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Chapter 1 

Introduction 

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 ͳͻͷͲs, when ǲhost specificityǳ 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 I Type III Type IV

Cofactors for 

Endonucleolytic 

Activity
Mg2+, ATP Mg2+, ATP Mg2+, GTP

Cofactors for MTase 

Activity
AdoMet AdoMet -

DNA Target Site Asymmetric, bipartite
Asymmetric, 

uninterrupted

Bipartite, 

RmC;NͿ40–80RmC

Subunits
HsdR (R) , HsdM (M) , 

HsdS (S)
Res, Mod McrBL, McrBS, McrC

Domain Organization

Position of DNA 

Cleavage

Far from target site, 

approximately in the 

middle of the two 

sites

Close to one of the target 

sites

Close to one of the target 

sites

Examples EcoR124I EcoP1I McrBC

HsdS 

HsdR 

HsdM 

Res 

Mod 

McrB 

McrC 
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Type II 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, III 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 III 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 III 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 EcoP1I and EcoP15I.  To understand the 

molecular basis of working of Type III RM enzymes, we focused our studies on EcoP1I.  
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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.  
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2. Historical Background 

The first-half of 20th 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 Arberǯs ͳͲ years old daughter Silvia via ǲThe tale of the king and his servantsǳ as described in his biography (33).  

 

ǲWhen 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.ǳ 

 The RM enzymes were fondly referred to as ǲservant with the scissorsǳ 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 λ phages and T even phages. They showed that it is a ǲhost controlled variationǳ 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.  

 

Figure 1.1: The Bertani and Weigle experiment of host controlled variation (2). The λ phage propagated in the strain E.coli Kͳʹ, referred to as λK, with an EOP ȋsee text belowȌ of ͳ. Subsequently the λ phage propagated in the strain E.coli C, referred to as λC, 
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 λK 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 λ phage, Werner Arber encountered ǲhost-controlled variation of phagesǳ; a 
phenomenon described for E.coli and λ 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 λ phage 
infection in E.coli C in Bertani & Weigleǯs experiment ȋFigure ͳ.ͳȌ 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 II RM enzymes (41). Smithǯs findings were based on studies on restriction enzymes from Haemophillus 

influenzeae, where HindI was found to be a Type I RM enzyme while a second enzyme 
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from H. influenzeae (HindII) 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 II 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 III 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 λ phage and E.coli K12 (P1) lysogen. Lysogen is a 

bacterium harboring phage particles in dormant state (prophage P1 in this case) (42). The λ 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 10-4. However, when λ 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 I 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: EcoP1I, 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, HinfIII, had characteristics similar to EcoP1I and EcoP15I. 

It depended on the presence of ATP and Mg2+ 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 II RM enzymes, these showed clear cut location of 

dsDNA break. Piekarowicz and Kauc proposed that EcoP1I, EcoP15I and HinfIII 

belonged to a separate, new class of RM enzymes:  Type III RM enzymes (43). 

3. Properties of Type III RM enzymes 

Although a large number (>10,000) of putative Type III RM enzymes are known, only a 

handful of them have been characterized, including EcoP1I, EcoP15I, HinfIII, 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 EcoP15I RM stemmed from elegant 

experiments done by Mural et al and Iida 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, Iida et al identified the genetic make-up of EcoP1I and EcoP15I by 

using P1-P15 hybrid phages expressing EcoP15 target specificity.  Iida 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, Iida et al suggested that the mod gene of both 
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EcoP1I 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 EcoP15I mod gene. With the 

availability of both EcoP1I and EcoP15I 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 ǲmosaicǳ of homologous and non-

homologous regions (47).   

 

Later, in 1979, the recognition sequences of EcoP1I and EcoP15I were determined. EcoPͳI recognizes ͷǯ AGACC ͵ǯ, where the second adenine gets methylated by the 
modification activity (29). EcoP15I recognizes ͷǯ CAGCAG ͵ǯ, 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 ͷǯ 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.  

 

 

Figure 1.2: mod-res operon of EcoP1I and EcoP15I. 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. 
 
 
 
 
 



   
           CHAPTER 1: Introduction 

11 
 

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 r-m+. 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 ȋ ̴͹͵-75 kDa) is transcribed 

from mod and is responsible for methylation of the target adenine. Res, the larger subunit ȋ ̴ͳͲ͸ kDaȌ 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 Mod2Res2, 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 EcoP15I, 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 EcoP15I was a complex of 2 Mods and 1 Res forming a heterotrimer 

(Mod2Res1). 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 EcoP15I 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 EcoP1I, EcoP15I and PstII 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 III RM enzymes contained two copies of Mod and a single copy 

of Res forming a heterotrimer Mod2Res1  (52). Finally a partial structure of EcoP15I was 

published in 2015, which beyond doubt showed that EcoP15I indeed has a Mod2Res1 

stoichiometry (53). The structure revealed that two copies of Mod (ModA and ModB) 

perform asymmetric functions. ModA is involved in identifying the target sequence 

whereas ModB 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 III 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 ͷǯ AGACPy ͵ǯ ȋPy : C or TȌ where the second 
adenine got methylated. Further Baechi et al conducted experiments with SV40 DNA and EcoPͳI to show that the target site for EcoPͳI was ͷǯ AGACC ͵ǯ, once again showing 
that the second adenine got methylated (29). Hadi et al determined the target site for EcoPͳͷI as ͷǯ CAGCAG ͵ǯ, where similar to EcoPͳI, second adenine got methylated (28). 

Soon after this, in 1980, Piekarowiz et al identified the sequence recognized by HinfIII, 

another Type III RM system to be ͷǯ CGAAT ͵ǯ (27).  The first pair of isoschizomers was 

identified in 1982 with the discovery HineI 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 III 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 ͷǯ and ͵ǯ termini of the target site are designated as tail and head 

respectively. 

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

 
*Information retrieved from REBASE on 16-10-2016 

 

3.4 Site orientation selectivity 

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

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

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

cleavage of DNA containing single target site.  It was then suggested that HinfIII 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 T͹ and T͵ carry recognition site for EcoPͳͷI viz ͷǯ CAGCAG 

Name 

Target 

Sequence 

(5'-3')

Name 

Target 

Sequence 

(5'-3')

Name 

Target 

Sequence 

(5'-3')

Name 

Target 

Sequence 

(5'-3')

Name 

Target 

Sequence 

(5'-3')

M.Aci16581I AGGAG M.EcoJA23PII CACAG M.KpnNIH30II CGCATC M.Sen641I CAGAG M.Sen18569III CAGAG

M.Asa43001I CGCAT M.EcoJA65PII CAGCAG M.KpnNIH32I CGCATC M.Sen1080I CAGAG M.SenA46I CAGAG

M.Asp2D2II TCCAG M.EcoPI AGACC M.KpnPC07II CGCATC M.Sen1175II CAGAG M.SenAZII CAGAG

M.AspDUT2IV CGAGG M.EcoP15I CAGCAG M.KpnPC33II CGCATC M.Sen1387I CAGAG M.SenAbaI CAGAG

M.Bce842I CACAG M.Esp3131I GTTAAT M.Mca25239I GARAC M.Sen1427I CAGAG M.SenAboI CAGAG

M.Bce895I CACAG M.Fen1006I GAVATC M.Mha183IV GTTAAT M.Sen1655I CAGAG M.SenAnaII CAGAG

M.Bce16656I CACAG M.Fla104114I CCAAG M.Mha807I GTTAAT M.Sen1676II CAGAG M.SenC1736I CAGAG

M.Bce25416I CACAG M.FnoB1III CGCC M.MmyCI TGAG M.Sen1677II CAGAG M.SenC1765I CAGAG

M.Bce22E1I CACAG M.FpsJII CGCAG M.Msp315II CAGAAA M.Sen1728II CAGAG M.SenC1808I CAGAG

M.Bce7H2I CACAG M.FtnUIII AGACC M.MspCY2I AGCGCC M.Sen1735I CAGAG M.SenC1810I CAGAG

M.BceK56I CACAG M.Gel16401II GGACCG M.Ngo3502I ACACC M.Sen1736I CAGAG M.SenJI CAGAG

M.BceSI CGAAG M.Gli15749II GACAT M.NgoAX CCACC M.Sen1764II CAGAG M.Sen4481ORF6431CAGAG

M.Bco7050I GAWTC M.GmeII TCCAGG M.NgoAXII AGAAA M.Sen1766I CAGAG M.SenSPBII CAGAG

M.BcoSlacI TAAATC M.Gsp12I GCCAT M.NgoFA19II CCACC M.Sen1781I CAGAG M.SenTFI CAGAG

M.BmaBMKI CACAG M.GspL21II GACCA M.NgoMX CCACC M.Sen1783I CAGAG M.SmoLIV CGWAG

M.BmaBMZI CACAG M.Gst10I GCCAT M.Nme18I ACACC M.Sen1878I CAGAG M.SptAII CAGAG

M.Bpe137I AGCCGCC M.Gth3570II GCCAT M.Nme77I ACACC M.Sen1880I CAGAG M.Ssc1360I GGAG

M.Bpe564I AGCCGCC M.Hal24586II GGAG M.Nme579I CCAGC M.Sen1896I CAGAG M.Sty13348I CAGAG

M.Bpe1920I AGCCGCC M.HbaIII CGCAGC M.Nme579II ACACC M.Sen1898I CAGAG M.StyLTI CAGAG

M.Bps1651I CACAG M.HindVI CGAAT M.NmeMC58I CGYAG M.Sen1899I CAGAG M.SwoAII GTCAGG

M.Bps7894I CACAG M.HineI CGAAT M.Pac19842III ACCAGG M.Sen1903I CAGAG M.Tca7334III GCCAT

M.BpsBEMI CACAG M.HinfIII CGAAT M.Pae41639I GCCCAG M.Sen1906I CAGAG M.TdeIV CTAAT

M.BspRB39II CACAG M.Hma11271II AGYATC M.PbaVA2II GGSAG M.Sen1908I CAGAG M.TmeBIV CGCC

M.Btr190II RGTAAT M.Hpy99XXI GWCAY M.Psp32OWI GGAGC M.Sen1910I CAGAG M.TpaRLIII GMGAGC

M.Btr192II ACATC M.HpyAXI GCAG M.PstII CTGATG M.Sen1921II CAGAG M.Tph12270III CAGAAA

M.CpeAV VGACAT M.HpyAXVII TCAG M.Rsp7II AGACC M.Sen1927I CAGAG M.TspX514II GGCAS

M.CthIII GTCAT M.Kaq16071II GGACT M.RthAD2I CGACC M.Sen2050I CAGAG M1.VcoRE98II CCCACC

M.CthLQ8II CGACC M.Kpn36II CGCATC M.SbaUI CAGAG M.Sen2064II CAGAG M2.VcoRE98II GACATG

M.Dac11109I GACGA M.Kpn677I CGCATC M.Sbo268I CAGAG M.Sen2069I CAGAG M.Vna16374II CCACCG

M.DfeII GAGAAG M.Kpn1097I CGCATC M.Sbo12419I CAGAG M.Sen3124I CAGAG M.Vpa2008II GNAATC

M.DthLIII CACC M.Kpn1420I CGCATC M.Sen16II CAGAG M.Sen7378I CAGAG M.Xor86I CCGAGG

M.Eba57I GAGAG M.Kpn32192I CGCATC M.Sen16III CCGAG M.Sen8391II CAGAG M.Xor256I GGAGG

M.EclHC3I ACGAAG M.Kpn34618I CGCATC M.Sen158I CAGAG M.Sen8692I CAGAG M.Xor2286II GGAGG

M.Eco3858I GAGAC M.Kpn38547I CGCATC M.Sen195I CAGAG M.Sen10384I CAGAG M.Xor7331III GCCAGG

M.EcoCFTII CACAG M.KpnNIH1II CGCATC M.Sen255I CAGAG M.Sen10708I CAGAG M.Xor7341III GCCAGG

M.EcoGVIII ACCACC M.KpnNIH10II CGCATC M.Sen318II CAGAG M.Sen13311I CAGAG M.XorPXI CCGAGG

M.EcoJA17PII CACAG M.KpnNIH24I CGCATC M.Sen483II CAGAG M.Sen15791I CAGAG M.YinY228II CCGAG



   
           CHAPTER 1: Introduction 

14 
 

͵ǯ. However, T͹ was found to be refractory and T3 was found to be susceptible to 

cleavage by EcoP15I. 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 III 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 ǲsite 

orientation selectivityǳ, where a productive interaction between two protein complexes 

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

 

As mentioned earlier, the Type III 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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Figure 1.3: Site orientation selectivity. A] The asymmetric target sites for EcoP1I and EcoPͳͷI are shown as triangles where the apex of the triangle denotes ͵ǯ end of target called as Head ȋHȌ and base of the triangle denotes ͷǯ end of the target called as Tail ȋTȌ. 
B] Indirectly repeated orientation of two target sites on a dsDNA.  
 

3.5 Domain organization of Type III 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, Res1 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 EcoP15I 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 III RM enzymes are 

detailed in the following section.  

 

 3.5.1 Methyltransferase (Mod) The Mod subunit of EcoPͳI and EcoPͳͷI is   ̴͹͵-75 kDa (25, 48). Comparison of amino 

acid sequence of EcoP1I 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 III 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 III 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.HhaI a cytosine MTase and M.TaqI, 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 ȋȽ,ß and ϒ) based on 

the linear arrangement of 9 conserved motifs (57, 58).  
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Type III MTases belong to the ß class of MTases. Members of ß class have N terminal 

catalytic domains which have canonical motifs IV, V, VI, VII and VIII. The C terminal 

AdoMet binding domain has canonical motifs X, I, II and III. The TRD is interspaced 

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

 

 

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 ß 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 III enzymes could also unwind the 

DNA duplexes (59). However, these enzymes did not show any strand separation 

activity (21). Type III 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 RecA1 and RecA2 (60). Both 

RecA1 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 IIa were identified 

by Gupta et al in 2015 based on the structure of EcoP15I (53). A schematic of location of 

various conserved canonical motifs based on information from predicted motifs from McClellandǯs and Szczelkunǯs study and partial structure of EcoPͳͷI 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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Figure 1.5: Domain organization the Res subunit of Type III RM enzymes. A] The 
Res subunit of EcoP15I is represented as combination of RecA1, Pin, RecA2 (blue 
blocks) and endonuclease (grey block). B] Sequence alignment of EcoP1I, 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 λ 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 II (PD) and, 

conserved glutamate, glutamine or aspartate in motif III (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 I 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 III RM enzymes is still unidentified.  

 

3.6 Mechanism of DNA cleavage by Type III RM enzymes 

One of the striking features of Type III 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 EcoP1I, EcoP15I and PstII 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 III 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 ǲpromiscuous cleavage eventsǳ, 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 EcoP1I (76).  In another study, Raghavendra and Rao proposed requirement of a free ͵ǯ end for cleavage of DNA 

containing single or HtT sites. It was suggested that the translocating enzyme would interact with a free ͵ǯ 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 DNAseI 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 III 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 I 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 III 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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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 
Mod1 and Mod2 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 III 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 ͵ǯ 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 Mod2Res2 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.   

 

Figure 1.7: End reversal model. Enzyme loads on the DNA at the target site. Hydrolysis of ATP triggers translocation of the enzyme towards ͵ǯ 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 ͵ǯ end reverses its 
direction of translocation and approaches the target site bound enzyme. Collision of two 
enzymes results in endonucleolytic cleavage of dsDNA.  
 
 



   
           CHAPTER 1: Introduction 

25 
 

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. EcoP15I 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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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 EcoP1I and EcoP15I, 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 µm2s-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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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 EcoP1I, a prototypical Type III RM enzyme. As detailed in 

Section 2, EcoP1I 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 Mod2Res1 (MW: 258.41 kDa)(52, 53). The target site for the enzyme is ͷǯ AGACC ͵ǯ. 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 EcoP1I is found in the genome of variety of viruses including SVͶͲ ȋͶ sitesȌ, λ virus ȋͶͻ sitesȌ, ϕx 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 ͷǯ overhang of ʹ 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 

II RM enzyme) 2) The enzymes utilized quite low amounts of ATP to communicate 

between distant sites and to cleave the DNA. EcoP1I 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 ȋMod, ̴͹͵ kDaȌ is transcribed from mod ȋͳͻͲͲ bpȌ, and the restriction endonuclease ȋRes,  ̴ͳͳͲ kDaȌ 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 Mod2Res1 heterotrimer. Each subunit has different functional 

modules in the form of various domains. The Mod subunit belongs to ß 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 III 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 

EcoP1I 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 III 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 Å. The diffraction data is anisotropic. 

However, we have successfully done molecular replacement by using partial structure 

of EcoP15I which was solved recently (53). 
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Chapter 2 

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 III 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 Mod2Res 

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 III 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 EcoP1I, 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 EcoP1I (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 EcoP1I 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 EcoP1I. 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  

EcoP1I operon, mod, res, and gene-fragments encoding the ATPase domain and the 

nuclease domain were amplified from recombinant plasmid construct pET11b-EcoP1I, 

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). 

  
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 

Sr 

No 
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 EP1MPHISR1 CTTTTAATGATGATGATGATGATGGGATCCTTAGTTCCTTACCACTAAATC 

11 EP1MPHISR2 CTTTTAATGATGATGATGATGATGGGATCCGTTCCTTACCACTAAATC 

12 EP1MNdeSi CATAAGCATTAACCATGTGCTTCAATACTTC 

13 Ecp1MpRSFTEV1 
GATATACCATGGCACATCACCACCACCATCACGAGAACCTGTACTTCCAAGGCATGAA

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 NdeI and BamHI restriction sites upstream and 

downstream of the genes, respectively. This was designed to facilitate ligation into 

pHis17 vector. mod has an NdeI 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 ȋTable ʹ.ͳȌ. EPͳMNdeSi had fourth adenine of NdeI target site ȋͷǯ CATATG ͵ǯȌ 
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, NcoI 

and XhoI 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. 

Isolated 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 DpnI 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 DpnI 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 

No 
Name Sequence (5' -> 3') 

1 
T7 

Promoter 
TAATACGACTCACTATAGGG 

2 S1 CAAGCAGTCATAGTGCATGG 

3 S2 GACTTTTTTGCTGGCTCTGG 

4 S3 GAAAGCAGGTGTCGATGCGG 

5 S4 GTTAAAGGTATTGATGCGT 

6 S5 CAAATGGACGTTGCGTGAGG 

7 
T7 

Terminator 
GCTAGTTATTGCTCAGCGG 

 

2.2 Expression of EcoP1I 

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 Ⱦ-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(AI) 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 µL lysis 

buffer (50 mM Tris-Cl (pH 8), 500 mM NaCl, 10 mM MgCl2, 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 EcoP1I 

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 EcoP1I are 

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

  
Tris pH 

8.0 (mM) 
NaCl 
(mM) 

Glycerol 
(%) 

MgCl2 

(mM) 
Imidazole 

(mM) 
(NH4)2S

O4 (M) 
KCl 

(mM) 
EDTA 
(mM) 

DTT 
(mM) 

Lysis 
Buffer 50 150 10 10     1  

Buffer A 50 500   25     

Buffer B 50 500   500     

B0 50 0      1 1 

B50 50 50      1 1 

B1000 50 1000      1 1 

B50 + 
(NH4)2SO

4 
50 50    2  1 1 

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 OptimaTM 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 ModC-His, fractions containing protein were pooled and 

concentrated using Vivaspin®2 (GE Healthcare) protein concentrator (MWCO 30 

kDa). After concentration, 500 µL 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) C-His and EcoP1I (D898A, E916A) C-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 µL 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) C-His and EcoP1I (D898A, 

E916A) C-His was followed.  

 

2.3.4 Purification of untagged EcoP1I 

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 OptimaTM 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 B0. 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.  
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Table 2.4: Sequences of oligomers used for biochemical assays with EcoP1I  

Name Sequence (5' -> 3') 

32/32_

P1_F 

CATGACTGAGTCAATCGGATCGTAGACGTACTAGACCTATCCTGTATGCTACGTA

TTCGTATCGTGAGC 

32/32_

P1_R 

GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTACGATCCGA

TTGACTCAGTCATG 

30/32_

P1_F 

TGACTGAGTCAATCGGATCGTAGACGTACTAGACCTATCCTGTATGCTACGTATT

CGTATCGTGAGC 

30/32_

P1_R 

GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTACGATCCGA

TTGACTCAGTCA 

15/32_

P1_F 
GATCGTAGACGTACTAGACCTATCCTGTATGCTACGTATTCGTATCGTGAGC 

15/32_

P1_R 
GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTACGATC 

10/32_

P1_F 
TAGACGTACTAGACCTATCCTGTATGCTACGTATTCGTATCGTGAGC 

10/32_

P1_R 
GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTA 

5/32_P

1_F 
GTACTAGACCTATCCTGTATGCTACGTATTCGTATCGTGAGC 

5/32_P

1_R 
GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTAC 

2/32_P

1_F 
CTAGACCTATCCTGTATGCTACGTATTCGTATCGTGAGC 

2/32_P

1_R 
GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAG 

NS_P1_

F 

GGCTCACGCTACGACTACGTAGCATACAGGTGACCGTCTAGTACGTCTACGTTCC
GAGTGACTCAGTCA 

 

NS_P1_

R 

TGACTGAGTCACTCGGAACGTAGACGTACTAGACGGTCACCTGTATGCTACGTAG
TCGTAGCGTGAGCC 

 

 

To generate supercoiled (SC) substrate for binding and cleavage studies pUC18, 

which has 3 target sites for EcoP1I, was selected. Arrangement of these sites is 

shown in Figure 2.2. The specific site ͷǯ AGACC ͵ǯ ȋshown as a red triangle in Figure 
2.2) was changed to non-specific site ͷǯ AGCCC ͵ǯ by site directed mutagenesis to 
create a plasmid with two target sites oriented Head-to-Head. In addition, we 



   
           CHAPTER 2: Cloning, Purification and Characterization of EcoP1I 

54 
 

introduced an XhoI 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 EcoP1I. 

Table 2.5: Primers used for pUC18 mutagenesis 

Sr 

No 
Name Sequence (5' -> 3') 

1 PUC18_MidSil_F 
CTAAAGTATATATGAGTAAACTTGGGCTGACAGTTACCAATGCTT
AATCAG 

2 PUC18_MidSil_R 
CTGATTAAGCATTGGTAACTGTCAGCCCAAGTTTACTCATATATA
CTTTAG 

3 PUC18_XhoI_F 
CTAAAGTATACTCGAGTAAACTTGGGCTGACAGTTACCAATGCTT
AATCAG 

4 PUC18_XhoI_R 
CTGATTAAGCATTGGTAACTGTCAGCCCAAGTTTACTCGAGTATA
CTTTAG 

5 PUC_HtT_F1 
GATCCTTTGATCTTTTCTACGTCTGGGACGCTCAGTGGAACGAAA
ACTC 

6 PUC_HtT_R1 
GAGTTTTCGTTCCACTGAGCGTCCCAGACGTAGAAAAGATCAAAG
GATC 
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Figure 2.2: Substrate generation for cleavage assays. A] Plasmid vector pUC18 
(2686 bp) has ͵ target sites of EcoPͳI ȋͷǯ AGACC ͵ǯȌ shown as triangles. XhoI/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 XhoI 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 XhoI site gave linear HtH substrate. F] pHtT cleaved 
with XhoI 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 µg/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, pH8, 

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 µL of malachite green solution, 200 µL 7.5% ammonium molybdate and 

16 µL of 11% Tween20. For every 20 µL reaction, 50 µL 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 Na2HPO4 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 EcoP1I 

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. ModC-

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 ATPaseC-His and ResC-His 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. NucleaseC-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 EcoP1I, the recombinant 

plasmids containing operon was also subjected to expression trials (See Figure 2.1 for 

details). This involved co-expression of ModC-His and ResC-His under single promoter. Co-

expression of Res and Mod from four different constructs, viz. EcoP1I(E916A)C-His, 

EcoP1I(D898A,E916A)C-His, EcoP1IN-His and untagged EcoP1I, 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.  

 

 

Figure 2.3: Expression of various constructs. The expressed protein is highlighted by asterisk. UI: Uninduced, I:  Induced, M: Marker ȋPrecision Plus™ All blue ladder BioRadȌ. 
A] ModC-His; B] ATPaseC-His; C] ResC-His; 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).  ResC-His or 

ATPaseC-His 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). ATPaseC-His 

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, ResC-His and ATPaseC-His were not included in any subsequent studies.  

 

 

Figure 2.4: Purification scheme of various constructs. A] ModC-His; B] ATPaseC-His; C] 
ResC-His; D] EcoP1I(E916A)C-His; E] EcoP1IN-His; F] Untagged EcoP1I. M: Marker (Precision Plus™ All blue ladder BioRadȌ. 
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EcoP1I (E916A)C-His and EcoP1I (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 EcoP1I 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)C-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)C-His to long linear substrates 

We carried out DNA binding studies of EcoP1I(E916A)C-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).  

 

 

Figure 2.5: Effect of ATP on DNA binding affinity of EcoP1I(E916A)C-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 C,E). A] 
Schematic of specific substrate 891/1045_P1 for EcoP1I binding assay. The target site for EcoPͳI ȋͷǯ AGACC ͵ǯȌ is shown as triangle; B] EMSA with ͺͻͳ/ͳͲͶͷ_Pͳ 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 1 in B, C, D, E is Genei StepUp™ ͳ kb DNA ladder. 
 

To see the effect of cations on the DNA binding affinity of EcoP1I(E916A)C-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)C-His. 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)C-His to supercoiled (SC) substrates 

To see the effect of topology of DNA on the binding of EcoP1I(E916A)C-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 ǲhalf shiftǳ, 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 KD 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. 



   
           CHAPTER 2: Cloning, Purification and Characterization of EcoP1I 

63 
 

  
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 EcoP1I to short oligomers 

The binding of purified EcoP1I(E916A)C-His  to long DNA substrates was followed by 

examining the enzymes affinity for short oligomers. We shortened the ͷǯ end of 
32/32_P1 to as low as 2 bp. The aim was identify short oligomers with high affinity for 

EcoP1I, making them suitable for co-crystallization studies. EcoP1I 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 

EcoP1I 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 EcoP1I 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 µM protein concentration. A similar fragment was not observed at 

protein concentrations of 3 and 5 µM possibly because EcoP1I 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). 

  

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 µM 

EcoP1I in A, B,C,E and F. Lanes (1-4) contain 0,1,3,5 µM 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 EcoP1I 

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 µM Pi/min) than that for specific DNA substrate (20 µM Pi/min). 

 

Figure 2.9: ATPase activity of EcoP1I. A] Phosphate standard curve using (Na)2HPO4; 
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 (V0) (µM/min) of ATP hydrolysis for specific (purple bar) 
and nonspecific (cyan bar) DNA substrates.  
 

  



   
           CHAPTER 2: Cloning, Purification and Characterization of EcoP1I 

66 
 

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 EcoR124I (20). The 

active fraction of EcoP1I was determined by titrating EcoP1I 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 

EcoP1I. 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 µM/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 III 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 EcoP1I with 15/32_P1. A-E] Time course of ATP 
hydrolysis. Y axis represents inorganic phosphate concentration (µM) 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 µL) 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 
EcoP1I. The initial rates of reaction (µM 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 EcoP1I, we checked the 

cleavage efficiency of purified EcoP1I 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 EcoP1I. 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).  

 

  
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 ǲlinearǳ 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.  

 

  
 Figure 2.12: Cleavage assay of EcoP1I 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™ ͳ kb DNA ladder. E] Cleavage of linear TtT and HtT substrates with EcoP1I. 
Lanes 2-4 and 5-7 depict Enzyme:site molar ratio of 0,4,8 respectively. Lane 1 depicts Genei StepUp™ ͳ kb DNA ladder.  
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4. Discussion 

Towards purifying a homogeneous sample of EcoP1I in large amounts suitable for 

crystallization trials, we cloned the appropriate gene/s in high expression vectors. We 

observed ModC-His could be purified by one step purification using affinity 

chromatography. On the other hand ResC-His was found predominantly in inclusion 

bodies, indicating that it is not stable on its own. However, coexpression of Res and Mod 

yielded soluble EcoP1I. Though we could purify ATPaseC-His 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 EcoP15I, 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 

EcoP15I 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 III 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 EcoP1I 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 EcoP1I 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 EcoP1I are inconsistent with the experiment on EcoP15I 

with radioactively labelled oligomers, which revealed differences in the apparent KD 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 KD. Similarly, in binding assays with short oligomers, EcoP1I 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 

EcoP1I. 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 EcoP1I. 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 II restriction enzyme SfiI 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 EcoP1I. To see what effect these cations have on the 

binding affinity by EcoP1I, we performed EMSA of EcoP1I 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 ǲreadǳ 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 EcoP1I, 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 EcoP1I 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 EcoP1I 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 EcoP1I 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 EcoP15I 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 EcoP1I; we observed 

that the single target DNA substrate was also getting cleaved (Figure 2.8F, Lane 3). It is 

reported that Type III 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 EcoP1I 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 EcoP1I 

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 III 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 ǲsite orientation selectivityǳ. 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 EcoP1I 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 Mod2Res 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 ͷǯ overhang of ʹ-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 EcoP1I 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') 

32/32_P1_T 
CATGACTGAGTCAATCGGATCGTAGACGTACTAGACCTATCCTGTATGCTACGTATTCGTATCG

TGAGC 

32/32_P1_B 
GCTCACGATACGAATACGTAGCATACAGGATAGGTCTAGTACGTCTACGATCCGATTGACTCA

GTCATG 

30/32_P1_T 
TGACTGAGTCAATCGGATCGTAGACGTACTAGACCTATCCTGTATGCTACGTATTCGTATCGTG

AGC 

30/32_P1_B 
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 

NS_P1_T 
GGCTCACGCTACGACTACGTAGCATACAGGTGACCGTCTAGTACGTCTACGTTCCGAGTGACTC

AGTCA 

NS_P1_B 
TGACTGAGTCACTCGGAACGTAGACGTACTAGACGGTCACCTGTATGCTACGTAGTCGTAGCGT

GAGCC 

NS_P15_T ATACGAATACGTAGCATACAGCCTAGATTAGGTAC 

NS_P15_B GTACCTAATCTAGGCTGTATGCTACGTATTCGTAT 

*Target sites for EcoP1I/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 

EcoP1I, EcoP1I (E916A) and Mod were purified as described in section 2.3, Chapter 2. 

EcoP15I was purified in the laboratory by Ishtiyaq Ahmed Khan by a protocol similar to 

that of EcoP1I.  

 

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 µM 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 MgCl2, 1 mM DTT, 100 µg/ml BSA). The DNA and protein were incubated in the 

presence of 20 µM 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 µM 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 µL of 

malachite green solution, 200 µL 7.5% ammonium molybdate and 16 µL of 11% 

Tween20. For every 20 µL reaction, 50 µL 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 Na2HPO4 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 µM 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 µM 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 EcoP1I, a 

prototypical Type III enzyme, we compared its DNA cleavage features with those for 

canonical DNA substrates. As described in Chapter 1, the canonical substrates for Type 

III enzymes have a pair of inversely oriented sites (HtH or TtT). Type III RM enzymes 

cleave these substrates 25-27 bp downstream of the target site utilizing ATP. The 

resulting cleaved piece of DNA has a ͷǯ overhang of ʹ 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 EcoP1I 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™ ͳ 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).   

 

Figure 3.2: Effect of buffer conditions on single-site cleavage by EcoP1I. 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.  

 

 

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 EcoP1I, 8) Control reaction with only EcoP1I.  
 
3.1.4 Effect of methylation on ATPase activity of EcoP1I 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 EcoP1I 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 V0 of 20.2 µM Pi/min. 

With non-specific DNA, ATPase activity was almost 10 fold lower (V0 of 2.7 µM Pi/min). 

It 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 EcoP1I; 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.  

 

Figure 3.4: ATPase activity of EcoP1I on single-site DNA substrate. Reactions 
contained 200 nM DNA and 200 nM EcoP1I 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 (V0) (µM/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 V0 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 3.5A, 

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, +EcoP1I, -ATP, 3) 5/32_P1, +EcoP1I, +ATP, 
4) 15/32_P1, +EcoP1I, -ATP, 5) 15/32_P1, +EcoP1I, +ATP, 6) 30/32_P1, +EcoP1I, -ATP, 
7) 30/32_P1, +EcoP1I, +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, +EcoP1I, -ATP, 4) 5/24_P1, +EcoP1I, +ATP; C] Sequencing of bottom strand 
of cleaved product of 1324/1364_P1. The target sequence of EcoPͳI ȋͷǯ AGACC ͵ǯȌ 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. 

 

 

 

Figure 3.6: The cleaved product has an 

overhang of ~ 2 nt. 1) Marker, 2) +EcoP1I, 
-ATP, 3) +EcoP1I, +ATP. The numbers on 
left and right sides of gel indicate sizes of 
various DNA fragments in nucleotides.  
 
 
 
 
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.   
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Figure 3.7: Possible interactions of two enzyme molecules to bring about dsDNA 

cleavage. The target ȋͷǯ AGACC ͵ǯȌ 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 EcoP1I 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 EcoP1I. 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,     denotes cleaved DNA. 
 

Having established the sequestration of EcoP1I 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 kinetics. 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 EcoP15I was omitted, 

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

 

 

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 EcoP1I, 4) 500 nM 
EcoP1I,  5) 300 nM EcoP15I, 6) 500 nM EcoP15I, 7) 300 nM P1(E916A), 8) 600 nM 
P1(E916A), 9) 300 nM EcoP1I, 300 nM EcoP15I.  
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We used the above knowledge to design a ǲheterologous cooperation assayǳ 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 EcoP15I, 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 EcoP15I, 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 EcoP1I specific DNA was completely 

abolished (Figure 3.11C, Lanes 4, 5). This analysis suggested that for trans nicking 

activity of EcoP15I, 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 + EcoP1I, 4) 15/32_P1+ EcoP1I (E916A) in cooperation with 
5/24_P15 + EcoP15I, 5) 15/32_P1 + EcoP1I (E916A) in cooperation with NS_P15 + 
EcoP15I 6) NS_P1 + EcoP1I (E916A) in cooperation with 5/24_P15 + EcoP15I, 7) 
15/32_P1 +EcoP15I. B] Schematic of variation of downstream length in specific 
oligomer for EcoPͳͷI. The ladder represents dsDNA. The target site for EcoPͳͷI ȋͷǯ CAGCAG ͵ǯȌ 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 
+ EcoP1I, 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 EcoP1I,   denotes 
nicked strands of 15/32_P1,     and    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 EcoP15I with 3/11_P15 DNA shown in red. 
ModA: Green, ModB: Cyan, Res: Brown. The target site for EcoPͳͷI ȋͷǯ CAGCAG ͵ǯȌ 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 EcoP1I 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, EcoP1I, 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 III 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 III 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 

EcoP1I were demonstrated to be similar to that of DNA substrates with inversely 

oriented sites.  

 

Cleavage of single-site DNA substrates by EcoP1I/15I 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 

EcoP1I 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/P15I 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 Mod2Res 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 ǲheterologous cooperation assayǳ 
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 EcoP1I 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 EcoP1I 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 EcoP15I 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 III RM enzymes EcoP1I 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 EcoP1I and EcoP15I 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 III 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 III 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 III RM enzymes are composed of three subunits, two copies of the 

methylating Mod subunit (ModA and ModB) 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 ModB subunits exhibit asymmetry in 

function, where ModA is responsible for identification of specific target site and ModB 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 III 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 III 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.  



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

115 
 

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 EcoP1I 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 III 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 EcoR124I (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 NJ (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 IV- VIII: catalytic domain, motif VIII-motif X: TRD, motif X-motif III: AdoMet 

binding domain, beyond motif III: 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 III 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 ß 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 ß 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 ß 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 IV (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 NJ 
phylogenetic tree of MTases of Type III RM enzymes. MTases of EcoR124I (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 ß 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 I. We 

observed that all the motifs except GDN are a part of the dimeric interface between 

ModA and ModB (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-ModB 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 ß MTases (MTases that are functionally competent on their own), M1.MboII (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.RsrI and an asparagine (N11) in M1.MboII at equivalent positions interact with N6 of 

AdoMet and cap the helices C47-L53 (M.RsrI) and C12-V19 (M1.MboII), respectively 

(Figure 4.3A). The superposition of these residues can be seen in structure based 

sequence alignment of M1.MboII, M.RsrI and EcoP15I (Figure 4.4A).  The sequence 

analysis of Type III 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-ModB 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-ModB* 

 

*Residues from ModA and ModB are shown in green and cyan respectively.  The height of letter represents 
the degree of conservation. Residues involved in ModA-ModB dimerization are highlighted by red dot. 
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Figure 4.3: Role of aspartate in ß 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.RsrI (PDB ID: 1NW5) (green sticks). 
The distance between various atoms is shown as dashed lines. The numbers indicate 
distance in Å.  

 

 

 

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

 

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

The structural superposition of M1.MboII 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.MboII. The third insertion is at C 

terminus of Mod. Along with structural superposition, we also did a structure based 

sequence alignment of M1.MboII (PDB ID: 1G60), M.RsrI (PDB ID: 1NW5) and ModA of 

EcoP15I (PDB ID: 4ZCF) (Figure 4.4A). It was observed that the N-terminal insertion in 

EcoP15I 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.  

 

Figure 4.4: Insertions in MTase of Type III RM enzymes. A] Structure-based 
sequence alignment of M1.MboII, M.RsrI 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.MboII (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 III 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, EcoP15I 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 

interface formation.  

 

 

Figure 4.6: Positional conservation and interface scores of CTD. The X axis depicts 
residue positions in EcoP15I 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 

scores respectively.  depicts prominent insertions in the longer sequences. 
 
 
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 RecA1 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 EcoP15I led to the identification of motifs Ib, Ic and IIa (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 Szczelkunǯs study, before the structure of EcPͳͷI 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. 

 

 

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 RecA1, 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, IIIa 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 RecA1 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 RecA1 and RecA2 (Figure 4.9B, C). The conserved glycine is involved in interaction with ͵ǯ-OH of the ribose of ATP through 

main chain oxygen. The conserved threonine makes a hydrogen bond with one of the oxygens of Ƚ phosphate ȋFigure Ͷ.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. 
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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 Å.  

 

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 III 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 IIIa 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 III 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 III endonuclease domain 

using the MSA as input was carried out. The endonuclease domain of EcoR124I (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.  
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Figure 4.12: Phylogenetic analyses of endonuclease domain. Rooted NJ tree of 
endonuclease domain associated with Type III 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 
II) 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 III 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 

EcoP15I. 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. 

 

 
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 III 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, II and III forming a metal ion 

binding pocket (2, 26–28).  

 



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

134 
 

 

Figure 4.14: Sequence analyses of AHJR. A part of MSA of AHJR is represented to 
highlight canonical motifs I, II and III. 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 I was important to assign a putative boundary between the linker 

and the endonuclease. Towards this, we did structure based sequence alignment of 

EcoP1I with five structures of Holliday junction resolvases. (PDB IDs: 1GEF, 1OB8, 

4TKD, 2FCO and 2WCW) 

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 I 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 

EcoP15I, 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.  

 

 

Figure 4.15: Identification of Motif I in endonuclease domain of Type III RM 

enzymes. Structure based sequence alignment of EcoP1I 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 III 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-ModB 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 EcoP15I MTase with known structures of two other 

ß class but stand-alone MTases, namely M1.MboII and M.RsrI. 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 III 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 Mod2Res 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 

III 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 EcoRII RM enzyme (31, 32).  

 

ATPase: The ATPase domain of Type III 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 III 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 RecA1 and RecA2. This motif 

was considered as part of putative motif Ia (GxxKF++VVPSxAIKEG(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 ͵ǯOH of ribose of AMP (5). These two residues are part of a conserved motif 

(K/R)(E/A)GT in Type III 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 RecA1 

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 III 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 III 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 II 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 λ 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 III 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 III; 

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 I of the AHJR fold is 

characterized by a strongly conserved acidic residue (D/E). The acidic side chain in 

motif I 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 

II 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 

III 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 III 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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Chapter 5 

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 RecA1 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 ǲdivision of labourǳ 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 III RM enzymes by using the 

tools of X-ray crystallography, EcoP1I, a prototypical Type III 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 Å.  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) C-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 NaCl, 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 µL (1 µL DNA-Protein complex + 1 µL reservoir solution). The volume of 

reservoir was 100 µL.  

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 ȋIIIȌ chloride ȋWerner’s reagentȌ 

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: 

 

20 mM CoCl2.6H2O 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 (HCl) solution (3 mL conc. HCl 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 Rfree 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 

EcoP1I (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 

 

 

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).  

Condition 1 Condition 2 Condition 3

Precipitant Mix
PEG 4K, 10%, 
Glycerol, 20%

PEG 6K, 10%,            
MPD, 5%

PEG 8K, 10%, 
Ethylene glycol, 

8%

BUFFER
MES-Imidazole,        

0.1 M
Na-HEPES, 0.1 M Na-HEPES, 0.1 M 

LIGAND
Amino Acid Mix,     

0.1 M
- -

pH 6.5 7.5 7.5
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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 S8AP0 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 µm) 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 µm) 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 Å. A crystal from M10 diffracted to better than 6.5 Å 

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 µL. The 

images are captured by Leica S8AP0 with 8X zoom. 
 

Table 5.4: Data collection and processing statistics I 

Space group I2 
a (Å) 124.8 
b (Å) 100.6 
c (Å) 253.2 
b (°) 93.8 
Resolution (Å)* 30-6.5 (7.29-6.5) 
Total no of unique reflections* 13970 (3804) 
Completeness (%)* 85.2 (85.5) Mean I/ σ ȋIȌ* 8.5 (1.4) 
Rmerge (%)* 9.0 (52.5) 
No of molecules in the asymmetric unit 1 Matthewǯs 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 EcoP1I 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 Å, while those with 7/26_P1 diffracted to better than 6 Å in-

house. One of the crystals with 6/26_P1 diffracted to better than 4.5 Å at the 

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

5.5).  

 

 

 

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 µL. 

The images are captured by Leica S8AP0 with 8X zoom.  
 

Table 5.5: Data collection and processing statistics II 

Space group I2 
a (Å) 125.1 
b (Å) 101.8 
c (Å) 255.9 
b (°) 94.3 
Resolution (Å)* 50-4.4 (4.8-4.4) 
Total no of unique reflections* 20326 (4829) 
Completeness (%)* 98.8 (98.8) Mean I/ σ ȋIȌ* 5.4 (1.4) 
Rmerge (%)* 6.7 (77.3) 
No of molecules in the asymmetric unit 1 Matthewǯs 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 Å at IO4, DLS. Since the data was highly anisotropic, a complete dataset could 

not be collected.  

Table 5.6: Distribution of methionine residues in EcoP1I 

 

 

3.4 Partial structure solution of EcoP1I 

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 Å (Table 5.4). A similar crystal diffracted to 4.4 Å at the 

I04 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 

Domain

Structural 

boundaries of 

EcoP15I based on 

4ZCF

No of methionines 

in EcoP1I

Primary seq no in 

EcoP1I

NTD K2-T76         1 1

Catalytic Domain N92-S260     3 109,119,234

TRD N261- L394   -

AdoMet Binding D395-G506   -

CTD F507- N644  -

RecA1 T6-L267         5 1,22,84,163,190

RecA2 including Pin T268- I594     4 374,375,544,607

RecA2 before Pin T268-D287    0 -

after Pin P363-I594     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 -

Mod: 4 Methionines

Res: 14 Methionines
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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 Å2. R and Rfree 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. 

 

 

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 III RM enzymes, we initiated 

crystallographic studies with EcoP1I. 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)C-

His for crystallization experiments.  

 

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

characterized the DNA binding properties of EcoP1I 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 EcoP1I, 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 EcoP1I. The final 

step of purification of EcoP1I 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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EcoP1I 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 ȋIIIȌ chloride ȋWernerǯs Reagent). We further combined various additives to improve the size and quality of crystals. A combination of Wernerǯs 
reagent and NDSB 201 gave single chunky crystals measuring up to 300 µm. 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 Å. A similar crystal 

diffracted to 4.4 Å 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 III 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 EcoP1I-6/26_P1 diffracted to 4.4 Å. 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. 
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APPENDIX	I	



FtuTORF1582P/1-551
FphPORF1891P/1-719
CjeCGORF275P/1-637
Cje414ORF430036P/1-619
HacSORF1417P/1-614
HpyB8ORF7P/1-683
EcoPI/1-646
EcoP15I/1-645
MsuORF1026P/1-649
HpaSHORF1827P/1-640
HinR2866ORFAP/1-628
IpoORF2074P/1-716
UbaNspORFAP/1-665
Vpa2008ORF448P/1-646
CspLTORFBP/1-633
Cps41ORF1462P/1-656
Mca5402ORF234P/1-625
CklORF3239P/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
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
TspX514ORF1828P/1-632
HmoORF3004P/1-637
VpaSORF4593P/1-624
MspMCORF787P/1-649
EtaORF3980P/1-628
DacSPHORF4205P/1-661
GprHORF22920P/1-662
Afe10331ORF1394P/1-651
AavORF159P/1-668
PprDORF237P/1-626
BtlORF41P/1-682
BglBGRORF160P/1-674
BceAMORF20P/1-672
CteTORF908P/1-669
EcoEDORF2295P/1-632
SwoGORF1548P/1-611
GspCORF2154P/1-633
BtrCIPORF1929P/1-621
Rba2150ORF11466P/1-662
NwaCORF2929P/1-646
NhaXORF582P/1-660
NthORF364P/1-637
NhaORF3377P/1-650
Mru1279ORF580P/1-629
MsiPORF567P/1-629
MsiBL2ORF1946P/1-631
DlyBLORF1612P/1-632
DreMORF514P/1-664
CtaORF1P/1-685
PcaPC1ORF848P/1-658
DdaEORF3047P/1-660
CjaUORF1580P/1-621
PhaBI/1-706
Asu130ORF673P/1-611
AplORF812P/1-615
HduORF1691P/1-705
EmiORF224P/1-656
LheDORF27P/1-608
Bgr4ORF10680P/1-546
Bps1710ORF3656P/1-567
PphBUORF342P/1-581
PcaPC1ORF851P/1-586
CcaP7TORFBP/1-625
CthVORF480P/1-623

FtuTORF1582P/1-551
FphPORF1891P/1-719
CjeCGORF275P/1-637
Cje414ORF430036P/1-619
HacSORF1417P/1-614
HpyB8ORF7P/1-683
EcoPI/1-646
EcoP15I/1-645
MsuORF1026P/1-649
HpaSHORF1827P/1-640
HinR2866ORFAP/1-628
IpoORF2074P/1-716
UbaNspORFAP/1-665
Vpa2008ORF448P/1-646
CspLTORFBP/1-633
Cps41ORF1462P/1-656
Mca5402ORF234P/1-625
CklORF3239P/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
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
TspX514ORF1828P/1-632
HmoORF3004P/1-637
VpaSORF4593P/1-624
MspMCORF787P/1-649
EtaORF3980P/1-628
DacSPHORF4205P/1-661
GprHORF22920P/1-662
Afe10331ORF1394P/1-651
AavORF159P/1-668
PprDORF237P/1-626
BtlORF41P/1-682
BglBGRORF160P/1-674
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- - - - - - - - - - EHSVNFDET - - - - - - ENL F I EGDNL DVL KL L QESY - - - FGK I KM I Y I DPPYNTGKD - FVYKDNFSRDTQAEL FEGGQKDEYNHR - - - - - - - - - L I VNPETSGRYHSDWL SMMYPRL KL ARNL L GDNG - - - V I F I S I DENEVKNL L SL CDE I FG
- - - - - - - - - - EDSVDFENT - - - - - - ENL Y I EGDNL EVL K I L RKSY - - - SNS I KC I Y I DPPYNTGKD - FVYKDNFSMSKEDYEAEAGA I DEEGNR - - - - - - - - - L I KNTGTDGRFHSNWL NMMYPRL QL AYKL L KKDG - - - V I F I S I DDNEVDNL KKVCNE I FG
- - - - - - - - - - EESVDFDKS - - - - - - ENVF I TGDNL EVL KVL QESY - - - L GK I DM I Y I DPPYNTGKD - FVYSDKFQMSEEEL ADEMDL RDEDGL QRV - - - - - - GL TKNEKSSARYHSDWL NMMYSRL VL ARNL L KDSG - - - V I L I S I DDNEQANL KA I CDE I FG
- - - - - - - - - - DESVDFENS - - - - - - ENVF I TGDNL EVL K I L QESY - - - L GK I DM I Y I DPPYNTGKD - FVYSDKFQKTDEEL KEDMEL L DEEGRQVV - - - - - - GL TKNEKTSARYHSDWL NMMYPRL RL ARNL L KDSG - - - V I F I S I DDNEQANL KA I CDE I FG
- - - - - - - - - - EDSMDWDNT - - - - - - KN I Y I EGDNL EVL KL L QRSY - - - MGKVKM I Y I DPPYNTGND - FVYHDDFARTAAEEDL EAGSVDEL GN - - - - - - - - - RFRKNTDTNGKFHSDWCSM I YSRL L VARSL L TEDG - - - V I F I S I DDNEQRNL KN I CDEVFG
- - - - - - - - - - EESVNFEGS - - - - - - ENL F I TGDNL EAL KL L QESY - - - L GK I DM I Y I DPPYNTGKD - FVYQDNFKKTKKENDL SEG I L DEEGDR - - - - - - - - - L VKNEKSNGRYHSDWL TM I YPRL KL ARNL L SDSG - - - I I FVS I DENE I ANL EL L L TE I FG
- - - - - - - - - - EESRNWEQT - - - - - - QNL Y I EGDNL DAMKL L KKSY - - - AGKVDV I Y I DPPYNTGKD - F I FNDTFAL SQEESDEKQGRYNEEGQR - - - - - - - - - L FQNTEANGKFHSDWCSMMYARL ML ARTL L NDNG - - - I I F I S I DDHEL ANL I K I GNEVFN
- - - - - - - - - - GKSKDWDTT - - - - - - ENL Y I EGDNL DAL K I L KETY - - - AGKVKL I F I DPPYNTGHD - FVYKDDYSL SGAEYKN I DADVSEMG - M - - - - - - - - - L VANHDTEGRFHSNWCTML YPRL L L ARDL L AADG - - - VL FVC I DDNEFANL EKML DE I FG
- - - - - - - - - - EESKNPDTT - - - - - - ENL Y I EGDNL EVL KL L RNSY - - - YGK I KM I Y I DPPYNTGND - F I YKDDFKKL KEESDKEEGEL DENGER - - - - - - - - - L I KNQRSSARFHSNWL NMMYPRL KVAKDL L SDDG - - - V I F I S I DDNEVANL RK I CDE I FG
- - - - - - - - - - EESKHPETT - - - - - - ENL Y I EGDNL EVL KL L RNSY - - - YNKVKM I Y I DPPYNTGND - F I YKDNFAMNQRENSAL EGE I DEMGER - - - - - - - - - L I VNQKSNGRYHSNWL SMMYPRL KVAKDL L KEDG - - - V I F I S I DDNEHSNL KL L CDEVFG
- - - - - - - - - - EDSVDWDTT - - - - - - QNL M I EGDNL EVL KL L QKSY - - - AGK I KL I Y I DPPYNTGKD - FVYPDNFQDS I KNYL EL TGQAEG - GRK I T - - - - - - - - - SNTDASGRFHTDWL SM I YPRL KL ASSL L CQEG - - - H I F I S I DDSEVANL RAVCNEVFG
- - - - - - - - - - EESVDWDTT - - - - - - RNL M I EGDNL EVL KL L QKSY - - - AGKVKM I Y I DPPYNTGKD - FVYPDDFRDN I RNYL EL TGQTDGEGRRVT - - - - - - - - - SNTEASGRFHTDWL NMMYPRL RL ARNL L RDDG - - - V I F I SL DDTEVANARSVCDD I FG
- - - - - - - - - - EVSL NWEST - - - - - - QNL ML AGDNL EVL KL L QKSY - - - SGKVKL I F I DPPYNTGKD - FVYPDNFQDN I KNYL EL TGQMEN - GQKL S - - - - - - - - - SNTEASGRFHTDWL NM I YPR I KL ARNL L SDDG - - - VMFMS I DDGEVANL RKVCDE I FG
- - - - - - - - - - EDSVDWETT - - - - - - QNL M I EGDNL EVL KL L QKSY - - - AGKVKL I Y I DPPYNTGKD - FVYPDNFQDN I KNYL EL TGQVEG - GQR I S - - - - - - - - - SNTEASGRFHTDWL NMMYPRL KL AKNL L L DSG - - - L I I I S I DSSEATNL RL I MDEVFG
- - - - - - - - - - DESVDWDTT - - - - - - QNL M I EGDNL EVL KL L QKSY - - - AGKVKL I Y I DPPYNTGKD - FVYPDNFQDN I KNYL EL TGQVEG - GQK I S - - - - - - - - - SNTEASGRFHTDWL NMMYPRL KL ARNL L RDDG - - - VL MVSVDDAE I DHMKSVCTD I FG
- - - - - - - - - - EDSVDWDTT - - - - - - QNL V I EGDNL EVL KL L QKSY - - - AGKVKL I Y I DPPYNTGKD - FVYPDNFQDS I KNYL EL TGQVEG - GRK I S - - - - - - - - - SNTEASGRFHTDWL NMMYPRL KL ARNL L REDG - - - VL F I S I DDGE I GHL RTL CDEVFG
- - - - - - - - - - EESVDWDST - - - - - - QNL M I EGDNL EVL KL L QKSY - - - AGKVKL I Y I DPPYNTGKD - FVYPDNFQNG I QNYL EL TGQTES - GVKVS - - - - - - - - - SNTEASGRFHTDWL NMMYPRL KL ARQL L KEDG - - - A I FVS I DD I EL PRL K I AL DEL FG
- - - - - - - - - - EESVDWDTT - - - - - - QNL M I EGDNL EVL KL L QKSY - - - AGKVKL I Y I DPPYNTGND - FVYPDNFQDN I KNYL EL TGQVEG - GAK I S - - - - - - - - - SNTEASGRFHTDWL NMVYPRL KL ARNL L SEDG - - - VL F I S I NYREL AHVL RL CDE I FG
- - - - - - - - - - RESVGWAST - - - - - - RNL M I EGENL EVL KL L QKSY - - - AGRAKL VY I DPPYNTGKD - FVYSDNFTDSL RHYL EL TGQTTD - GKR I S - - - - - - - - - SHTDASGRFHTDWL NM I YPRL KL ARDL L ADDG - - - V I AVH I DEHEQHAL VL VMRE I FG
- - - - - - - - - - DESL DWDGT - - - - - - RNL M I EGDNL EVL KL L HKSY - - - AGSVKL VY I DPPYNTGRE - FVYPDNFADSL RHYL AL TGQAAG - GVKL S - - - - - - - - - SHTEASGRFHTDWL NMMYPRL KL AFDL L ARDG - - - L I A I H I DEHEL PAL VL VMRE I FG
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BceAMORF20P/1-672
CteTORF908P/1-669
EcoEDORF2295P/1-632
SwoGORF1548P/1-611
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BtrCIPORF1929P/1-621
Rba2150ORF11466P/1-662
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CjaUORF1580P/1-621
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HacSORF1417P/1-614
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SacSBORF1825P/1-643
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- - - - - - - - - - DDSVAWDDT - - - - - - RHL V I EGDNL DVMKL L HKSY - - - AGKVKL VY I DPPYNTGSD - FVYPDDFSDS I RHYL AMTGQTDG - GVKRS - - - - - - - - - TNTEANGRFHTDWL NMMYPRL KL AHAL L SDEG - - - L I AVH I DEHEVHAL VL ML RE I FG
- - - - - - - - - - EDSVDWDTT - - - - - - QNL M I EGDNL EVL KL L QKSY - - - AGK I KL I Y I DPPYNTGKD - FVYPDDFKDN I RNYL EL TGQVEG - GRK I S - - - - - - - - - SNTEASGRFHTDWL NMMYPRL K I ARQL L SPTG - - - V I AVH I DEHEL EAL V I VL RDL FG
- - - - - - - - - - DESVDWHNT - - - - - - KNL M I EGDNL EVL KL L QKSY - - - AGKVKL I Y I DPPYNTGKD - FVYPDNFQDNMKNYL E I TGQTED - GARL S - - - - - - - - - TNTETSGRYHTDWL NM I YPRL KL ARNL L KEDG - - - V I F I S I DDTEVDNL KKVCSE I FG
- - - - - - - - - - ESSKDWDTT - - - - - - KNL Y I EGDNL EVL RL L QKAY - - - HRKVKM I Y I DPPYNTGND - F I YKDDYKDNVKSYKEKTEQS - - - - - - MK - - - - - - - - - ANPATAGRYHSEWL NMMYPRL RL AKNL L SDDG - - - A I F I S I DDTEL DNL KK I CNEVFG
- - - - - - - - - - ASSKNWETT - - - - - - ENL Y I EGDNL EVL KL L QKSY - - - FGK I KM I Y I DPPYNTGKD - FVYKDDFRDN I KNYKE I TQQT - - - - - - TK - - - - - - - - - ANTETNGRYHTDWL NMMYPRL KL ARNL L REDG - - - V I F I S I DDNEVANL RKVCDE I FG
- - - - - - - - - - KESVDWDTT - - - - - - QNL F I EGDNL EVL KL L QKPY - - - HRQVKM I Y I DPPYNTGND - FVYKDDFKDG I QNYL EMTRQL DNEGKR I G - - - - - - - - - TNSSSAGRYHTNWL NMMYPRL KL ARNL L RDDG - - - V I F I S I DDNEVHNL RKL CDEVFG
- - - - - - - - - - EDSVDWKKT - - - - - - QNL F I EGDNL EAL KL L QKSY - - - AGKVKM I Y I DPPYNTGKE - F I YPDKYQDNL DTYL QYTGQKNEEGL SVT - - - - - - - - - SNTESSGRFHTNWL NMMYPRL FAAKTL L SQDG - - - V I M I S I DEKECCNL RQ I CEQ I FG
- - - - - - - - - - EESVDWDTT - - - - - - KNL F I EGDNL EVL KL L QKSY - - - ANKVKM I Y I DPPYNTGKE - F I YPDKFQENL DTYL KYTGQVDDEGMKL S - - - - - - - - - SNSESTGRKHTNWL NMML PRL KL ARNL L THDG - - - V I F I S I DDNE I ANL KL L CND I FG
- - - - - - - - - - DESVDWDTT - - - - - - QNL V I EGDNL EVL KL L QKSY - - - AGKVKL I Y I DPPYNTGKE - F I YPDRFQDNL DTYL KYTGQKGEDGL KTT - - - - - - - - - SNTENDGRFHTNWL NM I YPRL KL ARTML ADDG - - - A I F I S I DDNEKANL KE I CDE I FG
- - - - - - - - - - EESKNWDET - - - - - - ENL F I EGDNL EVL KL L QKTY - - - HSS I KM I Y I DPPYNTGGD - FVYEDDFQDNL NNYL K I TGQ I NEEGKKNS - - - - - - - - - TNTENGGRFHTKWL NMMYPRL KL ARNL L NDQG - - - V I F I S I DDNESGNL WKVCNE I FG
- - - - - - - - - - TRSVDFEST - - - - - - ENL I I EGDNL EVL KL L QATY - - - FERVKC I Y I DPPYNTGND - F I YPDDYRETKTAYWKRSGA I KD - GVRL T - - - - - - - - - AVTEASGRRHSNWL NMMQSRL L L ARQL L RDDG - - - I I F I S I DDNEVAHL KL L ASD I FG
- - - - - - - - - - DQSVDFDTT - - - - - - ENV I I EGDNL EVL KL L QQAY - - - HGKVKM I Y I DPPYNTGND - FVYPDDFREG I RQYL RFTGQL SEDGVRL T - - - - - - - - - TTPEEGGR I HSRWL SMMYPRL QL ARSL L RDDG - - - V I FVS I DDHEL HNL RA I MDE I FG
- - - - - - - - - - DQSVGFDTS - - - - - - ENV I I EGDNL EVL KL L QQAY - - - HGKVKL I Y I DPPYNTGND - FVYPDDFREGVRQYL RFTGQL SEDGVRL T - - - - - - - - - TAPEEGGR I HSRWL SMMYPRL QL ARSL L RDDG - - - V I FVS I DDHEL HNL RA I MDE I FG
- - - - - - - - - - EKSANFDEA - - - - - - ENVFVEGDNL EVL KL L QKAY - - - FGKVKL I Y I DPPYNTGNE - F I YPDNFTETL ETYL AYTGQVDDERKRFS - - - - - - - - - TNTDQSGRYHSRWMNMMFPRL YL ARNL L RDDG - - - A I F I S I DDNEVHNL RAL MDQ I FG
- - - - - - - - - - EESVNFDTT - - - - - - ENL I I EGDNL EVL KL L QKSY - - - L GKVKM I Y I DPPYNTGND - F I YPDNYTESL QTYL EYTGQVDAEGRKFG - - - - - - - - - NNNDTDGRFHSKWMNMMYPRL YL ARNL L RADG - - - V I F I SVDDTEVDNL KK I CNEVFG
- - - - - - - - - - EESVNFDTT - - - - - - ENL I I EGDNL EVL KL L QKSY - - - HGKVKM I Y I DPPYNTGNE - F I YPDNFKEGL EDYL RYSGQVDGDG I KL S - - - - - - - - - TNTETEGRFHSKWL NMMYPRL FL ARNL L REDG - - - V I FVS I DDNEVKNL RS I MDE I FG
- - - - - - - - - - EESVRWDSS - - - - - - DNL F I EGDNL EVL KL L QKSY - - - YGKVKM I Y I DPPYNTGNE - F I YPDNYSESL ETYL AYAKL TDEEGKRFA - - - - - - - - - TNTASEGRFHTKWL NMMYPRL YL ARNL L TEDG - - - T I FVS I DEHE I ENL NRL MDE I YG
- - - - - - - - - - ANSKDWDTT - - - - - - QNVF I EGDNL EVL K I L QRHY - - - HNKVKL I Y I DPPYNKGKD - F I YPDNYKEGL NSYL EWTRQVNEEGKKVS - - - - - - - - - TNSETEGRYHSNWL NMMYPRL KL ARNL L TDDG - - - V I F I S I DDNEQDNL KKL CNEVFG
- - - - - - - - - - VNSKEWDTT - - - - - - RNVF I EGDNL EVL K I L QRHY - - - HNKVKL I Y I DPPYNTGKD - FVYPDNYKEGL DSYL EWTRQVNEEGKKVS - - - - - - - - - TNSETEGRYHSNWL NMMYPRL KL ARNL L TDDG - - - V I F I S I DDNEQENL RKL CNEVFG
- - - - - - - - - - ANSKDWDTT - - - - - - QNVF I EGDNL EVL K I L QRHY - - - HNK I KL I Y I DPPYNTGKD - FVYPDNYKEGL DTYL EWTRQVNEDGKKVS - - - - - - - - - TNSETEGRYHSNWL NMMYPRL KL ARNL L TDDG - - - V I F I S I DDNEVDNL KKL CNEVFG
- - - - - - - - - - EESVDFENT - - - - - - QN I F I EGENL DVL KDPQKSY - - - FNSVKM I YNDPPYNTGND - F I YNDSFADTKADYAEKVGDVDEHGKL KR - - - - - - AFVRNSKENGHYHSNWL NMML PRL HL AKNL L RDDG - - - V I F I S I DDNEQAQL KL L CDEVFG
- - - - - - - - - - EESVDFEHT - - - - - - QNVF I EGENL DVL KVL QKSY - - - FNSVKM I Y I DPPYNTGND - F I YKDNFAESKAEYAERVGDL DADGKL KR - - - - - - AFVRNSKENGHYHSNWL NMML PRL HL AKNL L TDDG - - - V I F I S I DDNEQAQL KL L CDEVFG
- - - - - - - - - - EESVDFEQT - - - - - - QN I F I EGENL EVL KAL QKSY - - - FNS I KM I Y I DPPYNTGND - FVYNDNFAQNQTDYQAQTGE I GEDGFL KK - - - - - - AFRKNAKENGHFHSNWL NMML PRL HL ARNL L KDDG - - - V I F I S I DDNEQAQL KL L CDEVFG
- - - - - - - - - - EESVNFDHT - - - - - - QNL F I EAENMEAL K I L QKAY - - - AGTVKM I Y I DPPYNTGNDSF I YPDKFSETREEYAKMVGDKDADGY I KRDG I FQGAFRKNSKDNGHYHSNWL SMML PRL HL AKTL L RDDG - - - V I F I S I DDNEQAQL KL L CDEVFG
- - - - - - - - - - KESVNFDTT - - - - - - QNVF I EGENL EVL K I L QKSY - - - FGK I KM I Y I DPPYNTGNDNF I YPDKFAETKEEYL KK I KEKDEEGYL L KEG - - - - L FRKNSKENGQFHSNWL NMMYPRL FL AKNL L KDDG - - - V I FVS I DDNEVHNL RL L MNEVFG
- - - - - - - - - - EKSENWNKT - - - - - - KNVY I EGDNL EVL KL L QKSY - - - SDKVQM I Y I DPPYNTGND - F I YKDDFSDSYKSYL EQTNQ I DSNGNATT - - - - - - - - - TQKEARGR I HTAWL NMMYPRL KL ARRL L KESG - - - V I F I S I DDHEQANL VK I MNE I FG
- - - - - - - - - - ASHQ I SSQD - - - - I FDNKL I FGDNL L TL KAL EQEY - - - MGKVKC I Y I DPPYNTGNAFEHYEDG - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L EHSL WL SL MRDRL EL L HHL L ADDG - - - S I WI S I DDDEQAYL KVMMDE I FG
- - - - - - - - - - AKHRVSDGD - - - - VFDNRL I FGDNL L AL KAL EQEF - - - SGQVKCVF I DPPYNTGSAFVHYDDG - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L EHS I WL GL MRDRL EL I VRL L ADDG - - - SL WI T I DDNEAHYL KVL CDE I FG
- - - - - - - - - - AKHL VTDND I F - - - - DNRL I FGDNL L AL KAL EQEF - - - SGKVKCVY I DPPFNTQQAFEHYDDGL E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - HS I WL GL I RDR I D I I RNL I SEDG - - - TL FVH I DDNEL GYL I VL L DE I FG
- - - - - - - - - - DL SHGQDDS - - - - - - GN I I VQGDNL HAL KAL L PRY - - - AGQVKC I Y I DPPYNTGNEGWI YNDNVNSPE I RKWL GEVVGKEGETL DR - - - - - - - - - - - - - - - - - - HDRWL CMMYPRL VL L KQFL RNDG - - - V I FVS I DDNE I GNL QSL MRE I FG
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KRM I VEEGKL VEDCL - - - - - - - - - - - - - - VFSGWANVNKL KEF I KNDFKPL DDEDGNL L EFYL SERGV - - - - - - - - - - - - - - - - - - - - - - - I YYKKSREKARN I L SVL RNMGTTEQMRSEL E - - RL G - - - I L FQYPKPKEL L QYL I K I G - SA - EG - E I VL DFF
PKPGGYVYRVEHPETGE - - - - - - - - NCVL PANGYRFPEERMKEL I QQKK I I FGDDH - - - TQ I VQ I KEY - - - - - - - - - - - - - - - - - - - - - - - L KDF - - EEKL SSV I HL DSRAGANE I GRL L GN - - - - - - - RKVFTNPKPYEL L AY I FDFQL DN - G - - D I L L DFF
A I KNPETGQEFYPSE - - - - - - - - - - - - - - - GRFWVFNE I EVL RR I TDGR I I FGKSG - - - - - TTRPVQK - - - - - - - - - - - - - - - - - - - - - - - VFAAERAEKK I RAESWWDNHGMNEDATNE I R - - NL FGKSKL FTHPKPSQL L YNL AK I ATN - - D - NS I VL DFF
DL I NPAT - CENYGCP - - - - - - - - - - - - - - - PKGWRFEPETMRKK I MEGR I L FPATS - - - - - GGRPRHK - - - - - - - - - - - - - - - - - - - - - - - L FL KEMRSL FKNMSSV I TDS - NTAVGTRETN - - GL I GNG - VFSFPKPVSL I FSL AEQ I MS - - D - ED I I L DFF
PPERPEL GDG I WRWT - - - - - - - - - - - - - - - - - RTKFEQEREK I V I KAVRSSNL VTE - - - - - DGTPARW- - - - - - - - - - - - - - - - - - - - - - - NVFTKTYL QDV I EASSAKPNNF I EGH I NQVGSHEL GEL N I PFDYSKPSTL I KYL MEVSKVR - N - ND I I L DFF
RY I S - - FFDDEFVEN - - - - - - - - - - TYTRFK - FL EL FE - DESL EFTEDK I YEKNFS - - - - - DT I RMKS - - - - - - - - - - - - - - - - - - - - - - - I L NNKNYKAVSAGNL TNYTL DVKTTSAGTL VKEL FETKL PVFSAPKNPNFL RHL I TL FEDK - - - NF I SL DFF
TE I N I L DKDDNL I NQG - - - - - - Y I RYVSFFGEHFVENTYTKSR I L EL YEDEAL EFSADK I YEKNFSDTVR - - - - - - - - - - - - - - - - - - MKSML NNRSYKA I SDGKL I DYKL DL KTTSAGTFL KEL FNTK I PVFSAPKN I NFL KHL I TL FED - - - KYF I AL DFF
RA I NGRTL EEVTL SA - - - - - - - - - - GWTQKKQMTEFFAGNEVYDTKGQKV I EFYFS - - - - - STGKL KC - - - - - - - - - - - - - - - - - - - - - - - RKERTS I TPPT - - L L PKYGMSSL HTDN - - - L KEL MN - - ATAFNNPKPL PML SDF I RWFTGR - - - AD I I L DFF
GR I DVDGYGCL YKVE - - - - - - - - - - G I GEDG I GHRYFTGPKKEGATKGKFYSGVPL - - - - - KRVNE I N - - - - - - - - - - - - - - - - - - - - - - - QGESKKYNP I VN - - L YDYSADFGN I SHEG - - NMVFR - - - - - - GGKKPVKML SHF I K I SNVS - S - ADL I L DFF
GKHGRADWGWRWSKDL F - - - - - - - - EFGFSNGFVEL KDSGSRPR I YTKTYQNVK I E - - - - - KVGNKYE - - - - - - - - - - - - - - - - - - - - - - - I I N I DRSKPL STL EF I EN - - KYSNDNATKV I DGV I G - - KG I FEYTKPPEL I SQL AHL I NEK - - - DFFVL DFF
L AT I L KSNRG I NSRK - - - - - - - - - - - - - TMNFEFHGYKPSDTQRWQAGKEK I QEL WDRNQ I EFKNGTPFR - - - - - - - - - - - - - - - - - - - - RYFKDEENE I SQPFYNFML PSVTGTAESGKKRL NDL L GNKHGFDTVKPVPL I QRL I AATTKD - - - NDL I MDFF
KSGDL SVKRVT - - L KD I YE - - - - - - - - - I I TPSGRKVMPPNGRSWAMNEKKFFEL L KDNR I WFGPTGSNV - - - - - - - - - - - - - - - - - - PSL KRFL SEVKN - GTVSMT I WPYTEVGHNQDAKKEVKVFNSDNVFTTPKPERL MER I I QL ATNP - - - GDL I L DSF
KATPL YAKRTGSEKEQAFS - - - - - - - - - FRFKNGTVWSPPRGTSPRFPAEAL RRMDENDE I WFGSDGTAN - - - - - - - - - - - - - - - - - - PSRKTFL SEL KL SAPPAPTVWL HTDAGHNHEAREEVKS I NSVDSFSTPKPEKL L KRV I DL ATNP - - - GDL VL DSF
KAVGDSYEAL L SDFVVAN - - - - - APRVVRL ARPDYDAVSGDARSM I DASHKTSE I L RL EREEFSDMFFVAG - - - - - - - - - - - - - - - - ER I L FYSDKL KL I DGKYVAGEPL TT I WDDL L SNN I HNEGG - - I EFPKGKKPEAL I KRCFEL AT - - - I DGDL VL DSF
FPDNFHGPDDGRENRPRYP - - - - - - - I I HPVTKQPCA I PSTGWRWEENKTKAAL ADSPPR I HFGKDHTT - - - - - - - - - - - - - - - - - - - - - - I PNRKSYL SE I DEEPML SVFYKDGRGATL EVEK I L G - - PGAFPFPKDSAVVADL I GMVSQP - - - GDL VL DSF
MEEENL SEAEVYL KYFSK I CSSTNSQSS I RKKV I EGTNDYRGL I S I EYVPKTGKNKNKL TTNYY I NSR - - - - - - - - - - - - - - - - - - - - I V I WL SDAAYMKNKK I YKKEKL GTL WDD I SWNG I SSEGG - - VTFSSGKKPL KF I KR I VSMCD - - - - DKG I FVDFF
EAQKM I EAGDL RPNPNTGKPEYR I PATEY I SRDNL WDD I TASAFTTGYPTEKNETL L EE I L NVASNPGD - - - - - - - - - - - - - - - - L VADFFCGSGTTMAVAQKL GRRWI GSD I NL GAVHTTARRVSQ I I KEQQEETRQQTL L DEGEKFYPAFAVYNVNHYD I F
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AGSGT I GDAVMQL N - - - - - - - AEDGG - - - - - - - - - - - KRKY I L AQL DEL I DEKKE - - AYKFCQ - - - - - - - - - DNG - - FEPM I SS I T I ERL NRAGEK I KAD I QAEF - - - - - - - - - - - - - - - - - - - - - - - - - DAENSKKKPNQEKL VEL REKY I RVFGVD - - - - -
AGSGTTGDAVMQL N - - - - - - - AED - - - - - - - - - - - NGKRKY I L AQL DEL I DEKKEL RNFCQ - - - - - - - - - - - - - DNGFEPV I SS I T I ERL NRAGEK I KAD I QAEFDAENSKKKPNQEK - - - - - - - - - L VEL REKY I QVFGVDPVVKPQDDKE I QQSSFYGL TV
AGSGTTAQAVMEL N - - - - - - - AEDNG - - - - - - - - - - - NRKF I L VQL DEK I DENKSK I AYDFCK - - - - - - - - - NEL GSENPV I SD I T I ERVKRAGEK I L KENVDKN - - - - - - - - - - - - - - - - - - - - - - - - - L DL DFKVFSL VEKPEL TKDEL NTL NL KY - - - - -
AGSGTTAQAV I EL N - - - - - - - AEDNG - - - - - - - - - - - NRKF I L VQL DEP I NEKKSKVAYDFCK - - - - - - - - - KEL GSKNPV I SD I T I ERVKRAGEK I L KENTDK I - - - - - - - - - - - - - - - - - - - - - - - - - L DL GFKVFSL TEKPEF I KDDL NTL NL RH - - - - -
AGSGTTAHAVMEL N - - - - - - - AEDKG - - - - - - - - - - - NREF I L VQ I DEE I KEDKNKSAYDFCQ - - - - - - - - - NDL KSAKPV I SD I T I ERVKRAAQK I L ESSNEND - - - - - - - - - - - - - - - - - - - - - - - - - L NL GFKVFTL QDKAQ I ANDKE - K I TL FN - - - - -
AGSGTTAHAVL ESNKSDYQKL SEGGGGL FNGL NAAFKKRHF I L VQL DEK I DPKKDKSTHDFCL - - - - - - - - - NTL KSTSPS I FD I TEER I KRAGAK I KEACAH - - - - - - - - - - - - - - - - - - - - - - - - - - - L DVGFRAFE I I DDETHANDKNL SQAHQK - - - - -
AGSGTTAEAVAYL N - - - - - - - EKD - - - - - - - - - - - SGCRNF I C I QKDEV I NKTKNAYSL G - - - - - - - - - - - - - - - - - - YRS I FE I TKKR I QEVFKKSTTTSDNAA - - - - - - - - - - - - - - - - - - - - - - - - - - K I GFKV I HT I DDFRAKVESEL TL TN - - - - - - -
AGSGTTAHTVFNL N - - - - - - - NKN - - - - - - - - - - - KTSYQF I TVQL DEPKKDKSDAMK - - - - - - - - - - - - - - - - - - HGYNT I FDL TKERL I RASKKN - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - RDQGFKVYQL MADFRAKDESEL TL SN - - - - - - -
AGSGSTAHAVMQL N - - - - - - - AED - - - - - - - - - - - GGNRQF I L VQL PEQTDTKSEAYKAG - - - - - - - - - - - - - - - - - - YKT I FD I TKAR I EKSAVK I REDFPDASGA - - - - - - - - - - - - - - - - - - - - - KS I DSGFK I YQTTDNFNAVAEDEFNPNQ - - - - - - -
AGSGTTAHAVMQL N - - - - - - - SED - - - - - - - - - - - NGNRKF I CVQL DEPVKPKSEAEKAG - - - - - - - - - - - - - - - - - - FNT I FE I TKAR I QKS I EK I KAENPDFNGN - - - - - - - - - - - - - - - - - - - - - L GFK - EYK I VPTPDNFGTL ADNPAHG - - - - - - - - -
AGSGTTAHAVMQL N - - - - - - - AEDED - - - - - - - - - NGNRKF I CVQL PEPTDEKSEAYKAG - - - - - - - - - - - - - - - - - - YKT I FD I TKAR I EKSAVK I RQDFKETT - - - - - - - - - - - - - - - - - - - - - - - - - ADL GFK I FKTEPHFQTTL NTDFDP - Q - - - - - - -
SGSATTSHAVNKL N - - - - - - - L ED - - - - - - - - - - - GGNRKWI MVQL EEEL SQKSEAYKFCE - - - - - - - - - - - - K - EKL PKN I TS I G I ER I KRANKQML DEEETKNQEDFDR I - - - - - - - - - - - - - - - EL EKKL GFK I FG I DNK I KEL DEM I EFTDE - - - - - - -
AGSATTAHAVMQL N - - - - - - - AED - - - - - - - - - - - GGNRKF I MVQL DEKTNPDSEARK - - - - - - - - - - - - - - - - - - AGYNT I DE I ARKR I EL AGKK I L ADYESDM I KQTN - - - - - - - - - - - - - - - - - GWDKD I GFKHYRL VTPDVKTL EK I I EFNP - - - - - - -
SGSATTAEA I MQL N - - - - - - - ASD - - - - - - - - - - - L GNRKY I L VQL PES I NEKEL AYG - - - - - - - - - - - - - - - - - - AGYRT I DE I GRER I SRAAKK I NQEY - - - - - - - - - - - - - - - - - - - - - - - - - - GVD I DKGFK I YE I KPL SNN I L DKL DMFDA - - - - - - -
SGSGSTAHAAYRL G - - - - - - - AET - - - - - - - - - - - GHKFKV I TVQL PEVL ETKAPGRS - - - - - - - - - - - - - - - - - - HGFET I DE I GRER I KRAADKVKEDT - - - - - - - - - - - - - - - - - - - - - - - - - - GAD I DYGFKL FRL EEPTL QAL DT I EKFDP - - - - - - -
SGSGTTAEASWRL S - - - - - - - AET - - - - - - - - - - - GL DRQF I MVQL PEV I DGESGSKTAKA - - - - - - - - - - - - AYKAGYRT I DE I GRER I RRASAK I KEET - - - - - - - - - - - - - - - - - - - - - - - - - - GAD I DYGFKL YRL NEPSGQVL DDL L TFDPK - - - - - -
SGSATTADAVMQL N - - - - - - - AED - - - - - - - - - - - QGKRKYL MVQL PES I EKNKPAYK - - - - - - - - - - - - - - - - - - L GYKTL DEVGRAR I EKAANK I K I ET - - - - - - - - - - - - - - - - - - - - - - - - - - NAD I DYGYKL YYL ETPEEKTL I EL ENFEP - - - - - - -
SGSAATAEA I MKL N - - - - - - - CDE - - - - - - - - - - - NTRRKY I MVQL PEKCKETSSAYK - - - - - - - - - - - - - - - - - - NGYRT I CD I G I DR I KKAATL L KEEYP - - - - - - - - - - - - - - - - - - - - - - - - - DTTVDL GFKHYTL VEPEQNTL DKL EKFDPN - - - - - -
SGSATTAHAVMQL N - - - - - - - AED - - - - - - - - - - - GGNRKY I MVQL PEEVKEKSEAYK - - - - - - - - - - - - - - - - - - AGYRT I NQ I G I ER I KRAAKK I KEET - - - - - - - - - - - - - - - - - - - - - - - - - - KVD I DYGFKHYEL I EPNQNTL DKL ESFDPN - - - - - -
AGSSTTADAVMQL N - - - - - - - AED - - - - - - - - - - - DGHRRF I MVQL PEQTYHTNKDGKEVP - - TKGGK - - - - TAYDAGFRS I DQ I SRER I RRAAKK I REDNEL TL PE - - - - - - - - - - - - - - - - - - - - - - DFDGSFKHYRVVKPVKQTL ED I DDFDPN - - - - - -
AGSSTTAEAVMQL N - - - - - - - VED - - - - - - - - - - - GGHRKF I MAQL PEKTYH I NKNGKEVP - - TKGGK - - - - AAYESGFKS I DEVSRER I RRAAKK I REDNEL TL PE - - - - - - - - - - - - - - - - - - - - - - DFDGSFKHYRVVEPVKQTL EE I GGFDPN - - - - - -
AGSATTAEAVMRQN - - - - - - - I ED - - - - - - - - - - - QGHRRF I MVQL PEKTYHL NKNGEKVP - - NKGGR - - - - TAFEDGL MSVDE I SRER I RRAAKK I KEDNEL TL PK - - - - - - - - - - - - - - - - - - - - - - DFDGSFKHYRV I KPTKQ I L ED I DEFDPN - - - - - -
AGSGTTAHAVMAL N - - - - - - - EED - - - - - - - - - - - GGQRAF I L CTL DQ - - - TL NHN - - - - - - - - T I AK - - - - KA - - - GYNT I DE I SRDR I KRVAAK I RANN - - - PAT - - - - - - - - - - - - - - - - - - - - - - NGDL GFKHYRFATPTQQTL DDL DSFD I ATGHF I N
AGSATTADAVMKL N - - - - - - - AAQ - - - - - - - - - - - QCDRKF I L AQL NEL TYT I NNDGKVVPKNDSVSK - - - - NAYSL GYMS I DE I SRER I KRASQK I QKEAGL TL SE - - - - - - - - - - - - - - - - - - - - - - KFDGGFKHYRV I SSEQPTL DDL ESFD I ESGL FKD
AGSATTADAVMQL N - - - - - - - QED - - - - - - - - - - - GGNRKYMMVQL PEY - - - L SET - - - - - - - - SAAY - - - - KS - - - GYKT I DE I SRER I KRSAKK I GDTS - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GFKHYN I VSPTVEL L DKL EYSDN - - - - - - -
GGSGTTAEAV I EAN - - - - - - - - - - - - - - - - - - I KEKTNRKY I I V - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
AGSSTTAHAVMQFNA - - - - - - - - - - - - - - - - - ENGGN - RRF I MVQL PEKTEEKSEAYKSGYQ - - - - - - - - - - - - - - - - - - T I AE I SKER I RRAGNK I L ADNAGKEG - - - - - - - - - - - - - - - - - - - - - I KQL D I GFRVL K I DSSNMKE - VYYTPDNL S - - - - - -
AGSSTTAHAVMQL NA - - - - - - - - - - - - - - - - - EDNGN - RRF I MVQL PEKTDEKSEAYKAGYS - - - - - - - - - - - - - - - - - - T I AE I SKER I RRAGNR I I AEQTDR I GSDRQDY - - - - - - - - - - AL I NSTPQL D I GFRVL K I DSTNMKD - VYYTPDKL S - - - - - -
AGSATTAHAVMQL NA - - - - - - - - - - - - - - - - - EDGGN - RKF I MVQ I PEQTDEKSEAHKAGYH - - - - - - - - - - - - - - - - - - T I AE I SKER I RRAGQK I KQEKP - - - - - - - - - - - - - - - - - - - - - - - - DVADL D I GFRVL K I DSSNMAD - I YYNPQQ I G - - - - - -
AGSGTTAEA I FEL NT - - - - - - - - - - - - - - - - - MDGRE - RRF I L VQL PEAL TADSEAYKAGYR - - - - - - - - - - - - - - - - - - D I AHVGMER I R - - - - - - - - - - - - - L AGKS - - - - - - - - - - - - - - - - - - - FKGDTGFRVL K I DTSNMAD - VYYSPDAL D - - - - - -
AGSCTAAHAL ML L NA - - - - - - - - - - - - - - - - - EDGAN - RRF I MVQL PEECDEKSEAKKL GYS - - - - - - - - - - - - - - - - - - VVSE I GKNR I RRAAKK I REEFSE I L ATRN - - - - - - - - - - - - - - - - - - - TEL DL GFRL L KVDTSNMAD - VYYSPDVL E - - - - - -
AGSSTTAHSVML QNA - - - - - - - - - - - - - - - - - KDGAN - RKF I MVQL DEAAAEDSEAHRAGFK - - - - - - - - - - - - - - - - - - T I PEVSRER I RRAGKQV - - - - L DGECHPD - - - - - - - - - - - - - - - - - - - WNRDVGFRVL KVDTSNMQD - VYYRPDQ I D - - - - - -
SGSATTAHAV I QL NA - - - - - - - - - - - - - - - - - EDGGN - RKF I MVQL PEPCDEKSEAFKAGYK - - - - - - - - - - - - - - - - - - T I AE I SKER I RRAGRKT - - - - L EGECHED - - - - - - - - - - - - - - - - - - - WNKD I GFRVL K I DSSNMAD - VYYTPDA I E - - - - - -
SGSATTAHAVMQL NA - - - - - - - - - - - - - - - - - EDGGN - RKY I MVQL PEPTAENSEAYKAGYK - - - - - - - - - - - - - - - - - - N I CE I GKER I RRAARK I QEETN - - - - - - - - - - - - - - - - - - - - - - - - - - AD I DYGFRVFRVDSSNMKD - VYYTPDKL K - - - - - -
SGSATTAHAVMQL NA - - - - - - - - - - - - - - - - - EDEGN - RKY I MVQL PEPCPEDSEAYKAGFK - - - - - - - - - - - - - - - - - - N I SE I GKER I RRAAKK I KEETG - - - - - - - - - - - - - - - - - - - - - - - - - - AD I DYGFRVFKVDSSNMKD - VYYRPEEL S - - - - - -
SGSATTAQAVMQL NS - - - - - - - - - - - - - - - - - EDGGN - RKF I MAQL PEPCDENSEAFKAGYK - - - - - - - - - - - - - - - - - - T I AE I GKER I RRAGAR I MNDKL S I MNEKAKEQPTMFDAEPNSSFT I HNSQL DTGFRVYKTDSTNMKN - VFYHPSEL K - - - - - -
SGSATTAQAAMQL NA - - - - - - - - - - - - - - - - - EDGGK - RKY I L VQL QEETGQKSEAYKSGFK - - - - - - - - - - - - - - - - - - N I CDVGEER I RRAGKK I KDETG - - - - - - - - - - - - - - - - - - - - - - - - - - AD I DYGFRCFKVDSSNMKD - VYYAPAD I E - - - - - -
SGSSSTAHAVMKL NA - - - - - - - - - - - - - - - - - EDGGN - RKF I MVQL PEL TDEKSEAYKAGYK - - - - - - - - - - - - - - - - - - N I CE I GKER I RRAGKK I KEENADKEG - - - - - - - - - - - - - - - - - - - - - I DKL DTGFRVL KL DSSNMEN - VYYTPQEFD - - - - - -
AGSASMAHA I L DSNS - - - - - - - - - - - - - - - - - SENSH - RKF I MVQL PEPTPNESGAY I NGYT - - - - - - - - - - - - - - - - - - D I CQ I GRER I RQVGKAL GEQYDQKRTAEL DFR - - - - - - - - - - - - DRSEKRPD I GFRAFRL DSSNMQD - VYYRPQDYQ - - - - - -
SGSATTAHAVMQL NA - - - - - - - - - - - - - - - - - EDNGS - RKF I MVQL PEEVEEGTEAFKAGYK - - - - - - - - - - - - - - - - - - N I CE I GKER I RRAAKK I QEENSDKD - - - - - - - - - - - - - - - - - - - - - - L SNVDFGFRVFKL DESNMKD - TYYSPEK I T - - - - - -
AGSATTADAVMQL NA - - - - - - - - - - - - - - - - - EDGGN - RKY I L CTL DEQVADKSAAKEAGYE - - - - - - - - - - - - - - - - - - T I DQ I SRER I RRAAKK I QEEHPETV - - - - - - - - - - - - - - - - - - - - - - - GKQDFGFRAYKL DTSNFKD - VSQTPNSFS - - - - - -
AGSGTTAHAVMQL NA - - - - - - - - - - - - - - - - - EDGGN - RKF I L CTL DEEVADKSAAKEAGYE - - - - - - - - - - - - - - - - - - T I DQ I SRER I RRAA I K I QEEHPEL V - - - - - - - - - - - - - - - - - - - - - - - GKQDFGFKAYKL DSSNFKD - VL ARPDQF I - - - - - -
SGSATTAHAVMEQNA - - - - - - - - - - - - - - - - - L DGGC - RQF I MVQL EEDFSESSDGYKMGFK - - - - - - - - - - - - - - - - - - T I CDAAKER I RRAGAK I KADSPL TT - - - - - - - - - - - - - - - - - - - - - - - QN I DTGFRVFRL DESNYEE - VS I SPNDYQ - - - - - -
AGSGTTADAVMQTNS - - - - - - - - - - - - - - - - - EDGGN - RKF I VATL DEETPENSEARKVGYS - - - - - - - - - - - - - - - - - - T I DQ I SRER I RRAAEK I G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DTSGFRTL KVDSTGL KEDVFKTAGEL D - - - - - -
SGSGTTAEAVMRMNM - - - - - - - - - - - - - - - - - KPRKNKVKY I L VQL PEDVTET I KKAKTPSEKE I MQNA I DFL TENHKAL N I CEL SKER I RRAGDT I EAECNQRK - - - - - - - - - - - - - - - - - - - - - L KDL PD I GFRVFR I ADSNMKD - VYYSAKEYS - - - - - -
AGSSTTAEAVMRKNA - - - - - - - - - - - - - - - - - KDGGS - RMC I SVQL DAECEL NSVASRSGFK - - - - - - - - - - - - - - - - - - T I CNL GEER I RRAGDK I AAD I DKENMQL EL GA - - - - - - - - - - - - - EPKPYPDL GFRVL R I DYSNFKD - FYL TPGETA - - - - - -
SGSATTAHAVMEL NA - - - - - - - - - - - - - - - - - EDGGK - RKF I MVQL PERVDEESEAYKAGFK - - - - - - - - - - - - - - - - - - T I AD I GKER I RRAGEK I KEEFKDKEW- - - - - - - - - - - - - - - - - - - - - I DDL D I GFKVFKVGKTN I RW- - NDDAL KGE - - - - - -
SGSATSADAVMQL NA - - - - - - - - - - - - - - - - - EDGGK - RKF I MVQL PEVCESGDYGNAVKL K - - - - - - - - - - - - - - - - - - N I CE I GKER I RRAGDK I I EENKDKKG - - - - - - - - - - - - - - - - - - - - - I ENL D I GFKVFKVADTN I RW- - FSEAMKSD - - - - - -
AGSGTTAQAVL TAN - - - - - - - - - - - - - - - - - - L ADKGNRRFVL VQL PEPTE - - - - NKQFP - - - - - - - - - - - - - - - - - - - - T I ANVTSER I RRVAADL RKKG - - SNG - - - - - - - - - - - - - - - - - - - - - - - - - DTGFRSFKL GSSN I RA - - WNPDPA - - - - - - - -
AGSGAFGHAA I SRNS - - - - - - - - - - - - - - - - - K I SADSL KYVL VQL PEP I DGSSSDQKVPAAFC - - - - - - - - - DS I NRPHN I SE I TKERL RRAGKK I KEKNPL FAG - - - - - - - - - - - - - - - - - - - - - - - - - DTGFRVFKL DTSN I RP - - WQPDRD - - - - - - - -
AGSGTTAHAVMGSN - - - - - - - - - - - - - - - - - - AQDNGNRRF I CVQL PHPL SRPVSEHGMTL S - - - - - - - - - - - - - - - - - - T I ADMTTER I RRAAAAL RKRHEDYQG - - - - - - - - - - - - - - - - - - - - - - - - - DL GFRVYRL SNSN I RA - - WDPAPE - - - - - - - -
AGTGTTGHAVMAQN - - - - - - - - - - - - - - - - - - FL DEGNRRF I L VQL PQYL DPEDKGQKNAAEFC - - - - - - - - - DQ I TKPRS I AEL TKERL RRAGTK I KAESSGWQG - - - - - - - - - - - - - - - - - - - - - - - - - DTGFRVFKL DTSN I RV - - WNPKPD - - - - - - - -
SGSGTTGESVL RVN - - - - - - - - - - - - - - - - - - STNGGSRRY I L VQL PEPL DPDNKDQKTAANFC - - - - - - - - - DQL GKPRS I AEL TKERL RRAAAKVKADNPMFAG - - - - - - - - - - - - - - - - - - - - - - - - - DTGFRVFKL DHSN I RA - - WNPNPA - - - - - - - -
AGSGTTGHAVMAQN - - - - - - - - - - - - - - - - - - AADGGNRRY I L VQL PEPVDPENKEQKVAADFC - - - - - - - - - DKL GKPRN I AEL TKERL RRAARK I QDENPQFAG - - - - - - - - - - - - - - - - - - - - - - - - - DL GFRVFKL DTSN I RA - - WNPKPD - - - - - - - -
AGSAPL GHV I YEQN - - - - - - - - - - - - - - - - - - AEDEGTRRFVL VQL PEQL SPDSDVQKAAVAYC - - - - - - - - - DKL GKPRTVAEL TKERL RRAAKKFSANKGEATG - - - - - - - - - - - - - - - - - - - - - - - - - DNGFRVFKL DTSNVKG - - WTTQVP - - - - - - - -
AGSGTTGHAVMAQN - - - - - - - - - - - - - - - - - - SADGGNRRYVL VQL PEPL DPENKDQKTAANFC - - - - - - - - - DQ I GKPRT I AEL TKERL RRAAKKVKDDNTL FAG - - - - - - - - - - - - - - - - - - - - - - - - - DL GFRVFKL DSSN I RA - - WEPNRD - - - - - - - -
GGSGTTGHAVMAL N - - - - - - - - - - - - - - - - - - AADGGNRRYVL VQL PEPL DAGSKDQKAAADFC - - - - - - - - - AAQRVPL NL AEL TKERL RRAAARVAAEHPGTRA - - - - - - - - - - - - - - - - - - - - - - - - - DL GFRVFRL DSTNVSE - - WDPRGD - - - - - - - -
AGSGTTAHATL AAN - - - - - - - - - - - - - - - - - - AADGARRRYAL VQL PEPL DASNKDQKAAAEFC - - - - - - - - - AKL KRPANL AE I TKERL RRAAER I AAEHPEAAL - - - - - - - - - - - - - - - - - - - - - - - - - DVGFRVFRL DSTNVVE - - WDPRGA - - - - - - - -
AGSGSTGHAVMQVN - - - - - - - - - - - - - - - - - - ATDGGARRY I L VQL PETL DRRDKTQL AAADFC - - - - - - - - - AKL KKPTTL AE I TKERL RRAAQQVARDYPESYG - - - - - - - - - - - - - - - - - - - - - - - - - DL GFRVYRL DTTNV I E - - WDPRRD - - - - - - - -
AGSGTTGHAVMAQN - - - - - - - - - - - - - - - - - - AADGGNRRY I L VQL PEPL DPENKDQKVAAEFC - - - - - - - - - DKL GKPRT I AEL TKERL RRAAKK I KEENPL FAG - - - - - - - - - - - - - - - - - - - - - - - - - DL GFRVFKL DSSN I RA - - WEPDRD - - - - - - - -
AGSGTTAHATL NKN - - - - - - - - - - - - - - - - - - I ADSGSRRY I AVQL PEK I DDE - - - - - - - - - - - - - - - - - - - - - - - - KYYT I SEL TKERL RRAGKKVREDNPEWKG - - - - - - - - - - - - - - - - - - - - - - - - - DVGFRVFKL DTSN I RP - - WEATAE - - - - - - - -
SGSSTTAHAVMKL N - - - - - - - - - - - - - - - - - - SQDDGNRKFVMVQL PEPCNEDSEAYKAGFP - - - - - - - - - - - - - - - - - - N I CE I GKER I RRAGENL KEEYKDKEG I EN - - - L - - - - - - - - - - - - - - - - - - D I GFKVFKL DTSNL KA - - WDPDVE - - - - - - - -
AGSAATAEAVMTL N - - - - - - - - - - - - - - - - - - AQDDGSRKF I MVQL DEFL DPSDDQQKRTYEYL - - - - - - - - - KS I SKPP I L SE I GKER I RRAGEK I VQETGKTD - - - - - - - L - - - - - - - - - - - - - - - - - - D I GFKVFKL DSSN I KE - - WDPDFD - - - - - - - -
AGSGTTAHAVMQL N - - - - - - - - - - - - - - - - - - AEDGGKRRC I SVQL PEPTDEKSEAFKAGYKN - - - - - - - - - - - - - - - - - - I AE I SKERL RRAGKK I KEEQSAQL DFNENGG I - - - - - - - - - - - - - - - - - - DTGFKVFKL DSSN I KR - - WEADFD - - - - - - - -
FGSGTL GQAL FEVE - - - - - - - - - - - - - - - - - - RENPRGRKF I G I QL PEEL DSKAP - - - - - - - - - - - - - - - - - - AYKAGYRT I SQ I AADRL RKSGQA I L AEQADYGG - - - - - - - - - - - - - - - - - - - - - - - - - D I GFKFFKL DSSN I RE - - WNPDFS - - - - - - - -
SGSGSSAHAMMAEN - - - - - - - - - - - - - - - - - - SKDNGSRRF I SVQL PEL I DEGSE - - - - - - - - - - - - - - - - - - AFKAGFRA I SKL A I ER I RL AAKS I RDNSPEFSG - - - - - - - - - - - - - - - - - - - - - - - - - DL GVKFFKL GKSN I NV - - WNPDHS - - - - - - - -
AGSGTTAHAVML QS - - - - - - - - - - - - - - - - - - AQDGL SRRWI SVQL PEPTYEYKDGEKVAKPQNK I - - - - - - - AFENGHET I AD I CKER I RRSANKL KEEYPGNNA - - - - - - - - - - - - - - - - - - - - - - - - - DL GFRVFKL AQSN I RA - - WEPEPS - - - - - - - -
SGAATTAHAT I KKN - - - - - - - - - - - - - - - - - - AEDGGTRKY I MVQL PEKSDEKSE - - - - - - - - - - - - - - - - - - AYKAGYKN I SE I GKER I RRAGEK I L DENKDKEG I EN - - - L - - - - - - - - - - - - - - - - - - DTGFKVFKL DSSNL KE - - WNPDYD - - - - - - - -
AGSGTTAHAVFQVN - - - - - - - - - - - - - - - - - - AEDGKKRKF I L VQVPE I TAKDSL ASKEGL S - - - - - - - - - - - - - - - - - - T I SSL C I ERVRL AGQKTREEHPDAE I - - - - - - - - - - - - - - - - - - - - - - - - - DTGFRVYRL TDSYFPQNFYTPDPNKTEAE - - -
AGSGTL GQAVL EMN - - - - - - - - - - - - - - - - - - QEDGGDRRFVL VQL PEPTPNP - - - - - - - - - - - - - - - - - - - - - - - - NYPT I SSVTRGRVQKAAER I RSGDEKSAVQL L EPDG - - - - - - - - - - - - - - - - - QDL GFRAFSL DTSNFKL - - WDG - - - - - - - - - - -
AGSGTL GQAVL EMN - - - - - - - - - - - - - - - - - - QEDGGNRRFVL VQL PEPTRNP - - - - - - - - - - - - - - - - - - - - - - - - NYPT I SSVTRGRVQKAAER I RSGDEKSAVRL L EPDG - - - - - - - - - - - - - - - - - QDL GFRAFSL DTSNFKL - - WDG - - - - - - - - - - -
AGSGTTGQAV I EQS - - - - - - - - - - - - - - - - - - L DDG I RRRF I MVQL PEEL PKPEA - - - - - - - - - - - - - - - - - - - - - - NFKT I SDFARARVKNV I AASQS - - - - - - - DL L KKDS - - - - - - - - - - - - - - - - - HGRGFRSFAL DSSNFRS - - WDGGVS - - - - - - - -
PGSGTTAHA I I AL N - - - - - - - - - - - - - - - - - - RQDGNKRKFL L I QL PEPCDKETEAFQS - - - - - - - - - - - - - - - - - - GCST I VE I TKERVRRV I KKL NDQDAG - - - - KL DL DGGR - - - - - - - - - - - - - - KQDRGFRVFKL ADSNFKT - - WNAHG - AQ - - - - - -
AGSGTTAHAVL DL N - - - - - - - - - - - - - - - - - - AQDNGNRKF I L VQL PEPTNKP - - - - - - - - - - - - - - - - - - - - - - - - DYPT I AD I TKERVL RV I SKL NEEDQ - - - - NKL DFDGK - - - - - - - - - - - - - - - KQDRGFRVFKL TSSNFK I - - WDGNEAS I - - - - - -
AGSCASAQAVMDL N - - - - - - - - - - - - - - - - - - ARDGAKRKF I MVQL PERL DASVKEHKEGL SFCR - - - - - - - - - DNGL PEN I AE I SKSRL RRAL DRYSGEDAR - - - - QAEL TSS - - - - - - - - - - - - - - - DADL GFRVFKL DKSNFRR - - WQQ I GANA - - - - - -
AGSATTAHAVMQL N - - - - - - - - - - - - - - - - - - AEDNGKRRF I MVQL PEPTPEDSEARKAG - - - - - - - - - - - - - - - - - - FAT I AD I SRKR I EL AGEK I KSD - - VAAS - - - H - - - - - - - - - - - - - - - - - - - - VD I GFRAYKL TDTNFTK - - WRVTSD I - - - - - - -
AGSATTAHAVMQL N - - - - - - - - - - - - - - - - - - AEDNGKRRF I MVQL PEPTPEASEARKAG - - - - - - - - - - - - - - - - - - FAT I AD I SRKR I EL AGEK I KSD - - VAES - - - N - - - - - - - - - - - - - - - - - - - - I DTGFRAYKL TDTNFTK - - WRVTSD I - - - - - - -
AGSATTAHAVMQL N - - - - - - - - - - - - - - - - - - AEDNGNRRF I MVQL PEPTPEDSEARKAG - - - - - - - - - - - - - - - - - - FNT I AD I SRKR I EL AGAK I KADSPL I T - - - - - - - - - Q - - - - - - - - - - - - - - AL DTGFRAYKL ADTL FAK - - WRVSSD I - - - - - - -
AGSSSFPHA I L ESN - - - - - - - - - - - - - - - - - - R I DKGNRKF I AVQYPEE I D I KSKNGKVAKQFCQ - - - - - - - - - RKNL PL Y I TE I SKER I RRAGKQ I L QNNPENR - - - - - - - - - - - - - - - - - - - - - - - - PL DVGFKVFKL TESHFKQ - - WQSPTS - - - - - - - -
AGSSSFPHSVL DL N - - - - - - - - - - - - - - - - - - YSDGGQRKF I AVQYPEE I D I TTKNGKVANKFCK - - - - - - - - - ENNL RSY I TE I SKER I RRAGKH I L QNNAENRP - - - - - - - - - - - - - - - - - - - - - - - - L DVGFKVFKL TESHFKQ - - WQSPTAEN - - - - - -
SGSGSTAHA I L ETN - - - - - - - - - - - - - - - - - - L AEGKKNTF I SVQL AESL NVDNEDQKEAVEFCL - - - - - - - - - NL GVPAT I AE I TKER I RRAGSQ I L QKNEENR - - - - - - - - - - - - - - - - - - - - - - - - PL DVGFKVFKL TDSHFKQ - - WQSPTV - - - - - - - -
AGSGSTAHAVMQL N - - - - - - - - - - - - - - - - - - AEDGGNRRY I CVQL PEQTDEKSEAFKAG - - FS - - - - - - - - - - - - - - - - T I AE I AKER I RRAGKK I KEEHPES - - - - - - - - - - - - - - - - - - - - - - - - - H I DTGFKVFKL AESNFKQ - - WQAPKTN - - - - - - -
AGSGTTAQAVMEL N - - - - - - - - - - - - - - - - - - KEDGGKRKF I CVQL PEKTEETSEAFRAG - - - - - - - - - - - - - - - - - - YKT I SE I SAER I RRA I KK I ETETKADNT - - - MFKAEG - - - - - - - - - - - - - - KL DL GFKFYKL KESNFKT - - WRSDMVS - - - - - - -
AGSSTTAEAVL QQN - - - - - - - - - - - - - - - - - - L KDNFNRKY I L VQL NDKQESVNSSFS - - - - - - - - - - - - - - - - - - - - - - SVTEL GEER I KKVNEEL KEKSEQQ - - - - - - - - - - - - - - - - - - - - - - - - - - L DYGFRVYEL QKST I NY - - WDENPE - - - - - - - -
AGSGTTGAVAHKMG - - - - - - - - - - - - - - - - - - - - - - - - RKWI M I EL GEHCHT - - - - - - - - - - - - - - - - - - - - - - - - - - - - H I I PRL KQV I DGTDQGG I SKSVNWQG - - - - - - - - - - - - - - - - - - - - - - - - - GGGFRYYRL APSL L QKDPWGQWI I SR - - - - - -
AGSGTTGAVAHKMG - - - - - - - - - - - - - - - - - - - - - - - - RRWI MVEL GEHCHT - - - - - - - - - - - - - - - - - - - - - - - - - - - - H I I PRL KKV I DGEDRGG I TEAVDWRG - - - - - - - - - - - - - - - - - - - - - - - - - GGGFRYYRL APTL I I NDRWGNQVVNP - - - - - -



Bps1710ORF3656P/1-567
PphBUORF342P/1-581
PcaPC1ORF851P/1-586
CcaP7TORFBP/1-625
CthVORF480P/1-623

FtuTORF1582P/1-551
FphPORF1891P/1-719
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TspJRORF1073P/1-612
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GprHORF22920P/1-662
Afe10331ORF1394P/1-651
AavORF159P/1-668
PprDORF237P/1-626
BtlORF41P/1-682
BglBGRORF160P/1-674
BceAMORF20P/1-672
CteTORF908P/1-669
EcoEDORF2295P/1-632
SwoGORF1548P/1-611
GspCORF2154P/1-633
BtrCIPORF1929P/1-621
Rba2150ORF11466P/1-662
NwaCORF2929P/1-646
NhaXORF582P/1-660
NthORF364P/1-637
NhaORF3377P/1-650
Mru1279ORF580P/1-629
MsiPORF567P/1-629
MsiBL2ORF1946P/1-631
DlyBLORF1612P/1-632
DreMORF514P/1-664
CtaORF1P/1-685
PcaPC1ORF848P/1-658
DdaEORF3047P/1-660
CjaUORF1580P/1-621
PhaBI/1-706
Asu130ORF673P/1-611
AplORF812P/1-615
HduORF1691P/1-705
EmiORF224P/1-656
LheDORF27P/1-608
Bgr4ORF10680P/1-546
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PcaPC1ORF851P/1-586
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CthVORF480P/1-623
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SenAZORF2565P/1-652
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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
TspX514ORF1828P/1-632
HmoORF3004P/1-637
VpaSORF4593P/1-624
MspMCORF787P/1-649
EtaORF3980P/1-628
DacSPHORF4205P/1-661
GprHORF22920P/1-662
Afe10331ORF1394P/1-651

337
369
386
432
402

416
451
475
525
499

AGSGTTGAVAHKMG - - - - - - - - - - - - - - - - - - - - - - - - RRWI MVEL GEHCHT - - - - - - - - - - - - - - - - - - - - - - - - - - - - H I I PRL KKV I DGEDRGG I TEAVDWRG - - - - - - - - - - - - - - - - - - - - - - - - - GGGFRYYRL APTL I I NDRWGNQVVNP - - - - - -
AGSGTTGAVAHKMG - - - - - - - - - - - - - - - - - - - - - - - - RRWI MVEL GEHCHTH I I P - - - - - - - - - - - - - - - - - - - - - - - - RL QKV I DGEDKGGVTEATGWKG - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GGGFRYYR I APSL L DKDKWGNWV I SKEYN - - -
AGSGTTAHAVFQL NQ - - - - - - - - - - - - - - - - - - GKKNP I NF I L I EMDNNVA I NKTRER - - - - - - - - - - - - - - - - - - - - - - - I RKA I DGY I PL TGKKRSPVAG - - - - - - - - - - - - - - - - - - - - - - - - - - - - L GSGFQYFRL SKDPL FL PDGP I RHDVTFN - - - -
AGSGTL GQA I L EMNK - - - - - - - - - - - - - - - - - - EDNGERQF I L SN I GRETPEN I L N - - - - - - - - - - - - - - - - - - - - - - - - I CEN I TYRR I RN I I TGY I NSHDTY I KG - - - - - - - - - - - - - - - - - - - - - - - I GGNVKYYKVEF I PKNQSRDAL K I KL ADR - - - -
KNDL EAKE I VMKL YG - - - - - - - - - - - - - - - - - - VEPVKRSFFDGL L DGKWVKVVEL NRVCSK - - - - - - - - - - - - - - - - - EDVQAVFDE I L SKGEKE I EATYRRGVL - - - - - - - - - - - - - - - - - - - - - - - - I L CSGHEYDVL DYAKRL NVVN I PFE I R - - - - - -
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586
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520
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538
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528
527
509
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532
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525
532
525
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520
519
559
517
506
511
503
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507
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547
505
557
552
552
548
511
496
519
505
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521
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514
514
512
518
551
564
539
541
499
598
504
506
593
544
495
416
417
452
476
526
500

551
696
632
614
609
670
632
631
635
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613
702
654
634
621
644
613
641
641
626
633
563
642
659
598

625
624
607
602
659
646
632
601
609
633
613
621
630
631
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701
618
621
657
586
615
620
615
637
619
652
653
642
659
617
673
665
663
660
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602
624
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653
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651
628
645
622
622
618
624
657
670
651
653
614
699
604
608
698
649
596
527
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560
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- - - - - - - - - - - - - PVVKPQDDKE - - - - - - - - - - - - - - - I QQSPFYG - L TVES I ANKG - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
ES I DNKNGTSTEARDL NKNTSHSGL D - - PESSSRSEEML NQVQHDG - KPL D I GYKVFSL KDKP - - - - - - - - - - - - F I AEVTNDGGQVSFVPQNL REKT - - - - - - - L DTL ANML CATCKPL HTK I ETL I TDKL YKADNE I YL L GSVDKSEL EKYKDL K I NVDGY
- - - - - - - - - - - - - HEHL TPYEKA - - - - - - - - - - - - - - - L NL AL L DG - KTL DKDL KM I L K - - - - - - - - - - - - - - - - - - - - - - - - - DKL YGCENCFYML N - - - - - - - CDDEVL EFL RKT - - - - - - - - - - - - - - - - - - QNENVY I NGYDD I NL EDYL NL ESFL KER
- - - - - - - - - - - - - HENL NPYEKA - - - - - - - - - - - - - - - L NL AL QDG - KTL DKEL KM I L K - - - - - - - - - - - - - - - - - - - - - - - - - DKL YQCEESFY I VK - - - - - - - SDDEVL EL L RKT - - - - - - - - - - - - - - - - - - QNENVY I NGYDD I NL EDYL NL ESFL KER
- - - - - - - - - - - - - RSDL TPFDKA - - - - - - - - - - - - - - - L NL AL QCG - KVL NKAL E I I I K - - - - - - - - - - - - - - - - - - - - - - - - - DKL YKCEDAYFC I A - - - - - - - CDKEVL EHL AKS - - - - - - - - - - - - - - - - - - KNEMVFL DGYEE I DL EAFL NL NAGFKER
- - - - - - - - - - - - - DL FAYFNPKK - - - - - - - - - - - - - - - WETQT I L I - KL L GCEGL EL TTP - - - - - - - - - - - - - - - - - - I I CL I ENAL YL AENTAF I VG - - - - - - - D I EMSEVL ENL K - - - - - - - - - - - - - - - - - - DKGVEK I SMYMPA I SNDRL CL EL GSNL F
- - - - - - - - HTFFDDAVL TPEQYD - - - - - - - - - - - - AL L TTWCVYDG - SL L TTP I EDVDL - - - - - - - SG - - - - - - - YTAHFCNG - - RL YL I APNFTSEA - - - - - - - L KAL L QKL DSDE - - - - - - - - - - - - - - - - DFAPNKVVFYG - CNFESAKQREL NEAL KSY
- - - - - - - - HTFFDDVVL TPEQYD - - - - - - - - - - - - TL L TTWCL YDG - SL L TTP I EDVDL GG - - - - - - - - - - - - - - YKAHL CDG - - RL YL I APNFTSEA - - - - - - - L KAL L QKVDSDK - - - - - - - - - - - - - - - - DFAPNKVVFYGSNFE - SAKQMEL NEAL KSY
- - - - - - - - AQL PNL TSL TESQ I Q - - - - - - - - - - - - TL L TTWRVYDG - AKL TE I VQAVDL - - - - - - - GG - - - - - - - Y I AYL CDK - - RL YL L HEHFNSQH - - - - - - - L L TF I QKL DNDT - - - - - - - - - - - - - - - - AFNPNRV I VFG - NH I ESAMQQEL NQAL ASY
- - - - - - - - L QL L ENL QL SDTDCQ - - - - - - - - - - - - N I L TTWCVQDG - MPL HHTPKQVDL - - - - - - - GG - - - - - - - Y I AYRYDT - - VL YL L NKGFDTKH - - - - - - - L AV I L RRL DDTTD - - - - - - - - - - - - - - - EFN I DK I V I L E - PHFDSKAKREL TEA I GQY
- - - - - - - - I DFL PK I DL NNEQL H - - - - - - - - - - - - QL L TTWRVFDG - CRL TEKVETFDL - - - - - - - AG - - - - - - - YTAYCCRQ - - HL YL L ASGFTSES - - - - - - - VKAL I ERL DHDK - - - - - - - - - - - - - - - - DFVPER I VL FG - EN I DSAMQKEL AQAVKTY
- - - - - - - - I TL PEH I SL TNNDRL - - - - - - - - - - - - DL VHTYKL QDG - NFL NTE I ETVKL SWEKTVVGGDGSGTY I YEGYRVGE - - I L YL I DS I SSSKV - - - - - - - QSK I I EK I DNDP - - - - - - - - - - - - - - - - EFE I NK I V I YGFTNT I GKYRVEL EEN I KNY
- - - - - - EETNL I ADDM I KPFEYKKT - - - - ETDGL YT I L ATWL I DDG - YRFDTSVEE I I F - - - - - - - GN - - - - - - - YKAHYVREAMTL YL I NMGWDTKA - - - - - - - L KAML NQ I G - TN - - - - - - - - - - - - - - - - KL L VKT I VMYPYSFE - FEAMRE I KTN I KNS
- - - - - - D - - SL I L EDMVKL FDTDCS - - - - Q - - GKNA I L MTYK I MDG - YGFTSS I APYQL - - - - - - - KN - - - - - - - YVADK I ED - - SL Y I I ENGL ASED - - - - - - - VFEL I KQL E - NR - - - - - - - - - - - - - - - - TL N I NRL VL YSYS I E - FSVL HEL RRN I SNL
- - - - - - SQTGL FD I DRVEDFAPEDG - - - - TATGKDV I L TTWL NKDR - QGL TPNVFTVKL - - - - - - - DS - - - - - - - YEL L VSDK - - YAY I I DPGFDSSD - - - - - - - L VKL VEL L E - EG - - - - - - - - - - - - - - - - EL N I HYL I CL PYSL T - FSSSRE I EAAL SSM
- - - - - - QDGTL L AGDYVSKFDL N - - - - - - GTPGHDTVL ATWL VEDG - HGL VTGAQQVTL - - - - - - - AG - - - - - - - YEL DVCGD - - SAY I I PPGL TSDD - - - - - - - VVEL VRQL E - NG - - - - - - - - - - - - - - - - DL AVSRVVVFGYSVT - FGVMHEL KKNL SVL
- - - - - - - EL KL I TDDM I SVFDNN - - - - - - HSSGKES I L ATWI NEDG - YGL TKCSTPYKL - - - - - - - EH - - - - - - - YSADF I DK - - SL Y I I DEGL EDED - - - - - - - VMTL I KR I E - NE - - - - - - - - - - - - - - - - EL E I NRVVVYVHS I R - FNVL QEL RKNL KVL
- - - - - - ENKL FANKD I L SDFGKP - - - - - - - - - - - - TVL ATWL VRDG - YGL TADAEEL NF - - - - - - - AG - - - - - - - YNGYY I GK - - HL YL I DPEL SNKA - - - - - - - I EA I VVKYETDG - - - - - - - - - - - - - - - - SFNPENVVL FGYSFT - WTEMEAL K I NL KRL
- - - - - - - - AF I ADKT I L DEFGSA - - - - - - - - - - - - T I L STWAVKDG - YGFNPPMEV I DL - - - - - - - EG - - - - - - - YTAYL CKK - - HL YMVNPD I KDAS - - - - - - - I TKL I EKFEEEG - - - - - - - - - - - - - - - - DFNPEN I VL FGYSF I SWSL TQML ENN I KQL
- - - - - - - - NTNL FTNMVDGFSSQAL N I DGDASGEET I L TTWL AKDG - YAFDADVQDVKFGN - - - - - - - - - - - - - - YTAHKVEDN - RL YL I NEGWGADQ - - - - - - - TKEL L NQL GTHQ - - - - - - - - - - - - - - - - - L EVQSVVL FGYSFN - VAEL REL ENGL KQL
- - - - - - - - NL NL FTDMVDSFSSESL GVAGDASGTKT I L TTWL AKDG - YPFDACVQGVNFGN - - - - - - - - - - - - - - YTAY I I DDN - RL YL I EENWGAKQ - - - - - - - TKEL L NQL GTHH - - - - - - - - - - - - - - - - - L EVQSVV I FGYSFK - L AAL HEL E I GL KQL
- - - - - - - - NTNL FTNMVEGFSSDSL N I PGNSSGEQT I L TTWL AQDG - YSFDAN I QE I QFDN - - - - - - - - - - - - - - YHAHL VDD - - RL YL I NEGWSSTQ - - - - - - - TKQL L NQL GTNE - - - - - - - - - - - - - - - - - L HL QSVVVFGYSFN - I AEL REL ENGL KQL
SSGQL VAFTESGFTDM I NPFSARGL GVPGGASGEAT I L TTWL VTDG - YKMD I DVQA I DFSG - - - - - - - - - - - - - - YRAMYVDNT - RL YL I DERWGTEQ - - - - - - - TRDL L NRMGMHQ - - - - - - - - - - - - - - - - - L PVQT I V I YGYSFD - L ES I REL E I GL KQL
SSGQL NQL SESGFDDM I QPFSSKGL KVDGNASGEDT I I TTWL VSDG - YKMG I DVER I NL NG - - - - - - - - - - - - - - YQASY I DNS - RL YL I NPHWSSEQ - - - - - - - TKEL L NL I GTNK - - - - - - - - - - - - - - - - - L VVQT I VL YGYSFG - L ES I REL EL GL KQL
- - - - - - - L KL DL FDDMVTSFSSQTL DVAGGATGL DT I L QTWL VSDG - YRFDVARRDVDFSG - - - - - - - - - - - - - - Y I APYVDGT - RVY I I NKGWEANN - - - - - - - TKAL VNM I GTNQ - - - - - - - - - - - - - - - - - L VVQTVVVYGYEL N - MESL REL E I AL NQL
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - QTL L DHMESN I KE - - - - - - - - - DRSAEDL L FQVML DWG - I EL SL P I EQK - - - - - - - - - - - - - - SVGNS I L YYVGG - - - - NSL VACFDA - - - - - - - - L TL DV I NE I AKHQ - - - - - - - - - - - - - - - - - - PL RVVSCESA I QHDQ - DKTN I KERFK - -
- - - - - - - - QSL L DQMTSH I KE - - - - - - - - - DRSAEDL L FQVML DWG - I EL SL S I TRK - - - - - - - - - - - - - - T I DNAT I YFVGE - - - - NSL VACFD - - - - - - - - PL TPE I I NV I AQAM - - - - - - - - - - - - - - - - - - PL RVVSCESA I I TDH - DKTN I KERFK - -
- - - - - - - - QGDL FSQVEH I KA - - - - - - - - - DRTEEDL L FQVL L DWG - VDL TL P I EKR - - - - - - - - - - - - - - VL NGKNVYFVDG - - - - NAL VACFDK - - - - - - - A I DEG I I QE I AKHQ - - - - - - - - - - - - - - - - - - PL RAVFRDDGFVSDT - AK I NADQL FK - -
- - - - - - - - KANL DL FVDN I KS - - - - - - - - - DRTAEDL L FQVML DWG - VDL AL P I EKK - - - - - - - - - - - - - - ATQGKDVFFVDG - - - - NAL VACFDAHG - - - - - GVDETFVKEL ATHK - - - - - - - - - - - - - - - - - - PL RVVFRDAGFKDSA - VK I NVEQ I FK - -
- - - - - - - - KANL DL FVDN I KP - - - - - - - - - DRTPEDL L FQVML DWG - VDL AL P I AKQ - - - - - - - - - - - - - - S I QGKDVFFVDG - - - - NVL TACFDASG - - - - - S I DETFVKEL AKL Q - - - - - - - - - - - - - - - - - - PL RVVFRDAGFKNSA - VK I NVEQ I FK - -
- - - - - - - - QKDL L AAVDN I KP - - - - - - - - - DRSAEDL L FQVL VDWG - VDL TL P I KRE - - - - - - - - - - - - - - KVQGKTVFFVDG - - - - NAL VACFETG - - - - - - - VTEEL VKEL ASRE - - - - - - - - - - - - - - - - - - PL RVVFRDNGFVSDA - VK I NVEQVFR - -
- - - - - - - - QGQL K I FTDN I KS - - - - - - - - - DRKPEDL L FQVL L DWG - VDL SL P I RKE - - - - - - - - - - - - - - T I QGKTVFFVNQP - - PYDL VACFDTG - - - - - - - VNEDL VKEL ARFE - - - - - - - - - - - - - - - - - - PL RVVFRDTGFVSDG - VK I NVEQ I FK - -
- - - - - - - - QDGL FTL ESN I KE - - - - - - - - - DRTGDDL VVQVML ECG - L EL SL PMEKR - - - - - - - - - - - - - - E I EGCEVHFVAG - - - - NSL VACFDEQ - - - - - - - VPETV I RA I AAAH - - - - - - - - - - - - - - - - - - PL RVVFRDSSFASDA - DR I NVEE I FK - -
- - - - - - - - QQDL FGMVSN I KE - - - - - - - - - DRTGEDL L I QVML EWG - L EL SL SMEKR - - - - - - - - - - - - - - D I L GKEVHFVAG - - - - NSL VACFDEG - - - - - - - VSEEL VRE I AREK - - - - - - - - - - - - - - - - - - PL RVVFRDSSFADDA - AR I NVEEL FK - -
- - - - - - - - QDQL SFL ESN I KE - - - - - - - - - DRTPEDL L TQV I L DL G - L EL TL P I ETK - - - - - - - - - - - - - - K I L DNTVF I VQT - - - - NAMVACFDND - - - - - - - I DFK I VDT I SDL K - - - - - - - - - - - - - - - - - - PL KVVFKDASFKDDK - DR I NVEERFK - -
- - - - - - - - QL SL DGFEDN I KE - - - - - - - - - DRTPEDL L I QVML DL G - I L L SSD I ETQ - - - - - - - - - - - - - - E I AGKKVFSVAD - - - - GYL L ACFDKN - - - - - - - VTEETV I E I AKKR - - - - - - - - - - - - - - - - - - PFYAVFRDNSMAND I - VAANFEQ I FE - -
- - - - - - - - EQSL - - FNENVKP - - - - - - - - - DRSSEDL L FQVML DL G - I EL SAK I ETR - - - - - - - - - - - - - - QMAGKNVHFVDG - - - - NYL I ACFDKD - - - - - - - VNESA I TE I ARL K - - - - - - - - - - - - - - - - - - PVYFVMRDASAANDN - V I DNFEQ I FR - -
- - - - - - - - QDQMD I FTDN I KP - - - - - - - - - DRTADDL L AQVML DWG - L PL SYK I EQL - - - - - - - - - - - - - - FVL DKKVFRVAQ - - - - DSL L ACFDKG - - - - - - - I DEAFAKE I ASYK - - - - - - - - - - - - - - - - - - PL R I VFRDQSFKDDT - AKENVRQL L K - -
- - - - - - - - QTTL I NFKDT I KE - - - - - - - - - DRTEEDL I YQVL L NMG - I P I SAK I E I N - - - - - - - - - - - - - - T I QNKKVFV I NS - - - - GWL VGCFDQN - - - - - - - I DL NL I REL AE I KSE I S - - - - - - - - - - - - GL KPKFVFRESSFKNDS - EM I NTMEYL KTK
- - - - - - - - QESL FDSVSN I KD - - - - - - - - - GRTDL DL L FQ I ML TWG - MEL SL P I TKT - - - - - - - - - - - - - - Q I DGTA I YNVA - - - - DGAL I ACFADE - - - - - - - I SESVL CQ I AKAE - - - - - - - - - - - - - - - - - - PL RAVFKDESFANSA - AK I NL GQ I FK - -
- - - - - - - - QGEL FDSVSN I KE - - - - - - - - - GRTGL DL L FQVML TWG - MEL SL A I DL E - - - - - - - - - - - - - - KVAGAEVYDVD - - - - QGSL MACFEDE - - - - - - - I SEEV I RH I AQAQ - - - - - - - - - - - - - - - - - - PL RAVFRDSSFANSA - DK I NVSE I FK - -
- - - - - - - - QDQL NL FADN I KQ - - - - - - - - - DRTDL DL L FGAML AWG - VTL DL PMTQE - - - - - - - - - - - - - - EVDGCT I YTVN - - - - DGDL VACFTER - - - - - - - I TDNVVAAMADKT - - - - - - - - - - - - - - - - - - PL RVL FRDSCFAQDD - QK I N I YEQFK - -
- - - - - - - - QVDL L QD I DNHSD - - - - - - - - - NRSDYDL L YDVL VDGA - L EYNRP I T I D - - - - - - - - - - - - - - TMNDEQ I I KYDYL GEL SGVVCYFGEN - - - - - - - L TDEL TRQ I A I L K - - - - - - - - - - - - - - - - - - PL L AVFKESTFDKSA - QKVNVMEQFR - -
- - - - - - - - QSDL FYFTDN I KE - - - - - - - - - DRTGL DL L YGCL TNL G - L SL SL PHDEE - - - - - - - - - - - - - - D I HGYTVYSVDK - - - - TEL MACFAEQ - - - - - - - I PEKVFRE I AGRQ - - - - - - - - - - - - - - - - - - PRRVVFRDASFRDSA - DR I N I DE I FK - -
- - - - - - - - QESL FDFADNVKE - - - - - - - - - GRSDL DL L FEVL PKL G - I PYSAK I EER - - - - - - - - - - - - - - ML AG - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - RSFL L FDGCN - - - - - - - - - - - - - - - - - - YRSL L FTNPL FRG - - - - - - - - - - FFHF -
- - - - - - - - Q I TL SESAL SVKDA - - - L DFNPGFTD I DVVYE I ML RHRDFPL TSK I EKL - - - - - - - - - - - - - - TN I GNRTYMFAD - - - - - SVVVCL EET - - - - - - - I TSD I VDK I ASL EPK - - - - - - - - - - - - - - - - P I K I I FRDSAFDDD I SL KL N I L HRL DTQ
- - - - - - - - QMTL DESAMTDKDR - - - L DFTPGFTDL DVVYE I L L RHRD I PL SSKVEKV - - - - - - - - - - - - - - AS I GERTY I FAD - - - - - TVL VCL EEN - - - - - - - VTESM I DK I AA I EP - - - - - - - - - - - - - - - - MPTK I I FRDSAFGAD I SL KTNSML RL EAQ
- - - - - - - - - - AL DDSL FAHQ - - - - DHL VENRTE - SDVL YEL L I KL G - L DL CVP I AQRVVAG - - - - - - - - - - - - KE I HSVGGG - - VL MACL AAH I EAAEVEAVAHG I ATWRKEL APAG - - - - - - - - - - - - - - - - - - DTTCVFRDSAFADDV - AKTNMAA I L EQ -
- - - - - - - - - - DL EKTL FNHQ - - - - EHL VEGRSE - QD I L FEL L L KL G - L DL TVPMEQRAFAG - - - - - - - - - - - - KTVHS I GL G - - AL MVCL AEQ I KRADVEPL AQG I L DWWREL APAV - - - - - - - - - - - - - - - - - - PVQFVFRDSGFADDV - AKTNL AA I L EQN
- - - - - - - - - - SL EQSL FDTA - - - - PH I L EGRSA - ADVL SEL L L KL G - L EL CVPVVTKT I AG - - - - - - - - - - - - HEVSSVAGG - - AL I ACL APS I TTDDVEAL AEG I VEWRREL APSA - - - - - - - - - - - - - - - - - - DPTCVFL DDAFADDM - AKL NVTA I L EQ -
- - - - - - - - - - DL EATL FDHQ - - - - DHL L EGRSE - ADVL YEL L L KL G - L DL CVP I EQRN I EG - - - - - - - - - - - - L HVHA I GGG - - VL L ACL AET I TREQVEPL AQG I I GWHKAL APAG - - - - - - - - - - - - - - - - - - DTTCVFRDSAFADDV - AKTNL AA I L EQ -
- - - - - - - - - - DL EVTL FDHQ - - - - DHL L EGRSE - ADVL YEL L L KL G - L DL CVP I EQRT I AG - - - - - - - - - - - - REVHSVGGG - - VL MACL AEQ I TAKQVEPL AQGM I DWHKEL APAG - - - - - - - - - - - - - - - - - - DTTCVFRDSAFENDV - AKTNL AA I L EQ -
- - - - - - - - - - DL EAEL FAHQ - - - - DH I VEGRSE - AD I L YEL L L KL G - L DL CVP I QEKEVKSQGTE - - - - - GKKYTVYAVGYG - - VL I ACL SEE I AVDDVEAL GQG I VGWRKEL APAG - - - - - - - - - - - - - - - - - - ETTCVFRDSAFADDE - AKTNL AA I L NQ -
- - - - - - - - - - DL NQAL L EHQ - - - - EHL L PNRTE - QDL L YEL L L KL G - L DL CVP I QQQM I AS - - - - - - - - - - - - KSVHAVGAG - - VL L ACL AEG I TAAEVETL AEG I VQWHQQL APVG - - - - - - - - - - - - - - - - - - DTTCVFRDSAFADDV - AKTNMAA I L QQ -
- - - - - - - - - - DL EQTL L DHA - - - - EH I VSGRSE - QD I L YEL L L KL G - L DL TVP I EQKP I AG - - - - - - - - - - - - KTVHS I GAG - - AL L VCL SDT I DRDA I EPL AQG I VAWHNEL KPAV - - - - - - - - - - - - - - - - - - DTRL VFRDSAFADDV - AKTNL TA I L QQ -
- - - - - - - - - - D I QQSL FAAV - - - - EH I KPNRSE - EDL L YEL ML KL G - L DL CAP I DART I AG - - - - - - - - - - - - KAVYV I DG - - - A I VACFDAH I DRASTDAL GEG I VEL I AEAAAAGAAH - - - - - - - - - - - - - ARDVTCVFRDSGFADDV - AKVNL SA I L EQ -
- - - - - - - - - - NVQQSL L DAV - - - - EHVKSGRTD - ADL L AEL A I KL G - L DL CAP I DTL P I AG - - - - - - - - - - - - KAVHV I DG - - - A I VACFAARL DRAEAEAL AL G I VGVL DAVEAPP - - - - - - - - - - - - - - - - AHDVTCVFRDAAFVDDV - ARVNL SA I L EQ -
- - - - - - - - - - DFDHAL FASV - - - - EHVKTGRSE - DDL L AEL TL KL G - L DL CTPVEHHWVAG - - - - - - - - - - - - KTVHL I GR - - - S I VACFDAR I SRDDAGPL SDG I VEL L DATGAT - - - - - - - - - - - - - - - - - - RDVTCL FRDSGFVDDV - AKL NL AAL L EQ -
- - - - - - - - - - NL DQTL FDHV - - - - EHL KEGRTE - QD I L YEL L L KL G - L DL CVP I ETRT I AG - - - - - - - - - - - - KAVHS I GGG - - VL L ACL ATR I TREEVEPL AQG I VAWHQAL APAG - - - - - - - - - - - - - - - - - - DTTCVFRDSAFADDV - AKTNL AA I L EQ -
- - - - - - - - - - TL SEQ I DAYV - - - - SP I L EGRSE - EDL L TEL ML KRG - I DL SVN I E I RQFDG - - - - - - - - - - - - L TVSCVDGG - - KL FTCFAKQ I PASSVEEL TKG I I DWHKSL KVGK - - - - - - - - - - - - - - - - - - DTVCYFL DDAFENNV - AKTNL CA I L EQ -
- - - - - - - - - - EL EGTL KGMV - - - - DP I KEDRTQ - EDML YE I ML I YG - I DL T I PL EE I Q I KG - - - - - - - - - - - - KTAYSVGL G - - YM I VCL EDGL TL DV I EA I GAMK - - - QSGQE I AR - - - - - - - - - - - - - - - - - - - - - VVFRDSGFADDN - VKTNAVQL L KK -
- - - - - - - - - - NL EQTL FDL Q - - - - NN I KEDRTK - EDL L YE I L L K I G - L PL TVP I EE I DCRG - - - - - - - - - - - - KT I YNVAYG - - SVL VCL EDE I DL DL VQEML N - - - - - YRSEHL - - - - - - - - - - - - - - - - - - - - PPKV I FKESGFMSDA - VKTNAL QTL KK -
- - - - - - - - - - TL ETDL I NAV - - - - DYL KRDRSN - EDL L YE I L L KYG - FDL TVS I EMRL L AQ - - - - - - - - - - - - KNVY I I GHG - - AL I VCL DTD I DMDV I NS I GT - - - - - L KEEL QPD - - - - - - - - - - - - - - - - - - I MRVVFKDDSFKDD I - VKTNAL MCL KR -
- - - - - - - - - - DL EQSL L DHA - - - - EHL VEGRSE - QDVL YEL L L KRG - VDL TVP I EEKE I AG - - - - - - - - - - - - KTVYS I GFG - - VL FACL GEA I DKCE I ET I GKG I SDWHKEL EPAA - - - - - - - - - - - - - - - - - - DTQVVFRDSAFADD I - AKTNMTA I L EQ -
- - - - - - - - - - D I EESL FTHQ - - - - EL L VQDRTE - QDVL YEL L L KRG - VDL AVP I ESRDL NG - - - - - - - - - - - - KT I YS I GYG - - VL FACL DES I TKDQVEV I SQG I VEWHREL APSS - - - - - - - - - - - - - - - - - - DTH I FFRDSAFSDDV - SKTNMAA I L EQ -
- - - - - - - - - - D I EGTL L ANA - - - - EHL AQGRSE - QDVL HEL L L KL G - L DL CVP I EKKQ I AG - - - - - - - - - - - - KAVHS I GGG - - AL I VCL ADGL TKDVVEAL ANG I VAWRKAL APAV - - - - - - - - - - - - - - - - - - DTRVVFKDSGFADDV - AKTNMAA I L NQ -
- - - - - - - - - - NL EMTL EDMV - - - - ENFVDGRTE - EDVVYE I ML KYG - I DL TFP I ETTE I DG - - - - - - - - - - - - KKVYN I GFG - - AL FVCL DDE I TL NVVKS I AK - - - - L KED I DP - E - - - - - - - - - - - - - - - - - - I TRVVFKDNGFQSDA - AKTNA I E I L KR -
- - - - - - - NVAAL EEHL EASR - - - - QHL L FGNEDFDEVVTE I AL KNG - YGL FYEL EKL AAFTS - - - - - - - - - - - NAVYRL RGNDKAAL L CL DATL NEET I EAL AQHS - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DEQL I VSSRAL DTT - KKWAL QAAFKD -
- - - - - - - EAED I QGAL EGL V - - - - DNL VEGRSQ - EDVL FEL L L KAG - L PL SSK I REQE I HG - - - - - - - - - - - - - - QKVYSVAEGQL L VCL ERP I RA - - - - - - - - - - - ETL RAMTAL EPK - - - - - - - - - - - - - - - PL QVVCL DVAFSGNDA - L KTN I VL EMRDR
- - - - - - - EAED I QGQL EAL V - - - - DNL VEGRTQ - EDVL FEL L L KAG - L PL SSR I QKKEL EG - - - - - - - - - - - - - - QKVYSVAEGQL L VCL ERP I RA - - - - - - - - - - - ETL RAMMAL EPK - - - - - - - - - - - - - - - PL QVVCL DVAFVGGDA - L KTN I AL EMRDR
- - - - - - - TSSDL ESQL QL HV - - - - DHL RDAGEP - EDVL YEL L L KSG - FPL ATKVVK I DL NG - - - - - - - - - - - - - - AEVFS I EEGAL L I CL SKE I TP - - - - - - - - - - - EL I DAL AEAN - - - - - - - - - - - - - - - - - PL QV I CL DEGFKGNDQ - L KTNAVQTFKAR
- - - - - - - DTASL EKQL EL H I - - - - DH I KEARS I - DDL L YEL L L KSG - FPL TTPVEPL TL AG - - - - - - - - - - - - - - KTVHSVAGGMMF I CL EKD I T I - - - - - - - - - - - EL I RAMADRK - - - - - - - - - - - - - - - - - PERVVCL DAGFAGNDQ - L KANAVQ I FKTK
- - - - - - - DPAQL EQQL NMFT - - - - DNL VSGRTQ - L D I L YE I L L KAG - YPL TSKVNKVTAGA - - - - - - - - - - - - - - QEFYSVDEGL L L I CL EKE I QK - - - - - - - - - - - ETL QAMMEL E - - - - - - - - - - - - - - - - - PVQVVCL DVAFQGNDQ - L KTNTVL EMKSH
- - - - - - - TVDQ I AEQL EL HV - - - - EHVDPSASQ - EAL L FE I L L KAG - FRPTAKVETVEMAD - - - - - - - - - - - - - - L PL YSVASGAL L I CL AHR I TK - - - - - - - - - - - EL I DAVAAAE - - - - - - - - - - - - - - - - - PMHFFCL DSAFGGNDQ - L KANAVQTFAAR
- - - - - - - EPDKL TQHL L DL R - - - - DSSTDDASP - DDL L TEL L L KL G - YSL SEHL STQA I AG - - - - - - - - - - - - - - L D I RT I VGDADKPRL L AYL NER - - - - - TKPTL EQL REL VNAE - - - - - - - - - - - - - - - - - PTRL I VL EDAFHGDDE - L KTN I AQYARSK
- - - - - - - EPDKL TQHL L DL R - - - - GSSTDEASP - DDL L TEL L L KL G - YSL NEHL SVQT I AG - - - - - - - - - - - - - - L D I HA I VGDADKPHL L AYL NER - - - - - TKPTL EQL REL VNAE - - - - - - - - - - - - - - - - - PTRL I VL EDAFHGDDE - L KTN I AQYARSK
- - - - - - - EPDKL EQHL L DL RTSTQNQADDNATQ - DDL L I E I L L KMG - L SL TVA I TTEN I AG - - - - - - - - - - - - - - L PVNRVDSGE - SDKL L AYL DEH - - - - - TKPTL KQL RAL VDAA - - - - - - - - - - - - - - - - - PTRL I VL EDAFHGDDE - L KTNL AQYAKSK
- - - - - - - - - ENL ADQL EMF I - - - - DPVSEKADT - QAVL YEL L L RL G - L KL TAKVRL ENKV - - - - - - - - - - - - - - - FWVE - ENGL I - FAL L L NAADE - - - - - - - - - - - E I I QTV I AQQ - - - - - - - - - - - - - - - - - PKKV I AL DRL FNGNDA - RKKNTEL QMQDA
- - - - - - - L ADQL EMF I DPVS - - - - - - - - - EQTDTQAVL YE I L L RL G - L KL TAKVRL EN - - - - - - - - - - - - - - - - QVFWVEDENGQTFAL ML TE I ND - - - - - - - - - - - EM I EKV I ATQ - - - - - - - - - - - - - - - - - - PKKVVTL DRL FNGNDAQKKNTEL QMQDA
- - - - - - - - - ESL AEQL EMF I - - - - DNVKENTEL - QAML YE I L L RL G - L KL TCNVRYENN I - - - - - - - - - - - - - - - FWI EDEKSQH - YA I L L EH I DE - - - - - - - - - - - NL L NSV I NVQ - - - - - - - - - - - - - - - - - PQKVVAL DRL FAGNDA - L KKNAEL QMKDA
- - - - - - - EVEN I ATQL AMFQ - - - - D I VEPTATV - ENMAYEL AL RL G - FQL TDS I EFADQV - - - - - - - - - - - - - - - VWL NDKTGKRKTAL L L AQYHN - - - - - - - - - - - EML NC I I GAQ - - - - - - - - - - - - - - - - - PQKVFAL DKVFNGNDD - L KANL AL QL KDA
- - - - - - - TKEDL ATT I NMFE - - - - DAL KDGAKE - TN I L CEL L L KRG - YDL NVPVETAEVD - - - - - - - - - - - - - - - KTK I Y I VNNGEL VVCL EKL SD - - - - - - - - - - - KV I SK I L E I K - - - - - - - - - - - - - - - - - PQRCL ML DSL FDGKDS - L KTNTVL QL QDA
- - - - - - - - - - NFEKQ I NL L NN - - - - - AFTEKSTDDERARE I AL KSG - - - - - I TL DESP I VD - - - - - - - - - - - - - DSNYHYL KDDKEVFV I L GNYDET - - - - - - - - - - - L L DEL NKERR - - - - - - - - - - - - - - - L QYAL VVL KEMDSGSET - - KFNL I EHL KQS
- - - - - - - - - - EYNAAML SEAMCKHMGFTYAPDENHYWMQGYSTETDY I YVTTSAMTHEQL R - - - - - - - - - - - - - - I MSEEVGSHRTL L I CGTAFDTKSAS - - - - - - - - - FENL TL TK - - - - - - - - - - - - - - - - - - I PRAVL EKCEWGRDDYSL NVANL EPV I V
- - - - - - - - - - EYNAAML AEAL AKL EGFTYAPSETRWWQHGHSSERDF I YVTTQNL SADQL Q - - - - - - - - - - - - - - AL SDEVGAEQTL L I CCSAFRGVTAAK - - - - AADRWPNL TL KK - - - - - - - - - - - - - - - - - - I PKMVL AHCEWGRDDYSL NVANL PMAQ I
- - - - - - - - AAQL TEAL CKL EG - - - - - - - FTYAPSDTL YWQQGHSTERDF I Y I TTQTL GADQ - - - - - - - - - - - - L HAL SEDVGTERSL L VL CSAFRGNP - - - - - - - - - ERFTNL TVKR - - - - - - - - - - - - - - - - - - I PSTVL SKCEWRHDDYSL I L QNL PMAQR
- - - - - - - - - - QL REFVWFMETG - - - - - - - - - - - - SGL TVSPL TKEQPATPL L GVHQEKA - - - - - - - - - - - - - - - - VFL L YNG I L KDRSD I GGNVL NHR - - - - - - - SL KFL DE I TPPH - - - - - - - - - - - - - - - - - FSGTRVVYGARSRFDKKKL NQL G I TFHQL
- - - - - - - - CSEL L C I KENCFN - - - - - - - - - - L YKSGCQYN I FTSNN - L AM I I CQSFMDAS - - - - - - - - - - - - - - - M I SS I EKDL KCL NSYKK I L YFL S - - - - - - - L DCE I SEFEEL N - - - - - - - - - - - - - - - - - - - - - - A I G I KVKP I PQK I MEVYEEAL KSW
- - - - - - - - - D I L TDRKD I I FKRPPEAD I TL KL DGGKAVVE I RQFYSPML L QKL QL EDDPE - - - - - - - - - - - - - - - - E I DDWRQL VEAVL I DPNYDGEV - - - - - - - L KPA I QD I PGKK - - - - - - - - - - - - - - - - - DMVSGVYEL PL TGPGQK I AVK I VDVL SEE

697
633
615
610
671
633
632
636
622
614
703
655
635
622
645
614
642
642
627
634
564
643
660
599

626
625
608
603
660
647
633
602
610
634
614
622
631
632
548
702
619
622
658

616
621
616
638
620
653
654
643

719
637
619
614
683
646
645
649
640
628
716
665
646
633
656
625
656
656
636
643
573
652
669
608

636
635
618
613
670
657
643
612
620
644
624
632
641
646
558
712
635
632
668

632
637
624
649
628
661
662
651

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S - - - - - DL DL ENFL NL GVTDKDNVSVVY - - - - - -
L - - - - - KMVY - - - - - - - - - - - - - - - - - - - - - - - -
L - - - - - KMVY - - - - - - - - - - - - - - - - - - - - - - - -
L - - - - - SVVY - - - - - - - - - - - - - - - - - - - - - - - -
D - - - - - L KL ESGDL K I RG - - - - - - - - - - - - - - - -
A - - - - - NKKS I E - L DL VVRN - - - - - - - - - - - - - -
A - - - - - NKKS - I EL DL VVRN - - - - - - - - - - - - - -
S - - - - - NRKN I S - L SL I VRA - - - - - - - - - - - - - -
K - - - - - PRKGNK - L YL VVRNRADKG - - - - - - - - -
A - - - - - NKKGL NNL SVL ARY - - - - - - - - - - - - - -
N - - - - - NKKGAN - I EVEVRY - - - - - - - - - - - - - -
L - - - - - DNS - - - - PNL I ERY - - - - - - - - - - - - - -
Q - - - - - NNK - - - HVEL I ERY - - - - - - - - - - - - - -
K - - - - - NNQ - - - TVKL EMRY - - - - - - - - - - - - - -
K - - - - - SGR - - - TVSV I ERL - - - - - - - - - - - - - -
R - - - - - NNK - - - NVTL I ERF - - - - - - - - - - - - - -
K - - - - - DTEKNL R I NFD I RY - - - - - - - - - - - - - -
N - - - - - NSEKNL KVNV I TRY - - - - - - - - - - - - - -
D - - - - - SKVT - - - - - L I KRY - - - - - - - - - - - - - -
D - - - - - NKVT - - - - - L I KRY - - - - - - - - - - - - - -
D - - - - - GKVN - - - - - L I KRY - - - - - - - - - - - - - -
D - - - - - QKVN - - - - - L VKRY - - - - - - - - - - - - - -
N - - - - - SK I N - - - - - L VKRY - - - - - - - - - - - - - -
E - - - - - SNVS - - - - - L L VRY - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - QL SPET - - - - - - DVRFL - - - - - - - - - - - - -
- - - - QL SPDT - - - - - - EVRFL - - - - - - - - - - - - -
- - - - QL APHS - - - - - - EL RV I - - - - - - - - - - - - -
- - - - L L SPST - - - - - - EVKS I - - - - - - - - - - - - -
- - - - L MSPVT - - - - - - EVKC I - - - - - - - - - - - - -
- - - - QVSPGT - - - - - - DVKS I - - - - - - - - - - - - -
- - - - QMSPGT - - - - - - DVKS I - - - - - - - - - - - - -
- - - - M I SPGT - - - - - - E I KVL - - - - - - - - - - - - -
- - - - ML SPTT - - - - - - E I RV I - - - - - - - - - - - - -
- - - - RL SPET - - - - - - KVTV I - - - - - - - - - - - - -
- - - - TYSPET - - - - - - VRKVL - - - - - - - - - - - - -
- - - - HYSPDT - - - - - - NCR I L - - - - - - - - - - - - -
- - - - QL SPDT - - - - - - EMRV I - - - - - - - - - - - - -
L FKTDAEL KS - - - - - - NVKV I - - - - - - - - - - - - -
- - - - EEAPNT - - - - - - KVKVV - - - - - - - - - - - - -
- - - - EL SPHT - - - - - - KVKVV - - - - - - - - - - - - -
- - - - QL MDWTDDEAFKN I KV I - - - - - - - - - - - - -
- - - - I I SPDT - - - - - - KVKV I - - - - - - - - - - - - -
- - - - TL SPGT - - - - - - T I E I L - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I KL FNQGKDQ - - - - TYRVEF I - - - - - - - - - - - - -
- - - - MKKNSGL KKKAYRVEF I - - - - - - - - - - - - -
- - - - - - - - - - - - NG I ATVRSL - - - - - - - - - - - - -
I P - - - - - - S - - - DQL AG I RSL - - - - - - - - - - - - -
- - - - - - - - - - - - SG I KN I RSL - - - - - - - - - - - - -
- - - - - - - - - - - - HG I QNVRSL - - - - - - - - - - - - -
- - - - - - - - - - - - HG I QNVRSL - - - - - - - - - - - - -
- - - - - - - - - - - - NG I ANVRSL - - - - - - - - - - - - -



Afe10331ORF1394P/1 651
AavORF159P/1-668
PprDORF237P/1-626
BtlORF41P/1-682
BglBGRORF160P/1-674
BceAMORF20P/1-672
CteTORF908P/1-669
EcoEDORF2295P/1-632
SwoGORF1548P/1-611
GspCORF2154P/1-633
BtrCIPORF1929P/1-621
Rba2150ORF11466P/1-662
NwaCORF2929P/1-646
NhaXORF582P/1-660
NthORF364P/1-637
NhaORF3377P/1-650
Mru1279ORF580P/1-629
MsiPORF567P/1-629
MsiBL2ORF1946P/1-631
DlyBLORF1612P/1-632
DreMORF514P/1-664
CtaORF1P/1-685
PcaPC1ORF848P/1-658
DdaEORF3047P/1-660
CjaUORF1580P/1-621
PhaBI/1-706
Asu130ORF673P/1-611
AplORF812P/1-615
HduORF1691P/1-705
EmiORF224P/1-656
LheDORF27P/1-608
Bgr4ORF10680P/1-546
Bps1710ORF3656P/1-567
PphBUORF342P/1-581
PcaPC1ORF851P/1-586
CcaP7TORFBP/1-625
CthVORF480P/1-623

643
660
618
674
666
664
661
624
603
625
613
654
638
652
629
646
623
623
619
625
658
671
652
654
615
700
605
609
699
650
597
528
534
561
577

614

651
668
626
682
674
672
669
632
611
633
621
662
646
660
637
650
629
629
631
632
664
685
658
660
621
706
611
615
705
656
608
546
567
581
586

623

NG I ANVRSL
- - - - - - - - - - - - HG I QNVRSL - - - - - - - - - - - - -
- - - - - - - - - - - - QGL DDVRSL - - - - - - - - - - - - -
- - - - - - - - - - - - HGVKR I RSL - - - - - - - - - - - - -
- - - - - - - - - - - - HG I RSVRSL - - - - - - - - - - - - -
- - - - - - - - - - - - HGVKRVRSL - - - - - - - - - - - - -
- - - - - - - - - - - - HG I ANVRSL - - - - - - - - - - - - -
- - - - - - - - - - - - HGL TNL HSL - - - - - - - - - - - - -
- - - - - - - - - - - - FG I EDFRT I - - - - - - - - - - - - -
- - - - - - - - - - - - HG I TDVRSV - - - - - - - - - - - - -
- - - - - - - - - - - - YG I ADVKSL - - - - - - - - - - - - -
- - - - - - - - - - - - NG I AHVRSL - - - - - - - - - - - - -
- - - - - - - - - - - - NG I NHVRSL - - - - - - - - - - - - -
- - - - - - - - - - - - NG I L DVRSL - - - - - - - - - - - - -
- - - - - - - - - - - - HG I EE I MS I - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - NL HTA - - - - - - - - - - - - -
G - - - - - - - - - - - - - - I RFRTA - - - - - - - - - - - - -
G - - - - - - - - - - - - - - I RFRTV - - - - - - - - - - - - -
AQ - - - - - - AEE - - SE I VFKTV - - - - - - - - - - - - -
E I - - - - - - K - - - - - - - KFETV - - - - - - - - - - - - -
K I - - - - - - I - - - - - - - - FHTV - - - - - - - - - - - - -
NQ - - - - - - GREKASQ I VFRTV - - - - - - - - - - - - -
G - - - - - - - - - - - - - - I EL RTA - - - - - - - - - - - - -
G - - - - - - - - - - - - - - I EL RTA - - - - - - - - - - - - -
G - - - - - - - - - - - - - - I EL RTH - - - - - - - - - - - - -
G - - - - - - - - - - - - - - I TFFV I - - - - - - - - - - - - -
D - - - - - - - - - - - - - - I AFFV I - - - - - - - - - - - - -
N - - - - - - - - - - - - - - I AFFV I - - - - - - - - - - - - -
G - - - - - - - - - - - - - - I AFETF - - - - - - - - - - - - -
E - - - - - - - - - - - - - - I DL TVV - - - - - - - - - - - - -
AN - - - - - - - - - L MNHFNL EWI - - - - - - - - - - - - -
VK - - - - - - - - - - ENNKNKD I VQAEL D - - L FE - - -
EKAQAVVTGAG I KKTKSKSAARNERQGGL FGENE
EEETL KKKKSAHPSL FDNQDA - - - - - - - - - - - - -
P - - - - - - - - - - - - YEL AVKTWL - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Y - - - - - - - - - - - FEVL EVGAR - - - - - - - - - - - - -



*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.

pos
ConSurf 

Grade
pos

ConSurf 

Grade
pos

ConSurf 

Grade
pos

ConSurf 

Grade
pos

ConSurf 

Grade
pos

ConSurf 

Grade
1 4 60 9 119 8 178 7 237 2 296 4
2 2 61 8 120 9 179 8 238 6 297 3
3 5 62 9 121 9 180 7 239 1 298 5
4 7 63 9 122 9 181 9 240 1 299 4
5 6 64 7 123 9 182 9 241 8 300 5
6 3 65 7 124 9 183 6 242 6 301 1
7 6 66 9 125 9 184 7 243 6 302 1
8 6 67 7 126 9 185 9 244 5 303 3*
9 7 68 6 127 9 186 7 245 5 304 4
10 6 69 5 128 9 187 8 246 2 305 5
11 8 70 8 129 9 188 9 247 7 306 7
12 7 71 9 130 7 189 9 248 3 307 4
13 5 72 7 131 9 190 3 249 8 308 1
14 6 73 8 132 7 191 4 250 4 309 7
15 5 74 8 133 9 192 8 251 1 310 7
16 3 75 6 134 8 193 9 252 1 311 1
17 9 76 8 135 9 194 6 253 1 312 5
18 7 77 9 136 5 195 8 254 1 313 9
19 4 78 9 137 9 196 7 255 1 314 1
20 6 79 7 138 7 197 8 256 1 315 4
21 8 80 9 139 8 198 9 257 3 316 1
22 6 81 4 140 5 199 9 258 1 317 1
23 4 82 5 141 6 200 9 259 2 318 1
24 7 83 5 142 6 201 8 260 2 319 2
25 9 84 8 143 3 202 5 261 1 320 2
26 9 85 9 144 3 203 9 262 7 321 2
27 6 86 7 145 6 204 2 263 4 322 1
28 6 87 6 146 7 205 2 264 1 323 1
29 6 88 8 147 6 206 8 265 1 324 1
30 8 89 7 148 3 207 8 266 1 325 1
31 9 90 9 149 4 208 5 267 1 326 1
32 4 91 7 150 8 209 4 268 6 327 1
33 8 92 5 151 6 210 4 269 1 328 2
34 7 93 9 152 8 211 4 270 6 329 1
35 7 94 6 153 1 212 6 271 1 330 1
36 8 95 9 154 7 213 9 272 7 331 7
37 7 96 7 155 5 214 7 273 1 332 1
38 7 97 9 156 4 215 9 274 1 333 6
39 6 98 9 157 8 216 9 275 1 334 1
40 9 99 9 158 5 217 6 276 2 335 2
41 6 100 9 159 7 218 2 277 3 336 8
42 8 101 9 160 6 219 9 278 4* 337 5
43 6 102 9 161 7 220 7 279 2 338 5
44 8 103 9 162 6 221 2 280 1 339 1
45 7 104 8 163 9 222 4 281 2 340 1
46 4 105 9 164 6 223 1 282 4* 341 1
47 2 106 9 165 7 224 4 283 1 342 1
48 6 107 9 166 6 225 5 284 1 343 1
49 6 108 8 167 8 226 6 285 4 344 1
50 6 109 9 168 9 227 3 286 5 345 5
51 5 110 9 169 9 228 4 287 6 346 1
52 5 111 8 170 8 229 3 288 3 347 1
53 6 112 8 171 9 230 1 289 3 348 1
54 9 113 9 172 9 231 1 290 3 349 8
55 8 114 7 173 8 232 7 291 2 350 3
56 9 115 7 174 9 233 5 292 5 351 1
57 7 116 8 175 9 234 3 293 1 352 3
58 9 117 7 176 8 235 2 294 4 353 2
59 7 118 9 177 9 236 1 295 3 354 2

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



pos
ConSurf 

Grade
pos

ConSurf 

Grade
pos

ConSurf 

Grade
pos

ConSurf 

Grade
pos

ConSurf 

Grade
355 1 419 6 483 7 547 7 611 8
356 2 420 1 484 4 548 9 612 9
357 1 421 1 485 2 549 8 613 5
358 1 422 6 486 6 550 7 614 7
359 1 423 4 487 9 551 7 615 8
360 1 424 1 488 7 552 8 616 6
361 1 425 2 489 6 553 7 617 8
362 2 426 1 490 8 554 9 618 6
363 3 427 2 491 7 555 7 619 6
364 3 428 1 492 8 556 6 620 9
365 6 429 2 493 7 557 9 621 7
366 1 430 1 494 9 558 7 622 9
367 6 431 1 495 8 559 6 623 7
368 3 432 1 496 7 560 6 624 7
369 1 433 1 497 7 561 8 625 8
370 1 434 2 498 8 562 5 626 7
371 1 435 4 499 5 563 3 627 8
372 1 436 5 500 3 564 5 628 7
373 1 437 5 501 6 565 1 629 7
374 1 438 7 502 1 566 6 630 6
375 6 439 9 503 2 567 3 631 8
376 1 440 9 504 9 568 5 632 8
377 1 441 9 505 3 569 7 633 3
378 8 442 8 506 9 570 3 634 8
379 1 443 9 507 9 571 8 635 8
380 3 444 9 508 9 572 6 636 5
381 6 445 5 509 7 573 5 637 6
382 2 446 8 510 7 574 8 638 6
383 5 447 8 511 7 575 6 639 7
384 1 448 8 512 7 576 6 640 7
385 1 449 7 513 7 577 8 641 8
386 1 450 9 514 5 578 5 642 7
387 1 451 7 515 8 579 8 643 9
388 1 452 6 516 9 580 8 644 9
389 1 453 4 517 8 581 8
390 1 454 3 518 5 582 6
391 1 455 9 519 6 583 2
392 1 456 4 520 6 584 2
393 2 457 4 521 6 585 7
394 2 458 7 522 2 586 5
395 1 459 1 523 5 587 6
396 5 460 2 524 4 588 3
397 3 461 4 525 3 589 4
398 1 462 8 526 6 590 7
399 4 463 6 527 1 591 6
400 3 464 6 528 4 592 4
401 1 465 8 529 1 593 8
402 5 466 5 530 3 594 7
403 3 467 8 531 7 595 4
404 1 468 9 532 1 596 6
405 1 469 7 533 5 597 8
406 6 470 6 534 6 598 9
407 5 471 9 535 8 599 4
408 2 472 1 536 6 600 7
409 1 473 3 537 7 601 7
410 1 474 2 538 3 602 2
411 1 475 3 539 5 603 3
412 1 476 2 540 8 604 4
413 1 477 7 541 7 605 7
414 9 478 5 542 4 606 6
415 4 479 8 543 6 607 8
416 1 480 1 544 9 608 7
417 8 481 7 545 8 609 8
418 9 482 4 546 9 610 7



*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.

pos
ConSurf 

Grade
pos

ConSurf 

Grade
pos

ConSurf 

Grade
pos

ConSurf 

Grade
pos

ConSurf 

Grade
pos

ConSurf 

Grade
1 9 26 7 51 5 76 8 101 4 126 7
2 8 27 1 52 9 77 4 102 7 127 7
3 9 28 3 53 7 78 1 103 6 128 1
4 5 29 4 54 4 79 1 104 8 129 8
5 5 30 7 55 4 80 5 105 6 130 8
6 6 31 5 56 6 81 3 106 7 131 4
7 6 32 7 57 3 82 4 107 9 132 5
8 6 33 1 58 1 83 1 108 4 133 5
9 3 34 3 59 2 84 3 109 7 134 6
10 8 35 8 60 1 85 6 110 8 135 6
11 9 36 6 61 4 86 5 111 4 136 8
12 7 37 2 62 1 87 1 112 9 137 7
13 4 38 5 63 3 88 7 113 5 138 9
14 4 39 9 64 6 89 6 114 5 139 8
15 5 40 7 65 1 90 3 115 9
16 4 41 8 66 7 91 4 116 7
17 1 42 7 67 5 92 7 117 9
18 2 43 9 68 3 93 8 118 7
19 2 44 7 69 7 94 3 119 5
20 1 45 7 70 5 95 6 120 8
21 4 46 7 71 4 96 5 121 6
22 1 47 8 72 8 97 1 122 8
23 2 48 7 73 3 98 1 123 6
24 1 49 9 74 8 99 2 124 6
25 1 50 6 75 7 100 7 125 4

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



FtuTORF1582P/1-544
FphPORF1891P/1-545
CjeCGORF275P/1-491
Cje414ORF430036P950/1-495
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
Rba2150ORF11466P997/1-600
NwaCORF2929P/1-588
CteTORF908P/1-600
Afe10331ORF1394P993/1-595
GprHORF22920P/1-573
DacSPHORF4205P/1-600
AavORF159P/1-600
VpaSORF4593P/1-595
PphBUORF1128P/1-600
NhaXORF582P/1-600
PprDORF237P/1-600
MspMCORF787P/1-600
BtlORF41P1009/1-592
Bps1710ORF259P/1-592
BglBGRORF160P/1-585
BceAMORF20P/1-591
EtaORF3980P/1-600
EcoEDORF2295P/1-600
Mru1279ORF580P/1-550
MsiPORF567P/1-550
DreMORF514P/1-550
DlyBLORF1612P/1-577
MsiBL2ORF1946P/1-584
CtaORF1P996/1-600
MhaPORFAP878/1-550
PhaBI879/1-550
Asu130ORF673P/1-550
AplORF812P/1-550
HduORF1691P/1-550
EmiORF224P/1-550
DdaEORF3047P/1-594
CjaUORF1580P/1-585
HmoORF3004P/1-592
TspX514ORF1828P1032/1-593
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
Pin37ORF2487P/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
Mca5402ORF234P/1-600
Vpa2008ORF448P/1-600
Cps41ORF1462P/1-600
CspLTORFBP/1-600
CklORF3239P/1-600
AorOORF1317P/1-600
EcoPI/1-536
EcoRP15I/1-400
NmeBORF1261P/1-550
MsuORF1026P/1-600
HinR2866ORFAP/1-550
HpaSHORF1827P/1-550
IpoORF2074P/1-550

FtuTORF1582P/1-544
FphPORF1891P/1-545
CjeCGORF275P/1-491
Cje414ORF430036P950/1-495
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
Rba2150ORF11466P997/1-600
NwaCORF2929P/1-588
CteTORF908P/1-600
Afe10331ORF1394P993/1-595
GprHORF22920P/1-573
DacSPHORF4205P/1-600
AavORF159P/1-600
VpaSORF4593P/1-595
PphBUORF1128P/1-600
NhaXORF582P/1-600
PprDORF237P/1-600
MspMCORF787P/1-600
BtlORF41P1009/1-592
Bps1710ORF259P/1-592
BglBGRORF160P/1-585
BceAMORF20P/1-591
EtaORF3980P/1-600
EcoEDORF2295P/1-600
Mru1279ORF580P/1-550
MsiPORF567P/1-550
DreMORF514P/1-550
DlyBLORF1612P/1-577
MsiBL2ORF1946P/1-584
CtaORF1P996/1-600
MhaPORFAP878/1-550
PhaBI879/1-550
Asu130ORF673P/1-550
AplORF812P/1-550
HduORF1691P/1-550
EmiORF224P/1-550
DdaEORF3047P/1-594
CjaUORF1580P/1-585
HmoORF3004P/1-592
TspX514ORF1828P1032/1-593
NhaORF3377P/1-550
SsuSCORF608P/1-600
SmiB6ORF1249P/1-600

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
1
1
1

71
71
69
69
71
91
99
104
102
104
107
104
101
97
99
105
100
104
99
89
105
104
99
103
105
103
100
100
100
100
100
107
102
106
106
99
106
100
108
94
94
94
93
93
99
111
106
104
104
90
110
110
104
107
100
112
103
104
101
115
105
105
107
107
111
110
103
101
105
105
104
104
102
105
80
67
66
67
67
67
67
67
56
92
90
93
96
88
88
94
94
88
118
86
94
90

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ML FEKQQ - YQEDCVNN I VN I L DECDVFNNDYSN - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L KN I I KEHYKTQRYSQFETS - - - - - - - - - - - - - - SKKQ I DVL METGTGKTFTY
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ML FEKQQ - YQEDCVNN I VS I L DECDVFNNDYSN - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L KN I I KEHYKTQRYSQFETS - - - - - - - - - - - - - - NKKQ I DVL METGTGKTFTY
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - M I FEKQE - YQVKC I DN I I TL L KDFDFKRQDN - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L KECL KEFYNNTFL PVQN I S - - - - - - - - - - - - - - DKL NL D I L METGTGKTFTY
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - M I FEKQE - YQVRC I DN I I TL L KEFDFKRQDN - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L KECL KDFYKTTL MPVQN I S - - - - - - - - - - - - - - DKL NL D I L METGTGKTFTY
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - M I FEKQD - YQQEC I NN I I TL L NGFDFKHHNAL V - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L KDCVSKFYATHE I PVKNL S - - - - - - - - - - - - - - GKL NVD I L METGTGKTFTY
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MK I KFKRL D - YQEQCRDQ I L GVFKG I DL REPENDAQR I ANPVFE I GA - - - - - - - - - - - - - - - - - - - - - - - - - - I KDVL L EN I ENL RSKQK I TQG - - - - - - - - SVG I EKSL NCD I L METGTGKTFCF
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L KFNADL DYQRRAVESVVH I FKGQEMSQSNFTVS - - YG - - - - - - - - PDAG - - - M I QTDL GVGN - RL D - - L TPEE I L KNVQD I QVRNGL PRS - - ERL DG - - - - - - - - - MHFT I EMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L KFVSDQQFQL DAVAS I SD I FQGQAVKQANFSVASTMG - - - - - - - - SSAQGEL GYQTEL GYAN - KL D - - L L DDEL L EN I NR I QL RNGL PKS - - TD I QG - - - - - - - - - RNFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L KFDKNL EYQQQA I ASVVDL FRGQTPMHTNFTVSAYN - - - - - - - - - GQ I GL FDTEN - - - G I GN - RL E - - L DEEE I L KNL QEVQL RNGL PQT - - KFL KAGE - - - - - - - YDFD I EMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - I KFDPNQHHQRRAWESAVGVFEGQEL DKAL FSMPSL SK - - - - - - - - NEFETHL TQQSD I GFGN - RL R - - L L PEE I L EN I QN I QL RNGL KQT - - KEL KS - - - - - - - - - FDFT I EMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L KFNSDL DYQKES I SS I VN I FKGQTPAQSNFTVSAMM - - - - - - - - - DKAGTEGKL I TNL GVGN - KL E - - L DEED I L KNVKE I QL KNGL KPSSEKD I KKNN - - - - - - - YYFT I EMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L QFNPNL DFQQEA I RS I VD I FEGQP I THSNFTVANL S - - - - - - - - - GQ I G I H - - - ETN I GVGN - KL DPSFDEED I L KNVRK I QL RNGL PQT - - EN I EKDD - - - - - - - YHFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - ME - - - - L NFESNL EYQQDA I GS I VDL FNGQASDNSPFQL GGFYR - - - - - - - - TGKT - - - - - ASN I G I GN - RL D - - L RED I I L EN I RKVQL KNE I TPT - - DN I NKSK - - - - - - - L KFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L KFK - QQEFQNDAVKSV I DL FKGQPRRNSS I FL HSEQG - - - - - - - - QL AL N - - - - - - EFGCGN - QL L - - I SDES I L ANL QEVQQNNKL L AS - - KTL EQ - - - - - - - - - KQFS I EMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEDNL DYQL DA I RAVTD I FKGQERNASL FSVSKTY - - - - - - - - AKGM I ES - - - - - DKG I GN - RL EL - - L DDEL QENL NA I QL RNGL RPT - - HSL TSG - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEDNL DYQHAA I ESVVDL FKGQE I NRTEFTVTHRSGDA - - AQGSFG I TES - - - - - AL G I GN - KL EL - - L DDE I L ENMRAVQL RGGL RPS - - ESL TSG - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEDDL DYQKAA I DSVVSL FKGQE I SRSEFTV I SPKN - - - - - - - VTGQVDT - - - - - SL G I GN - RL VL - - VDEE I EENL RKVQL QNGL RPT - - KKL ASG - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEPNL DYQL QA I EAVCDL FRGQE I CRTEFTVTRQTSL - - - - - - - - AFAKSDPGVGDL GVGN - RL TL - - L DDE I L ANL RDVQ I RNGL APS - - ETL ASG - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEPNL DYQWQA I EAVCDL FRGQE I CRTEFTVTRDPAD - - - - - - - - GVAQN - - - - - EL G I GN - RL ML - - L DDEL L KNL ND I QL RNGL PPS - - ESL ASG - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEPNL DYQMQA I EAVCDL FRGQEVCR - - - - - - - - - - - - - - - - - - L GMAES - - - - - DL GVGN - RL TL - - L DDEL HKNL AD I QL RGGL APS - - GAL ASG - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEPNL DYQMQA I EAVCDL FRGQEVCRTEFTVTMKL PDD - - VQMSL GVAQS - - - - - DL GVGN - RL TL - - L DDEL L KNL AD I QL RGGL PPS - - SSL TSG - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEPDL DYQKQA I ESVCDL FRGQEVCRTEFTVTMRL PEQ - - - QL TL GVAET - - - - - DL GVGN - RL TL - - L DDQL L KNL QDVQMRNGL APA - - GTL ASG - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEPNL DYQL QA I EAVCDL FRGQEACRTEFTVTMKL PD - - - - - - - - GVAET - - - - - DL GVGN - RL TL - - L DDQL L QNL RDVQL RGGL APS - - SML ASG - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEPNL DYQL QAVEAVCDL FRGQE I CRTEFTVTMPTTKD - - - - MQFPGMES - - - - - DL G I GN - RL TL - - L DDDL L KSL HD I QL RNGL PPS - - GTL ASG - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEPDL DYQHTA I EAVCDL FRGQE I NRTEFTVTRRPDGG - - VQGEL GL VEN - - - - - ERG I GN - RL TL - - L DDE I I TNL KD I QL RNGL PPS - - GNL ASG - - - - - - - - - DFTVEMETGPGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEPNL DYQHAA I EAVADL FRGQE I CRTEFTVTSG - - TG - - EQHL L AFAQN - - - - - DL G I GN - RL QL - - L EDEL L ANL RD I QL RNGL RPS - - DSL SSG - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MK - - - - L HFEPDL DYQL AA I ESVCAL FRGQE I GRTEFTVTL PSGT - - - - - - - L DYGED - - - - - RL G I GN - RL KM - - L EDEVHANL KEAQL RNGL RPA - - SSL ATM - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MQ - - - - L HFESDL DYQL EA I EAVCGL FRGQEACRAEFSVT - - - - - - - AQAARRGMAES - - - - - GL GVGN - RL TL - - DAHTFAENL ARVQVRNGL PPS - - GAPRSN - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MQ - - - - L HFESDL DYQL EA I EAVCDL FRGQEACRAEFSVT - - - - - - - AQAARRGMAES - - - - - GL GVGN - RL TL - - DAHTFAENL ARVQVRNGL PPS - - GAPSSN - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - ME - - - - L HFEADL DYQREAVDAVCDL FRGQDAPRAAFSVT - - - - - - - AAGGGL GVAET - - - - - AL AVGN - RL AL - - EPAAL ARNL AEVQARGGL PPS - - GAL VST - - - - - - - - - DFTVEMETGTGKTYVY
- - - - - - - - - - - - - - - - - - - - - - - - - - - MR - - - - L HFEADL DYQREA I DAVCDL FRGQESYRGDFSVL - - - - - - - ANAAPGGFAVS - - - - - EQGVGN - RL SL - - TDDAL ARNL ADVQL RGGL PPS - - GL PGSR - - - - - - - - - DFTVEMETGTGKTYVY
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- - - - - - - - - - - - - - - - - - - - - - - - - - - - - MSKHL NFENNL KHQNDA I ES I VDVFRDAG I Y - - - - - ETTPHSNYNL AKD - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - RDV I DSN I ER I RGE - - - KKL STL KKEYKEGDPL I L D I HMETGTGKTYTY

72
72
70
70
72
92

100
105
103
105
108
105
102
98

100
106
101
105
100
90

106
105
100
104
106
104
101
101
101
101
101
108
103
107
107
100
107
101
109
95
95
95
94
94

100
112
107
105
105
91

111
111

195
195
193
193
195
211
222
228
224
225
228
225
222
218
222
228
223
226
221
211
227
226
221
227
227
226
222
222
222
222
222
229
227
228
228
221
228
221
233
214
214
214
213
212
220
234
229
226
224
204
232
232

I KT I FE I NKQFGKTKF I I VL PRTA I KQG - - V I QN I KL TDEYFYNEYG - - - - - - - - - - KHL KF I DYTGKDS - - - - - - - - L SAVQQSF - I RNESDL TVL VSTNSAFNKDA - - - - NT I NQ - - - - - - - AKEDL VE - HSSVWEA I ADKKP I VF I DEPHL L KG
I KT I FE I NKQFGKTKF I I VL PRTA I KQG - - V I QN I KL TNEYFYNEYG - - - - - - - - - - KHL KF I DYTGKDS - - - - - - - - L SAVQQSF - I RNESDL TVL VSTNSAFNKDA - - - - NT I NQ - - - - - - - AKEDL I E - HSSVWEA I ADKKP I VF I DEPHL L KG
L NL I FEL HRQFKQNKF I I FVPRKA I L ES - - VKQN I EL TK I YFYSEYQ - - - - - - - - - - KYL KVYYYSDGKS - - - - - - - - QSA I I NHY - I NNKDEL SVL VL TNSA I DKKT - - - - NL L NQ - - - - - - - QNESL SE - FKSVFEN I I DL KP I S I I DEPHL L KG
L NL I FEL HK I YKQNKF I I FVPRKA I L ES - - VKQN I EL TKTYFYSEYQ - - - - - - - - - - KYL KAYYYSDSKS - - - - - - - - QNA I I NHY - I KNKNEL SVL VL TNSA I DKKA - - - - NL L NK - - - - - - - QNENL FN - I KSVFEN I VDL KP I S I I DEPHL L KG
L NL I FAL HKAYKQNKF I I FVPRKA I L ES - - VKQN I RL TKDYFHL EFK - - - - - - - - - - RHL KTYTYEGAKS - - - - - - - - QSN I I NHY - I KNQDEL SVL L L TNSA I DKGA - - - - N I L NK - - - - - - - NSENL FN - TKS I FEN I AGL KP I S I I DEPHL L KG
L ECVYAL HKNYHL SKF I VL VPSNA I KL G - - VL KSVE I TREFFKSEYS - - - - - - - - - - THL ESY - - - - - - - - - - - - - - - - EDVERF I - L ASNHKCCVL VMTFSAFNSEK - - - - NT I NQSCL - - - - ENTNL FNGAKSYMQAL AS I RP I V I MDEPHRFL G
L RT I YEL HKHYGFTKFV I VVPSVA I REG - - VYKSL Q I TRDHFDEL YD - - - - - - - - RTP - VEYF I YDSQK - - - - - - - - - - L DQVRN - - FATATT I Q I M I I N I DAFRKS - D - KANV I HRP - - - - - - NDRL NGY - - - RP I EF I QQTNP I V I I DEPQSVDT
I RT I YEL NKL YGFTKF I I VVPSVA I REG - - VNKSL E I MEEHFKSL YE - - - - - - - - GAN - CDYF I YDSSK - - - - - - - - - - L GQL RT - - FATSSN I Q I MV I N I DAFRKSPD - KAN I I HRE - - - - - - HDRMNGR - - - RP I EF I QQTNP I V I I DEPQSVDR
L RT I FEL HKNYGFSKF I I VVPS I A I KEG - - VYKTL Q I TEEHFKEL YD - - - - - - - - NT I - YHYF I YDSSK - - - - - - - - - - L EQVRS - - FAVSDN I E I MV I N I DAFRKS - - - KAN I I HRT - - - - - - NDRL NGM - - - KP I EL I QETRP I V I I DEPQSVDT
L RS I FEMNKRYGFSKF I I VVPS I A I KEG - - VFKTL EMARAHFKEQYD - - - - - - - - N I P - FDYFVYDSSR - - - - - - - - - - L EKVRS - - FASNDY I Q I MV I N I DAFRKS - - - SAN I I HRW- - - - - - NDKMQG - - - - VP I DF I KSTHP I V I I DEPQSVDT
L RT I FEL NKQYGFTKF I I VVPSVA I KEG - - VMKS I D I MTEHFKEL YE - - - - - - - - NV I - FKAYEYKSKN - - - - - - - - - - L DL I RE - - FATSDY I R I MVMT I QSFNKD - - - - TNV I NMD - - - - - - HEKTNGV - - - KPL EF I KETNPFV I I DEPQSTVS
L RTL FEL NQKYGFKKF I I VVPSVA I KEG - - VVKS I N I MSDHFKL L YD - - - - - - - - NVM - FRAYEYQSQN - - - - - - - - - - I ER I RD - - FATSDH I Q I MVMT I QSFNKD - - - - KNV I NND - - - - - - HERTNGL - - - KP I EF I RDTNP I VV I DEPQSTVS
L RS I FEL NKNYGFTKF I I VVPSL A I KEG - - VKKTL D I TRNHFKGL YD - - - - - - - - NP I - YNYFVYNSSR - - - - - - - - - - L ND I HN - - FVVDNN I N I M I I N I DSFNKD - - - - L NL I NQP - - - - - - QDTL QGN - - - RP I DL I AQTNPF I I I DEPQS I TA
SKT I FEL NQRYGFTKF I I VVPSVA I REG - - VYKSL QVTREHFQAEFD - - - - - - - - NL P - YRYF I YNSKD - - - - - - - - - - L SQ I RQ - - FASSTN I E I M I I N I DAFKKA - - - - EN I I NL P - - - - - - QDRL NGE - - - SAMRY I QDTNP I V I I DEPQSVDN
L RT I FEL NKRYGFTKFV I VVPSVA I KEG - - VYKTL Q I TRDHFENL YP - - - - - - - - ESKGYDYFSYDSSK - - - - - - - - - - MGQVRN - - FATSPNVQ I MVVTVGA I HKK - - - DVNNL YKE - - - - - - SEKTGGD - - - KP I DL VKATHPV I I VDEPQSVDG
L RT I FEL NKRYGFTKFV I VVPSVA I KEG - - TYKTL QVTREHFENL YP - - - - - - - - MAKGYEYFQYDSGK - - - - - - - - - - PGTVRN - - FATSPNVQ I MVVTVGA I NKK - - - DVNNL YKE - - - - - - SEKTGGE - - - KP I DL VRATNP I I I VDEPQSVDG
L RT I FEL NKNYGFTKFV I VVPSVA I KEG - - TYKTL Q I TQEHFEGL YP - - - - - - - - KAKGYEYFL YDSSK - - - - - - - - - - L GQVRN - - FATSSN I Q I MVTTVGA I NKK - - - DVNNL YKE - - - - - - NENTGGE - - - KP I DL VRATNP I I I VDEPQSVDG
L RT I FEL NKRYGFTKFV I VVPSVA I KEG - - VYKSL Q I TEEHFKSL YA - - - - - - - - GVP - FDYFL YDSAK - - - - - - - - - - L GQVRS - - FATGAN I Q I MVVTVGA I NKK - - - DVNNL YKD - - - - - - SEKTGGE - - - KP I DL I RATRP I V I VDEPQSVDG
L RT I FEL NKRYGFTKFV I VVPS I A I KEG - - VYKTL Q I TEDHFKSL YS - - - - - - - - GVP - FDYFL YDSSK - - - - - - - - - - L GQVRN - - FATSAN I Q I MVMTVGA I NKK - - - DVNNL YKE - - - - - - SEKTGGE - - - KP I DL I KATRP I V I VDEPQSVDG
L RT I FEL NKRYGFSKFV I VVPSVA I KEG - - VYKTL Q I TEDHFKGL YA - - - - - - - - GVP - FDYFL YDSSK - - - - - - - - - - L GQVRN - - FATSSN I Q I MVVTVGA I NKK - - - DVNNL YKD - - - - - - SEKTGGE - - - KP I DL I KATRP I L I VDEPQSVDG
L RS I FEL NKRYGFTKFV I VVPSVA I KEG - - VYKTL Q I TEEHFKGL YA - - - - - - - - GVP - FDYFL YDSGK - - - - - - - - - - PGPVRN - - FATSSN I Q I MVVTVGA I NKK - - - DVNNL YKE - - - - - - SEKTGGE - - - KP I DL I KATRP I I I VDEPQSVDG
L RT I FEL NKRYGFTKFV I VVPSVA I KEG - - VYKSL Q I TEEHFKAL YA - - - - - - - - GVP - VDFFL YDSAK - - - - - - - - - - L GQVRN - - FATSSA I QVMVVTVGA I NKK - - - DVNNL YKD - - - - - - SEKTGGE - - - KP I DL I RATHP I V I VDEPQSVDG
L RT I FEL NKRYGFTKFV I VVPSVA I KEG - - VYKSL Q I TEEHFKG I YA - - - - - - - - GVP - VDFFL YDSGK - - - - - - - - - - L GQVRN - - FATSST I QVMVVTVGA I NKK - - - DVNNL YKD - - - - - - SEKTGGE - - - KP I DL I KATRP I V I VDEPQSVDG
L RT I FEL NKRYGFTKFV I VVPSVA I KEG - - VYKTL Q I TEDHFKGL YA - - - - - - - - GVP - FEYFL YDSSK - - - - - - - - - - L GQVRN - - FATSSQ I Q I MVMTVGA I NKK - - - DVNN I YGKGA - - - - NESTGGE - - - KP I DL VKAVRP I L I I DEPQSVDG
I RTVFEL NKRFGFTKFVVVVPSVA I KEG - - VYKTL Q I TEDHFKGL YS - - - - - - - - GQP - FDYFL YDSGK - - - - - - - - - - L GQVRN - - FATSPT I Q I MVVTVGA I NKK - - - DVNNL YKD - - - - - - SEKTGGE - - - AP I DL I RATRPV I I VDEPQSVDG
L RT I FEL NKRYGFTKFV I VVPSVA I KEG - - TNKTL E I TRDHFEGL YP - - - - - - - - AAKGYEFFQYDSSK - - - - - - - - - - L GQVRN - - FATSPNVQ I MVVTVGA I NKK - - - DVNNL YKD - - - - - - SEKTGGE - - - KP I DL I RATSP I I I VDEPQSVDG
L RT I FEL HRRYGFTKFV I VVPSVA I KEG - - VYKS I Q I MEEHFRGL YA - - - - - - - - NAP - FEYFL YDSGK - - - - - - - - - - L GQVRN - - FATSPN I Q I MVVTVGA I NKQ - - - DVNNL YKE - - - - - - SEKTGGE - - - KP I DL VRATRPVL I VDEPQSVDG
L RT I FEL HRRFDFTKFV I VVPSVA I KEG - - VYKTL Q I TERHFRRL YA - - - - - - - - GVP - FDYFVYDSAK - - - - - - - - - - L GEVRS - - FASKSTVQ I M I VTVAA I NKK - - - DVNTL YKD - - - - - - SEQTGGE - - - KP I DL I RAAHP I V I VDEPQSVDG
L RT I FEL HRRFDFTKFV I VVPSVA I KEG - - VHKTL Q I TEQHFRRL YA - - - - - - - - GVP - FDYFVYDSAK - - - - - - - - - - L GEVRS - - FASKS I VQ I M I VTVAA I NKK - - - DVNTL YKD - - - - - - SEHTGGE - - - KP I DL I RATHP I V I VDEPQSVDG
L RTL FEL HRRYGFTKFV I VVPSVA I KEG - - VHKTL DVTRSHFRRL YD - - - - - - - - GVP - FDYFL YDSTR - - - - - - - - - - L GQVRR - - FATSATVQ I MVATVAA I NRK - - - DVNNL YKP - - - - - - SEKTGGE - - - KP I DL I RATRP I L I VDEPQSVDG
L RT I FEL NRRYGFTKFV I VVPS I A I KEG - - VHKTL S I TEDHFRAL YA - - - - - - - - GVP - YDYFL YDSAK - - - - - - - - - - L GQVRH - - FAASAA I Q I MVMTVAA I NKK - - - E I NNL YKD - - - - - - SEKTGGE - - - KP I DL I RATRP I V I VDEPQSVDG
L RTL FEL NKRYGFSKFV I VVPSVA I KEG - - VYKTL QTTEDHFKGL YA - - - - - - - - GVT - FDYFL YDSGK - - - - - - - - - - L GQVRN - - FATSPH I Q I MVMTVGA I NKR - - - DVNNL YKN - - - - - - GEKTGGE - - - KP I DL I KATHPV I I VDEPQSVDG
L RTML EL NKRYGMSKF I I VVPSVA I KEG - - VYKTL Q I TEEHFKSL YA - - - - - - - - GVP - YEYYL YDSAK - - - - - - - - - - PADVRN - - FATSSVMQ I MVMTVGA I NKK - - - DVNKL YQS - - - - - - SEKTTVDDL DKP I DL I RATRP I I I VDEPQSVDG
L RT I YEL HRL YGFKKF I VAVPSVA I REG - - VL SNL RL TKEHFDTL YG - - - - - - - - NVPVD - YWVYDSKQ - - - - - - - - - - VSRL RS - - FATENTL Q I L I I N I DAFNKPSN - - - NV I FL P - - - - - - NDRL SGF - - - CP I EF I RAAHP I V I VDEPQNFES
L RT I YEL HRL YGFKKF I VAVPSVA I REG - - VL SNL RL TKEHFGAL YG - - - - - - - - NVPVD - YWVYDSKQ - - - - - - - - - - VSRL RS - - FATESTL Q I L I I N I DAFNKPGN - - - NV I FL P - - - - - - NDRL SGF - - - RP I EF I RAARP I V I VDEPQNFES
L RT I HEL YAQYGFTKF I I VVPSVA I REG - - VL KNL S I TKEHFQG I YG - - - - - - - - NQPFD - YWVYDSKR - - - - - - - - - - VSSL RQ - - FASSNQL Q I L V I N I DAFNKKEN - - - NV I HKE - - - - - - NDRL SGR - - - KP I EF I QATQP I V I VDEPQNMES
L RT I FEL SKKYGFQKF I I VVPSVA I REG - - VL KN I E I TKDHFRAL FN - - - - - - - - N I PFE - HFVYDGKK - - - - - - - - - - VNQL RQ - - FA I SNTL Q I M I I N I DAFRKNKS - - - NV I YKE - - - - - - SDRL SGR - - - QP I EFVQAARP I V I I DEPQSVDA
L RT I FEL NKTYGFKKF I I VVPSVA I REG - - VL KS I EVTKEHFHTL YD - - - - - - - - NAPFD - HFVYDSKR - - - - - - - - - - L GKVRQ - - FATSNQ I Q I MV I N I QSFQKDL N - - - - V I NRE - - - - - - NDRMSGR - - - RP I EF I QAASPVV I I DEPQSVDT
L RTVFEL NRL YGFRKFVVVVPSVA I REG - - VTTSL VL MRDHFRDL YD - - - - - - - - NVAFD - SFVYNSRD - - - - - - - - - - L SRVRQ - - FAVNNE I Q I MV I N I QAFAKDAEKAGNV I HQE - - - - - - QDRMSGR - - - KP I DFVRATNP I V I I DEPQSVDT
L RT I FEL NRQYGWQKFV I VVPSVA I REG - - VL HTL ETTKSHFNTVFD - - - - - - - - NPSVNQKFEYKSNQ - - - - - - - - - - TSRL KS - - FASANH I E I L VMN I DAFTKESN - - - - V I NTV - - - - - - NE - - SGD - - - AP I FY I QQANP I V I I DEPQNMET
L RT I FEL NRQYGWQKFV I VVPSVA I REG - - VL HTL ETTKSHFNTVFD - - - - - - - - NPSVNQKFEYKSNQ - - - - - - - - - - TSRL KS - - FASANH I E I L VMN I DAFTKESN - - - - V I NTV - - - - - - NE - - SGD - - - AP I FY I QQANP I V I I DEPQNMET
L RT I FEL NKQYGWQKFV I VVPSVA I REG - - VL HTL D I TQTHFNHVFD - - - - - - - - KPSVSPKFEYKSNQ - - - - - - - - - - L SRL KT - - FANSNH I E I L VMN I DAFAKDSN - - - - V I NT I - - - - - - NE - - SGE - - - AP I SY I QKANP I V I I DEPQNMET
L RT I FEL NREYGWQKFV I VVPSVA I REG - - VL HTL ETTRQHFATL FD - - - - - - - - NVSVNQKFEYKSNQ - - - - - - - - - - L SRL KQ - - FAENHN I E I L V I N I DSFAKDSN - - - - I I NTL - - - - - - NE - - SGV - - - AP I HY I QQTRP I VM I DEPQNMET
L HT I FEL NKQYGWQKFV I VVPSVA I REG - - VQQTVRTTAEHFTNL FD - - - - - - - - KPTVN - TTVYRSDR - - - - - - - - - - L NAL RS - - FATNNQ I E I L I MN I DSFKKDDN - - - - V I NR I - - - - - - NE - - SGE - - - AP I L Q I SQTQP I V I I DEPQNMET
L RT I YEL NKQYGFKKFV I VVPS I A I KEG - - VL KNL E I THEHFQGL YE - - - - - - - - NTSVK - FQVYDSAK - - - - - - - - - - VSAL RG - - FADSNN I E I L V I N I DSFAKDEN - - - - VVNNE - - - - - - NDKL TGK - - - KP I EF I QATNP I V I VDEPQNMET
L RTVFEL AKKYGFTKF I VL VPSVA I REG - - VNTS I RL MREHFRSL YP - - - - - - - - AQPFD - ANVYSGDK - - - - - - - - - - AEEVQA - - FATATNVQ I L VMT I DA I RGNKN - - TR I I HQQ - - - - - - RDKL NGL - - - RPL DYL KGTHPVV I MDEPQNMES
L RT I FEL AEKYGFTKF I I L VPSVA I REG - - VNTS I RL MRSHFRDL YP - - - - - - - - AQPFD - SGVYSGER - - - - - - - - - - AEEVQA - - FATATNVQ I MVMT I DA I RGDKN - - TR I I HQQ - - - - - - RDKL NGL - - - RP I DYL KATRPVV I MDEPQNMES
L RT I L EL YRAYGFTKFM I VVPT I A I RKG - - VEKTMAML REHFKG I YDG - - - - - - - L D I MNHAFVYDSKN - - - - - - - - - - L KK I SSS - FVETRDL S I VVMN I QAFNKD - - - - SNK I RQS - - - - - - - DEYGQ I - - - - L WED I RY I HP I V I I DEPQK I EG
L RT I L EL YKNYNFL KF I I VVPTVA I RKG - - VEKN I E I L KEHL KTL YD - - - - - - - - L D I SNYAFVYDSNN - - - - - - - - - - L NKL MD - - FVEARDL R I V I MN I QAFNKD - - - - SNK I RRE - - - - - - - DERGRV - - - - L WDL I KYTKP I V I I DEPQRL EG
L RT I FEL HRRYGL HKF I I VVPSVA I REG - - TL AQL CL TKGHFRE I YA - - - - - - - - - - TEAEVTEYDSKN - - - - - - - - - - L TQVRS - - FCVSNHL S I MVMNKQAFDSD - - - - AK I I NDE - - - - - - - NRDGGN - - - - L MEML RQVQP I I I MDEPQ - - - -
I RTL MEL NKQYGWL KF I I VVPS I A I REG - - VL KSFE I MADHFQMEYG - - - - - - - - - - KKPRYFVYDSS - - - - - - - - - - RL GEL DK - - FANSSD I QVM I I NSQAFNATG - ADARR I HTE - - - - - - - - - QESFRWRKP I DV I AATNP I L I I DEPQSVE -
I RT I MEL NKRYGWL KFV I VVPSVA I REG - - VL KSL Q I MSSHFQVEYG - - - - - - - - - - KQPRYFVYDSS - - - - - - - - - - RL GDL DS - - FANSSDL Q I MV I N I QAFNAKG - KDARR I HSE - - - - - - - - - QESFRWRRP I DVL AAMNP I M I I DEPQSAN -

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
Pin37ORF2487P/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
Mca5402ORF234P/1-600
Vpa2008ORF448P/1-600
Cps41ORF1462P/1-600
CspLTORFBP/1-600
CklORF3239P/1-600
AorOORF1317P/1-600
EcoPI/1-536
EcoRP15I/1-400
NmeBORF1261P/1-550
MsuORF1026P/1-600
HinR2866ORFAP/1-550
HpaSHORF1827P/1-550
IpoORF2074P/1-550

FtuTORF1582P/1-544
FphPORF1891P/1-545
CjeCGORF275P/1-491
Cje414ORF430036P950/1-495
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
Rba2150ORF11466P997/1-600
NwaCORF2929P/1-588
CteTORF908P/1-600
Afe10331ORF1394P993/1-595
GprHORF22920P/1-573
DacSPHORF4205P/1-600
AavORF159P/1-600
VpaSORF4593P/1-595
PphBUORF1128P/1-600
NhaXORF582P/1-600
PprDORF237P/1-600
MspMCORF787P/1-600
BtlORF41P1009/1-592
Bps1710ORF259P/1-592
BglBGRORF160P/1-585
BceAMORF20P/1-591
EtaORF3980P/1-600
EcoEDORF2295P/1-600
Mru1279ORF580P/1-550
MsiPORF567P/1-550
DreMORF514P/1-550
DlyBLORF1612P/1-577
MsiBL2ORF1946P/1-584
CtaORF1P996/1-600
MhaPORFAP878/1-550
PhaBI879/1-550
Asu130ORF673P/1-550
AplORF812P/1-550
HduORF1691P/1-550
EmiORF224P/1-550
DdaEORF3047P/1-594
CjaUORF1580P/1-585
HmoORF3004P/1-592
TspX514ORF1828P1032/1-593
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
Pin37ORF2487P/1-600
AplJORF655P/1-597
TspJRORF1073P/1-589
PthSORF151P/1-600
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I KTMFEL NKRYGWNKF I VVVPS I AVREG - - VQKSFQMMEDHFKEKYE - - - - - - - - - - KKAHTC I YNSK - - - - - - - - - - NL TE I DD - - FSSRADL SVM I I NVQAFNARG - KDARR I RME - - - - - - - - - L DEFASRRP I DV I KANRP I V I L DEPQKMG -
I KT I FEL NKRYGWSKF I VVVPS I A I REG - - VKKTFA I TQEHFMEHYG - - - - - - - - - - KKARHFVYNSK - - - - - - - - - - NL AEL DN - - FSSSAG I NVM I I N I QAFNTS - - - EARR I YEE - - - - - - - - - L DDFGSRRP I EV I KANRP I L I L DEPQKMG -
I KTMFEL NKQYGWSKF I VVVPS I A I REG - - VAKSFRML EEHFMEHYG - - - - - - - - - - KKARWF I YNSG - - - - - - - - - - NL QQL DS - - FSSDSGL SVM I I NTQAFASS - - KESR I I YSE - - - - - - - - - RDEFGSRRP I DV I AANRP I I I MDEPQKME -
TKTML EL NRL YGWCKF I VVVPSVA I REG - - VAKSL ENTQEHFFSQYH - - - - - - - - - - KK I RFF I YDSD - - - - - - - - - - NL TEL DA - - YSQSSDVNCMV I NMQAFNAS - - - AAR I I FDE - - - - - - - - - RDEFSSRRP I DV I AANRP I V I CDEPQKMGK
I KTML EL NKQYGWSKF I I VVPS I A I REG - - I AKTFESTSEHFKQAYG - - - - - - - - - - I G I RHF I YNSSPS - - - - - - - - QL AK I EA - - FASDAG I NV I I VNTQAFNARG - ADARR I DM I - - - - - - - - - L DQFRGRRP I DV I AATNP I M I I DEPQSVL G
I RTMFEL NKHYGWSKF I I VVPS I A I REG - - VDKSFKL MEEHFQQEYG - - - - - - - - - - KKARCF I YDSKS - - - - - - - - - - L HHL EN - - FSADSG I NVM I I NVQAFNATG - KDQRR I YEE - - - - - - - - - L DEFQSRRP I DV I RKNRP I L I L DEPQKM - -
I RTMFEL NRQYGWSKF I I VVPS I A I REG - - VDKSFSMMSEHFQQEYG - - - - - - - - - - KKARFF I YDSKA - - - - - - - - - - L HHL EN - - FSADGGL NVM I I NVQAFNATG - KDARR I HEE - - - - - - - - - L DEFQSRRP I DV I AKNRP I L I L DEPQKM - -
VKTFFEMNKRYGWTKF I VVVPS I A I REG - - VL KSL E I TAEHFTESYG - - - - - - - - - - KKARFFAYNSRQ - - - - - - - - - - L HHL ES - - FSSDAG I NVMV I N I QAFNATG - KDNRR I YDE - - - - - - - - - L DEFQSRKP I DV I SSNRP I L I L DEPQKM - -
I KT I FEMNKRYGWSKF I VVVPSVA I REG - - VYKSL E I TADHFTENYG - - - - - - - - - - KKARFF I YNSKQ - - - - - - - - - - L HHL ES - - FSSDAG I NVMV I N I QAFASRG - ADNRR I YDE - - - - - - - - - L DDFQSRKP I DV I AANRP I L I L DEPQKM - -
I KT I FEMNKRYGWSKF I I MVPS I A I REG - - VHKSL Q I TADHFTESYG - - - - - - - - - - KKARFF I YNSKR - - - - - - - - - - L HEL ES - - FSSDAG I NVMV I N I QAFAARG - ADNRR I YEE - - - - - - - - - L DDFQSRKP I DV I ASNRP I L I L DEPQKM - -
I KT I FEL NKL YGWSKF I I VVPSVA I REG - - VAKSL E I TAEHFL ETYR - - - - - - - - - - KKARFF I YNSKQ - - - - - - - - - - L HHL ES - - FSSDAG I NVMV I NVQAFASRG - AENRR I YDV - - - - - - - - - L DDFQSRRP I DV I SANRP I M I L DEPQKM - -
I KT I FEL NRQYGWSKF I I VVPS I A I REG - - VAKSL AMTAEHFQETYN - - - - - - - - - - RKARFF I YNSRQ - - - - - - - - - - L HHL ES - - FSSDAG I NVMV I NVQAFAARG - ADNRR I YEE - - - - - - - - - L DDFQSRKP I DV I SANRP I L I L DEPQKM - -
I KTVFEL NKQYGWSKFV I VVPS I A I REG - - VAKSL E I TAEHFQETYH - - - - - - - - - - KKARFF I YNSKQ - - - - - - - - - - L HHL ES - - FSSDAG I NVMV I NVQAFNATG - KDNRR I YEA - - - - - - - - - L DDFQSRRP I DV I SANRP I L I L DEPQRM - -
VKS I FEL NKHYGWSKF I I VVPS I A I REG - - VHKTL E I TAEHFL EDYS - - - - - - - - - - KRARFF I YNSKD - - - - - - - - - - L HQ I EN - - FSSDGG I NVMV I NVQAFNARG - KDARR I YEE - - - - - - - - - L DDFQTRRP I DV I KANRP I M I L DEPQKM - -
I KT I FEL NRQYGWSKFV I I VPSVA I REG - - VKKSFE I TADHFQQEYG - - - - - - - - - - KKARSF I YNSSQ - - - - - - - - - - L HE I ES - - FSSNTD I NVM I I N I QAFNASG - KDNRR I YEE - - - - - - - - - L DDFGSRKP I DVL SANRP I L I L DEPQKM - -
I RTMFEL NKKYGWSKF I VVVPS I A I REG - - VYKSFQ I TEDHF I NDYG - - - - - - - - - - I KARYF I YNSKQ - - - - - - - - - - L HN I ES - - FASDAG I NVM I I NSQAFNARG - KDARR I YME - - - - - - - - - L DDFQSRRP I DV I AQTNP I L I I DEPQSV - -
I KTMFEL FKRYGWGKY I VVVPS I A I REG - - VKKSFE I TEEHFMEQYG - - - - - - - - - - RKARYF I YNSRQ - - - - - - - - - - L HK I DQ - - FASDPG I NVM I I NTQAFNARG - KDARR I YME - - - - - - - - - L DEFQSRMP I DV I AQTNP I M I I DEPQSV - -
I RTMYEL HQL YGWSKF I VVVPS I A I REG - - VYKSFQVMQDHFQERYG - - - - - - - - - - HR I SPF I YNSSR - - - - - - - - - - PQD I ES - - FASDSR I SVM I I NTQAFNAKG - KDARR I YME - - - - - - - - - L DQFGTRKP I E I I AQTNP I L I I DEPQSV - -
TKTMYEL NKHYGWNKF I I MVPSVA I REG - - VHKSL E I TADHFQE I YG - - - - - - - - - - KK I RFS I YNTQNK - - - - - - - SNL I N I KS - - FANTSN I EVL I MNYQAFATTS - QESRK I YQK - - - - - - - - - L DTL QSERP I D I I KRARP I L I I DEPQRMG I
I KT I FEL NKRYGWCKF I I VVPSVA I REG - - VHKSL E I MKEHFASDYS - - - - - - - - - - TPL SYF I YDSKQ - - - - - - - - - - L GEL NA - - FVTDSK I HVM I I NSQKFNATN - KDARR I YMK - - - - - - - - - L DDFGGNCP I DV I AQMNP I L I I DEPQSV - -
I KTMYEL NQRYGWSKF I I VVPS I A I REG - - VFKSFESMAEHFAGEYG - - - - - - - - - - KRMQYF I YNSKQ - - - - - - - - - - L SK I DG - - FAQDNG I HVMV I NTQAFNASMNEEAR I I FSR - - - - - - - - - RDEFGSRRP I D I L AKTNP I M I I DEPQSV - -
I NT I FEL NKRYNWTKF I I VVPS I A I REG - - VYKSFEDMEEHFL A I YG - - - - - - - - - - KK I NYFVFNSSK - - - - - - - - - - I NDVMS - - FARDDG I NVM I I NNQAFNKT - - - ESNT I HNS - - - - - - - - - NNEYG - VAP I EY I NTTNP I M I I DEPQSVEG
L QT I MAL HKRFHENKF I I VVPSRA I KAG - - VEDNL KKVQVYL SD I YN - - - - - - - - - TDKYHYFVYDSKQ - - - - - - - - - - I AQL QS - - - FEGNGFE I ML TT I QAFNKN - - - - TNV I NQEY - - - - - - - - NEGFFGGKPL DQ I REANP I V I I DEPQSVDS
TRL MYEMHQQYG I FKFV I VVPSPA I KEGAKNF I QSDYAKQHFSQFYEN - - - - VR I EL NV I NAGDFKSKSG - RRNFPAQL L NFVEGS - RQNSNT I EVL L I NADML RS - - - - - - KSMRNN - - - - - DYDQTL I GGTTSP I EA I QDTRPVV I I DEPHRFPR
TRL MYEL HQKYGL FKFVL VVPTPA I KEGARNF I TSDYARQHFSQFYEN - - - - TRMEL CT I NAGDFKVKSG - RKNFPAQL L SFTDAS - RRDSHT I QVL L I NAQML NS - - - - - - ASMTRD - - - - - DYDQTL L GGL TSPVKGL QMTRPVV I I DEPHRFAR
TRMMYDL HQKYGL FKFV I AVPSPS I KEGTRSF I TSDYAKQHFSEFYEN - - - - TRVQL NV I NAGDFSARSG - RRNFPAQL SEFVEAT - RQNANQ I EVL L VNQGML HS - - - - - - KSMHRD - - - - - DYDQTL L GGETSP I KA I AATRPVV I I DEPQRFPR
TRMMYEL HQKYGL FKFV I AVPSPS I KEGTRSF I TSDYAKQHFSEFYEN - - - - TRVQL NV I NAGDFNARSG - RRNFPAQL SEFVEAT - RQNANQ I EVL L VNQGML HS - - - - - - KSMYRD - - - - - DYDQTL L GGETSP I KA I AATRPVV I I DEPQRFPR
TRMMYDL HQKYGL FKFV I AVPSPS I KEGTRSF I SSDYAKQHFSEFYEN - - - - TRVQL NV I NAGDFV I RSG - RRNFPAQL SEFVEAT - RQNTNQ I EVL L VNQGML HS - - - - - - KSMHND - - - - - DYDQTL L GGETSP I RA I AATRPVV I I DEPQRFPR
TKMMYEL HKKFG I FKF I L VVPSPA I KEGAKNFL TSL STKRHFQETYGN - - - - VE I E I NT I NKGDFNTRSG - RK I FPPHL SNF I ESS - NL NANQ I QVL L I NAGML NS - - - - - - SNMTKV - - - - - DYDQTL L SNYSNP I EAL KATKSVV I I DEPHRFPR
VRAMYEL HQKYGL FKF I I VVPSPA I KEGWKNF I AADYAKQHFGQYYEN - - - - SR I NL NV I NAGDFKAKSG - RHNMPASL L NFVEGN - RL NSNT I EVL L I NAGML NS - - - - - - KSMVK - - - - - - DYDQTL L SGL TRPL DAL QAVCP I I L VDEPHRFPR
TRL I HRL RHEYG I FKF I I L VPSVA I KEG I KMS I ASDDWNKHFRQEFGN - - - - QS I HL G I I NAGDFDA - - - - - - - - - - - L RSFCD - - - - - - DKS I HVL L L NDGML SS - - - - - - SSMSKS - - - - - DYDSTL FGN I SCPMEGL KATRP I V I I DEPHRFNK
TRMMYEL NEMYGFNKF I L L VPSTS I KEGSKSFL QADYSNRHFSDL YPN - - - - KSL EL S I L EPQ - K - KTKG - RKMFPAA I SEFARGT - SL EKNRFSVL L MTSGML L S - - - - - NATMAKD - - - - - DYDQT I L GNFSQPYETL RATRP I V I I DEPHRFKK
TRL MYEL NKL YGFFKF I I L VPTTP I KEGTL NF I QSNYAMQHFSDL YPG - - - - RR I EL SVL NVQ - K - SNKG - RKMFPQAVANFARST - VL EKNK I SAL L MTSGML I S - - - - - KTTMDT - - - - - - DYDQTL L GHYSKPYDTL KATRP I V I I DEPHKFKR
TQMMYEL NRL YGFTKF I VVVPSTA I KL GTRSF I TSEYARNYFDDTYGGS - - - I KL EL DVL DPQ - K - RSKG - RKFFPSAVANFVSASPRL TKGRVHAL L MTDGML RS - - - - - AATMGA - - - - - - I YDQTVL GMSSQPYEAL AATRPVV I I DEPHRFRR
TRL ML EL NRRFGFHKF I L L VPTAP I RAGTASF I SSDYAGEHFDMEFDE - - - - TAVQL EVL SPV - KNKKKG - RSSL PTAL SNYL TDN - MFAERQVDAL L MTGSML MS - - - - - TTMKKS - - - - - - - TDQMVL GKYTQPYEAVAATRP I V I I DEPHRFRR
THT I YEL HKRYGL NKF I I AVPSL A I KAGTAQFL RDEYVKRHFSDVCGYG - - - TE I EVGVL ETP - KNKKKG - RSYFPSVVSDFVKGS - CQNTKK I YVL L VNMQL L VVRS - - - NGML SRD - - - - - DYDYGVEGFYR - PL DA I RATNPVV I I DEPHRFSR
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TKT I FDL NKSFG I NKF I I I VPTL S I KAGTVNFL KSDAL KEHFRDDYER - - - - - E I KTYVVESQK - NAG - - - - - - - - - A I HDFVEK - - - - - - KY I HVL V I NTGM I HS - - - - - - KNL N - - - - - STYDVGL L DNHFDSPFSAL GAVKPF I I I DEPHKFPT
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TKT I FEL NREYGL NKF I VVVPTL S I KAGTVNFL KSDACRL HFNS I YKK - - - - - D I NCL VVDSGNKKTTAK - - RPFPPKVKEY I EGS - KMDKNS I YVL V I NQGM I NS - - - - - - PT I Q - - - - - EEKYDVTL FDRFSCCL DG I SSTKPV I I I DEPHKFKS

196
196
194
194
196
212
223
229
225
226
229
226
223
219
223
229
224
227
222
212
228
227
222
228
228
227
223
223
223
223
223
230
228
229
229
222
229
222
234
215
215
215
214
213
221
235
230
227
225
205
233
233
227
228
222
234
229
226
223
237
227
227
229
229
233
232
225
223
227
227
231
226
225
226
202
208
207
208
208
208
208
207
182
232
229
234
235
231
230
220
234
229
259
231
231
229

307
307
292
292
297
323
338
348
345
344
348
346
342
338
343
349
344
348
343
332
349
347
342
348
348
347
343
344
344
343
343
350
349
346
346
340
347
340
353
333
333
333
332
331
341
351
348
348
346
327
355
353
347
348
342
359
355
345
343
357
348
349
351
352
356
354
346
344
348
348
353
348
352
344
323
328
327
329
329
329
328
322
297
354
352
357
361
356
355
329
343
340
370
336
343
339

- - - - - - - GATVEAL EKL DSL F - I RFGATYPT - - - - - - - - - - - - - - - - - VNVAYAL DS I NSFENYL VKR I AVKN I L TGAEESD I - - - - - - - - - - K I TK I NAKG - - - - KQSDKSVTFSYS - KNQQ I YSTT I K I GDDVG - - - - - SKTGL D I YHGVTL TK I
- - - - - - - GATVEAL EKL DSL F - I RFGATYPT - - - - - - - - - - - - - - - - - VNVAYAL DS I NSFENYL VKR I AVKN I L TGAEESD I - - - - - - - - - - K I TK I I AKG - - - - KQADKSVTFSYS - KNQQ I YSTT I K I GDDVG - - - - - SKTGL D I YHGVTL TK I
- - - - - - - KAFNEYFSK I NSL Y - FRFGATFPKL - - - - - - - - - - - - - - - - SNM I YCL DS I SAFKEYL VKQVKVHTL GVNTNN I FL - - - - - - - - - - KEYK - - - - - - - - - - - - NKKA I FTYT - L NG I EREET I KL QDSF - - - - - - - - - - - SL L NNA I L TQV
- - - - - - - KAFNEYFSK I NL L Y - FRFGATFPKL - - - - - - - - - - - - - - - - SNMTYCL DS I SAFKEYL VKQVKVHTL GVNTNN I FL - - - - - - - - - - KEYK - - - - - - - - - - - - NKKATFTYS - L NG I EREET I KL QDSL - - - - - - - - - - - SL L NNA I L TQ I
- - - - - - - EAFSKYFSK I GAL Y - FRFGATFAK - - - - - - - - - - - - - - - - - SNVAFCL DS I SAFRNYL VKQ I KVHS I VQDSQAPFL - - - - - - - - - - L NAD - - - - - - - - - - - - QKSAK I AFY - KAG I L KQSAVL KGEDL G - - - - - K I D - - AQFSG I SL VKS
- - - - - - - DKTKKYL EQL NAL L TL RFGATFKDDY - - - - - - - - - - - - - - - NNL I YAL DSKKAFDCAL VKS I SVASVG - ESDECFL - - - - - - - - - - EL KG I E - - - - - - - KRNGYEAA I NYTDL ENKTQSVKVKTHDNL G - - - - - VVTQ I SAL EDY I VEK I
TP - - - - - - KSKEA I ASL NPL CTL RYSATHV - DK - - - - - - - - - - - - - - - YNM I YRL DAVDAYNQKL VKK I EVMSVRSEPSFNVP - - - - - - - - - - Y I KL VEVKE - - R - - - - KAKL EL DVESR - GKVKRTTKTVKYGD - - DL YDVSGEREL YRGY I VVQ I
TD - - - - - - KAKEA I ASL NPL CTL RYSATHV - ET - - - - - - - - - - - - - - - YNL MYCL GPVDAYQKKL VKE I VVDS I KEAGNFNRP - - - - - - - - - - Y I RL VSVKN - - SNG - FQAVL EL D I KNRSGVVQRKQKTVRVGQ - - DL FD I SGERE I YSGY I I NN I
TP - - - - - - KAKEA I KSL NPL C I L RYSATHV - ER - - - - - - - - - - - - - - - HNL VYKL DAVDSYNL GL VKQ I EVAGFTTKDYHNKA - - - - - - - - - - YL KL L SVDN - - KKSP I TAK I EMDVKDRKGVVKRKAVTVKRGD - - DL YEKSGGRDVYEGY I VSE I
TA - - - - - - KSGEA I KAL NPL CTFRYSATH I - DK - - - - - - - - - - - - - - - HNML YKL DS I DAYEKKL VKQ I EVAS I QVKDGHNKA - - - - - - - - - - Y I KL L AVDN - - KKG - HRAK I EL D I Q - QKNT I KRTEKWVKQGD - - DL L R I SGGRSL YDGYV I ND I
TD - - - - - - KAKDA I ASL NPL STVGYSATHK - DK - - - - - - - - - - - - - - - HNL MFRL DAVDAYERQL VKQ I EVAS I VSKDNNNNA - - - - - - - - - - YL KL I SVNN - - KKSP I KAK I E I DKL EK - GA I KR I AKEFKVDN - - DL YEL SGNREVYKGYQ I TE I
TK - - - - - - KAEDAVMSL NPL CTL RYSATHR - KK - - - - - - - - - - - - - - - HNL MYKL DAVDAYQRQL VKQ I EVASVTSKDYHNDA - - - - - - - - - - YL RL VSVDN - - SKTP I TAK I E I DKRTKNGG I KRQSVQVKKGD - - DL FEKSGGREQYSGY I VSE I
KKDG - - - - KGEQA I ERL NPL CTVSFSATPP - DNS - - - - - - - - - - - - - - ENY I YKL NAVDAYNKKL VKQ I EVDS I L SHNDHNSP - - - - - - - - - - YMKL VEVKA - - KP - - YSAK I E I DANVK - GVTKRKTVKVKNKT - - DL SDL S - KRE I YTGY I VDN I
TA - - - - - - KAKEA I ASL NPL CVFRYSATHK - DE - - - - - - - - - - - - - - - I NL L YRL TPVDAYQKGL VKQ I CVSSNQ I EQDFNRP - - - - - - - - - - Y I AL KSVSH - - KHG - FKARL EL D I AGKNGTVSRKTVTVRQGD - - DL YRVTGGREL YRGY I VSG I
GL KG - - - - QGKKAL ESMNPL CTL RYSATHV - DK - - - - - - - - - - - - - - - HHMVYRL DAVDAYEKQL VKQ I EVASL E I DGGYNKP - - - - - - - - - - YVKL I STQN - - KRGV I SAK I EVH I QSGKS - VRPQ I I TVQDGD - - DL EQETG - RA I YENFR I GT I
GMTG - - - - RGKEAL EAMNPL CTL RYSATHV - DK - - - - - - - - - - - - - - - HNMVYRL DAVDAYEREL VKQ I EVASL GVEGGHNKP - - - - - - - - - - YVKL VSTQN - - VRGS I TAK I EADAMSGGN - VKRQ I FTVEDGD - - DL EQETG - REL YENFR I GT I
GL KG - - - - AGKAAL TAMNPL CTL RYSATHV - DK - - - - - - - - - - - - - - - HHMTFRL DAVDAYERGL VKQ I EVASL Q I DSGHNKP - - - - - - - - - - Y I RL DSTHS - - RKGS I TARVEVDVQRGKN - VRREFL TVEDGD - - DL EQ I TG - RS I YENMQ I GT I
GL QG - - - - QGKAAL DAMNPL CTL RYSATHV - DK - - - - - - - - - - - - - - - HHMVYRL DAVDAYEKRL VKQ I EVASATVEDAHNKP - - - - - - - - - - YVRL VSVSN - - KKGT I SARVEL DMQTAGGKVRRQEVTVQDGD - - NL EQTTG - RAMYANCR I GE I
GL QG - - - - RGKEAL DAMNPL CTL RYSATHV - DK - - - - - - - - - - - - - - - HHMVYRL DAVDAYEKRL VKQ I EVASATVEHAHNKP - - - - - - - - - - YVRL VSVSN - - KRG I I SAKVEL DVKTDSGGVKRREVKVQDGD - - DL EE I AG - RA I YAGYR I GE I
GL KG - - - - AGKEAL DAMNPL CTL RYSATHV - DK - - - - - - - - - - - - - - - HHMVYRL DAVDAYERKL VKQ I EVASAT I EAAHNKP - - - - - - - - - - FVRL L STSN - - KRGT I SAR I EL DVATANG - VKRQEVTVQDGD - - DL EQTGK - RP I YADFR I GE I
GMEG - - - - RGKEAL DAMNPL CTL RYSATHV - DK - - - - - - - - - - - - - - - HHMVFRL DAVDAYERKL VKQ I EVASATVEDAHNRP - - - - - - - - - - FVRL VKVEN - - KRGR I SAKVEL DKQTATG - VQRAEVTVSDGD - - DL QQSADGRA I YADFRVGE I
GL SG - - - - AGKTAL DAMNPL CTL RYSATHA - DK - - - - - - - - - - - - - - - HHMVFRL DAVDAYERKL VKQ I EVAAATVEDAFNKP - - - - - - - - - - YVRL VAVTN - - KRGR I SAQL EL YVQEAAG - PKL REESVSDGD - - DL QQVTK - RA I YADFRVGE I
GL TG - - - - AGKTAL DAMNPL CTL RYSATHA - NK - - - - - - - - - - - - - - - HHMVFRL DAL DAYERKL VKQ I EVAAAT I EDAYNKA - - - - - - - - - - FVRL VSVTN - - KRGA I SAKVEL HVKTASG - VKPQEVTVGDGD - - DL QQSTK - RAVYADFRVGE I
GL SG - - - - AGKTAL DAMSPL CTL RYSATHV - DK - - - - - - - - - - - - - - - HQMVYRL DAVDAHDKGL VKQ I E I AAATVEDAFNKP - - - - - - - - - - YVRL L KVEN - - KRGR I SAL VEL DKMTASG - VRRKESVVVDGD - - NL EMVTG - RA I YADCS I GE I
GL EG - - - - RGKQAL DAMNPL CTL RYSATHV - DK - - - - - - - - - - - - - - - HQMVYRL DAVDAYDRKL VKQ I EVASL EVEGGHNKA - - - - - - - - - - YL RFL SANN - - RGGA I TARVE I DVQQGAH - VQRKEVVVQDGD - - DL EDL TG - RAVYKDSR I GE I
GL EG - - - - RGKEAL GAMNPL CTL RYSATHV - DK - - - - - - - - - - - - - - - HHML YRL DAVDAYEQKL VKQ I EVASASVEGGNNKA - - - - - - - - - - FVRL L SVSN - - KRGS I TARVEL DVQRGGQ - VSRAEVNVQDGD - - AL EFVTN - RA I YANCS I GE I
GL TG - - - - KGKAAL SEMHPL CTL RYSATHV - DK - - - - - - - - - - - - - - - HHM I YRL DAVDAYERRL VKQ I EVASL EVEGGHNKP - - - - - - - - - - YL RL L SVSN - - TRGR I AAKVEVDAL QGKA - VRRKTVTVQDGD - - DL EQ I TE - RSL YADHR I GE I
GL DG - - - - RGKEAL DAMHPL CTL RYSATHA - DK - - - - - - - - - - - - - - - YQML YRL DA I DAYERKL VKQVE I ASATVEDAHNKP - - - - - - - - - - FMRVMS I GS - - RRGA I AARVEL DVATAAGDVERQTVSVSDGD - - DL ER I AR - RAVYANFR I GE I
GL EG - - - - RGKEAL DAMRPL CTL RYSATHA - DK - - - - - - - - - - - - - - - YQML YRL DA I DAYERKL VKQ I E I ASATVEDAHNKP - - - - - - - - - - FVRV I S I GS - - RRGA I AARVEL DVATAAGDVERQTVSVSDGD - - DL ERVAR - RAVYANFS I GE I
GL DG - - - - RGKEAL EAMAPL CTL RYSATHA - DP - - - - - - - - - - - - - - - HQMVYRL DAVDAYERRL VKQ I EVASATVEDAHNKP - - - - - - - - - - YVRL VSVSN - - RRGS I AARVEL DVATPGG - VERQ I VSVGDGD - - L L ERVTR - RAVYGDYR I GE I
GL EG - - - - RGREAL AAMAPL CTL RYSATHV - DR - - - - - - - - - - - - - - - HHMVYRL DAVDAYERKL VKQ I E I ASA I VEDAHNKP - - - - - - - - - - YVRL VGVSN - - RRGA I SAR I EL DVATAAG - VKRQ I VSATDGD - - DL ERL TK - RAL YAGL RVGEV
GL EG - - - - RGKEAL AAMEPL CTL RYSATHA - NQ - - - - - - - - - - - - - - - HHML YRL DAVDAYERKL VKQ I EVASATVEDAYDAP - - - - - - - - - - F I RF I KAES - - KRGN I CAT I EL D I ATAGG - I KRQEVSVQDGD - - DL AR I SR - RSL YADFR I GE I
GL NG - - - - AGKTAL DAMHPMFTL RYSATHV - HK - - - - - - - - - - - - - - - HHMVYRL DA I DAYNQKL VKQ I EVAGL EVQNASNSP - - - - - - - - - - YVKL VS I NS - - KKNS I SATV I VD I ADKKGNVTRSE I TVHDGM - - TL DDETG - RD I YQGYR I SE I
N - - - - - - - L AKRAL ASL NPL CTL RYSATHR - NP - - - - - - - - - - - - - - - YNL L YRL DPVRAYDL GL VKQ I EVTSVL EEENFNVP - - - - - - - - - - YL KL KEVKA - - TKSS I SAKVEL DVWDGSA - AKRKSVTL KQ - G - SDL YEL SGGREL YR - GYVVDE
D - - - - - - - L AKRAL ASL NPL CTL RYSATHR - NP - - - - - - - - - - - - - - - YNL L YRL DPVRAYDL GL VKQ I EVTSVL EEENFNVP - - - - - - - - - - YL KL KEVKA - - TKSS I SAKAEL DVWDGSA - TKRKSVTL KQ - G - SDL YEL SGGREL YR - GYVVDE
T - - - - - - - QAKEA I QSL NPL CTL RYSATHR - H I - - - - - - - - - - - - - - - YNL L YRL DPVKAYDMKL VKR I EVDSVL EEDNFNQP - - - - - - - - - - Y I RVES I KA - - TKTK I TAKL T I DCKQADG - VKRTSVS I SKNG - TDL YEL SGNREL YQ - GY I VDH
TE - - - - - - KSQEA I RSL NPL CTL RYSATHR - SP - - - - - - - - - - - - - - - YNL VYRL DPVKAFEL KL VKQ I VVASAVAEGSANDA - - - - - - - - - - FVRVEN I EY - - KKG - L KARL K I HVQTKDG - PKEKSVTVTS - G - ADL FTL SDERACYQHGFSVAE
TE - - - - - - KSRRA I GNL NPMATL RYSATHR - NP - - - - - - - - - - - - - - - YNL L YKL DP I KAYDL RL VKR I EVASVRSDDNFNDA - - - - - - - - - - YVKL L KTDN - - - KTG I KAQ I E I HREGATG - PKAAKL WVKQ - G - DDL YVKSDERDAYRDGY I VQN
TA - - - - - - KSQKA I AGL NPL L CL RYSATHV - HP - - - - - - - - - - - - - - - YNL L YQL DP I RAYDL RL VKQ I EVVDANPVRDFNRT - - - - - - - - - - MVRL DWI GYPGRAKTPQAKVTVFEDTSNG - PREKPVTL KH - G - ADL SL FTN - RSDY - EGYQVTN
E - - - - - - - I RRNA I ESL SPL FTL RYSATHK - NA - - - - - - - - - - - - - - - YNP I FSL NPVQAYEMGL VKQ I EVDSVL AENEVNGA - - - - - - - - - - YL SL KE I KT - - GAKSWSAK I E I L FNDKKA - MKKKV I SVKPNQ - - DL YEL SNQNEMYRSGF I L SG
E - - - - - - - I RRNA I ESL SPL FTL RYSATHK - NA - - - - - - - - - - - - - - - YNP I FSL NPVQAYEMG I VKQ I EVDSVL AENEVNGA - - - - - - - - - - YL SL KE I KT - - GAKSWSAK I E I L FNDKKA - MKKKV I SVKPNQ - - DL YEL SNQNEMYRSGF I L SA
D - - - - - - - I RRNA I ESL NPL FTL RYSATHK - NA - - - - - - - - - - - - - - - YNP I FSL NPVQAYEL GL VKQ I EVDSVVAENEVNGV - - - - - - - - - - YL AL KE I KT - - AAKSWSAK I EL L FNDSKA - MKKKVVTVKPNQ - - DL YDFSNQNEMYRSGF I L SG
E - - - - - - - I RRKA I ESL KPL FTL RYSATHK - NA - - - - - - - - - - - - - - - YHP I FSFNPVQAYEQGYVKQ I EVDGVL AENEVNGA - - - - - - - - - - YVAL KEL KT - - TAKSWSAKME I L FNDKKA - MKKKVVT I KPNQ - - DL FEL SNQNEMYRSGY I L SG
D - - - - - - - L AKQA I EAL NPL FVL RYSATHK - NP - - - - - - - - - - - - - - - YHK I YSL NPL DAYNQKL VKQ I EVEPVL AENDVNGA - - - - - - - - - - YVVL KEPVV - - GKGKL KAK I E I HVQTEKE - TKKKVVT I QAGD - - DL YEKSGKNESYRHGF I I NE
E - - - - - - - I RKRA I ARL NPACTL RYSATHK - NM - - - - - - - - - - - - - - - YNL L YSL DPVKAYDL GL VKQ I EVDSV I TENDHNRA - - - - - - - - - - F I EL VEFKQ - - NKNSVL AKVK I ECESPSG - VKSKVVT I GADEKYDL YQL SGQRE I YKDNFVP I S
L - - - - - - - L SQSAVGEL DPVFTL RYSATHK - QR - - - - - - - - - - - - - - - RNL VYRL DPVDAHDL GL VKQ I VVAEVAQHGADVAP - - - - - - - - - - YVKL L EVKD - - - TK - - AAKL EL ACRKADGS I ARRSKKVKPHQ - - EL SDVSGNPAYTGWR I NAL S
L - - - - - - - L AQSA I GEL EPVFTL RYSATHK - QL - - - - - - - - - - - - - - - RNL VYRL DPVDAHDL GL VKQ I VVAEVAQQGADAAP - - - - - - - - - - YVKL L EVKH - - - AKTWSAKL EL ACRKADGSL ERKAKTVKQYQ - - EL FEVTGNPAYDGRR I EE I R
TAKKK - - SASL EA I EG I DPL FVL RYSATHK - SR - - - - - - - - - - - - - - - YNQVYKL DSFDAYQKDL VKK I QVKTVHGA I PKDFP - - - - - - - - - - YVRYVEFTK - - - - - DL FAK I EL FCVEQGGQ I RKKQVKVRGGD - - SL FECSGNL DQYKNMFVMED
NGKKK - - SASL KA I EEL DPL F I L RYSATHK - KL - - - - - - - - - - - - - - - YHQVYKL DSYQAYKQDL VKK I EVKTVYGN I SKDYP - - - - - - - - - - YVRY I EFTR - - - - - DL KAK I E I FYREPGGQVKL RTFNVQKGV - - SL YEL SGEL SQYRDM I VL ED
EGMDT - - PNMQAR I AAFNPL FKL RYSATHR - EL - - - - - - - - - - - - - - - KN I I YRL TPFDAYNRGL VKK I AVL S I HETNTQSNV - - - - - - - - - - A I EFRKL NL S - - AADPTARL QL NVRL KGGDL KAKL I TVKRGD - - DL EKKTGNPVYHG - - WI VED
- - - - - - GKKTKERL EDFKPL FTL RYSATHK - - DK - - - - - - - - - - - - - - HDM I YRL DAL DAYNKKL VKK I AVKTVEQTATTGTQ - - - - - - - - - - GYL YL QEL VPQKSGSPKAR I EFEVRTKSGDVKWVTKL VEEPFAL F - - EESGNL PAYQGGWTL SH
- - - - - - GKQTKMGL KDFKPL FTL RYSATHK - - EK - - - - - - - - - - - - - - HDMVYRL DAMDAYNQKL VKK I AVKA I EQTGTTGTQ - - - - - - - - - - GYL YL QE I I PQKTGAPKAK I EFEVKMQSG - VKRKL KVVEEPFDL Y - - AESGNL SAYKG - MTL SH
- - - - - - GKKTQESL KEFNPL FTL NYSATHK - - EH - - - - - - - - - - - - - - HDL VYVL DAL DAYKKKL VKK I EVKGFD I KNL RGTD - - - - - - - - - - GYL YL EN I V I SPNHPPRARL EFE I KYNK - S I NREVR I L GVDDDL Y - - AL SKGL EQYQGYH I N - D
- - - - - - GDKTQKAL ANFNPL FCL NYSATHA - - QH - - - - - - - - - - - - - - HNL VYVL DAVDAYNKRL VKK I EVKGFEVKNL RGTT - - - - - - - - - - QYL YL EN I L I SPKKPPMAK I EL E I KQKS - G I KRDTRL VGVDDNL Y - - A I SKEL EQYKGYH I S - E
- - - - - - GDATQAG I KRFNPL FVL NYSATHT - - TR - - - - - - - - - - - - - - HDT I YAL DAL DAYRQKL VKR I HVKGFEVKNL RGTS - - - - - - - - - - GYL YL DN I VL SPKRPPEAR I EL EVKNASGS I VRK I KTFGVGDNL R - - EES - GL AEYDNFVVS - E
- - - - - KGGATQKG I ARFNPL FVL NYSATHK - - EK - - - - - - - - - - - - - - HDL VYAL DAL DAYNQKL VKR I EVKGFAL KNMRGTD - - - - - - - - - - GYL YL RD I VVSKNRAPEAV I EFKCMGSGGKVRKKTARFGEGDS I YGASGSTKL EAYRGYT I ASG
NGSKAEL NATRVGL AKFNPL FF I NYSATHR - - DN - - - - - - - - - - - - - - YNMVYRL DAVDAYQKNL VKK I AVKG I E I SGSNASS - - - - - - - - - - GYL YL EA I KEKP - - AL KAR I QFEKL SATGNVVKTSKL L DKGDN I Y - - PL SGE I ESYNSGFVVSE
- QADK - - - - TL QSL ANFNPL F I L RYSATHK - - RN - - - - - - - - - - - - - - YNL VYRL DAL NAYNQKL VKK I TVKG I EVQNL SGTS - - - - - - - - - - GYL YL EN I E I S - KSL P I ARL EL E I ATKNG - FKRE I RK I SKGDNL F - - E I T - KAQQYH - RYVVED
- HADK - - - - TL TSL ANFKPL F I L RYSATHK - - RQ - - - - - - - - - - - - - - YNL VYRL DAL DAYNQKL VKK I TVKG I EVQNL SGSN - - - - - - - - - - SYL YL QH I E I S - KSAP I AKL EL E I AHNNG - FKL E I RK I KKGDNL F - - E I SNEARQYN - GYVVAE
- EGKK - - - - TL EAL AKFKPL M I L RYSATHR - - TT - - - - - - - - - - - - - - HNK I HRL DAL DAYNQKL VKK I AVRG I AVKGL AGTN - - - - - - - - - - AYL YL ES I E I S - KKAPVAR I EMEVRQ - GGG I KR I VKRL ERGKDL F - - I ESNEL DQYR - GFV I AQ
- EGRA - - - - TL ESL AKFNPL M I L RYSATHR - - TT - - - - - - - - - - - - - - HNKVHRL DAL DAYNQKL VKK I AVRG I TVKGL AGTN - - - - - - - - - - AYL YL ES I E I S - KQAPVAR I EL EVKL KSGG I RRR I VRL EKGADL F - - AQSNEL DQYR - GFV I SQ
- EGAA - - - - TMEAL PKFKPL M I L RYSATHK - - TQ - - - - - - - - - - - - - - HNRVHRL DAL DAYNQKL VKK I AVRG I QTRGL AGTN - - - - - - - - - - AYL YL EG I E I S - KKAPVARL E I EVKL ASGE I KRQL KRL EFRDDL F - - AESGEL DQYRDGFT I SQ
- EGAA - - - - TL KSL EAFKAL MVL RYSATHK - - TT - - - - - - - - - - - - - - HNK I HRL DAL DAYNQKL VKK I AVRG I AVKGL AGTA - - - - - - - - - - GYL YL QS I E I SSKKPPEAR I EL EHKL ANGD I KRVVRKL GKGDNL F - - DL SGGL DQYRN - YVVTD
- EGAQ - - - - TQESL QAFKAL MAL RYSATHK - - TT - - - - - - - - - - - - - - HNK I HRL DAL DAYNQKL VKK I AVRG I AVKGL AGTN - - - - - - - - - - AYL YL QS I ETSTKKPPEARVEFECKL KSGE I RR I VRKL SRGDNL F - - DL SDEL GQYHDGYVVSD
- EGGK - - - - TL DSL ANFNPL MVL RYSATHK - - TT - - - - - - - - - - - - - - HNK I HRL DAL DAYNQKL VKK I EVRG I SVKGL AGTN - - - - - - - - - - AYL YL QS I E I SNKKPPVAVVEFEQKL SGGN I KRVTRKL GKGDNL F - - VL SNEL DQYRDGFVVSD
- EGAK - - - - TL DSFAEFNPL F I L RYSATHK - - TE - - - - - - - - - - - - - - HNKVYRL DAL DAFNQKL VKK I GVRG I TTKGL AGTN - - - - - - - - - - AYL YL EN I E I STSKPPVARVEFEQKL KSGS I KR I VRKL GKGDNL Y - - DL SDGL DQYQ - GFVVSD
- EGKK - - - - TL EAL AKFNPL M I L RYSATHK - - TE - - - - - - - - - - - - - - HNK I HRL DAL DAYNQKL VKK I AVRG I T I HGL TGTK - - - - - - - - - - AY I YL QQ I H I SSNKAPTATVEL EFKL ASGE I SRK I CK I EKGDRL A - - EKTG - L SQYD - GFVVSE
- EGER - - - - TKEAL KAFNPL FTL RYSATHR - - QE - - - - - - - - - - - - - - YNK I YRL DAL DAYNKKL VKK I QVKG I SVKGSTGTE - - - - - - - - - - GYL YL EG I DVSSKKPP I AR I EFEKKTGAG - I KKVPL KVNAGDDL Y - - QL SGGL EQYR - GYVVSE
- EGTK - - - - TVEAL KL FKPL FTVRYSATHR - - YE - - - - - - - - - - - - - - YNKVYRL DAL DAYNKKL VKK I NVKG I NVKGTTGTD - - - - - - - - - - GYL YL EGVD I SQKHYPL ARL EFEKKTRSG - I KREL RRVSVNDNL Y - - EL SGHL EQYK - GYVVSE
- EGDK - - - - TL ESMQDFNPL FTL RYSATHK - - FE - - - - - - - - - - - - - - YNKVYRL DAL DAYNKKL VKK I QVKG I N I KGTTGTS - - - - - - - - - - GYL YL EQ I QL STSRPPL AVL EYEKRNGTG - VRRVREKL EKGANL F - - EL SGEMPQYK - NWL L EE
EEGSK - - - - VVEA I NEFNHL CTL L YSATHK - - KD - - - - - - - - - - - - - - FNK I YRL DA I DAYNQKL VKK I SVKG I EVVGNSGTN - - - - - - - - - - SYL FL DK I Q I STSQFPVAYVEL EVKQANG - I QKK I RQ I KEKDDL Y - - VFSNEL KQYK - GFVVKS
- EGAK - - - - TKEGL KRFNPL FTL RYSATHR - - EL - - - - - - - - - - - - - - YNL VYRL DAMEAYNL QL VKK I AVKG I S I SGTTATE - - - - - - - - - - GFVYL EGL NL YPDKNPTAN I GFEVKRTKA - VNQVVRAL K I NDDL Y - - AKSNHL EEYRNDYV I TD
- L GTDKGNATRRG I QL FNPL FKVL YSATHRKDD I - - - - - - - - - - - - - - YNMVFRL DA I DAYNKRL VKKVEVRGVHQL GSTATN - - - - - - - - - - GYVYL DE I V I GKG - NPQAR I GFDMKTNNG - TRHV I RL AGEGFNL K - - EQSGGL QEYEDNY I VER
KGKTK - - - - TKDVL SEFKPL FTL RYSATHR - - EL - - - - - - - - - - - - - - YTL VYRL DAVDAFNKKL VKR I EVKG I EVKGGNATH - - - - - - - - - - GYFL VDE I L TS - KGNPKAR I E I D I STSK - - - - RQL KKVEDGDN I Y - - EKYAQL EQYK - DWV I DK
AKAG - - - - - - KKA I ASL NPKL AL RYSATHK - EKQ - - - - - - - - - - - - - - YPML YEYGPVQAYKDRMVKH I ETL GTEVNTNGN I P - - - - - - - - - - F I EL KEQPE - FKNGRL QAKVL AYKQVKDD - FL KRTVTL KKGD - - SL AEKAKNPRYERL GKVTA I
- - - - - DKANYQS I EA - I KPQV I I RFGATFPEVTTGKGSNK I TKKDYYRKKPQFDL NA I ESFNNGL VKG I D I YYPNL TEEQAKN - RYVVDSV - - - - - - - - - - - - - - - - - - - - KAKEL VL KQN - - - SKSWI L HVGDNL AEVDSGFEGD I EYAG - - - - - -
- - - - - DNKFYRA I QA - I QPQM I VRFGATFPD I VEGKGKNKCVRKDYYRRKPQFDL NAVDSFNDGL VKG I D I YYPNL PEEQANN - RY I VDSV - - - - - - - - - - - - - - - - - - - - TAKKL I L RRG - - - SK I AEVGVGENL ADVDAGFEGS I EYAG - - - - - -
- - - - - GKKFYED I EE - MKPQL I VRFGATFPETTSGRGKNK I TK I DYYRGEPQFNL DAVDSFNQGL VKG I D I DYPDMTEEQANN - L YKVKQV - - - - - - - - - - - - - - - - - - - - KAKGL I L TKG - - - KKEYQL SVGENL ADVDPGFEGN I TYAGG - - - - -
- - - - - GKKFYED I EE - MKPQL I VRFGATFPETTTGRGKNKVTKVDYYRGEPQFNL DAVDSFNQGL VKG I D I DYPDMPEEQANN - WYKVKQV - - - - - - - - - - - - - - - - - - - - KAKEL VL TKG - - - GKDYPL NVGENL ADVDAGFEGN I TYAGG - - - - -
- - - - - GKKFYDD I ED - MKPQL I VRFGATFPETTTGRGKNKVTKVDYFRGEPQFNL NAVDSFNQGL VKG I D I DYPDMSKEQANN - L YKVKQV - - - - - - - - - - - - - - - - - - - - KAKEL I L FKD - - - GKDYL L NVGESL ADVDSGFEGN I TYVGG - - - - -
- - - - - DKKNYKS I EN - L EPQM I VRFGATFPEVKKGTGKKAVY I KDYYRGRPQFEL NAVDSFNQGL VKG I D I YYPNL TPEQAKN - RYT I DSV - - - - - - - - - - - - - - - - - - - - KAKE I VL KKG - - - KNKWTL G I GENL AN I DSL FEGDL SYSG - - - - - -
- - - - - DKANYKA I EA - TQPQM I I RFGATFPK I TVGKGKAAKE I TDYYRKKPQYNL NAVRSFNEGL I KG I D I SYPN I TPEQAED - KYVVESV - - - - - - - - - - - - - - - - - - - - TVKQL VL KHG - - - TTKRT I NAGD - - - - - D I GFDGD I TYKG - - - - - -
- - - - - TNKAWKT I TEGL CPQ I I I RFGATFPE I K - - - - - - - - - - - DYEN - - L VYDL NS I RAFNEGL VKGVH I EYPML SDTKTEL VKYKVKQ I ER - - - - - - - - - - - - - - - - - GKSVTFVKVGS - - - KKEHKL C I GEDL SFVDPL FSGG I TL EEASS - - -
- - - - - ENQAYQR I L KEL HPQC I I RFGATFPDK - - - - - - KSSKDKDYNN - - L I FNL GPNQAFNQNL VKGVETFM I DAERKNETK - - L KL MDFKR - - - - - - - - - - - - - - - - - S - PKL CTFRDE - MTKKP I EL SRGDNL SKFGEEFSG I T I EE I GPTSDD
- - - - - ENTAYKRL I ER I DPL C I I RFGATFPKK - - - - - - RGQQERDYNN - - L L FNL GACEAFNSNL VKGVETQL I EQESL NETR - - VKVL D I KH - - - - - - - - - - - - - - - - - TNPKSCV I RNE - KSGKSYTL AL NDSL STVSDDFHGV I I QS I GKTEEE
- - - - - ENKAYQT I I DQ I QPQAVVRFGATFPKN - - - - - - DKTGQ I DYNN - - L VFNL GAVEAFNEQL VKGVAVQYPEDDGQDSTR - - L KL TSL SA - - - - - - - - - - - - - - - - - RKPKQATFTNL - DTSKTL TVGSGGSL AEADGAFAG I T I EAVGKTENP
- - - - - DQKQYQAVVNNL DPL A I I RFGATFPRNEVGRGSNKRTV I DYNN - - L VYDL NAAKSFNSGL VKGVKVQNPEGL SMEDSR - - L KL MNVTR - - - - - - - - - - - - - - - - - K - PRKAVFRDE - ATRETFSL TDGDNL GE I HPDFSGL TVR I E - - KSED
- - - - - DQKAFKV I VDE I KPQC I I RFGATFPETTSGRGKNK I TVKDYQN - - L L YDL NACESFNQNL I KGVTKEHFEPVSKREEK - - VK I TS I TS - - - - - - - - - - - - - - - - - KDSVTFQYKKRDESTKTFTL KTGDSL S I I NEAFEG I TVHA I G - - - - -
- - - - - DQKTFEF I ENNVKPQM I I RFGATFPDREVKVGRKKQTVKDYYN - - L L YNL SSCDAFNQNL I KGVSKEHFEP I SKKQDK - - VK I VSVNN - - - - - - - - - - - - - - - - - KTSVN I QY I KEGEKT I THTL AKDEPL S I I TSSFEGVY I TG I G - - - - -
- - - - - GKKTWEN I EK - FNAQY I I RYGATFSEGYKN - - - - - - - - - - - - - - - L VYRL TAVDAFNEDL VKG I DAY I ED I VGDGDANL KF I KSDGE - - - - - - - - - - - - - - - - - - - EVTFEL NENNK - - KTL FKL TKGESL SKTHSA I HDL TL DAL G - - - - -
- - - - - GKKTWEN I EK - FNAQY I I RYGATFSEGYKN - - - - - - - - - - - - - - - L VYRL TAVDAFNDDL VKG I DAY I ED I VGDGNANL KFVKSDGK - - - - - - - - - - - - - - - - - - - EATFEL NENNN - - KKSFKL AKGESL SKTHSA I HDL TL DAL N - - - - -
RD - - - SAKTWGN I KR - L KPQY I L RYGATFNDEYYN - - - - - - - - - - - - - - - L L YRL TAVDAFNDGL VKGVRVFQEEMQGGMDAAVKL VSSDGK - - - - - - - - - - - - - - - - - - - EAKFEL NEKDK - - KQTFKL AKGEDL AQ I HPA I SDL K I DKMN - - - - -
RE - - - SAKTWKN I KQ - L NPQY I L RYGATFNEQYYN - - - - - - - - - - - - - - - L I YRL TAVDAFNDGL VKGVRVFQEEMQGGMEAS I KL L SL DGK - - - - - - - - - - - - - - - - - - - EAVFEL TENGK - - SKKFAL SKGDDL AQ I HSA I FEL K I DAL N - - - - -
- - - - - SKKTWEN I QK - FNAQF I L RYGATFNNQFEN - - - - - - - - - - - - - - - L L YRL SA I DAFNDDL VKG I RAFTEQ I DGDNGER I KL I DL DGK - - - - - - - - - - - - - - - - - - - EATF I L D - - - - - - KQAFKL SKGENL NR I HQA I SDL FVSEMN - - - - -
- - - - - SGKTWQNVL K - L GVQY I L RFGATF - DGFEN - - - - - - - - - - - - - - - L I HTL TSL DAFEQNL VKGVRAF I TEFDGVDDML I KF I GQTESK - - - - - - - - - - - - - - - - - SEAVFE I THSHKKTPKRL E I AKNGSL GV I HGEMSHL L L NEFN - - - - -
- - - - - DKKTWKNL MN - FNPQFL I RYGATFDKKYYD - - - - - - - - - - - - - - - L VYSL DA I KAFNNDL VKG I VVN I EENKDGKNES I VL NDNDGK - - - - - - - - - - - - - - - - - - - EAKF I Y I NEL GK - KQTFTL SKKDDFSVVHSEMKGL T I EA I N - - - - -
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NAK - - - - E I FFSNGD - - TKKVSESY - - - - - - - - EL NDDE I EQML RVTVSNHFEKEERL FNQG - - - - - - - - - I KEL SL FF I PS I ADFRGD - - - - - - - - - NPRVRKFFEK I YRE I RDEYY - - - - - HNTTNQEYKKYL DKDF - - - - - KD - GKL QVL EGYF
NAK - - - - E I FFSNGD - - TKKVSESY - - - - - - - - EL NDDE I EKML RVT I SNHFEKEERL FKQG - - - - - - - - - I KEL SL FF I PS I ADFRGD - - - - - - - - - NP I L RKSFEK I YRE I RDECY - - - - - QNTTNQEYKKYL DRDF - - - - - KD - GKL QVL EGYF
KDN - - - - KAYFNDET - - I I EKKESY - - - - - - - - VL NNDE I KEL L KKA I DL HFEKEEKL FKKG - - - - - - - - - I KAL SL FF I PN I TDFRGE - - - - - - - - - SPF I KNTFEEL YKEKRKE I L - - - - - KL NL DVRYKEYL EKDF - - - - - DEAGNL RVHQGYF
KDN - - - - KAYFNNKT - - I I EKKESY - - - - - - - - VL NNDE I KEL I EKA I DL HFEKEEKL FKKG - - - - - - - - - I KAL SL FF I PN I TDFRGD - - - - - - - - - KAF I KNTFEEL YKEKRKE I L - - - - - KL NL DVKYREYL EKDF - - - - - DDKGDL RVHQGYF
TKD - - - - KAYL SDGT - - TL EKASSY - - - - - - - - KL VQDE I STL L EKA I DL HFEKEKFL FSQN - - - - - - - - - I KPL SL FF I PR I EDFRQ I EGKG - - - - - TPF I KTEFERL YKL KRAS I L A - - - - KADL SPSYKEYL ERDF - - - - - DESGNL RVYQGYF
TKT - - - - E I RFL NGFNL L L DQKEPFS - - - - - - - HL L EGEQEVML KEA I KSHFEREEGL FKKG - - - - - - - - - I KAL CMVF I SGVNSYL SENEK - - - - - - PAKL AL L FEKL YQQKL EEVL - - - - - KKPL DENYRAYL ER - - - - - - - TKDA I L KVHGGYF
DWTEGNEAVE I N - - - GYRL G - VGDA I - - - - - GDVDDDA I KRYQ I RKT I EEHL NKEL WL RPRG - - - - - - - - - I KVL SL FF I DKVAHYRDYDQDGNP I - - KGKYAVMFEEEYRNL MQKP - - - - - - - - - - - - KYRPL WDDP - - - - - G I DQD I EKVHNGYF
DCYPGNEMVEFTN - - GSHL P - L GMEM - - - - - GN I SGDD I KRGQ I SAT I KHHL DREL RL VPQG - - - - - - - - - I KVL SL FF I DRVDNYR I YDSNGNPQ - - KGKYAL MFEEEYSKL I KL P - - - - - - - - - - - - KYRTL FEDHNY - - - ML NDDPSMVHDGYF
YCEEGNEYVAFTS KPD I L R I GKA I GDVDDL A I KEQM I RKT I EEHL DKEL VL NKL G I KVL SL FF I DRVANYRYYDENGNPQ KG I YAKL FEKHYKDL I RL P KYNTL FKD I D L DTAAEEVHNGYF
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YCEEGNEYVAFTS - - KPD I L R I GKA I - - - - - GDVDDL A I KEQM I RKT I EEHL DKEL VL NKL G - - - - - - - - - I KVL SL FF I DRVANYRYYDENGNPQ - - KG I YAKL FEKHYKDL I RL P - - - - - - - - - - - - KYNTL FKD I D - - - - - L DTAAEEVHNGYF
YCEESNEY I DFTS - - KPD I I RL HHA I - - - - - GDVNEDEYKRL Q I RKT I EEHL DKEL KL TPMG - - - - - - - - - I KVL SL FF I DKVANYRDYTAL E - - Q - - KGKYAL I FEEEYAKA I KKP - - - - - - - - - - - - KYHSL FSEMD - - - - - TDSL ASQVHNGYF
SAKEGNEYVSFVG - - HEDL Y - L GEVR - - - - - GE I DEDL I KRMH I RKT I DEHL NKEL RL KKEG - - - - - - - - - I KVL SL FF I DKVANYRY I DKDGKNQ - - KGKYAL WFEEEYKEA I KNP - - - - - - - - - - - - RYKTL FNDVD - - - - - I ESEAG I VHNGYF
YAKEGSEYVDFTS - - RKH I E - L GEVR - - - - - GEL DDEV I KRTQ I RKT I EEHL EKEL RL KQEG - - - - - - - - - I K I L SL FF I DRVSNYRYYDEEGNPQ - - KGKYA I WFEEEYKD I I QKP - - - - - - - - - - - - KYRTL FNDVD - - - - - I ETEAEAVHNGYF
I CSEGRESVEFTN - - GER I K - L NL AV - - - - - GETNEKL I KREL I HYT I KEHL DKEL RL L KKG - - - - - - - - - I KVL SL FF I DKVANYR I YDKEGNPN - - L GDYAV I FEEEYKKL I KED - - - - - - - - - - - - KYKSL MEYNN - - - - - I NVD I SQVHNGYF
NCMAGDEAVEFSD - - TE I VK - FGHAL - - - - - GDVN I VEL KRAQ I YRT I ETHL DKEL RL APL G - - - - - - - - - I KVL SL FF I DEVAKYRSNDEEP - - - - - - AL YERMFEECYEEL L AKK - - - - - - - - - - - - KYASL RTEFA - - - - - - - QNVRNVHGGYF
NCGKGNQS I EL SVPNGEYVL YPDDE I - - - - - GGVNQDD I KRL M I RRT I KEHL DKEL RFAAL GH - - - - - - - RVKVL SL FF I DKVEFYRQYDEDGNE I - - QGKYAK I FEEEYRKL AHSD - - - - - - - - - - - - DYRTL FEG I - - - - - DL ESDASEVHNGYF
TVGKDNQSMDL SMPGGEAEL GPGDEV - - - - - GGVDKDSL KRL M I RRT I KEHL DKEMRFAAQKR - - - - - - - EVKVL SL FF I DSVEFYRSYDEDVN I V - - KGKYAL MFEEEYRRL AKQP - - - - - - - - - - - - AYQTL FEKV - - - - - DL DVEADEVHNGYF
TCGKDNES I EVKGDGFDQL L RPGDA I - - - - - GGVDSDQ I KRL M I RRT I KEHFDKEL MFAANKK - - - - - - - P I KVL SL FF I DSVEHYRQYDEDGNAV - - KGKYARMFEEEYRKL AKSA - - - - - - - - - - - - EYQSL FKE I - - - - - DL EAEADEVHNGYF
RVAKGDEYL EL RVPGGEL YL KPGQAW- - - - - GDVDAL AVQREM I RRT I REHL DKEKRL RPQG - - - - - - - - - I KVL SL FF I DEVAKYRSYDVDGNPV - - KGDYAR I FEEEYRRAANL P - - - - - - - - - - - - GYRTL FQEV - - - - - DL TRAAEEVHNGYF
RVEKGNEYMEL RVPGGEHFL KPGQAW- - - - - GDVDML AVQRQL I RRT I REHL DKEMRL L PKG - - - - - - - - - I KVL SL FF I DEVAKYRQYDAAGNPV - - KGDYAR I FEEEYRRAANL P - - - - - - - - - - - - EYEPL FKGV - - - - - DVSREAEKVHNGYF
NTAKGEEFMEL RYPGGEVFL SPGQAH - - - - - GDVDAL AVQREM I RRT I REHL DKEKRL RPMG - - - - - - - - - I KVL SL FF I DAVDRYRQYDADGNPV - - KGDYAR I FEEEYKRAAKL P - - - - - - - - - - - - AYQSL FAE I - - - - - DL DTAAEDVHNGYF
NTAKGEAFMEL RYPGGEVFL QPGQAH - - - - - GDVDAL AVQREM I RRT I KEHL DKEKHL RPL G - - - - - - - - - I KVL SL FF I DAVDKYRQYDADGQPV - - KGVYAQMFEEEYRRAAKL P - - - - - - - - - - - - AYQSL FAE I - - - - - DL ESAAEEVHNGYF
NTAKGSEFVEL RYPGGEVAL A I GQAH - - - - - GGVDEL AVQREM I RRT I REHL EKEKL L RPKG - - - - - - - - - I KVL SL FF I ESVDRYRKL DAQGQAV - - KGDYAR I FEEEYRRAAKL P - - - - - - - - - - - - SYQSL FAEV - - - - - DL TTAAEEVHNGYF
NTAKGEEFL EL RYPGGEVML AVGQAY - - - - - GDVDAL AVQREM I RRT I REHL EKEKL L GPKG - - - - - - - - - I KVL SL FF I DAVERYRQYDTEGNPV - - KGDYAR I FEEEYRRAAKL P - - - - - - - - - - - - AYQSL FAE I - - - - - DL ASAAEEVHNGYF
RVEKGKEFMEL RFPGGEQFL KPGEAY - - - - - GDVDAL AVQRQM I RRT I KEHL DKEL RL RPQG - - - - - - - - - I KVL SL FF I DEVAKYRSYDSDGNSV - - KGDYAR I FEEEYRRAAKL P - - - - - - - - - - - - DYFTL FSEV - - - - - DL THAPEEVHNGYF
RVAGNDSL L EVKL AGSEEFL PVGKA I - - - - - GDVDADA I KRL M I RRT I HEHL EKEKRL APL G - - - - - - - - - I K I L SL FF I DAVEHYRSYDADGNPV - - KGKYAT I FEEEYRRAAKL P - - - - - - - - - - - - EFSSL FKEV - - - - - DVTSDAVEVHDGYF
RCAKGQEL VE I RVPGGEEWL KPGQA I - - - - - GGVDEDAL KRQM I RRT I KEHL DKEL RL KTRG - - - - - - - - - VKVL SL FF I DSVEHYRKYDADGNQV - - KGKYAL I FEEEYRRL I KHP - - - - - - - - - - - - DYQTL FNDV - - - - - DL ETEAGDVHNGYF
RVAKGDEFL EVR I PGSETFL RL GEA I - - - - - GDVDQEEMKRQM I RRT I KEHL DKEKRL RPL G - - - - - - - - - I KVL SL FF I DSVANYRAYDAEGNPA - - KGPYAE I FEKEYRRWI RHP - - - - - - - - - - - - DYNTL FREV - - - - - DTETL PAQVHDGYF
HAARGAEYL VL RYPGGDAFL S I GDTY - - - - - GDVDTL A I QREM I RRT I REHL DKEL RL TPL G - - - - - - - - - VKVL SL FFVDAVDKYRKYDRHGQPF - - KGDYARL FEEEYRRAAKL P - - - - - - - - - - - - EYRAL FAGV - - - - - DCA I AAEAVHDGYF
HAARGAEYL VL RYPGGDAFL SVGDAY - - - - - GDVDTHA I QREM I RRT I REHL DKEL RL TPL G - - - - - - - - - VKVL SL FFVDAVDKYRKYDRHGQPF - - KGDYAL L FEDEYRRAAKL P - - - - - - - - - - - - EYRAL FDGV - - - - - DAGL AAEAVHDGYF
DTTRGAEFVEL RYPGGETFL AVGDAH - - - - - GDVDPL A I QREM I RRT I REHL DKEL RL TPL G - - - - - - - - - VKVL SL FFVDSVERYRRYDRGGHAV - - KGPYAA I FEDEYRRAAKL P - - - - - - - - - - - - AYRAL FAGF - - - - - DAERDVAAVHDGYF
HAVKGAEYVEL RHPEGEAFL SL GEAF - - - - - GD I DTL AVQREM I RRT I REHL DKEL RL AERG - - - - - - - - - VKVL SL FFVDSVERYRRYDENGMPV - - KGDYAL I FEEEYARAARVP - - - - - - - - - - - - AYRAL FDGV - - - - - DVAL EVERAHNGYF
STAKGAQFMEL RYPGGEAFL RQGQAH - - - - - GGVDAL AL QREM I RRT I REHMDKEL RL RPL G - - - - - - - - - I KVL SL FF I DVVEMYRQYDASGQPL - - KGVYAT I FEEEYRRASKL P - - - - - - - - - - - - AYQSL FADA - - - - - DPEAL AQAVHNGYF
RTGK - EGYL TL ETPSNTYYMQVGDVV - - - - - GD I DPML I QRHM I RRT I REHL DKEL RL NSQQ - - - - - - - - - I KVL TL FF I DKVDFYRQTNEEGL RE - - PGEYAR I FEEEYL KA I KSP - - - - - - - - - - - - AYKDL L P - - - - - - - SHPEHAKDVHDGYF
I D - - - AGFKYVSFANGVRL EEGQEQG - - - - - VNAD - - EL MRAQ I RETVREHL NKEL AVAR - L PEG - - - - QRL KVL SL FF I DRVANYRGED - - - - - - - - - AKFRRWFEEAYHEL SSL P - - - - - - - - - - - - VYASL N - - L - - - - - - - - PPVEQVHGGYF
I D - - - AGFKYVSFANGVRL EEGQEQG - - - - - VGAD - - AL MRAQ I RETVREHL NKEL AVAR - L PEG - - - - QRL KVL SL FF I DRVANYRGED - - - - - - - - - AKFRRWFEEAYL EL SAL P - - - - - - - - - - - - AYASL N - - L - - - - - - - - PPVEQVHGGYF
I D - - - AGSQY I AFTNGVVL NTGQQMG - - - - - GYND - - D I MKVQ I RETVKEHL EKEL H I YRNL PEG - - - - KRL KVL SL FF I DKVANYDDAE - - - - - - - - - GK I RL WFEEVYQEL AFKP - - - - - - - - - - - - RYREL N - - L - - - - - - - - PPVEAVHSGYF
I WG - EPGNEY I RFNNGKVL RL GEEMG - - - - - GL RD - - DVWRTQ I KHT I KKHL DKEVQL RG - - - - - - - - - RG I KVL SL FF I DRVANYRDYDQSGQPV - - AGKFARAFEEEFKAL AEL E - - - - - - - - - - - - HYKDL DS I K - - - - - - - - YP I AQL HNGYF
I DC - TPGSEY I EFNQGRFL EL GQEVG - - - - - GL GE - - D I MKAQVYETVEQHL KKERAL KG - - - - - - - - - KG I KVL SL FF I DRVANYR I YNEDGTTS - - L GK I GQWFEEAYQQL TAKP - - - - - - - - - - - - I YKGL I P - - - - - - - - - - FSVADVHNGYF
I SA - EPGSEY I EFGNGQ I L EL SRETG - - - - - GMAD - - ERMKNQ I RQTVEEHFAKEKKFKA - - - - - - - - - L G I KVL SL FFL DQVGSYRQYDDEGNRC - - NGKVSQWFEE I YAEVAAKS - - - - - - - - - - - - I YQGVL T - - - - - - - - - - YSAEQVHDGYF
MDT - - - DSQMVSFSNGTQ I FQGAEHS - - - - - QL KE - - DVQKMQ I RRT I GEHL QKEKKL RP - - - - - - - - - L G I KVL SL FF I DKVDNYRPSAQSP - - T - - GGKFAKWFEE I YL EL AKEE - - - - - - - - - - - - PQG - - - - - - - - - - - - - - - - - - - VHNGYF
EWI P - - I AKWL ASPTAHKFFKGRN I P - - - - - NL KK - - MCKKCRFRRT I GEHL QKDK I L RP - - - - - - - - - L G I KVL SL FF I DKVDNYRPSAQSP - - T - - GGKFAKWFEE I YL EL AKEE - - - - - - - - - - - - PQG - - - - - - - - - - - - - - - - - - - VHNGYL
MDA - - - ESQMVEFSNGTQ I FQGVDHS - - - - - QL KD - - DL QKMQ I RRTVAEHL QKEKKL RP - - - - - - - - - L GVKVL SL FF I DKVDNYRSSAEKP - - S - - GGKFAQWFEE I YREL AKEE - - - - - - - - - - - - PSG - - - - - - - - - - - - - - - - - - - VHNGYF
MDF - - - DAQM I EFNSGMQVFAGANNS - - - - - AL KD - - DL QKMQ I RRT I EEHL QKEKKFRP - - - - - - - - - L GVKVL SL FF I DKVDNYR - - - - - - - - N - - GGKFYQWFEE I YQEL VNES - - - - - - - - - - - - PEG - - - - - - - - - - - - - - - - - - - VHDGYF
L SA - - - DPFE I HL SNGQVL TQSEDDD - - - - - L L RD - - E I MKKQMECT I KEHL AKEKWL NS - - - - - - - - - KG I KVL SL FF I DKVANYR - - - - - - - - D - - NGKFYRWFNE I YERETGKS - - - - - - - - - - - - AVG - - - - - - - - - - - - - - - - - - - VHNGYF
L DA - - - GEGFVEFGNGL RVSL GQSNS - - - - - QVKD - - D I MKTQ I ERT I AEHL AKEKQL RP - - - - - - - - - QG I KVL SL FF I DRVANYRAWDESGN I V - - EGK I HKWFEE I YKN I VSKS - - - - - - - - - - - - GNSN I MS - - - - - - - - - - QD I KE I HNGYF
I AAFGDPAS I EL MPNGNL L HEGESL G - - - - - GATG - - A I YKEM I RETVREHL RKEAML RP - - - - - - - - - KG I KVL SL FFVDKVASFL GDGVNNEDA - - NGEFTKWFDEVFREERSKSG - - - - - - - - - - - VYQTL L P - - - - - - - - - - QDPCEL RRAYF
I ADGTEPGS I EL TNYG - VL QEGEA I G - - - - - DATG - - A I YKEM I RETVREHL RKEAML RTN - PKT - - - - SG I KVL SL FFVDKVASFL GDGTNNDDA - - NGDFVKWFDEVFAEERNKNT - - - - - - - - - - - QYREL L P - - - - - - - - - - QEPREL RKAYF
PHK - - L KKL K I SKWDD I L EL AVGE - - - - - NNAD I SEEET I R I Q I RL A I KSHL EKQYK I L KSGR - - - - - - - K I KVL TL FF I DAVNKYR - - DTSSPDG - - RGEYL R I FDEEYSK I I TDK - - - - - - - - - - - - KGKQL FVEYPEL - FKDYKNVHKVREGYF
PHK - - I NGL K I GYKEG I L I L KEGE - - - - - NNYNL DEL DL I R I L I RL T I QTHL TKQL K I L EKGY - - - - - - - K I KVL SL FF I DRVKNFR - - DSEAPDG - - RG I YAR I FDEEYEKV I KDP - - - - - - - - - - - - RYNEL FKKYPDL - FPEYKNVQKVREGYF
- - - - - I GTTDL YGGEGYVKFTNGEQ I GEGAKHGSDQEA I FREQ I RRA I HNHFERKKQL VP I G - - - - - - - - - I KPL AL FF I DRVANYM - - DED - - - - - - - GL I RRL FL EEYQAFYRKA - - - - - - - - - - - - HKE - - - - - - - - - - - - DPPNAHEVHGGYF
FDA - REGENS I Q I GAN - RKL YVGEV I - - - - - GETNEDD I RR I Q I RET I ASHL QKEERL YKRG - - - - - - - - - I KVL SL FF I DEVAKYKCYDEQNDAY - - NSTYAQMFEEEYEAQVKAL L ADL N - - - L HGSNFWHYL NKHQ - - - - - - - E - GNPVHAGYF
FDA - RE - - NKL QVGVT - QEL HVGEV I - - - - - GEVDESS I RR I Q I RET I KSH I EKESKL YNRR - - - - - - - - - I KVL SL FF I DEVAKYKQYDEHNDAY - - NGEYAQ I FEEEYRNQVNQF I QTQ - - - - - EPTPYRRYL EANL - - - - - - - E - GNSVHAGYF
I DP - I NGL VTFTNG - - - VE I HTGEVQ - - - - - GDVSEKD I RRVQ I RET I RSHFEKEKDL YNRG - - - - - - - - - I KTL SL FF I DKVEHYRKYDEEGNEV - - NSEYGQMFEEEYNS I L NEYL T - - - - - - L FDTPYEKYL KS I D - - - - - - - - - VKKTHAGYF
I DP - I RGTVTFTNG - - - HVL ARGEVV - - - - - GDVSEKD I RR I Q I RET I I SHFEKEKRL FEL G - - - - - - - - - I KTL SL FF I DEVAKYRAYNEAGEEV - - NSEYGEMFEQEY I N I L NEY I T - - - - - - L EDTPY I RYL KG I G - - - - - - - - - PSATHTGYF
I N - - MNGYVTFL NG - - - VT I RRGEV I - - - - - GDPDEL DMQRVQ I RET I MSHL EKERQL FKRG - - - - - - - - - I KCL SL FF I DEVAKYKSYDENGEEV - - KGVFQKMFEEEYARL VNEEFY - - - - - - I WDEDYNEYL RRFL - - - - - - - - - PQDVHRGYF
NDG - RPGYVRFL DGS - - GRVY I GEVY - - - - - GDSAADDMQR I Q I RET I L SHL QKEEAL FRRG - - - - - - - - - I KCL SL FF I DQVAKYRDL SGNGETV - - G - - YGK I FEEEYEA I VSDRL EHPTQDD I L DPSYAEYL GRFE - - - - - - - - - ACSVHSGYF
I NA - VDQFVEFTNG - - - QKL SVGEVV - - - - - GNTNDEDL RR I Q I RET I HSHL AKEESL FKRE - - - - - - - - - I KTL SL FF I DEVVKYKDYGV I DDKG - - T - - YAR I FEEEYEN I VRDRL T - - - - DTL L DEKYRTYL EREL - - - - - - - ESPEKVHAGYF
I NF - RESTVYFTNG - - - VK I H I GEAL - - - - - GDVNETAVRT I Q I RET I RSHL I KERQL FDRG - - - - - - - - - I KVL SL FF I DEVAKYRQYDEDNNP I - - DGEYVR I FKEQYKQV I NEFSEL DL DG - - YG - - YWNYL QN - - - - - - - - - I DVNKTHNGYF
I DA - RENAVSFTNG - - - VK I YVGEAL - - - - - GDVNETTL RT I Q I RET I RAH I SKEKAL FDRG - - - - - - - - - I KVL SL FF I DEVAKYRQYDDENNTQ - - DGEYVR I FKTQYEQVL NEL KDTS I I G - - SP - - YWDYL QN - - - - - - - - - I D I DKTHNGYF
I DA - NKDTVEFTNG - - - HVL SAGDAT - - - - - GD I TEMA I RR I Q I REA I RAHL EKEQVL FAQG - - - - - - - - - I KVL SL FF I DEVVKYRDYSQADE - - - - QGEYAR I FEEEYERL KAEYL SL L PL D - - GG - VYQEYL KG - - - - - - - - - I HVGRTHNGYF
I DA - TKDTVEFTNG - - - HEL RAGDAT - - - - - GDVTEGT I RR I Q I RET I KAHL EKERKL FSQG - - - - - - - - - I KVL SL FF I DEVAKYRDYDQTDD - - - - KGEYAR I FEEEYQL L KQETL GEL VFD - - NE - EYRKYL DN - - - - - - - - - I L PERTHNGYF
I DA - RNDTVEFTNG - - - L VL QAGEAT - - - - - GDVSERD I RR I Q I RET I KAHL DKEKQL FAQG - - - - - - - - - I KVL SL FF I DEVVKYRDYAQPDE - - - - KGEYARVFEEEYEL L KAEYL AEL A I D - - ND - AYRKHL AG - - - - - - - - - I DAAKTHNGYF
I NA - NTDTL SFTNG - - - VEL TVGDAT - - - - - GDVTEAAL RR I Q I REA I KAHFDKEQAL FQQG - - - - - - - - - VKVL TL FF I DEVAKYRDYTQADE - - - - KGEYAR I FEEEYTQYL NEML DL DET - - - - - - AYVKYL KG - - - - - - - - - I PVDKTHSGYF
I NA - NTDTL GFTNG - - - VEL CAGEVL - - - - - GDVDEAAL RR I Q I REA I KAHVDKERAL FQQG - - - - - - - - - I KVL TL FF I DEVAKYRDYSAADE - - - - KGDYAR I FEEEYRQYL NEVL SL DEMP - - SQCPY I QYL KG - - - - - - - - - MDAAATHSGYF
I NA - NTDTL SFTNG - - - VEL TVGDV I - - - - - GD I SE I AL RR I Q I RET I KAHFDKEMEL FDKG - - - - - - - - - VKVL SL FF I DEVARYRDYSAVDE - - - - KGEYAK I FEEEYAKH I QEVFDNGFME - - GDAPYAKYL RR - - - - - - - - - I AADKTHSGYF
I NA - VKDT I SFL NG - - - HEL YVGEAS - - - - - GDVNESAL RR I Q I RETVKAHFEKEL QL FDQG - - - - - - - - - I KVL SL FF I DKVAKYRNYAADDD - - - - KGEYAHVFEEEYNRCL NEYTQL EDS - - - - - - PYQRYL KG - - - - - - - - - I TADRTHNGYF
I EA - NGFTVEFTNG - - - VK I NQGEAY - - - - - GDVTEEQMRR I Q I RET I L AHFEKERVL FSQG - - - - - - - - - I KVL SL FF I DEVAKYRDYSREDT - - - - KGEYAR I FEEEYHKVL ADTL MEFNFN - - PD - - YL DYL RG - - - - - - - - - I SAEKTHYGYF
VNG - YKNTVSFL NG - - - L TL SAGDVQ - - - - - GD I HDL TFRR I Q I RET I VSHFEKEKYL FHKG - - - - - - - - - I KVL SL FF I DEVAKYRKYDRDGTAL - - NGEYAQ I FEEEYTR I L NEYL SL FND - - - - - DPY I KYL QG - - - - - - - - - I SVKDTHKGYF
I NG - GKNT I EFANG - - - I SL SAGDVL - - - - - GDVNEL TL RR I Q I RET I KSHL EKERDL FYRG - - - - - - - - - I KVL SL FF I DEVAKYRQYDKNGNKL - - NGEYAQ I FEEEYR I L VEEYL RNAGEK - - - - DRYADYL RQ - - - - - - - - - I DAEKTHNGYF
VDG - YFNRVV I N - G - - - K I I EAGEA I - - - - - GDL DEKAFRR I Q I RET I SSHL KKEREL FDKG - - - - - - - - - I KVL SL FF I DTVDKYR I YDKEGNPG - - L GEYAQMFEEEYVQL RNEYL DL FYP - - - - - - DYNQYL QR - - - - - - - - - DPAERVHNGYF
I NG - L TNTVSFTNG - - - I TL SVGQTA - - - - - GDVDEEHVRR I Q I RET I KSH I EKER I MFQKG - - - - - - - - - I KVL SL FF I DEVVKYRDYSSPDQ - - - - KG I YAKVFEDEYRQA I SEL SL FEPD - - - - - - - YNDYL SK - - - - - - - - - FTVED I HKGYF
I NG - VEDSVTFRNG - - - I KL YAGDVA - - - - - GSVNETQL RR I Q I RET I L SH I EKEQEL FEKD - - - - - - - - - I KVL SL FF I DEVAKYRRYNPDG - - - - - KGEYAE I FEQEYTD I I KHL DL SL FNQ - - PE - - Y I DYL KS - - - - - - - - - TVASKAHEGYF
I DG - L TGT I HFL NE - - - L TL HEGD I V - - - - - GAANEEL VRRMQ I RET I KTHL ERERQL FPRH - - - - - - - - - I KVL SL FF I DHVDSYR I YSKEGVE - - - KGKFAKMFEEEYQRAL QEM - MPTFTD - - GA - - YMRFL SDPK - - - - - - - NACDN I HDGYF
VDG - RNNCVVVRTPEGDKTFDQGV I Y - - - - - GKPDKMYQRR I Q I REL I KSHL NKESMNYKNG - - - - - - - - - I KT I SL FF I DEVAKYRQYADDGNQV - - NGEYAE I FVQEYTS I I SEFL EENPE - - - - - - - L NDYL GK - - - - - - - - - I SVDDTHKGYF
DSG - - NNF I EFENG - - - YHAEVGAL E - - - - - GEND - - I WVSAQMEAL VRDHL DREL RMQDQG - - - - - - - - - I KVL SL I FL DQVKNYR I YTKDG - YE - - KG I YAKL FER I YEKVL HSDP - - - - - - - - - - - KYKKL NDYN - - - - - - - - VPVAEVHDGYF
- - - - SKML SNEL EL EKGMTL I PGTYR - - - - - - - - - - STYQEL I I KDA I DKHFE I EQANFL RANQRENNVPR I KTL SL FF I DS I TSYR - - QDD - - - GWL KATFERL L KEKL SRL VAEYEFKRL PR - - - EKEYL EFL RATQSS - - - L ASDNQNVHAGYF
- - - - SKML SNDL EL EAGMAL VPGTFG - - - - - - - - - - ASYQEL I I QNA I DKHFD I EQANFL RSNEQENNAPR I KTL SL FF I DS I KSYR - - DDE - - - GWL KVTFERL L KKKL TQL I DDYQRKTL PR - - - EVEYL SFL QATL AS - - - L HSDNQNVHAGYF
- - - TDREL SNGL AL SKDMKL I PGTFA - - - - - - - - - - QNYQDE I I SQAL DCHFKAEEENFL RL NSGDN - APK I KTL SL FF I DS I SSFR - - GENNGKGWL AQHFEK I L TKKL KKL I ERYEL A I DDR - - - EKEYHSFL QATL KS - - - L QSEHQDVYAGYF
- - - TDREL SNGL AL SKDMKL I PGTFA - - - - - - - - - - ENYQDK I I SQAL DCFFKTEEENFL RL NSGEN - APK I KTL SL FF I DS I SSFR - - GENSGKGWL AQHFETL L TKKL KKL I NRYEMA I DNR - - - EKEYCSFL QATL QS - - - L QSEHQDVYAGYF
- - - TDREL SNGL AVSKDMKL I PGTFA - - - - - - - - - - KNYQDE I L SQA I DCHFKAERENFL RL NSGSH - TPK I KTL SL FF I DS I SSFR - - GENSSKGWL AKHFEE I L KKKL TKL I DRYEL A I DDR - - - EKEYRSFL QATL KS - - - L QSEHQDVYAGYF
- - - - AKTL SNDL E I SKGMDL L PGTFT - - - - - - - - - - TNYQEL I I NDA I NQHFEHE I NNFMRDNL KENFQPKVKTL SL FF I DS I RSYR - - NKE - - - GWL KQTFERL L KVKL RKL I KEFEVKKL PR - - - E I EYL DFL RVTYDS - - - L NSENQMVHAGYF
- - - - SKVL SSGL EL KKGMAFL PSTMT - - - - - - - - - - NSYQEL I I RDA I DKHFETEWTNFRREN - - - DYQAKVKTL SL FF I DS I ASYR - - DEH - - - GWL KE I FEKL L KRKVEGL I REFTL KKL PR - - - EQEYL SFL RATL VN - - - L TTD - - - VHAGYF
- - ATSAL L SNDL EL HQDMEL I PQ I FS - - - - - - - - - - SGYQEL I L SQAL KAHFEKEKENF - - - - - - - - YL PR I KTNSL FF I DS I ASFR - - GRD - GQGWL RTKFEEL L RKE I EKE I KQAEG - - - - - - - - - - EYKEFL EHTL KDK - - NERDEMKA I AGYF
A I KSGVTL SNGQ I L AKGDVVYGG I YT - - - - - - - - - - ETYQEL ML KQS I VNHL ETEKKNFL - - - - - - - RGNK I KTL SL YF I DSVRSYREKDDRPGH - - L R I KFESML SDAFKKE I RS I GNTKDQR - - - L QEYKSYL ESSL VE - - - - - - - I SKTNGGYF
T I KNG I TL SNGQ I L AKGDQ I YAGVYS - - - - - - - - - - NTYQEL ML KQA I QNH I EQERNNFF - - - - - - - RETK I KTL SL FF I DS I ESYRG - DDG I GP - - L RCKFQAL L EDSL EREYKRYVESTNP I - - - E I EYCDFL KTSL L D - - - - - - - I AQTNGGYF
T I KSGVTL SNGQ I L GKGDTVVAGVYS - - - - - - - - - - QTYQEL M I ARAL DNHFETEWENFR - - - - - - - RATRVKTL TL FF I DS I DSYRG - EDGPGH - - L RVRFEEQL AAKL KEV I AEHEDKTSQ I - - - AKDYVAYL KASL AD - - - - - - - VSATNGGYF
TNNNCVVL SNDRVVYPSD I I SSAVFS - - - - - - - - - - DSYQEAM I ETAL L NHFEQEWENFN - - - - - - - RKER I KTVSL FF I DSVESYRL DDTAPGY - - L QL EFQKRL KVHL HNK I EEFKDAKTL R - - - EQQYL EYL QYSL GH - - - - - - - VEESHGGYF
- - KSTVEFSNG I QKSTGEEL DVD I YM - - - - - - - - - - TSYQEQMMRL AL ERHFETEKTNFCG - - - - - - RNFK I KTL AL FF I DD I SSYRPNE - EGKTPYL L QAFERL L KER I ESVL STL SEHDT - - - - - - - EYRAYL EASL AD - - - - - - - I SACHAGYF
- - KNF I EL SNGQ I KYQGEEFTTD I YS - - - - - - - - - - SSYQEQM I KL AL ERHFETEKENFN - - - - - - - RKFK I KTL AL FF I DD I YSYRKDEKTGKETYL KNTFERL L KEK I DMEL SSL TE I DSE - - - - - - EYKNYL L ASKKD - - - - - - - I DATHAGYF
- - KNTVVL SNG I EL K I GCS I NPYSYD - - - - - - - - - - QTL ADSMMRKA I KEHFKL EKEFL TQRPR - - - - - - - I KPL TL FF I DD I EGYRDG - NN I AGS - L KAKFEEYVL AEANEL L K I EKDE - - - - - - - - - FYSNYL EKTVKD - - - - - - - I SSVHGGYF
- - KSTAVL SNG I EL K I GSS I NPYSYD - - - - - - - - - - QTL ADNMMRKAVKEHFKL EKEL L TQRPR - - - - - - - I KPL T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - KTVVVL SNGL EL KTGAV I NPYSYS - - - - - - - - - - QTVQDAMMQRAVAEHFKL ERAL L AERAPQ - - - - PK I KPL TL FF I DD I AGYRSG - NEL SGS - L KDKFESWI RAEAARRL KTESDP - - - - - - - - - FYRDYL QKTL DD - - - - - - - VSACHGGYF
- - KTTL VL SNGL EL KRGAL L NPYSYA - - - - - - - - - - QTMQDAMMQRA I AEHFKL EREL L VERTT - - - - - - K I KPL TL FF I DD I KGYRSG - NE I SGS - L KEKFESWVKAEAERRL KNETNE - - - - - - - - - FYRAYL QQTL AD - - - - - - - L SL VHGGYF
- - KSVL VL SNG I EL KKGDT I NPYSYS - - - - - - - - - - DTVRDKMMRQA I RKHFVL EKEL L TRNGG - - - - - - R I KPL TL FF I DD I AGYRDEKNQL SGS - L KTVFEQMVKAEL EHRL QTENDE - - - - - - - - - FL RQYWQTAL ND - - - - - - - I AKTHGGYF
- - SSTAVL SNRL AL QKGE I I SPYSFN - - - - - - - - - - QSL QEQML YQAV I RHFD I ERTL L TRTPR - - - - - - - I KPL SL I F I DD I AGYRDE - QGL PDS - L KSRFEA I V I NEAQKRL ANETNE - - - - - - - - - FYKAYL QKTL AD - - - - - - - I SQTHGGYF
- - KTRAL L SNG I EMKKKDKL NPYSYS - - - - - - - - - - E I L QEKM I REA I EKHFD I EEENMTKVNS - - - - - PR I KTMSL FF I DS I ESYRNQEDSSKEH - I R I FFEQEL ERV I KSR I ERTNNL - - - - - - - - - EYKKYL EDSL KD - - - - - - - I RNCHGGYF
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SGDKGD - - - - - - - - - - - - - - - - - - - NAKDDDL KKAVD I I L NKKEQL L SL - - - - - - DEPL RFVFSVWAL QEGWDNPN I FN I CKL ATTDKE - TSRRQQVGRGL RL AVNQAGKRQSFKTL AENENAFYD I NTL DVVVSGYEKDF I EG I QSE I - - - - - - - -
SGDKG - - - - - - - - - - - - - - - - - - - - - TADDK I KSGVDK I L NKKEQL L SL - - - - - - DEPL RFVFSVWAL QEGWDNPN I FN I CKL ATTDKE - TSRRQQVGRGL RL AVNQFGKRQSFKTL AENENAFYD I NTL DVVVSGYEKDF I EG I QSE I QKS - - - - -
SGD - - - - - - - - - - - - - - - - - - - - - KGSPDEKEANGVKL I L EEKEKL L SF - - - - - - DTSL RF I FSVWAL QEGWDNPN I FTL TKL SNSSSQ - I S I HQQVGRGL RL CVNNKGKR I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
STD - - - - - - - - - - - - - - - - - - - - - KGTVDEKEAQGVK I I L EEKEKL I SF - - - - - - DTSL RF I FSVWAL QEGWDNPN I FTL TKL SNSSSQ - I S I HQQVGRGL RL CVNDKGKR I THNY - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SGDS I AL N - - - - - - - - - - - - KCKKESNREN I EAND I KM I L SEKEKL L SL - - - - - - QTPL RF I FSVWAL QEGWDNPN I FTL TKL ASSTSE - TSRHQQVGRGL R I AVNNEGKRVTHGFL NANDSAFYE I NYL DML VSGEEVGF I EGL Q - - - - - - - - - - -
AKS - - - - - - - - - - - - - - - - - - - - - - - KKESDEAQV I AL I L KEKEKL L SF - - - - - - ESDL RF I FSQWAL QEGWDNPNVMT I CKL APSHSN - I TKL QQ I GRGL RL AVNDKGER I TKEHAD - - - - - FDFVNEL VV I VPQVEGDFVG - - - - - - - - - - - - - -
AQDK - - - - - - - KGRL KDTKGN - - TEADTD - - - - - VYNL I MRDKERL L SL - - - - - - DEPL RF I FSHSAL REGWDNPNVFQ I CTL KDSSGTYVSRRQE I GRGL RL AV - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S I DK - - - - - - - KGR I KDTRGN - - TL ADHD - - - - - TYNL I MKEKEKL L SF - - - - - - ETPL RF I FSHSAL KEGWDNPNVFQ I CTL I EARET - L TRRQK I GRGL RL CVNQEGE - - - R I FDP - - - - - - - Q I NTL SVMANESFAEFAENL QSEMEAETG - - -
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DK - - - - - - L EL PE - - - - - - - EF - - SEQQDGVKE I L RKL - AGKL E - - - - I KNADER I T - - - - I RTR - - - - - EA I I ESEGFKAL WDR I KHKT - - TYRV - EFDNTKL I DDCARA I - - - TD - - - - - - GP - S I TKTRAQFRVAD I A - - I GK - GGVEASE - TS
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GT - - - - - - L L VPE - - - - - - - QF - - RPQL DQ I TAVL KKL - AGRL E - - - - I KNANERRQ - - - - VHTR - - - - - QAVL HSPEFKEL WER I KHKT - - TYRV - EFDNEKL VESC I KAL - - - QN - - - - - - AP - A I L KTRMQWHKAE I V - - I GK - SGVEATE - RS
DT - - - - - - L VVPE - - - - - - - PF - - AAQRDQ I VAGL KKL - AGRL E - - - - I RNADERRQ - - - - VRTR - - - - - QAVL HSPEFKAL WER I KYKS - - TYRV - HFDNKKL I KRC I RAV - - - QE - - - - - - AP - A I PKTRL QWRKAD I A - - I GK - AGVEATE - RE
GT - - - - - - VEVPE - - - - - - - EF - - AAQRDQ I TDVL KKA - AGRL E - - - - I KNADERRQ - - - - VRVR - - - - - GEVH I SDEFKAL WDR I KDKT - - TYRV - KFDNEAL VEAC I KAL - - - KE - - - - - - MP - A I PKVSL QWRKAD I A - - I GK - AGVVAAE - RE
GT - - - - - - L VL PA - - - - - - - EF - - DAQKSQ I AEVL RKV - SGRL E - - - - I KNADERKQ - - - - VPL RKGQDGKA I AL SDEFKAL WDR I KHQT - - TYRV - QFDNAKL I TNC I SAL - - - QK - - - - - - AP - A I AKARL QWRKAD I A - - I GK - AGVQATE - KS
GT - - - - - - L EL PD - - - - - - - EF - - DAQKAQ I AEVL RKV - SGRL D - - - - I KNADERRQ - - - - VPL RKGKDGKAVYL SDEFKAL WDR I KHQT - - TYRV - QFDNAKL VTDC I AAL - - - QK - - - - - - AP - V I AKARL QWRKAD I S - - I GK - AGVAATE - KA
GT - - - - - - L AL PP - - - - - - - AF - - EAQRTQ I AEVL RKV - SGRL E - - - - I KNADDRRA - - - - VL L RKGADGKAVYL SEDFKAL WDR I KHRT - - TYRV - QFDNAKL L QDCTTEL - - - KK - - - - - - AP - A I AKARL QWRKAD I A - - I GK - AGVQATE - KE
GT - - - - - - L AL PD - - - - - - - AF - - AAQRTQVL EL L RKV - SGRL E - - - - VKNADERKT - - - - VAL RKDADGKA I TL GEEFKAL WDR I KHKT - - TYRV - QFDNAKL L QDCTKAL - - - RD - - - - - - AP - P I PKARL QWRKAD I A - - I GK - AGVETKEQKD
GT - - - - - - L SL PD - - - - - - - EF - - EAQRGP I VEVL RK I - SGRL I - - - - I KNADERRA - - - - VPL RKGSDGKAL YL SEAFRAL WDR I KHKT - - TYRL - RFDNEQL I SEC I AGL - - - QA - - - - - - AP - D I SRTRL QWRKAD I A - - I GR - SGVAATE - KN
GT - - - - - - L AL PA - - - - - - - AH - - AAHL PQVKEVL RK I - AGKL D - - - - I KNADDRVT - - - - VKTR - - - - - QAVL HSAEFQAL WER I KHRT - - TYRV - HFDNDKL I EDCAKA I - - - AG - - - - - - GP - P I PKARVT I RKADL A - - I GQ - GGVL ATE - TS
GT - - - - - - L TL PD - - - - - - - EF - - KAHL PQVKEVL RKL - SGRL E - - - - I KNADERTP - - - - VKTR - - - - - QAVL NSEEFKAL WNR I KHKT - - TYRV - HFDNDAL L TKCAEA I - - - RD - - - - - - CP - P I AKTRL QWRKAEL A - - I GK - SG I DAQE - TS
GT - - - - - - L DVPE - - - - - - - AF - - NAQAPQ I QE I L KKL - AGRL E - - - - I KNADERES - - - - VRVR - - - - - KEVL CSPEFQAL WDR I KHKT - - TYRV - EFDNDRL L EECAKA I - - - GS - - - - - - AP - PVSRARL Q I SKADL A - - I GK - GGVQAKE - TS
RA - - - - - - L PVPD - - - - - - - EF - - GSQRAL I VDML RKL - AGRL D - - - - VRNADERRH - - - - I AL RPDAHGKAVYL GDEFRAL WER I QYRT - - TYRV - NFDNARL I ERCVAAL - - - KA - - - - - - AP - AVARARL QWRKAE I A - - I DA - AGVEA I E - TE
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427
429
434
447
427

438
424
420
437
426
424
429
426
420
416
421
425
439
437
441
439
434
416
441
441
441
450
457
479
429
430
428
441
441
451
440
437
437
431
431
433
441
441
437
438
442
433
431
442
449
449
448
450
451
448
426
434
445
341
341
377
422
432
436
434
433
359
359
360
366
347
462
455
468
473
462
455
448
449
453
450
445
470
453
448
460
446
448
454
468
450

- GL NV - VFKKQL R - DDD I VAM I KG I SRN - - - - - - - -
- GVNV - VFKAQL K - NND I VPM I KGL QEN - - - - - - - -
- S I SV - HFAPQL K - RDD I VTM I KQVVAQ - - - - - - - -
I DTDV - VFTSQL N - VDE I SAL I SQVL GDE - - - - - - -
- GYTV - YFRDQL N - NKQMAQ I I KEVL AE - - - - - - - -
- GYEV - KFETQL K - SKKMKS I I DEL L SS - - - - - - - -
- E I KV - VFKTQFD - GER I AEL I GQNMPAGGHSENGR
- KVQV - KFL TQFE - GDMVAEL I RRN I - - - - - - - - - -
- SVKV - EFKTQFA - NDD I YQL I KSAL P - - - - - - - - -
- DMKL - VFKTQFE - KDE I VN I I KNAQKQR - - - - - - -
- G I KV - EFKTQFK - GKH I ER I L EEL RER - - - - - - - -
- NL N I - KFKPQFK - RDEMSK I I RN I TQ - - - - - - - - -
- NL N I - KYQL ATS - AQDVYNE I KKL DDSK - - - - - - -
- EHH I - EF I EATS - AQQVYS I I RKL SEE - - - - - - - -
- N I NV - EFAEATS - APAVFST I NGL I EGKVN - - - - -
- N I NV - EFAEATS - APAVFST I NGL I EGKVN - - - - -
- AGG I - FYDQWL D - - - - - - - - - - - - - - - - - - - - - - -
- DKQV - AYTQAET - AQDVYSKL QGVEHDN - - - - - - -
- ESGV - YYQMATS - EQEVHDL I NKL ENGEL N - - - - -
- ESGV - YYQMATS - EQEVHDL I NKL ENGEL N - - - - -
- ESGV - YYRMATS - EQEVHDL I NKL TNGEL D - - - - -
DEN I K I I FNTR I N - KQEL I HC I NEVL KDNNA - - - - -
NDN I Q I I FKKR I N - KQTL L ECL RQTQGESNAN - - - -
DAQ I KV I FATR I S - KQNL L SAL NNAL KDRNDR - - - -
- ETGV - TYEVAKD - YAEW- - - KL G I - - - - - - - - - - -
- ENEV - EFRETDN - FEKF - - - I ENV - - - - - - - - - - -
- GNH I - EFEKKDN - FEEF - - - I ENV - - - - - - - - - - -
- GTEV - GFED I DS - FEGF - - - I EEKVVVK - - - - - - -
- GVNT - QY I VSDN - YDTF - - - I NQATQKNTVTT - - -
- DNSA - KFVKADS - YNTF - - - S I QL ES - - - - - - - - -
- DNPA - RF I KAKT - VEDM - - - L SYD - - - - - - - - - - -
- ENPP - RY I HATS - VDDL - - - MKETQS - - - - - - - - -
- EESA - QY I KATN - VAGM - - - MGYVE - - - - - - - - - -
- ETPA - RYVVARS - L DDV - - - L NRV - - - - - - - - - - -
- EAPA - RFVMART - VDEV - - - L ADP - - - - - - - - - - -
- ENPA - QYKVASS - VDDL - - - F I RE - - - - - - - - - - -
- ENPA - RYVVARS - VGDL - - - L TEAAKG - - - - - - - -
- ENPA - RYVVARS - VGDL - - - L TEAAKG - - - - - - - -
- ENPA - KYL VATS - L GDV - - - L KTMA - - - - - - - - - -
- ENPA - RYL VARS - L DDV - - - L QTVN - - - - - - - - - -
- ENPA - QYVVART - VDDM - - - I GNV - - - - - - - - - - -
- KNPA - RYVKATK - L DDV - - - L SHT - - - - - - - - - - -
- ENPA - KY I KARN - L DDV - - - MAGC - - - - - - - - - - -
- ENPA - RYVVATN - SDDL - - - MAQL - - - - - - - - - - -
- VNPA - RYVRARC - ADDL - - - PTA - - - - PANARDAA
- DNPA - RYVRARR - ADDL - - - PTA - - - - AADARDAA
- DGAA - RFVRVRQ - ADAL - - - FEPA - - - APL AGAGR
- DDAA - RFVRVGR - ADAL - - - FESASG - APPAGGGR
- EDAA - RFVRVRQ - ADAL - - - FEPAATVAPL ASAGR
- DDAA - RFVRVRH - VDAL - - - FDAA - - - AAPARTAR
- SNAA - KYVRATD - L TE I - - - MGSL - - - - - - - - - - -
- GTDV - EF I GPENDVERF - - - ML RAL SR - - - - - - - -
- DES I - QFEVESD - FEEF - - - KMDT I SKY - - - - - - -
- - - EV - PYVVETS - AAEL - - - SPERVRSSFKSSE - -
- - - EV - PYVVETS - AAEL - - - SPERVRSSCQGSE - -
- - PEV - QFKHVKD - ASEV - - - - - - - - - - - - - - - - - -
- - - G I - PFSVV I S - AKEV - - - - - - - - - - - - - - - - - -
- - - GV - DYAVVTS - L ADV - - - AM - - - - - - - - - - - - -
- - - GV - DFKAATN - I HEV - - - L TGAA - - - - - - - - - -
- - - G I - EYAVSVP - - EQW- - - N I - - - - - - - - - - - - -
- - - GVDDYHRAAP - - EAW- - - NL - - - - - - - - - - - - -
- YPDL - DYQVVEN - VEEL - - - SGQYRNL R - - - - - - -
- YKDL - DYRVVQK - VEEL - - - SAEYCK I - - - - - - - -
- FNDL - KYEVVES - VRE I - - - SGRYSR - - - - - - - - -
- FDGV - KYQVVEK - L SE I - - - S - - - - - - - - - - - - - -
- - KDV - EFKHVTK - VGDL - - - I S - - - - - - - - - - - - -
I ADDR - I YDVVDS - YEKL - - - L - E I VRG - - - - - - - -
I NDQH - I YDVVSS - YEEL - - - L - N I VR - - - - - - - - -
TEQK I - RYDVVSN - FDEL - - - M - Q I VK - - - - - - - - -
QHQNV - RYDVVSC - FDEL - - - MKKVL N - - - - - - - - -
SEERV - KYDVVTS - YEKL - - - M - D I VGRATA - - - - -
DPEHV - KYDVVTS - YGKL - - - M - E I VGMGGARV - - -
APENV - KYDVVDS - FGKL - - - M - EVVK - - - - - - - - -
- SANV - RYDVVDS - FGKL - - - M - AL VQ - - - - - - - - -
APENV - KYDVVDS - FSKL - - - M - EVVK - - - - - - - - -
SSDHV - KYDVCVN - YDDL - - - K - RL VM - - - - - - - - -
- NAEL - KYGVVTD - YRKL - - - V - EL VN - - - - - - - - -
- TTDV - I YEQVDS - FKSL - - - L - DMMNE I PDKENTK
- TSQV - KYHDVDS - YQSL - - - L - D I MSKL - - - - - - -
- TANV - KYHKVAT - YQDL - - - I - DEMNAG - - - - - - -
- TGDV - RYHNVAT - YEDL - - - L - EVMGRMG - - - - - -
- TGNV - KYEVVNS - YEKL - - - L - E I VK - - - - - - - - -
- NNSV - KYGVVEN - YEKL - - - L - EMVS - - - - - - - - -
- HAD I - KYDV I DS - YQAL - - - RDK I MN - - - - - - - - -
- GQEM - KFSKVSN - YQQM - - - L - E I VQVK - - - - - - -
- GGKL - KYNKVSS - FEEL - - - L - K I VTQESV - - - - -



BfrYORF11/1-450
BfaSORF11/1-450
LmoHORF56/1-460
MvaSBORF1/1-449
HmoORF300/1-452

427
430
438
425
432

450
450
460
449
452

- GGKL - KYNKVSS - FEEL - - - L - K I VTQESV - - - - -
- TGEV - VYSVVKT - YQDL - - - YNAVTK - - - - - - - - -
- NSEV - TYEVVDS - YDKM - - - MDKL SSH I - - - - - - -
- NEK I - I FDAVTS - VDNV - - - I DS I KPKATV - - - - -
- AQDV - QFKQAKN - YDDF - - - L L K I TV - - - - - - - - -



ATPase Nuclease Methylase

CspLTORFB Mca5402OR  EcoPI

 Cps41ORF1  Vpa2008OR  EcoP15I

 Mca5402OR  Cps41ORF1  MsuORF1026P

 Vpa2008OR  CspLTORFB  HpaSHORF1827P

 AorOORF13  CklORF323  HinR2866ORFAP

 CklORF323  AorOORF13  IpoORF2074P

 UbaNspORF  NmeBORF12  UbaNspORFAP

 LgaORF146  MsuORF102  LgaORF1464P

 LfeAORF10  HinR2866O  LrhGGORF981P

 LrhORF102  EcoPI  LfeAORF1043P

 SenAZORF2 EcoP15I  SenAZORF2565P

 BceSI  HpaSHORF1  BceSI

 LkiORF670  IpoORF207  LkiORF6700P

 SepKORFAP  BceSI  Vpa2008ORF448P

 EcoRP15I  SenAZORF2  Mca5402ORF234P

 EcoPI  SenAKUORF  CspLTORFBP

 NmeBORF12  StyLTI  Cps41ORF1462P

 MsuORF102  LgaORF146  CklORF3239P

 HinR2866O  LfeAORF10  AorOORF1317P

 HpaSHORF1  LrhORF102  SepKORFBP

 IpoORF207  LkiORF670

ATPase Nuclease Methylase

AmuORF152  DfeORF522 PmuORF698P

 EleORF928  MvaSBORF1  HpaSHORF2158P

 DreMORF22  BfrYORF11  AplJORF655P

 LdeBORF12  BfaSORF11  TspJRORF1073P

 PmuORF698  LmoHORF56  PthSORF151P

 HpaSHORF2  SsuSCORF6  CphBORF1148P

 BbrRORF91  SmiB6ORF1  BbrRORF912P

 VeiORF348  HpaSHORF2  EcoCFTORF5372P

 EcoCFTORF  PmuORF698  SacSBORF1825P

 MspBNCORF  MspBNCORF  MspBNCORF543P

 PcaORF272  SacSBORF1  LdeBORF1230P

 SacSBORF1  BbrRORF91  AmuORF1521P

 AplJORF65  VeiORF348  DfeORF5227P

 Pin37ORF2  EcoCFTORF  MvaSBORF154P

 TspJRORF1  Pin37ORF2  SsuSCORF608P

 PthSORF15  PcaORF272  SmiB6ORF1249P

 LmoHORF56  AplJORF65  BfaSORF1120P

 DfeORF522  LdeBORF12  LmoHORF56P

 SsuSCORF6  DreMORF22  EleORF802P

 SmiB6ORF1  AmuORF152  TspX514ORF1828P

 BfaSORF11  EleORF928  HmoORF3004P

 BfrYORF11  TspJRORF1  BfrYORF1142P

 CphBORF11  PthSORF15

 MvaSBORF1  CphBORF11

Table A1: Members of phylogenetic Group I

Table A2: Members of phylogenetic Group II

Group I

Group II



ATPase Nuclease Methylase

MhaPORFAP Bgr4ORF41 VpaSORF4593P

 PhaBI  SwoGORF15  MspMCORF787P

 Asu130ORF  CcaP7ORFA  EtaORF3980P

 AplORF812  NthORF364  EcoEDORF2295P

 HduORF169  CthORF519  DacSPHORF4205P

 EmiORF224  BtrCIPORF  GprHORF22920P

 DdaEORF30  Vsp222ORF  Afe10331ORF1394P

 CjaUORF15  R1.GspCOR  PprDORF237P

 CtaORF1P  DdeGORF17  AavORF159P

 MsiBL2ORF  Rba2150OR  BtlORF41P

 DlyBLORF1  NwaCORF29  BglBGRORF160P

 Mru1279OR  PphBUORF1  BceAMORF20P

 MsiPORF56  CteTORF90  CteTORF908P

 DreMORF51  Afe10331O  Rba2150ORF11466P

 Bgr4ORF41  GprHORF22  NwaCORF2929P

 R1.GspCOR  DacSPHORF  NhaXORF582P

 SwoGORF15  VpaSORF45  NthORF364P

 MstDORF47  AavORF159  SwoGORF1548P

 CthORF519  EtaORF398  BtrCIPORF1929P

 NthORF364  PprDORF23  GspCORF2154P

 CcaP7ORFA  MspMCORF7  PhaBI

 BtrCIPORF  BtlORF41P  Asu130ORF673P

 Afe10331O  Bps1710OR  AplORF812P

 CteTORF90  EsaSS21P  HduORF1691P

 PphBUORF1  BceJORF34  EmiORF224P

 Bps1710OR  BceAMORF2  Mru1279ORF580P

 BtlORF41P  BmuJORF41  MsiPORF567P

 BglBGRORF  BglBGRORF  MsiBL2ORF1946P

 BceAMORF2  EcoEDORF2  DlyBLORF1612P

 EtaORF398  Mru1279OR  DreMORF514P

 AavORF159  MsiPORF56  CtaORF1P

 VpaSORF45  DreMORF51  PcaPC1ORF848P

 DacSPHORF  DlyBLORF1  DdaEORF3047P

 GprHORF22  MsiBL2ORF  CjaUORF1580P

 DdeGORF17  CtaORF1P

 Rba2150OR  DdaEORF30

 NwaCORF29  CjaUORF15

 PprDORF23  Asu130ORF

 MspMCORF7  PhaBI

 NhaXORF58  AplORF812

 EcoEDORF2  HduORF169

 EmiORF224

 MstDORF47

Group III

Table A3: Members of phylogenetic Group III
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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 LlaGI bound to its target and compared
it with the previously reported structure of a close
homologue that binds to a distinct target, LlaBIII.
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 LlaGI and
LlaBIII 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
BstYI, 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 MmeI 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 LlaBIII (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 LlaBIII 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 LlaGI�N, 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 LlaGI and LlaGI�N

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 OD600 = 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-HCl pH 8.0, 150 mM NaCl,
10 mM MgCl2, 1 mM EDTA and 1 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 LlaGI�N (11). Puri-
fied LlaGI and LlaGI�N were stored in a buffer contain-
ing 10 mM Tris-HCl pH 7.4, 100 mM NaCl and 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 LlaGI�N-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.

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 LlaGI 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 1 nM DNA, 100 nM LlaGI�N 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 (Tapp). (D) The linear relationship between Tapp 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 LlaGI�N.
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and 5′ -CACCTCCATCCAGTCTATTAGCTAGAGC-3′
for LlaGI-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 LlaGI 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 32P using T4
polynucleotide kinase from New England Biolabs, USA.
The binding reaction buffer contained 50 mM Tris-HCl pH
7.4, 100 mM NaCl, 10 mM MgCl2, 0.01 mg/ml BSA, 1 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 LlaGI�N and 4 mM ATP in 50 mM Tris-
HCl, pH 8.0, 10 mM MgCl2, 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 (t), as the sum of a background lin-
ear rate (with gradient m) and an offset exponential with an
x-axis offset at times Tapp (the apparent ‘lag time’), with am-
plitude A, an apparent rate constant of triplex displacement
of k, and an offset (C1) which is the value for free triplex at
t = Tapp:

Y = (x < Tapp)(mx) + (x > Tapp)
((

A
(

1 −
(

exp−k(t−Tapp)
)))

+ C1
)

(1)

The variation of Tapp (s) with distance (d, bp) was fitted
to:

Y =
(

1
kstep

)
d + C2 (2)

Where kstep is 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 kstep 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 LlaGI�N-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 �l drops at 291 K by the sit-
ting drop method. One such crystal of LlaGI-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 Å at 100 K, with glycerol as a cryoprotectant. Suitable
diffracting crystals of LlaGI�N were grown in 4 �l hanging
drops at 291 K by the vapour diffusion method. The reser-
voir buffer contained 100 mM Tris-HCl 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 Å
at 100 K, with ethylene glycol as cryoprotectant.

Structure determination

The LlaGI-DNA and LlaGI�N-DNA diffraction data
were collected at the European Synchrotron Radiation Fa-
cility ID23–1 and the Diamond Light Source I03 beam-
lines, and processed using MOSFLM (21) and XDS (22),
respectively. The intensities were scaled and merged using
AIMLESS (23). The structure solution for LlaGI�N-DNA
crystal was obtained by molecular replacement using the
program PHASER (24) and the structure of partially built
LlaGI�NSe-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 LlaGI�N and nuclease-ATPase unit
of LlaBIII (PDB ID: 4XQK) as separate search models.

Initial cycles of structure refinements were carried out
by REFMAC5 (25) and subsequently by phenix.refine (26).
The maps were visualized and model building carried out
using COOT (27). In case of LlaGI�N-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 C�
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 LlaGI-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 LlaGI-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 LlaGI�N (11).

Purification of LlaGI�N 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 (Tapp) characteristic of a translocating motor and we
were able to measure a stepping rate of 226 ± 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, LlaGI�N 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 �N mutants were used for crystallo-
graphic studies.

Molecular architecture of LlaGI bound to DNA

The structures of LlaGI�N bound to a 22-bp DNA and
full-length LlaGI bound to a 28-bp DNA were determined

to a resolution of 2.84 and 7.4 Å, respectively (Table 1).
In the LlaGI�N-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 � -class of N6-adenine MTase do-
main and the C-terminal TRD by an all �-helical coupler
domain (Figure 3A and B). Comparison of LlaGI-DNA,
LlaGI�N-DNA and LlaBIII-DNA structures revealed in-
terdomain conformational mobility (Figure 3C).

Like in the case of the LlaBIII-DNA complex (11),
in both LlaGI-DNA and LlaGI�N-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 LlaGI target was designated as
−1. In LlaGI�N-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 LlaGI�N 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 IIG), 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
Å) 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 � -class of N6-
adenine MTase domain M. TaqI (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. TaqI the two do-
mains form an open DNA binding cleft. The TRD of LlaGI
is larger than that of M.TaqI 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 5A. Similarly, LlaBIII
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Figure 3. Ribbon representation of (A) LlaGI-DNA complex at 7.4 Å resolution and (B) LlaGI�N-DNA complex at 2.8 Å 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 C�-trace of LlaGI at 7.4 Å 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 LlaGI�N-DNA

Data collection
Space group I2 P21
Cell dimensions
a, b, c (Å) 267.9,203.4,291.5 87.4,222.3,117.4
�, �,� (◦) 90.0,96.2,90.0 90.0,105.1,90.0
Resolution (Å) 50.0–7.4 (8.11–7.40) 50.0–2.84 (2.99–2.84)
Rsym 8.0 (50.7) 8.9 (58.8)
I / �(I) 8.0 (2.0) 9.6 (2.0)
Completeness (%) 96.7 (98.4) 99.8 (99.9)
Redundancy 2.0 2.0
Refinement
Resolution (Å) 50–7.4 50–2.84
No. of reflections (total/test) 20176/1040 101504/5107
Rwork/Rfree 34.6/37.4 22.9/26.2
R.m.s. deviations

Bond lengths (Å) 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 LlaGI�N-
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.TaqI (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

was not strongly conserved, unlike the recognition elements
of the MTase domain (Figure 5B and C). Amino acids of the
central �-sheet of the TRD also showed moderate conser-
vation. However, the helices (I1395–I1428) stacked on the
central �-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-I1035 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 �-sandwich structure
with a four-stranded N-type Greek key motif layer stacked
against a layer of three helices with a �-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 LlaGI�N: 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 LlaBIII-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 LlaGI�N 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 LlaGI�N 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 EcoR124I). 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 LlaBIII (11), the DNA
is steered towards the ATPase domain.

The MTase domain is structurally similar to other � -class
adenine-N6 MTases, including the prototypical M. TaqI,
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. TaqI. 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 5E).
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 M1137 fills the
cavity in the LlaBIII-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. TaqI, 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 LlaBIII (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. TaqI to its target DNA increased the width of only
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the minor groove by 3 Å (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.TaqI, 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 (ii) 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 LlaGI 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 LlaBIII 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

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 et 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 (LlaGI 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 �-hairpin loop (1347–1358) in the core sub-
domain. The two strands of the hairpin are connected by a
� 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.TaqI,
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 LlaGI, the tar-
gets of nine other Type ISP enzymes are known (Fig-
ure 7A) (20). (In addition, Mtu10134II, MboBCG21III
and MtuHN878II have the same amino acid sequence as
Mtu18II and recognize the same target sequence.) We com-
pared the amino acid and the target sequences of these en-
zymes along with LlaGI and LlaBIII 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 HpyUM037X) to ∼33%
(HpyUM037X 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
III, 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).

 by guest on N
ovem

ber 29, 2016
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

http://nar.oxfordjournals.org/


10 Nucleic Acids Research, 2016

Figure 6. Target recognition. (A) Base-specific interactions made by LlaGI (top) and LlaBIII (bottom). Hydrogen bond acceptors and donors within 3.5 Å
are connected by yellow dotted lines. Positionally non-equivalent residues that read the equivalent base pairs of LlaGI and LlaBIII targets are underlined.
Note that the interactions made by LlaGI�N with the base pair at +1 are illustrated in Figure 5E. (B) The structural elements involved in target recognition
(residue numbers based on LlaGI sequence). The spheres represent amino acid residues whose side chains are involved in target recognition in case of LlaGI
and LlaBIII. 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 LlaGI sequence. Residues LlaGI-K1023, LlaBIII-K1024 and LlaGI/LlaBIII-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 MTase domain. Con-
sequently, all the enzymes recognize a T:A at this position
(for example, LlaGI-CTNGAYG and LlaBIII-TNAGCC).
In the LlaGI�N and LlaBIII 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 5E). 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 LlaBIII 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 Q1373, and the MTase
residue K1023. However, the corresponding bottom-strand
thymine of the LlaBIII 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 LlaGI target is recognized by the inter-
action between N1228 with the adenine. A water molecule
assigned based on a weak 2FO-FC but a strong FO-FC
electron density bridged interactions between the base and
N1228 and N1327 (Figure 6A). In LlaBIII, the guanine at
the top strand interacts with K1231 and N1058, and the
complementary cytosine interacts with the MTase residue
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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 C:G
(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 LlaBIII-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 MTase 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 LlaBIII-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 LlaGI-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 � -class of N6-
adenine methyltransferase, Type I, Type IIG 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.
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