--EA-LTGYLRNLR-PDAR- - - -324
-S--EA-LTGYLRNLR-PDAR- - - -324

---D--SG-RLDDFRVNPQQF IAIAADA INRCKRLALVAG- | - -AYRK - - -LGD - - -RHVH - -ALESFE ----S--EA-LTGYLRNLR-LEAR- - - -324
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- --E--SG-RLADAKENPQQF IDLALAA IRNTLGELMVEG- | - -KYER - - -LEG~- - - -QAY - -DMMLFE ----S--KE-LIGYLDKIV-EVSN----221
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Table A1: Members of phylogenetic Group |

ATPase
CspLTORFB
Cps410RF1
Mca54020R
VpaZ20080R
AorOORF13
CkIORF323
UbaNspORF
LgaORF146
LfeAORF10
LrhORF102
SenAZORF2

BceSI
LkiORF670
SepKORFAP

EcoRP151
EcoPI
NmeBORF12
MsuORF102
HinR28660
HpaSHORF1
IpoORF207

Group I
Nuclease
Mca54020R
VpaZ20080R
Cps410RF1
CspLTORFB
CkIORF323
AorOORF13
NmeBORF12
MsuORF102
HinR28660
EcoPI
EcoP15I
HpaSHORF1
IpoORF207
BceSI
SenAZORF2
SenAKUORF
StyLTI
LgaORF146
LfeAORF10
LrhORF102
LkiORF670

Methylase
EcoPI
EcoP15I
MsuORF1026P
HpaSHORF1827P
HinR28660RFAP
IpoORF2074P
UbaNspORFAP
LgaORF1464P
LrhGGORF981P
LfeAORF1043P
SenAZORF2565P
BceSI
LkiORF6700P
Vpa20080RF448P
Mca54020RF234P
CspLTORFBP
Cps410RF1462P
CKkIORF3239P
AorOORF1317P
SepKORFBP

Table A2: Members of phylogenetic Group II

ATPase
AmuORF152
EleORF928
DreMORF22
LdeBORF12
PmuORF698
HpaSHORF2
BbrRORF91
VeiORF348
EcoCFTORF
MspBNCORF
PcaORF272
SacSBORF1
AplJORF65
Pin370RF2
TspJRORF1
PthSORF15
LmoHORF56
DfeORF522
SsuSCORF6
SmiB60RF1
BfaSORF11
BfrYORF11
CphBORF11
MvaSBORF1

Group II
Nuclease
DfeORF522
MvaSBORF1
BfrYORF11
BfaSORF11
LmoHORF56
SsuSCORF6
SmiB60RF1
HpaSHORF2
PmuORF698
MspBNCORF
SacSBORF1
BbrRORF91
VeiORF348
EcoCFTORF
Pin370RF2
PcaORF272
AplJORF65
LdeBORF12
DreMORF22
AmuORF152
EleORF928
TspJRORF1
PthSORF15
CphBORF11

Methylase
PmuORF698P
HpaSHORF2158P
AplJORF655P
TspJRORF1073P
PthSORF151P
CphBORF1148P
BbrRORF912P
EcoCFTORF5372P
SacSBORF1825P
MspBNCORF543P
LdeBORF1230P
AmuORF1521P
DfeORF5227P
MvaSBORF154P
SsuSCORF608P
SmiB60RF1249P
BfaSORF1120P
LmoHORF56P
EleORF802P
TspX5140RF1828P
HmoORF3004P
BfrYORF1142P




Table A3: Members of phylogenetic Group III

ATPase
MhaPORFAP
PhaBI
Asul300RF
AplORF812
HduORF169
EmiORF224
DdaEORF30
CjaUORF15
CtaORF1P
MsiBL20RF
DlyBLORF1
Mrul2790R
MsiPORF56
DreMORF51
Bgr40ORF41
R1.GspCOR
SwoGORF15
MstDORF47
CthORF519
NthORF364
CcaP70RFA
BtrCIPORF
Afe103310
CteTORF90
PphBUORF1
Bps17100R
BtIORF41P
BgIBGRORF
BceAMORF2
EtaORF398
AavORF159
VpaSORF45
DacSPHORF
GprHORF22
DdeGORF17
Rba21500R
NwaCORF29
PprDORF23
MspMCORF7
NhaXORF58
EcoEDORF2

Group III
Nuclease
Bgr4ORF41
SwoGORF15
CcaP70RFA
NthORF364
CthORF519
BtrCIPORF
Vsp2220RF
R1.GspCOR
DdeGORF17
Rba21500R
NwaCORF29
PphBUORF1
CteTORF90
Afe103310
GprHORF22
DacSPHORF
VpaSORF45
AavORF159
EtaORF398
PprDORF23
MspMCORF7
BtIORF41P
Bps17100R
EsaSS21P
Bce]ORF34
BceAMORF2
BmuJORF41
BgIBGRORF
EcoEDORF2
Mrul2790R
MsiPORF56
DreMORF51
DlyBLORF1
MsiBL20RF
CtaORF1P
DdaEORF30
CjaUORF15
Asul1300RF
PhaBI
AplORF812
HduORF169
EmiORF224
MstDORF47

Methylase
VpaSORF4593P
MspMCORF787P

EtaORF3980P
EcoEDORF2295P
DacSPHORF4205P
GprHORF22920P
Afe103310RF1394P
PprDORF237P
AavORF159P
BtIORF41P
BgIBGRORF160P
BceAMORF20P
CteTORF908P
Rba21500RF11466P
NwaCORF2929P
NhaXORF582P
NthORF364P
SwoGORF1548P
BtrCIPORF1929P
GspCORF2154P
PhaBI
Asul300RF673P
AplORF812P
HduORF1691P
EmiORF224P
Mrul2790RF580P
MsiPORF567P
MsiBL20ORF1946P
DlyBLORF1612P
DreMORF514P
CtaORF1P
PcaPC10RF848P
DdaEORF3047P
CjaUORF1580P
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ABSTRACT

Engineering restriction enzymes with new sequence
specificity has been an unaccomplished challenge,
presumably because of the complexity of target
recognition. Here we report detailed analyses of tar-
get recognition by Type ISP restriction-modification
enzymes. We determined the structure of the Type
ISP enzyme LlaGl bound to its target and compared
it with the previously reported structure of a close
homologue that binds to a distinct target, LlaBIIl.
The comparison revealed that, although the two en-
zymes use almost a similar set of structural ele-
ments for target recognition, the residues that read
the bases vary. Change in specificity resulted not
only from appropriate substitution of amino acids
that contacted the bases but also from new con-
tacts made by positionally distinct residues directly
or through a water bridge. Sequence analyses of 552
Type ISP enzymes showed that the structural ele-
ments involved in target recognition of LlaGl and
LlaBIll were structurally well-conserved but sequen-
tially less-conserved. In addition, the residue posi-
tions within these structural elements were under
strong evolutionary constraint, highlighting the func-
tional importance of these regions. The comparative
study helped decipher a partial consensus code for
target recognition by Type ISP enzymes.

INTRODUCTION

Protein—nucleic acid interactions are central to a large num-
ber of important cellular functions. The interactions can be
broadly classified into either sequence specific or sequence
independent interaction. Sequence independent binding is
primarily established by protein residues via ionic and hy-
drogen bonds with the sugar-phosphate DNA backbone,
and/or by stacking interactions with bases. Sequence speci-

ficity is established via base-specific interaction made by
protein residues (1). Understanding the molecular details of
how proteins bind to nucleic acid has not only contributed
to the understanding of the biology of the system, but has
also contributed to our ability to engineer proteins with new
binding specificity.

Engineering proteins to bind specific nucleic acid se-
quences has been in the forefront of the research activities
driving biotechnological breakthroughs. Successful exam-
ples of reagents generated from nucleic acid binding pro-
teins include zinc-finger domains coupled to an endonucle-
ase, where the zinc-fingers have been engineered to recog-
nize different target sites, and transcription activator-like ef-
fector nucleases (TALENs), made of nuclease-fused arrays
of TAL domains that recognize specific sequences (2). Fur-
thermore, Pumilio FBF homology (3) and pentatricopep-
tide proteins (4) have been engineered for new RNA se-
quence specificity. However, engineering new specificities
has been hitherto successful using repeating modular and
non-catalytic units that recognize short nucleic acid se-
quences (a single or a few nucleobases).

Engineering specificities of other nucleic acid binding
proteins has in general had poor success. This is despite de-
tailed understanding of how a large variety of proteins that
participate in different cellular functions recognize specific
DNA sequences. A limited exception to this is the engineer-
ing of new specificities in meganucleases (5). Among DNA
binding proteins, restriction enzymes were amongst the first
that were studied biochemically, biophysically and struc-
turally towards rationally designing new specificities. For
example, detailed studies of the enzymes BamHI, BglII and
BstY1, which recognize similar sequences, demonstrated
that the enzymes use different recognition strategies, which
hindered rational design of new specificities (6-8).

Subsequent efforts included use of the Mmel family of
Type IIL restriction-modification (RM) enzymes, which
have both endonuclease and methyltransferase activities
within the same polypeptide. This offers the advantage that
change in specificity is produced in both the destructive nu-
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clease and protective methyltransferase. Based on sequence
analyses of known Type IIL enzymes and their target se-
quences, mutations were carried out to generate changes at
three positions of their six base pair sequences (9). How-
ever, change in specificity at other positions was less suc-
cessful (9,10). Here, we report the structure of the single
polypeptide Type ISP RM enzyme LlaGI, allowing a struc-
tural comparison of DNA recognition elements with the ho-
mologous Type ISP enzyme L1aBIII (11).

Type ISP enzymes are similar in domain organization to
Type IIL enzymes, except for the insertion of a helicase-
like ATPase domain motor that plays an essential role in
nucleolytic activity (Figures 1 and 2A). RM enzymes pre-
vent the integration, replication and expression of foreign
DNA in the host bacterium by introducing double-strand
(ds) DNA breaks into the invading genomes. In case of Type
ISP enzymes, the entire gamut of tasks is carried out by
the coordinated action of target recognition, methyltrans-
ferase (MTase), helicase-like ATPase and nuclease domains
that constitute the single polypeptide chain (12). The target
recognition domain (TRD) recognizes a specific DNA se-
quence and the methyltransferase modifies the target ade-
nine. Nucleolytic cleavage of unmodified DNA is triggered
by recognition of two DNA binding sites on the same DNA,
ATP-dependent long-range communication, and collision
of two RM enzymes (Figure 1) (13,14). LlaBIII and LlaGI
are the two prototypes of Type ISP RM enzymes (15,16).
LlaGI recognizes 5'-CTnGAyG-3’, while LIaBIII recog-
nizes 5-TnAGCC-3’ (Figure 1) (15,16). DNA cleavage re-
quires the presence of two sites on the same DNA, in an
inverted, head-to-head repeat as defined by the arrowheads
in Figure 1. Cleavage occurs at a distant location between
the two sites, with the distribution of locations concentrated
on the midpoint position (11,17).

We recently reported a high-resolution crystal structure
of LlaBIII (11). The structure of LlaBIII revealed the
molecular architecture and domain organization in a Type
ISP enzyme; the mode of target recognition; a mechanism
for coupling target recognition and ATPase domain activa-
tion; a unique mechanism for translocation coupled nucle-
olytic activity (11). We found that the LlaBIII nuclease do-
main was located upstream of the DNA target and ATPase
domain. This architecture was inconsistent with the model
proposed for DNA cleavage (13), which, akin to Type I
enzymes (Figure 1), involved translocation-mediated DNA
looping resulting in convergence and collision of two en-
zymes leading to DNA cleavage. Based on complementary
single-molecule magnetic tweezers assay and single cleavage
sequence analysis, we found that Type ISP enzymes translo-
cated along DNA without looping, and proposed a nucle-
olytic mechanism in which DNA break formation resulted
from multiple nicks caused by distal nucleases in the colli-
sion complex of the enzyme (Figure 1) (11,18).

In continuation of our study of the mechanism of action
Type ISP enzymes, we report here the co-crystal structures
of a nuclease mutant of LlaGI and a nuclease-deleted mu-
tant LIaGIAN, bound to DNA substrate mimics. As men-
tioned earlier, the target of LlaGI is distinct from LlaBIII.
But the two enzymes share an amino acid sequence iden-
tity of ~80%, with the target binding MTase-TRD unit
having an identity of 58% (Figure 2A). The structures of

LlaGI and LlaBIII provided us with a unique opportu-
nity to understand and compare in atomic detail how the
two closely related RM enzymes recognized disparate tar-
get sequences and characterize the recognition region. Sim-
ilar studies helped understand the complexities of DNA se-
quence recognition by zinc-finger proteins and served as a
platform in engineering novel zinc-fingers (19).

We also analysed 552 amino acid sequences of Type ISP
enzymes to study the conservation of the target recognition
region in this family of enzymes. Amino acid sequence com-
parison of 11 Type ISP enzymes whose targets are known
obtained from the REBASE database (20) provided further
insights into the correlation between target sequence and
amino acids involved in their recognition. This structure
comparison and sequence analyses show that target recog-
nition by Type ISP enzymes is complex and that change in
target recognition cannot be achieved only by correspond-
ing change in the contacting amino acids. Changes at addi-
tional positions are often required to generate specific inter-
actions with the new base. Though a simple code for target
recognition could not be obtained, the study led to a con-
sensus and a predictive code that may facilitate engineering
new specificities.

MATERIALS AND METHODS
Purification of Ll1aGI and LIaGIAN

Native 180 kDa LlaGI was overexpressed in 10L of Es-
cherichia coli BL21 (DE3) from a recombinant clone of the
llagi gene in the pRSF vector (15). The highest amount of
soluble protein in the crude lysate was observed upon induc-
ing the culture at 25°C with 0.5 mM IPTG at ODgyy = 0.6.
The incubation temperature was lowered from 37 to 25°C
before addition of IPTG. Induced cells were harvested af-
ter 5 h further incubation. To avoid proteolytic degradation
of LlaGI, protease inhibitors (Roche, UK) were added to
the lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NacCl,
10 mM MgCl,, | mM EDTA and | mM DTT), all steps
of purification were carried out at 4°C, and the protein was
purified to homogeneity within 24 h of lysis. The cells were
lysed by sonication. LlaGI was salted-out using 70% w/v
ammonium sulphate. The re-suspended protein pellet was
further purified by column chromatography using heparin
followed by MonoQ. The strongly anionic MonoQ column
not only removed protein impurities but also any cellular
DNA bound to the enzyme. Finally, size exclusion chro-
matography using Superdex 200 10/300 (GE Healthcare)
ensured homogenous monomeric LlaGI. Equivalent strate-
gies were followed for purification of LIaGIAN (11). Puri-
fied LlaGI and L1aGIAN were stored in a buffer contain-
ing 10 mM Tris-HCl pH 7.4, 100 mM NaCland 1 mM DTT.
Purified samples stored at —80°C remained intact and could
be thawed and used for crystallization later.

Purification of DNA for crystallization

The duplex DNA substrate mimics used for co-
crystallization were obtained by annealing the oligos 5 -
TTAGCTAATAGACTGGATGGAGG-3 and 5-TCCT
CCATCCAGTCTATTAGCTA-3 for LlaGIAN-DNA,
and 5-GCTCTAGCTAATAGACTGGATGGAGGTG-3
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Figure 1. Cartoon illustrating the target sequence of LlaGI and LlaBIII and the translocation-coupled nucleolytic cleavage of DNA by Type I and Type
ISP enzymes. Type I enzyme complexes have two MTase, ATPase and nuclease domains, and hence can translocate and cleave DNA either upstream or
downstream of the target. For clarity, translocation upstream is not illustrated. Note that in the schematic of Type ISP enzymes ATP is located at the far
end to indicate that the ATPase domain is upstream of the target.
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Figure 2. (A) The domain organization of LlaGI. The positions of the structural elements that recognize the targets are shown as white lines. The amino
acid sequence of L1aGI and LlaBIII were aligned pairwise to identify regions of homology, similarity and difference (4). The vertical lines show positions
that have amino acid substitutions that are similar (upper row) or different (lower row)—all other positions are identical. (B) EMSA assays of LlaGI binding
to 10 nM of a 50 bp DNA substrate with 0, 10, 25, 50, 100, 250, 500 and 1000 nM protein. (C) Triplex displacement reactions on linear DNA. Triplex
DNA (with different spacing between the LlaGI site and fluorescent triplex) were pre-incubated with enzyme and the reactions initiated with ATP, to give
a final concentration of I nM DNA, 100 nM LIaGIAN and 4 mM ATP at 25°C. The triplex displacement profiles, which have lag phases characteristic of
a translocating motor protein, were fitted to Equation (1) to obtain the lag time (7}pp). (D) The linear relationship between Tpp and d was used to estimate
the translocation rate. The points are the mean and SD for repeat reactions measured using two different preparations of LlaGIAN.
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and 5 -CACCTCCATCCAGTCTATTAGCTAGAGC-3’
for LIaGI-DNA complex. The chemically synthesized and
PAGE-purified oligos were purchased from Integrated
DNA Technologies, USA. The single-strand DNA were
annealed and the duplex DNA was purified using a
MonoQ column. The pure duplex DNA was concentrated
and stored in sterile water at —20°C.

Electrophoretic mobility shift assay

7% w/v polyacrylamide gels were used to study binding
of LIaGI to DNA by electrophoretic mobility shift assay
(EMSA). Duplex DNA was generated from complemen-
tary single-strand DNA as described above. The 5'-ends of
the duplex DNA substrates were labelled with 3P using T4
polynucleotide kinase from New England Biolabs, USA.
The binding reaction buffer contained 50 mM Tris-HCI pH
7.4,100 mM NaCl, 10 mM MgCl,, 0.0l mg/ml BSA, | mM
DTT and 10% (v/v) glycerol. The reactions were incubated
at 4°C, and the DNA-protein complexes resolved by elec-
trophoresis at room temperature. The gels were dried us-
ing a gel dryer, exposed to a phosphor screen, and images
recorded using a Typhoon Imager (GE healthcare).

Translocase assay

Triplex displacement measurements were carried out in
an SF61-DX2 stopped-flow fluorimeter as described pre-
viously (16). The sample temperature was maintained at
25°C by a water bath connected to the chamber housing
the syringes and flow cell. Reactions were started by adding
ATP to a DNA /enzyme mix with the final reaction condi-
tions as 1 nM linear DNA (0.5 nM tetramethylrhodamine
triplex), 100 nM LlaGIAN and 4 mM ATP in 50 mM Tris-
HCI, pH 8.0, 10 mM MgCl,, 1| mM DTT. Data averages
were collected from at least three individual time-courses
and analysed in KinetAsyst 3.11 (Hi-Tech Scientific) and
Prism 4 (GraphPad software, Inc., San Diego). Triplex dis-
placement data were fitted to Equation (1) (modified from
Gilhooly and Dillingham, 2014) which defines displacement
(Y) as a function of time (7), as the sum of a background lin-
ear rate (with gradient m) and an offset exponential with an
x-axis offset at times 7Ty, (the apparent ‘lag time’), with am-
plitude A4, an apparent rate constant of triplex displacement
of k, and an offset (C1) which is the value for free triplex at

{ = Topp:
Y= (x < Topp)(mx) + (x > Topp) ((A (1 - (exp”“”’épp)))) + Cl) (1)

The variation of Ty, (s) with distance (d, bp) was fitted
to:

1

Where kip, s the rate of translocation and C2 is the inter-
cept with the y-axis. Although C2 can be used to estimate
the initiation time, there are limitations in doing this (16),
so this value is not reported here. Note, this uncertainty has
no effect on the quality of the k., value.

Crystallization and data collection

A complex of the purified protein and DNA substrate was
formed by mixing the two in 1:1.3 molar ratio at 4°C. A

protein concentration of 5 mg/ml and a crystallization drop
size of 200 nl were used for all the initial crystallization tri-
als by sitting drop vapour diffusion method. The nanodrops
were set using a robotic liquid handler. Over 4000 differ-
ent conditions of varying buffers, additives, precipitants,
DNA substrates and temperatures were screened for crys-
tallization of LlaGI-DNA and LIaGIAN-DNA complex.
The most promising conditions were further optimized for
growing single crystals using an optimization grid. Crystals
grown in nanodrops did not diffract well. Improvement in
the diffraction quality of LlaGI-DNA crystals was achieved
from larger crystals grown in 2 pl drops at 291 K by the sit-
ting drop method. One such crystal of LIaGI-DNA grown
from a 1:1 ratio of protein:reservoir buffer (100 mM MES
pH 5.6, 300 mM KCl, 6.5% w/v PEG 20,000) diffracted to
7.40 A at 100 K, with glycerol as a cryoprotectant. Suitable
diffracting crystals of LlaGIAN were grown in 4 pl hanging
drops at 291 K by the vapour diffusion method. The reser-
voir buffer contained 100 mM Tris-HCI pH 7.4, 20% w/v
PEG 20 000, 4% w/v PEG 550 MME and 150-250 mM
sodium acetate. One of these crystals diffracted to 2.84 A
at 100 K, with ethylene glycol as cryoprotectant.

Structure determination

The LlaGI-DNA and LlaGIAN-DNA diffraction data
were collected at the European Synchrotron Radiation Fa-
cility ID23-1 and the Diamond Light Source 103 beam-
lines, and processed using MOSFLM (21) and XDS (22),
respectively. The intensities were scaled and merged using
AIMLESS (23). The structure solution for LIaGIAN-DNA
crystal was obtained by molecular replacement using the
program PHASER (24) and the structure of partially built
LIaGIANS¢-DNA (11) as the search model. The coordi-
nates of the ATPase domain of LlaBIII (PDB ID: 4XQK)
were used as a guide for building the ATPase domain. The
structure solution for LlaGI-DNA crystal was obtained
by molecular replacement using the structures of coupler-
MTase-TRD unit of LIaGIAN and nuclease-ATPase unit
of L1aBIII (PDB ID: 4XQK) as separate search models.

Initial cycles of structure refinements were carried out
by REFMACS (25) and subsequently by phenix.refine (26).
The maps were visualized and model building carried out
using COOT (27). In case of LlaGIAN-DNA structure, po-
sitional and isotropic B-factor refinement was carried out.
Due to the low resolution of LlaGI-DNA crystal data, only
a domain-wise rigid-body refinement was carried out keep-
ing the B-factors constant, and side chain atoms beyond Cp
were truncated and not included in the refinement.

Amino acid sequence analysis

A database of amino acid sequences of 552 Type ISP en-
zymes were generated by BLAST (28) using the LlaGI se-
quence and the non-redundant protein sequences database.
Multiple sequences with 100% conservation were reduced
to a single sequence. Many of the sequences showed very
high sequence conservation in the first half of the ORF.
However, much higher levels of variation were observed in
the C-terminal half of the MTase domain and in the TRD.
Therefore the sequences were not further reduced for re-
dundancy. The sequences were aligned using Clustal Omega
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(29) and Jalview (30) (Supplementary Data 1). The evolu-
tionary conservation scores for the residues in the MTase-
TRD unit were calculated using ConSurf (31). To plot, the
scores obtained from ConSurf were multiplied by —1 and
scaled up by addition of a constant value of 3.505 so that
the lowest conservation score was zero. Evolutionary con-
straint (EC) strengths for the residues were calculated using
the program EVcouplings available online (32). As the pro-
gram could only handle a sequence length of 600 residues,
residues starting from LIaGI-868 to LlaGI-1428 were used
for the calculations. Recognition sequences for a subset of
the Type ISP enzymes were obtained from REBASE (20)
and are based on DNA methylation patterns determined
from PacBio sequencing.

RESULTS

A nuclease-dead N-terminal deletion mutant of LlaGI is an
active translocase

During characterization of LIaGI-DNA complex by EMSA
prior to co-crystallization studies, a nucleotide-independent
cleavage of single-site substrates resulted in release of short-
labelled fragment (Figure 2B). This suggested that even in
the absence of ATP, wild-type LlaGI carried a residual nu-
cleolytic activity. To protect the integrity of the DNA dur-
ing crystallization of LlaGI-DNA complexes, two differ-
ent nuclease-dead mutants of LlaGI were generated. One
of these was a previously characterized point mutant in
which the catalytic aspartate at position 78 was mutated
to alanine (13). This mutant has wild-type translocation
activity. In addition, we sought to generate truncations of
LlaGI that removed the nuclease activity whilst retaining
translocase activity. Identification of suitable exposed inter-
domain loops using partial proteolytic digestion proved un-
successful (data not shown). As an alternative, we gener-
ated a secondary structure prediction of LlaGI using the
PSIPRED server (Supplementary Figure S2) (33). From
this the region 160-180 was predicted to be a loop be-
tween the nuclease and ATPase domains. We chose to
delete the residues 2—165, producing the recombinant pro-
tein LIaGIAN (11).

Purification of LIaGIAN was achieved using the same
protocol as with wild-type LlaGI, and the protein did
not show any differences in solubility/stability during the
preparation. To check for the retention of translocase activ-
ity, we utilized the triplex displacement assay (Figure 2B).
The displacement profiles show the distance-dependent lag
time (7,pp) characteristic of a translocating motor and we
were able to measure a stepping rate of 226 4+ 23 bp/s at
25°C (Figure 2C), in good agreement with the value for the
wild-type enzyme under these conditions (250 & 10 bp/s at
25°C) (17). Moreover, LlaGIAN was also able to cooperate
with Type ISP enzymes to activate DNA nicking at distant
non-specific sites (17), consistent with DNA translocation.
Both the D78A and AN mutants were used for crystallo-
graphic studies.

Molecular architecture of LlaGI bound to DNA

The structures of LIaGIAN bound to a 22-bp DNA and
full-length LlaGI bound to a 28-bp DNA were determined
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to a resolution of 2.84 and 7.4 A, respectively (Table 1).
In the LIaGIAN-DNA crystals there were two molecules
in the asymmetric unit, while in LlaGI-DNA there were
four. Like LlaBIII, LlaGI contained six structural domains:
the N-terminal Mrr-family nuclease, followed by the N-core
and C-core RecA folds of the SF2 helicase-like ATPase do-
main, connected to the y-class of N6-adenine MTase do-
main and the C-terminal TRD by an all a-helical coupler
domain (Figure 3A and B). Comparison of LlaGI-DNA,
LlaGIAN-DNA and LlaBIII-DNA structures revealed in-
terdomain conformational mobility (Figure 3C).

Like in the case of the LIaBIII-DNA complex (11),
in both LlaGI-DNA and LlaGIAN-DNA structures, the
MTase domain and TRD held the target in a vice-like grip.
The T:A base pair of the LlaGI target that is methylated was
designated as position +1 based on the convention used by
Chand et al. (11) to describe the LlaBIII target. Therefore
the first C:G base pair of the L1aGI target was designated as
—1. In LIaGIAN-DNA, the upstream end of the oligonu-
cleotide was not long enough to interact with the ATPase
domain (Figures 3B and 4). Instead, this end interacted
with the ATPase domain of the neighbouring molecule of
the asymmetric unit. In the LlaGI-DNA structure, the base
pairs at the ends of the DNA could not be built because of
poor density. In the LIaGIAN structure, only a part of the
C-core of chain B could be built with confidence, while the
C-core of chain A could not be built due to poor electron
density. The lack of electron density could be the result of
conformational flexibility of the domains in the crystal lat-
tice.

The structures of two close homologues, LlaGI and
LlaBIII, and those of other evolutionarily related multido-
main restriction enzymes (Type I and Type 11G), provided
us with an opportunity to carry out a detailed comparison
of their structure to understand target recognition. This is
detailed in the following sections. All the residue number-
ing in the following sections are based on LlaGI sequence
unless specified otherwise.

The target binding MTase-TRD unit

The structures of LlaGI and LlaBIII showed a conserved
mode of DNA binding at the target by a clamp formed
by the MTase domain and TRD. The structures of the
TRDs of LlaGI and LlaBIII are very similar (RMSD = 1
A) despite the relatively low amino acid sequence identity
of ~52% (Figure 2A). Structural variation in the form of
insertion or deletion of amino acid residues are primarily
located in regions not directly involved in DNA recogni-
tion (Supplementary Figure S3A). A similar mode of tar-
get binding is employed by the prototypical y-class of N6-
adenine MTase domain M. Tagl (34). However, the TRD
of the Type ISP enzymes makes much more extensive in-
teractions with the DNA (Figure 4) (11). Additionally, the
TRD and MTase domain of the Type ISP enzymes form a
closed clamp around the target, while in M. Tagl the two do-
mains form an open DNA binding cleft. The TRD of LlaGI
is larger than that of M.Tagl by ~200 residues and can be
divided into three structural subdomains—the core (1200—
1239 and 1297-1440), the jaw (1240-1296) and the guide
(1440-1578) as illustrated in Figure SA. Similarly, LlaBIII
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Figure 3. Ribbon representation of (A) LlaGI-DNA complex at 7.4 A resolution and (B) LlaGIAN-DNA complex at 2.8 A resolution. The six structural
domains are coloured distinctly. The nuclease is coloured brown, the N-core of the ATPase domain is coloured green, the C-core is in blue, the coupler in
beige, the MTase domain in orange and the TRD in cyan. (C) The superposition of the Ca-trace of LlaGI at 7.4 A and LlaBIII (PDB ID: 4XQK) reveals

domain movement. LlaGI was superposed on to LlaBIII with respect to the coupler using Coot (27).

Table 1. Data collection and refinement statistics

LlaGI-DNA LlaGIAN-DNA

Data collection
Space group 12 P2,
Cell dimensions
a, b, c(A) 267.9,203.4,291.5 87.4,222.3,117.4
By () 90.0,96.2,90.0 90.0,105.1,90.0
Resolution (A) 50.0-7.4 (8.11-7.40) 50.0-2.84 (2.99-2.84)
Reym 8.0 (50.7) 8.9 (58.8)
1/0(l) 8.0(2.0) 9.6 (2.0)
Completeness (%) 96.7 (98.4) 99.8 (99.9)
Redundancy 2.0 2.0
Refinement
Resolution (A) 50-7.4 50-2.84
No. of reflections (total/test) 20176/1040 101504/5107
Ryork/ Rree 34.6/37.4 22.9/26.2
R.m.s. deviations

Bond lengths (A) 0.015 0.004

Bond angles (°) 1.281 0.767
Ramachandran plot (%)
Favoured 95.4 95.4
Outliers 0.2 0.2
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Figure 4. A schematic diagram of protein—-DNA interactions in LlaGIAN-
DNA complex. Amino acid colours are according to domains in Fig-
ure 2A. DNA bases are cyan (A), brown (T), blue (C) and yellow (G),
main chain interactions are pink lines, side chain interactions are purple
lines. The target adenine (green) is +1, with downstream positions defined
as positive and upstream positions defined as negative. Residues Y1021,
F1133, R1119 and R1138 are depicted as lavender, orange, sky blue and
black coloured boxes, respectively.

TRD (Figure 5B) can be delineated into the core (1205—
1244) and (1291-1448), the jaw (1245-1288) and the guide
(1448-1578).

An analysis of a multiple sequence alignment (MSA) of
552 Type ISP enzyme sequences across the target binding
MTase-TRD unit showed that the MTase domain was more
strongly conserved in comparison to the TRD (Figure 5B
and C). Amongst the TRD subdomains, the jaw appeared to
be the least conserved, followed by the core, while the guide
appeared to be the most conserved. Structurally, the core
has the same fold as the TRD of M.Tagl (Supplementary
Figure S3B), TRD1 or TRD2 of Type I enzymes (Figure
5B) (35) and the TRD of the Type IIG enzyme BpuSI (Sup-
plementary Figure S3C) (36). This subdomain along with
the MTase domain is the primary reader of the target se-
quence (see below). Visual inspection of the amino acid con-
servation score mapped onto MTase-TRD unit suggested
that the surface of the TRD core that contacted the DNA
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was not strongly conserved, unlike the recognition elements
of the MTase domain (Figure 5B and C). Amino acids of the
central B-sheet of the TRD also showed moderate conser-
vation. However, the helices (11395-11428) stacked on the
central B-sheet were relatively well conserved.

The jaw, an insertion in the core, is made of a three-helix
bundle (Figure 5A), which, based on structural similarity
search using DALI server (37), was not found in other RM
enzymes. The sequence alignment indicated the amino acids
of this subdomain to be the least conserved. LlaGI also has
inserts in this region compared to LlaBIII (Supplementary
Figure S3A). The three helices of the jaw along with the
MTase loop S1022-11035 seal the clamp around the DNA
(Figure 5D). One of the jaw helices (1286—1295) fits into the
major grove of the deformed target and interacts with the
phosphate backbone at +9 (a non-specific position). The
clamp may aid the processivity of the translocating enzyme.

The structure of the closed clamp bound to the DNA
raises the question as to how the enzyme would assemble
on its DNA substrates, which could be a long linear or a
closed circular DNA. Comparison of the Type ISP-DNA
structures with the apo-structure of BpuSI (36) provided
an insight into this question. Superposition of the MTase
domain of LlaGI and BpuSI revealed that the TRDs of
the two enzymes were rotated by 92° with respect to one
another. Consequently, the TRD in the apo-structure of
BpuSI would be predicted to be in an open conformation
to allow entry of DNA. We suggest that in the apo-form of
the Type ISP enzymes, the TRD-MTase interdomain con-
formation would be in a similar open conformation, facili-
tating the DNA to slide into a cleft created by the two do-
mains (Figure 5D).

With the limited structural information on Type ISP en-
zymes, it is difficult to postulate on the transition from
the open to the closed conformation. However, deriving in-
spiration from the studies on the crystal structures of the
Type II enzyme BamHI in its apo form, bound to non-
specific DNA and specific DNA (38), it may be envisaged
that MTase-TRD unit of Type ISP enzyme would transit
from the open conformation when not bound to DNA, to
a conformationally distinct, and as yet unobserved, state
when bound to non-specific DNA, to the closed confor-
mation seen in the crystal structure when bound to specific
DNA. The trigger for these conformational changes could
be the interactions made by the protein with non-specific
and specific DNA. We had earlier postulated that translo-
cation initiation would be accompanied by remodelling of
the target bound Type ISP enzyme (11,18).

The C-terminus of the core continues into the guide.
The guide has a two layer open-faced B-sandwich structure
with a four-stranded N-type Greek key motif layer stacked
against a layer of three helices with a B-hairpin loop inserted
between two of them (Figure 5A). Based on a Dali search,
the fold of the guide was not found in other RM enzymes.
Amongst the three subdomains, amino acids of the guide
were found to have the highest conservation scores (Figure
5B). The helices at the N-terminus and C-terminus of the
subdomain form a bundle, reminiscent of the helical bun-
dle formed by the Central and Distal Conserved Regions of
the HsdS subunit of classical Type I enzymes (35,39).
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Figure 5. TRD of Type ISP enzyme. (A) The three subdomains seen in TRD of LIaGIAN: the core is coloured cyan, the jaw is coloured wheat and the guide
is coloured green. The positions of the structural elements that recognize the targets are shown as white lines in the cartoon above the ribbon diagram.
(B) Mapping of the evolutionary conservation scores of the Type ISP TRD residues onto the LIaBIII-TRD and (C) onto the LlaBIII-MTase domain
structure. The positions of the structural elements that recognize the targets are shown as white lines in the cartoon above the ribbon diagram. (D) Left:
the closed structure of the clamp formed by MTase domain and TRD in LIaGIAN around the DNA (magenta). Right: the open structure of the clamp
modelled based on the apo structure of BpuSI (PDB ID: 3S1S) (36). (E) The active site of the LlaGIAN MTase domain with the target adenine flipped.
The structural elements of the MTase domain and TRD that are involved in target recognition are marked.

In Type I enzymes, the helical bundle acts as a molec-
ular ruler, spacing the two TRDs for recognition of
the two halves of the bipartite target sequences (e.g.
GAANNNNNNRTCG for EcoR1241). In the Type ISP en-
zymes, the helical bundle together with the hairpin loop in-
sertion in the guide forms a concave surface against which
the core is packed (Figure 5A). The guide does not par-
ticipate in target recognition. Instead, the Greek-key mo-
tif located at the end of the helical bundle and the hairpin
loop steers the DNA upstream of the target. K1473, K1479
and R1508 of the LlaGI guide interact with the phosphate
backbone (Figure 4). As in case of LIaBIII (11), the DNA
is steered towards the ATPase domain.

The MTase domain is structurally similar to other y-class
adenine-N6 MTases, including the prototypical M. Tagl,
and the MTase domains of Type I and the Type IIG pro-
tein BpuSI. As in the case of LlaBIII, the target adenine
to be methylated is flipped out via the minor groove into
the active site of the LlaGI MTase domain despite the ab-
sence of AdoMet (Figure 5E). The interactions made by
the flipped adenine are similar to that made with AdoMet-
bound M. Tagl. The adenine stacks against Y1021 and
makes an edge-to-surface T-interaction with the aromatic

F1133. The adenine-N6 is hydrogen bonded to the catalytic
N1018. The cavity formed by the base flip is filled by the in-
tercalation of two residues R1119 and R1138 (Figure SE).
The two residues along with the flanking bases at positions
+2 and —1 form a continuous stack. Intercalation by two
positionally identical residues R1119 and M 1137 fills the
cavity in the L1aBITI-DNA complex.

The use of two residues to fill the cavity arising from the
extrahelical base is unique to Type ISP enzymes. In case of
the prototype M. Tugl, domain movement compresses the
DNA locally (34) and P393 partially intercalates at the po-
sition of base flip. In most other enzymes that employ base
flipping to catalyse DNA modification, such as other classes
of DNA methyltransferases and DNA repair enzymes (40),
the cavity is filled in by a single, often hydrophobic residue.
However, the cavity formed upon base flipping by Type ISP
enzymes appears larger than that seen in case of other en-
zymes due to the large distortion in the structure (Supple-
mentary Figure S4). Like the DNA bound to LIaBIII (11),
the DNA is bent by ~34° at the target. The width of both
the major and minor grooves at the target is increased signif-
icantly (Supplementary Figure S4). In contrast, the binding
of M. Taql to its target DNA increased the width of only
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the minor groove by 3 A (34). Structurally, the additional
residue required to plug the DNA is accommodated in a
long loop (R1115 to I1141). F1133, discussed above, is also
in this loop. In the prototypical M. Tagl, this loop is much
shorter and lacks the two intercalating residues but has the
conserved phenylalanine involved in T-interaction with the
adenine.

Structural elements involved in target recognition

The structures of LlaGI and LlaBIII bound to their target
sites provided a means to understand the structural basis
of target recognition by Type ISP enzymes. LlaGI recog-
nizes the 7 bp target sequence CTnAGYG, while LlaBIII
recognizes the 6 bp target sequence TnGACC. The overall
mode of target binding by the two enzymes is very similar,
involving DNA bending and partial unwinding resulting in
widening of both the major and minor groove at the target,
and flipping of the adenine at +1 position into the MTase
catalytic pocket to be methylated. Interestingly, target se-
quence specificity is achieved by two distinct means—(i) by
substitution of a positionally conserved amino acid to en-
sure correct reading of a target base and (i1) through base-
specific interactions by amino acids located at position-
ally distinct positions (Figure 6A and B). Nonetheless, the
LlaGI and LlaBIII residues involved in target recognition
are located in one of the following conserved structural el-
ements (Figure 5B, C and 6B): Loop I (1017-1027; residue
numbers based on LlaGI sequence), Loop II (1053-1062)
and Loop III (1115-1138) in the MTase domain; and Loop
IV (1223-1230), Loop V (1324-1331) and Loop VI (1365-
1374) in the TRD (Figure 6B). Particular loops are involved
in recognition of particular sequence positions. In addition,
LlaGI utilizes a helix (H) spanning residues 1286-1294 in
the TRD. The equivalent helix in LlaBIII does not play
a recognition role. Figure 6A and B reveals the hydrogen-
bonded interactions that the residues of L1aGI and LlaBIII
use for readout of the different targets.

Evolutionary constraints at the target-binding region

The above comparison revealed that though not all the
amino acids involved in target recognition of the disparate
LlaGI and LlIaBIII targets are positionally equivalent, all
but one amino acid are located within one of the six struc-
turally conserved loops. The conservation scores of the
amino acids in the target-binding region derived from the
MSA were comparatively lower (Figures 5B, C and 6C).
At first glance, this indicated that the structural elements
and amino acid positions used by LlaGI and LlaBIII for
target recognition are not functionally conserved amongst
other Type ISP enzymes. Alternatively, the lower conserva-
tion score could be a result of substitutions occurring at
these positions to facilitate recognition of different target
sequences. If latter were true, then the position, rather than
the identity of the amino acid, should be under strict EC,
and would co-evolve with one or more positions in the pro-
tein. Accordingly, there would also be a correlation between
the amino acids at these positions and the target sequence.

Using the program EVcouplings (32), an evolutionary
coupling score was calculated for all pairs of residues from
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868 to 1428 (LlaGI numbering), which encompasses the
target binding MTase domain, core and jaw. Based on the
number of pairs a residue was associated with and the corre-
sponding coupling scores, the program calculated strength
of EC for that residue, as defined by Hopf ez al. (2012) (41).
It has been shown that the EC strength of a residue is linked
to its functional importance, such as binding to ligands (32).
Through this calculation, we sought to find if the residues of
LlaGI and LlaBIII involved in target recognition were evo-
lutionarily constrained. The top 10% of residue positions,
i.e. 56 of 561, with a high EC strength is shown in Fig-
ure 6C (for the complete list see Supplementary Data 2).
Out of the 17 residues of LlaGI and/or LlaBIII that par-
ticipate in direct base-specific interactions, 11 were in the
top 5% and 3 more within the top 10%. Among the remain-
ing three positions, 1023 (LIaGI numbering) was within top
15%, while 1024 and 1055 were below the top 65% (Supple-
mentary Data 2).

In the top 10%, 28 residues, though not involved in base-
specific interactions, were still part of the structural el-
ements involved in target recognition, while 11 of them
formed a single B-hairpin loop (1347-1358) in the core sub-
domain. The two strands of the hairpin are connected by a
Q loop, and make extensive interactions with other struc-
tural elements including Loop VI, in addition to directly or
indirectly interacting with the phosphate backbone of the
DNA. This loop appears structurally conserved in M. Tagl,
Type I HsdS subunits and TRD of BpuSI. Based on the con-
servation and its location, we speculate that the loop may
impart structural stability to the core.

Correlation between amino acids and target sequence

Having found that the structural elements involved in tar-
get recognition are under strong EC, we proceeded to find
if there is a correlation between the target sequence and
the amino acid substitutions at positions involved in its
recognition. In addition to LlaBIII and LlaGlI, the tar-
gets of nine other Type ISP enzymes are known (Fig-
ure 7A) (20). (In addition, Mtul013411, MboBCG211I1
and MtuHNS878II have the same amino acid sequence as
Mtul8II and recognize the same target sequence.) We com-
pared the amino acid and the target sequences of these en-
zymes along with LlaGI and LIlaBIII to gain insights into
this question and investigate if there is a consensus code
for target recognition (Figure 7B). The sequence identity
amongst the MTase-TRD unit of the 11 enzymes ranged
from ~87% (HpyAXVIII versus HpyUMO037X) to ~33%
(HpyUMO37X versus LlaBIII). The summary of the anal-
yses is given below and is elaborated in the Supplementary
Text.

Position —1: LlaGI recognizes C:G (CTNGAYG). Cyto-
sine and guanine interact with Q1118 and K1131 of Loop
II1, respectively, via the major groove (Figure 6A). The se-
quence analysis revealed a very strong correlation between
the occurrence of lysine at 1131 and C:G at —1 (Figure 7A).
In enzymes that do not recognize —1, including LlaBIII,
the glutamine is substituted by a small- or medium-sized
hydrophobic residue and the lysine by asparagine (Figure
7A). We predict that a G:C at this position could be read by
arginine at 1125 (see Supplementary Text for details).
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Figure 6. Target recognition. (A) Base-specific interactions made by LIaGI (top) and LlaBIII (bottom). Hydrogen bond acceptors and donors within 3.5 A
are connected by yellow dotted lines. Positionally non-equivalent residues that read the equivalent base pairs of L1aGI and LlaBIII targets are underlined.
Note that the interactions made by LIaGIAN with the base pair at +1 are illustrated in Figure SE. (B) The structural elements involved in target recognition
(residue numbers based on LIaGI sequence). The spheres represent amino acid residues whose side chains are involved in target recognition in case of LlaGI
and LIlaBIII. Residues involved in target recognition of LlaGI are coloured blue, residues involved in recognition of LlaBIII target are coloured red and
those involved in recognition of both the targets are coloured green. The two intercalating residues that fill the cavity formed upon flipping of the adenine
are coloured yellow. (C) The top 10% of the residues of the MTase-TRD unit (LlaGI residues 868-1428) with the highest EC strengths. The EC strengths
(coloured bars) and the conservation scores (grey bars) for each of these residues are plotted. The EC strengths and the conservation scores were computed
using EVcouplings (32,40) and ConSurf (31). The red coloured bars are the EC strengths of residues that interact with a target base; the orange bars are
of residues that do not interact with the target but are part of the structural elements involved in target recognition; the yellow bars are of residues in other
regions of the MTase-TRD unit. The residue numbering is based on LIaGI sequence. Residues LlaGI-K 1023, L1aBIII-K 1024 and L1aGI/LIaBIII-T1055,
which interact with target bases, are not shown because their score is less than the top 10% (see text).

Position +1: By convention, +1 represents the location of
the adenine that is methylated by the M Tase domain. Con-
sequently, all the enzymes recognize a T:A at this position
(for example, LIaGI-CTNGAYG and LIaBIII-TNAGCC).
In the LlaGIAN and LIaBIII structures, specificity of the
T:A base pair is ensured by the interactions made by the
flipped adenine with the active site residues of the MTase
domain located primarily on Loop I, which catalyse the
transfer of methyl group (Figure SE). It is possible that en-
zymes which modify cytosine at this position may be dis-
covered, or even engineered in future.

Position +2: Among the 11 Type ISP enzymes whose
targets are known, only three recognize this position in a
sequence-specific manner. In both LlaGI and LlaBIII struc-
tures, the +2 base pair lies at the mouth of the MTase-TRD
clamp. The bases do not make any sequence-specific con-
tacts with the protein, thus making this position sequence
non-specific. From the sequence alignment, it was not ob-
vious how the other three enzymes read this position.

Position +3: LlaGI recognizes G:C (CTNGAYG) while
LlaBIII recognizes A:T (TNAGCC) at this position. The
top strand guanine of the LlaGI target and the adenine
at the corresponding position of LIaBIII target are rec-
ognized by interactions made by the positionally equiva-
lent residues, H1368 and N1360, respectively. The bottom-
strand cytosine of the LlaGI target is recognized by
the TRD residues G1372 and QI1373, and the MTase
residue K1023. However, the corresponding bottom-strand
thymine of the L1aBIII target interacts only with the LlaBIII
MTase residue K1024 (Loop I).

Position +4: LlaGI recognizes A:T (CTNGAYG) while
LlaBIII recognizes G:C (TNAGCC) at this position. The
A:T base pair at the L1aGI target is recognized by the inter-
action between N1228 with the adenine. A water molecule
assigned based on a weak 2Fo-F¢ but a strong Fo-F¢
electron density bridged interactions between the base and
N1228 and N1327 (Figure 6A). In LIaBIII, the guanine at
the top strand interacts with K1231 and N1058, and the
complementary cytosine interacts with the MTase residue
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Pdi8503III . .RGIGSSR..RAYRQDVEK. . . .PDLELIG--KS..
Saf8902III LGTVTAR. .RDWONNLKK. . . .VDFNSLEA-GA. .
Mtul8II « .AGLKTSR. .RINKRQVAQ. . . .PDLAFWGSSNG. .
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KpnNIH30III .MGVSSTNR. . VNLKKDLSQ. . . .PDLHCNGD--S. .
Cgll30321I . .AGLKTGR. . SNLKMSLSR. . . .PDLAMWGSNAG. .
MballI . .RGVATNR. .WVLRQKAVK. . . .PNLHYVDT—-S. .
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B +2 +3 +4 +5 +6
N1368 N1228
H1368 K1226
G137z [(N1056 R1286
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?
D1326
(N1056
N1058 R1327
G:C at +4),
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=not yet seen in recognition space. =limited by MTase chemistry =unknown recognition element

Figure 7. Consensus amino acid code for target recognition. (A) An MSA of the amino acid sequences of the seven structural elements involved in target
recognition. The sequences are of those Type ISP enzymes whose targets are known. On the left of the alignment are the name of the enzyme and the
target sequence. Each position of the target is coloured distinctly. The residues involved in direct interactions with the target bases of LlaGI and LlaBIII
are coloured according to the position of the base they interact with. Residues that interact with the top strand are in white font, while those that interact
with the bottom strand are in black. The residue numbering is based on LlaGI sequence. (B) A tabulation of the amino acids of the Type ISP MTase-TRD
involved in recognition of the different base pairs at six of the seven target positions. Amino acids that interact with two neighbouring bases of a base pair
step are in parenthesis. The neighbouring base pair, which is part of the step, and its position is also mentioned. Amino acids predicted by us to interact

with target bases are in grey font.

N1056 via the minor groove. An A:T base pair at +4 corre-
lated with asparagine at 1228, while G:C correlated strongly
with lysine at 1226 (Figure 7A). We noticed that a GC:GC
or CG:CG base pair step at positions +4 and +5 correlated
with asparagine at 1056 and 1058.

Position +5: LlaGI recognizes T:A or CG
(CTNGAYG). In the crystal structure, the DNA bound to
LlaGI has T:A at this position. The bottom strand adenine
interacts with the TRD residues N1327 and R1329, and the
MTase residue S1056. At this position, LlaBIII recognizes
only C:G (TNAGCC). Specificity for cytosine is achieved
through contact with the LlaBIII residue D1318. LlaBIII
has asparagine at 1056 and 1058, which interact with the
guanine and cytosine via the minor groove, respectively,

and L1aBIII-Y1321 interacting with guanine via the major
groove. Based on the sequence alignment of 11 Type
ISP enzymes whose targets are known, we predict that
asparagine at 1326 or glutamate at 1327 could contribute
to recognition of T:A; glutamate at 1326 could contribute
to recognition of A:T; aspartate at 1327 could read G:C at
+5 (see Supplementary Text for details).

Position +6: LlaGI recognizes a G:C (CTNGAYG) while
LlaBIII recognizes a C:G (TNAGCC). The top strand gua-
nine of LlaGI target is recognized through a bidentate in-
teraction with R1286 located on helix H and the interaction
by the backbone carbonyl of the M Tase residue T1055 (Fig-
ure 6A). At the corresponding position of LlaBIII target,
the bottom strand guanine is recognized by bidentate hy-
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drogen bonds with LIaBIII-R1319 in Loop V (Figure 6A).
We found a strong correlation between G:C at +6 and argi-
nine at 1286, and C:G and arginine at 1327 (Figure 7A).
Based on our analyses we predict that recognition of A:T at
+6 could involve aspartate at 1287 and serine at 1327; T:A
at +6 by tryptophan at 1286 and asparagine at 1327 (see
Supplementary Text for details).

DISCUSSION

The structure determination and analysis of LlaGI along
with the structure of LlaBIII and amino acid sequences of
other Type ISP enzymes, described above, provided us with
valuable insights into the recognition of target sequence. It
has been a long-standing endeavour to rationally design re-
striction enzymes with new specificities. Single-polypeptide
restriction enzymes with fused nuclease and methyltrans-
ferase are good candidates for engineering new specificities,
as change in specificity alters simultaneously the targets of
both the nuclease and methyltransferase (9). Perplexingly,
irrespective of the enzyme system, strategies such as rational
replacement of amino acids contacting the bases have only
been partially successful and required multiple attempts to
find active enzymes (8-10).

The comparison of target recognition by LlaGI and
LlaBIII provided an alternative to understanding this issue,
as we could compare two very closely related RM enzymes
that recognize different target sequences. Upon compari-
son, we found that most of the structural elements employed
by the two enzymes for target recognition were identical.
However, changes in target sequence did not always involve
appropriate substitution of amino acids at the same posi-
tions. Corresponding amino acid changes also occurred at
positionally distinct locations, with possible compensatory
mutations in regions beyond to maintain the integrity of the
structural elements. The non-equivalent positions were ei-
ther on the same or one of the other target-binding struc-
tural elements. In addition, indirect interactions, such as the
water bridge between L1aGI-N1228 and adenine at +4, ap-
peared to contribute to specificity. These results emphasize
the complexities of target recognition and that it may not
suffice to change the identity of amino acids contacting the
target bases to generate new specificity. Additional substi-
tution of amino acids at new positions may be required to
read the new set of bases.

Analyses of the MSA of a large set of Type ISP enzyme
sequences revealed that the amino acid positions that are in-
volved in target recognition are not strongly conserved. The
lower conservation possibly reflects the change in amino
acid identity complementary to the target sequence. Among
the target binding structural elements, those belonging to
the MTase domain were found to be strikingly more con-
served than those from TRD (Figures 5B, C and 6C). The
MTase residues play crucial role in specificity of —1 via
the major grove and the flipped adenine of +1. The con-
tacts made by the relatively less conserved TRD residues are
the primary sequence readers of the base pairs downstream
from +3 onwards, while interactions by the MTase domain
via the minor groove provide additional stability. The differ-
ential conservation score suggests positions —1 and +1 to be
least plastic. This observation highlights the constraints in

engineering the DNA binding elements that are part of or in
the near vicinity of catalytic regions, in this case the MTase
active site. Despite relatively lower conservation, we found
that the residues of the structural elements recognizing the
target, including those that interact with the bases, were un-
der strong EC. Our analysis using the program EVcouplings
identified the target recognition region as the primary func-
tional ‘hotspot’ in the MTase-TRD unit, suggesting this to
be a powerful tool in identifying specificity-determining re-
gions in DNA binding proteins.

Based on our analysis, we have arrived at a consensus
code for target recognition by Type ISP enzymes (Figure
7B). This, we believe, will help in engineering enzymes with
new specificity. We recognize that the engineering of new
specificity will be limited by the catalytic requirement of
a T:A base pair at +1. It will be interesting to find if the
binding pocket of the adenine methyltransferase can be en-
gineered to accommodate and recognize other bases. The
translocation-active nuclease deletion mutant of LlaGI re-
ported here highlights the modular nature of these en-
zymes. The modularity of the Type ISP enzymes is an ad-
ditional advantage in engineering sequence-specific methyl-
transferases, DNA translocases or nickases. These would be
useful biotechnological reagents where N6-adenine methy-
lation is to be carried out; sequence-dependent remodelling
of nucleoprotein complexes is required; or sequence-specific
nicking of dsDNA is to be performed. The conserved ar-
chitecture of the MTase-TRD unit of the y-class of N6-
adenine methyltransferase, Type I, Type I1G and L enzymes
suggests that the insights on target recognition by Type ISP
enzymes may find use in engineering specificity in the above
enzyme types too.

ACCESSION NUMBER

The atomic coordinates and structure factors have been de-
posited with accession code SFFJ.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank European Synchrotron Radiation Facility
(ESRF), Grenoble, France, and Diamond Light Source
(DLS), Oxfordshire, UK, for access to their beamlines. We
also thank DBT for funding the use of BM14 beamline at
ESRF. We would like to thank the anonymous reviewers
for their constructive comments on the manuscript.

FUNDING

Wellcome Trust-DBT India Alliance [500048-Z-09-Z to
K.S.]; Wellcome Trust [084086 to M.D.S., K.v.A.]; CSIR In-
dia (to N.N.). Funding for open access charge: Wellcome
Trust-DBT India Alliance.

Conflict of interest statement. None declared.

9T0Z ‘62 JequanoN uo 1senb Aq /B1o'seulnolployxo reu//:dny wody papeojumoq


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkw154/-/DC1
http://nar.oxfordjournals.org/

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Luscombe,N.M., Laskowski,R.A. and Thornton,J.M. (2001) Amino
acid-base interactions: a three-dimensional analysis of protein-DNA
interactions at an atomic level. Nucleic Acids Res., 29, 2860-2874.

. Chandrasegaran,S. and Carroll,D. (2015) Origins of programmable

nucleases for genome engineering. J. Mol. Biol.,
doi:10.1016/j.jmb.2015.10.014.

. Filipovska,A., Razif, M.F.M., Nygard,K.K.A. and Rackham,O.

(2011) A universal code for RNA recognition by PUF proteins. Nat.
Chem. Biol., 7, 425-427.

. Coquille,S., Filipovska,A., Chia,T., Rajappa,L., Lingford,J.P.,

Razif, M.FE.M., Thore,S. and Rackham,O. (2014) An artificial PPR
scaffold for programmable RNA recognition. Nat. Commun., 5,
d0i1:10.1038 /ncomms6729.

. Takeuchi,R., Choi,M. and Stoddard,B.L. (2015) Engineering of

customized meganucleases via in vitro compartmentalization and in
celluo optimization. Methods Mol. Biol., 1239, 105-132.

. Dorner,L.F., Bitinaite,J., Whitaker,R.D. and Schildkraut,I. (1999)

Genetic analysis of the base-specific contacts of BamHI restriction
endonucleasel. J Mol. Biol., 285, 1515-1523.

. Lukacs,C.M., Kucera,R., Schildkraut,I. and Aggarwal,A.K. (2000)

Understanding the immutability of restriction enzymes: crystal
structure of Bglll and its DNA substrate at 1.5 A resolution. Nat.
Struct. Mol. Biol.,7, 134-140.

. Townson,S.A., Samuelson,J.C., Xu,S.Y. and Aggarwal,A.K. (2005)

Implications for switching restriction enzyme specificities from the
structure of BstYI bound to a BglII DNA sequence. Structure, 13,
791-801.

. Morgan,R.D. and Luyten,Y.A. (2009) Rational engineering of type IT

restriction endonuclease DNA binding and cleavage specificity.
Nucleic Acids Res., 37, 5222-5233.

Morgan,R.D., Luyten,Y.A., Johnson,S. and Wilson,G.G. (2015)
Comprehensive Analysis of DNA Sequence Specificity. In: 7¢th New
England Biolabs Meeting on DNA Restriction and Modification,
August 24-29, 2015. Univ. of Gdansk, Poland, p. 42.

Chand,M.K., Nirwan,N., Fiona,D., Kulkarni,M., Pernstich,C.,
Szczelkun,M. and Saikrishnan,K. (2015) Translocation-coupled
DNA cleavage by the Type ISP restriction-modification enzymes.
Nat. Chem. Biol., 11, 870-877.

Madsen,A. and Josephsen,J. (2001) The LlaGI restriction and
modification system of Lactococcus lactis W10 consists of only one
single polypeptide. FEMS Microbiol. Lett., 200, 91-96.

Smith,R.M., Diffin,F.M., Savery,N.J., Josephsen,J. and
Szczelkun,M.D. (2009) DNA cleavage and methylation specificity of
the single polypeptide restriction — modification enzyme LlaGI.
Nucleic Acids Res., 37, 7206-7218.

Smith,R.M., Josephsen,J. and Szczelkun,M.D. (2009) An Mrr-family
nuclease motif in the single polypeptide restriction — modification
enzyme LlaGI. Nucleic Acids Res., 37, 7231-7238.

Smith,R.M., Josephsen,J. and Szczelkun,M.D. (2009) The single
polypeptide restriction — modification enzyme LlaGl is a
self-contained molecular motor that translocates DNA loops. Nucleic
Acids Res., 37, 7219-7230.

Sisakova,E., van Aelst,K., Diffin,F.M. and Szczelkun,M.D. (2013)
The Type ISP restriction-modification enzymes LlaBIII and LlaGI
use a translocation-collision mechanism to cleave non-specific DNA
distant from their recognition sites. Nucleic Acids Res., 41, 1071-1080.
van Aelst,K., Sisakova,E. and Szczelkun,M.D. (2013) DNA cleavage
by Type ISP Restriction — Modification enzymes is initially targeted
to the 3’ -5’ strand. Nucleic Acids Res., 41, 1081-1090.

van Aelst,K., Saikrishnan,K. and Szczelkun,M.D. (2015) Mapping
DNA cleavage by the Type ISP restriction-modification enzymes
following long-range communication between DNA sites in different
orientations. Nucleic Acids Res., 43, 10430-10443.

Rhodes,D., Schwabe,J.W., Chapman,L. and Fairall,L. (1996)
Towards an understanding of protein-DNA recognition. Philos.
Trans. R. Soc. Lond. B. Biol. Sci., 351, 501-509.

Roberts,R.J., Vincze,T., Posfai,J. and Macelis,D. (2015) REBASE-a
database for DNA restriction and modification: enzymes, genes and
genomes. Nucleic Acids Res., 43, D298-D299.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39

40.

41.

Nucleic Acids Research, 2016 13

Leslie,A. and Powell,H. (2007) Processing diffraction data with
MOSFLM. In: Read,RJ and Sussman,JL (eds). Evolving Methods for
Macromolecular Crystallography. Springer press, Dordrecht, pp.
41-51.

Kabsch,W. (2010) XDS. Acta Crystallogr. Sect. D Biol. Crystallogr.,
D66, 125-132.

Evans,P.R. and Murshudov,G.N. (2013) How good are my data and
what is the resolution? Acta Crystallogr. Sect. D Biol. Crystallogr.,
D69, 1204-1214.

Read,R.J. and McCoy,A.J. (2011) Using SAD data in Phaser. Acta
Crystallogr. Sect. D. Biol. Crystallogr., 67, 338-344.
Murshudov,G.N., Skubak,P., Lebedev,A.A., Pannu,N.S.,
Steiner,R.A., Nicholls,R.A., Winn,M.D., Long,F. and Vagin,A.A.
(2011) REFMAC S for the refinement of macromolecular crystal
structures. Acta Crystallogr. Sect. D Biol. Crystallogr., 67, 355-367.
Adams,P.D., Afonine,P.V., Bunkoczi,G., Chen,V.B., Davis,I.W.,
Echols,N., Headd,J.J., Hung,L.-W., Kapral,G.J.,
Grosse-Kunstleve,R.W. et al. (2010) PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta
Crystallogr. Sect. D Biol. Crystallogr., 66, 213-221.

Emsley,P., Lohkamp,B., Scott,W.G. and Cowtan,K. (2010) Features
and development of Coot. Acta Crystallogr. Sect. D Biol. Crystallogr.,
66, 486-501.

Altschul,S.F., Gish,W., Miller,W., Myers,E.W. and Lipman,D.J.
(1990) Basic local alignment search tool. J. Mol. Biol., 215, 403-410.
Sievers,F., Wilm,A., Dineen,D., Gibson,T.J., Karplus,K., Li,W.,
Lopez,R., McWilliam,H., Remmert,M., Soding,J. et al. (2011) Fast,
scalable generation of high-quality protein multiple sequence
alignments using Clustal Omega. Mol. Syst. Biol., 7,
doi:10.1038/msb.2011.75.

Waterhouse,A.M., Procter,J.B., Martin,D.M.A., Clamp,M. and
Barton,G.J. (2009) Jalview Version 2—a multiple sequence alignment
editor and analysis workbench. Bioinformatics, 25, 1189-1191.
Ashkenazy,H., Erez,E., Martz,E., Pupko,T. and Ben-Tal,N. (2010)
ConSurf 2010: calculating evolutionary conservation in sequence and
structure of proteins and nucleic acids. Nucleic Acids Res., 38,
W529-W533.

Marks,D.S., Colwell,L.J., Sheridan,R., Hopf,T.A., Pagnani,A.,
Zecchina,R. and Sander,C. (2011) Protein 3D structure computed
from evolutionary sequence variation. PLoS One, 6, €28766.

. Buchan,D.W.A., Minneci,F., Nugent,T.C.O., Bryson,K. and

Jones,D.T. (2013) Scalable web services for the PSIPRED Protein
Analysis Workbench. Nucleic Acids Res., 41, 349-357.

Goedecke,K., Pignot,M., Goody,R.S., Scheidig,a.J. and Weinhold,E.
(2001) Structure of the N6-adenine DNA methyltransferase M.Taql
in complex with DNA and a cofactor analog. Nat. Struct. Biol., 8,
121-125.

Kim,J.-S., DeGiovanni,A., Jancarik,J., Adams,P.D., Yokota,H.,
Kim,R. and Kim,S.-H. (2005) Crystal structure of DNA sequence
specificity subunit of a type I restriction-modification enzyme and its
functional implications. Proc. Natl. Acad. Sci. U. S. A., 102,
3248-3253.

Shen,B.W., Xu,D., Chan,S., Zheng,Y., Zhu,Z., Xu,S. and
Stoddard,B.L. (2011) Characterization and crystal structure of the
type 11G restriction endonuclease RM. BpuSI. Nucleic Acids Res., 39,
8223-8236.

Holm,L. and Sander,C. (1993) Protein structure comparison by
alignment of distance matrices. J. Mol. Biol., 233, 123-138.
Viadiu,H. and Aggarwal,A.K. (2000) Structure of BamHI bound to
nonspecific DNA: a model for DNA sliding. Mol. Cell, 5, 889-895.

. Loenen,W.A.M., Dryden,D.T.F., Raleigh,E.A., Wilson,G.G. and

Murray,N.E. (2014) Highlights of the DNA cutters: a short history of
the restriction enzymes. Nucleic Acids Res., 42, 3-19.

Cheng.X. and Roberts,R.J. (2001) AdoMet-dependent methylation,
DNA methyltransferases and base flipping. Nucleic Acids Res., 29,
3784-3795.

Hopf, T.A., Colwell,L.J., Sheridan,R., Rost,B., Sander,C. and
Marks,D.S. (2012) 3D structures of membrane proteins from genomic
sequencing. Cell, 149, 1607-1621.

9T0Z ‘62 JequanoN uo 1senb Aq /B1o'seulnolployxo reu//:dny wody papeojumoq


http://nar.oxfordjournals.org/

	Page1_3
	20161213_First page
	4002_001
	4003_001

	Thesis_Page_4_onwards
	20170417_revised_thesis
	Appendix I_Final
	Binder1
	Appendix I
	MTase_Aln
	ConSurf_MTase-v1
	ConSurf_CTD
	ATPase_Aln
	Nuclease_Aln

	Book2

	Appendix II_Final
	Appendix II
	Nucl. Acids Res.-2016-Kulkarni-nar-gkw154




