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Abstract

The complex lifecycle  of  Myxococcus xanthus is  facilitated by two types of  motility,  in

addition to several other pathways that regulate its lifecycle. The  frz pathway modulates

the  cellular  reversal  frequency  and  plays  an  important  role  in  regulating  both  the

adventurous and social motilities of this bacteria. The foremost enzyme in this frz pathway

–  FrzCD  is  a  cytoplasmic  chemoreceptor.  Different  post-translational  modifications  of

FrzCD correspond  to  different  states  of  the  receptor  and  can  activate  or  repress  the

signalling pathway resulting in  modulation of  the cellular reversal frequency.  In this study,

we sought out to characterise one of the states – the unmethylated  form of the receptor,

using a combination of biophysical  approaches to decipher the oligomeric state of the

protein. Biochemical means to dissect the protein into its constituent N and C-terminal

domains to assign its structure and function, and subsequent biophysical characterisation

to assess the quality  of  the protein  sample were carried out.  During this  process,  we

discovered that  the N-terminal  domain of FrzCD binds to DNA, the first  instance of a

methyl-acepting chemosensory protein (MCP) binding to DNA.
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Abbreviations

CH3 – methyl group.

DNA – Deoxyribonucleic acid.

EDTA – Ethylenediamine tetra-acetic acid.

EMSA – Electrophoretic mobility shift assay .

Frz – Frizzy.

FrzCD-h6 – the full length protein FrzCD with a hexa-histidine tag at the C-terminus.

HAMP domain – A coiled-coil dimerisation domain commonly found in Hisdine kinase, 

Adenylate cyclase, Methyl accepting protein and Phosphatases.

LB - Luria Bertani.

MCP – Methyl accepting chemotaxis protein..

MPD – 2-Methyl-2,4-pentanediol.

N106 – the N-terminal domain construct FrzCD1-106-h6.

N86 – the N-terminal domain construct FrzCD1-86-h6.

Ni-NTA – Nickel-Nitralotriacetic acid.

OD600 – Optical density measured at 600 nm.

PAGE – Polyacrylamide Gel Electrophoresisis.

PCR – Polymerase Chain Reaction.

PEG – Polyethylene Glycol.

RF cloning – Restriction (enzyme) Free cloning.

SDS – Sodium Dodecyl Sulphate.
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Chapter 1.

Introduction.

To survive, all  living beings must sense the changes in the environment around it  and

respond appropriately. This process of chemotaxis involves sensing of nutrients, toxins,

pH, oxygen level or light in the environment around it and a motile response apt for the

stimulus sensed (Zhulin, I.B., 2001). This fundamental process has been well studied in

Escherichia coli  (Wadhams, G.H. et al., 2004). Here, a modified two-component system

senses changes in nutrients and modulates the direction of flagellar rotation to bias the

movement in accordance with the signal. Two-component systems consist of a histidine

kinase signal sensor and a response regulator that can be phosphorylated by the sensor

(Zhulin, I.B., 2001). The phosphorylated response regulator can then activate downstream

effectors and modulate motility or bring about a change in the gene expression to alter the

physiology of the cell apt for the local environment (Kirby, J.R., 2009).

1.1 Chemotaxis in E. coli.

In  E. coli,  a transmembrane homodimeric coiled coil

MCP  (methyl-accepting  chemotaxis  protein)  senses

the  signal  and  conveys  the  signal  through  its

conserved C-terminal signalling domain (Ferris, H.U.

et  al.,  2014).  It  signals  the  cytoplasmic  histidine

kinase,  CheA through the adaptor protein,  CheW to

catalyse  a  trans-phosphorylation  of  a  conserved

histidine residue in CheA (Figure 1.1). The phosphate

is then relayed to the response regulator CheY. The

phosphorylated  CheY  then  binds  to  the  FliM,  the

switch of the flagellar motor. This alters the rotation of

some of the flagella which disassemble the flagellar

bundle and causes the cell  to  tumble.  The cell  can

then  redirect  its  movement  and  take  up  a  new

direction where the nutrients are available.  

To  ensure  a  sustained  directed  movement  towards

increasing nutrient concentration, the sensor MCP has
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to be modulated to make sure that the flagellar bundle doesn't disassemble. As a corollary,

the bacteria must tumble at a higher rate when nutrient concentrations are decreasing and

choose  a  direction  that  is  high  in  nutrients.  This  is  achieved  by  bringing  the  current

stimulus response back to the pre-stimulus level, a process called adaptation. The sensing

of a gradient is carried out through adaptation, and is brought about by post-translational

methylation, in response to the external signal, of certain glutamate residues of the sensor

MCP  in  the  C-terminal  signalling  domain.  CheR  is  a  constitutively  active

methyltransferase. A methylated MCP receptor is more sensitive to decreasing nutrient

concentration  and  activates  the  signalling  pathway.  During  this  process,  the  histidine

kinase also phosphorylates CheB, a methylesterase that can remove methyl groups from

the MCP.  The demethylated  MCP is  now 'desensitised'  and not  active  in  the  existing

amount of signal. A nutrient concentration lower than the current one is now required to

activate  the  receptor  and  bring  about  tumbling.  For  increasing  concentrations  of  the

nutrient, the signalling pathway is not activated, hence the bacteria swims in the same

direction  for a longer time period (Wadhams, G.H. et al., 2004).

Though, the chemotaxis mechanism in E. coli has been well studied and understood, the

variations in motility regulation in other bacteria have been not completely understood,

such as the Myxococcus sp., which has a complex life cycle (Figure 1.2), different types of

motility and can move rhythmically in groups (Kaiser, D., 2003).

1.2 Motility in  Myxococcus xanthus.

Myxococcus xanthus is a predatory gram-negative social bacteria and has two types of

movements  -  the  adventurous  and  the  social

motility (Zusman, D.R. et al., 2007). While social

motility,  responsible  for  coordinated  group

movements  in  the  bacteria,  is  established  by

synchronous extensions and retractions  of  the

type  IV  pilus  from  the  leading  pole  of  the

bacteria,  gliding  or  A-motility  is  powered  by

molecular  motors  that  lie  along  the  helical

cytoskeletal  track of  the rod-shaped bacterium

(Nan, B. et al, 2010, 2011). A periodic reversal in

its  cellular  polarity  occurring  every  6  –  13

minutes is a feature of both these movements
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(McBride, M.J. et al., 1989, Bustamante, V.H. et al. 2004). When starved on a nutrient poor

medium, it forms spores that are heat and chemically resistant and the development phase

of the bacteria ensues. Once nutrients are available, the spores can then hatch out and

the vegetative cycle of the bacterium continues. The reversal frequency in Myxococcus

xanthus is  modulated  by  a  chemosensory  pathway  very  similar  to  the  E.  coli

chemosensory  pathway  described  above  (Zusman,  D.R.  et  al.,  2007).  The  pathway

responsible for this consists of the Frz pathway proteins, comprising of FrzCD, FrzA, FrzE,

and FrzZ, that are equivalents of MCP, CheW, CheA-Y and CheY-Y respectively of the

E.coli Che pathway (Figure 1.1 and 1.3, Zusman, D.R., et al.,  2007). 

1.3. The Frizzy (Frz) pathway.

The  components  of  the  Frz  pathway  in  Myxococcus  xanthus closely  resembles  this

established paradigm of the Che pathway

(Figure 1.1, Kaiser, D., 2003). In addition

to  regulating  motility,  the  Frz  pathway

also  has established roles  in  vegetative

cycle  of  the  bacteria  –  it  controls

coordinated  group  movements  like

swarming,  regulates  the  reversal

frequency  in  its  movement  and  in  the

development  cycle  of  the  bacteria

(Bustamante,  V.H.  et  al,  2004).  The

deletion  of  components  in  the  Frz

pathway  increases  the  cellular  reversal

frequency,  disrupts  its  group  behaviour

like swarming in the vegetative cycle and can no longer form fruiting bodies (Weinberg,

R.A. et al., 1989, McBride, M.J. et al., 1992, Bustamante, V.H. et al., 2004). Studying how

movements are regulated and co-ordinated in this bacterium in different environmental

contexts is core to understanding the features the are responsible for motility in general.

The Frz pathway of this bacteria is thus a model system to understand different motilities,

its regulation and co-ordination in groups and in environment specific contexts. 

The foremost of the enzymes in the Frz pathway, FrzCD is the homolog resembling the

MCP of the Che pathway (McBride, M.J., et al., 1992). Though the signal it senses is not

known,  the  C-terminal  domain  of  FrzCD  from  residues  130-417  shares  about  30%
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sequence  identity  with  the  Tsr,  serine  receptor  of  E.  coli  and  40%  identity  with  the

aspartate receptor Tar, of Salmonella typhimurium (Mc Bride, M.J. et al., 1989). Though its

N-terminal domain is of an unknown fold, sequence analysis predicts that the C-terminal

domain is a coiled coil. 

FrzCD is a cytoplasmic MCP and is observed to be localised in a helical pattern in the

cytoplasm (Figure 1.4C). These dynamic helical clusters of FrzCD align with each other

when the cells  are in direct  side-side contact  with  each other (Figure 1.4D, Mauriello,

E.M.F. et al., 2009). 

Earlier  studies  have  also  shown  that  the  protein  is  methylated  in  vivo  by  the

methyltransferase FrzF and the protein exists in a variety of methylated states (Figure 1.5,

McBride,  M.J.  et  al.,  1989 and McCleary  et  al.,  1990).  However,  the  most  interesting

feature of this protein is that methylation of different sites on this receptor can modulate
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the cellular reversal frequency by increasing or decreasing it (Figure 1.5B, Astling, D.P. et

al., 2006, Scott, A.E. et al., 2008). 

 

1.4 Objectives.

How methylation at different sites of FrzCD changes the state of the receptor is unknown,

though it has an obvious phenotypic effect, reflected as changes in the reversal frequency.

The main goal of the project is to understand the FrzCD signalling pathway by using a

combination of biochemical and biophysical techniques. For instance, does methylation of

a specific glutamate residue change the conformation of the receptor or the oligomeric

state of  the FrzCD and change the biochemical  affinity  with  its  downstream partners?

Finding the structure of the receptor in its non-methylated form is the first  step in this

project. This will provide us a standard against which the different conformations of the

protein in different methylated contexts can be compared with. 

The main objectives of this project are:

a) biophysical and biochemical characterisation of the cytoplasmic receptor in its native, 

non-methylated form.

b) obtain a crystallisable construct, in case the full length protein is not amenable for 

crystallization.

c) find the structure and function of the unknown N-terminal domain of FrzCD.
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2. Materials and Methods

2.1 Design of FrzCD N and C-terminal domain constructs.

The  FrzCD  sequence  was  analysed  using  online  servers  –  Superfamily

(https://www.supfam.org/SUPERFAMILY, Wilson,  D.  et  al.,  2009),  Promals3D

(www.prodata.swmed.edu/promals3d/promals3d.php,   Pei,  J.  et  al.,  2007)  and  pcoils

(https://toolkit.tuebingen.mpg.de/pcoils, Alva, V. et al., 2016) to get an idea of the domains

of  FrzCD  against  available  structures  of  its  homologs.  Subsequently,  based  on  the

alignment, the constructs were designed.

2.2 Cloning of FrzCD constructs.

Cloning involves amplification of the gene of interest from the genomic DNA, its insertion

into  an  appropriate  locus  onto  the  vector  and  then  extracting  plasmids  from  the

bacteria.The required gene was amplified from the template (genomic DNA of Myxococcus

xanthus for the full length  frzCD or a pHis17 vector containing the  frzCD gene insert for

amplifying the truncated constructs). The gene was then introduced into the pHis17 vector

using restriction-free cloning (Figure 2.1). In this procedure, the amplified PCR product,

containing flanking vector sequence on both sides, can act as a mega-primer and extend

over the vector during a PCR reaction. This amplification process generated a plasmid

containing a nick in both the strands. 

The template vector is then digested by Dpn1, which specifically cleaves only methylated

DNA. After  overnight  Dpn1 digestion, NEB electro-competent cells were electroporated

and plated onto LB (Luria  Bertani)  agar  plates containing 0.1 mg/ml  Ampicillin.  Single

colonies were then picked up and grown in LB broth containing 0.1 mg/ml of Ampicillin for

18 hours. The plasmids were then extracted by the alkaline lysis method. Subsequently, a
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restriction digestion of the plasmids was carried out by incubation  for 3 hours to confirm

the insert size. The gene contains restriction sites of Nde1 and BamH1 on either side. The

positive clones were then finally confirmed by sequencing.

A typical 50 μl PCR (Polymerase Chain Reaction) for amplifying the gene is given below

while table 2.1 lists the primers used for generating the relevant constructs.

• Template DNA: ~200 ng.

• Forward and reverse primers: 1 μl of 20 μM stock each. 

• AccuPrimeTM Pfx: 0.5 μl.

• 10X AccuPrimeTMPfx Buffer: 5 μl.

• AccuPrimeTM Pfu DNA Polymerase: 0.5  μl.

• De-ionised water/ Milli-Q® : make up the volume to 50 μl.

Table 2.1: Primers used for PCR amplification of the constructs.

For RF (restriction free) cloning, the reaction mixture contains

• Template DNA: ~500 ng.

• Gene insert: ~1000 ng.

•  AccuPrimeTM Pfx: 0.5 μl.

• 10X AccuPrimeTMPfx Buffer: 5 μl.

• AccuPrimeTM Pfu DNA Polymerase: 0.5 μl.

• De-ionised water/ Milli-Q®: make up the volume to 50 μl.
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A typical  PCR  cycle  involves  the  following  heating  and  cooling  cycle  to  activate  the

enzyme, amplify and anneal the amplified gene (Figure 2.2). 

Components for Dpn1 digestion:

• 9.5 μl of RF-PCR product 

• 0.5 μl of Dpn1 enzyme.

After electroporation with the Dpn1 digested PCR product, cells were immediately revived

using 200  μl of 2X LB and incubated for an hour at 37ºC. To confirm the correct gene

insert into the pHis17 vector, restriction digestion using the enzymes Nde1 and BamH1

was carried out, which will result in a release of the insert corresponding to the target gene

size.

Restriction digestion reaction mixture:

• plasmid: ~100 ng.

• Nde1: 0.3 μl

• BamH1: 0.3 μl

• 10X NEB Cutsmart Buffer: 1 μl

• Milli-QTM: make up the volume to 10 μl.

This reaction mixture after 3 hours at 37ºC was loaded onto a 0.8% agarose gel and run

for 40 minutes at 110 V.

2.3 Overexpression and solubility profile of FrzCD constructs.

After confirming the recombinant plasmid by DNA sequencing, BL21AI  E. coli cells were

transformed by heat-shock treatment at 42 ºC using ~100 ng of the recombinant plasmid.

Soon, the cells were revived using 200  μl of 1XLB and incubated at 37º  C for an hour.
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Later, they were plated onto LB Agar containing 100 μg/ul of ampicillin and grown at 37º C

for 16 hours.

To check the solubility of the protein, 20 - 25 BL21AI single colonies were picked up and

grown in a test tube containing 13 ml of LB broth with 100 μg/ul of ampicillin at 37ºC till the

growth reached an optical density of 0.8 – 1, monitored at 600 nm. 6 ml of the cells were

transferred into a fresh sterile test tube, induced with 0.2% L-arabinose and then grown at

30º C for 5 hours with constant shaking of 180 rpm. The remaining 6 ml of the cells are left

as a control for the experiment and not induced.

After pelleting down the cells at 4,000 g, cells were resuspended in 600 μl of a buffer of pH

8 containing 50 mM Tris and 200 mM NaCl in a 1.5 ml eppendorf. To check the solubility in

other buffers, cells were resuspended in the lysis buffer of requisite pH and salt. While salt 

used here is NaCl whose concentration could also be varied, a buffer of pH 6.5 was 

maintained using sodium cacodylate. Cells were lysed at 4º C by sonication at 60% 

amplitude (81 W, 20 kHz) for one minute in a 1" on and a 3" off cycle. The lysate was then 

spun at 21,000 g for 10 minutes at 4º C to pellet all insoluble parts of the lysate. A 10 μl 

aliquot of the fractions are taken just after sonication and after spinning the lysate down. 

Later, induced and uninduced fractions were compared by running the heated sample in 

an SDS-PAGE. 

2.4 Protein Purification.

All procedures for protein purification were carried out at 4ºC unless mentioned otherwise.

500 ml of culture was resuspended in 35 ml of Buffer A (200 mM NaCl, 50 mM Tris pH 8)

and lysed by sonication for 5 minutes (60 % amplitude (81 W, 20 kHz) in a 1" on and 3" off

cycle). The cell lysate was immediately spun at 39,191 g for an hour to remove membrane

fractions and other insoluble particles. The supernatant containing the soluble fraction of

the lysate was then loaded onto a 5 ml Ni-NTA column at 5 ml/min allowing only the hexa-

histidine tagged protein to bind to the column. The column was then given an extensive

wash of 8 column volumes (40 ml) with 2% buffer B (containing 10 mM imidazole; buffer B

contains 500 mM imidazole in addition to all  components of buffer A) and 5% buffer B

(containing 25 mM imidazole)  to  remove other  non-specific  impurities  that  might  have

bound  the  column.  The  protein  was  then  eluted  out  of  the  column by  increasing  the

imidazole concentration. The imidazole concentration in the column was serially increased

from 10 %B, 20 %B, 50 %B to 100 %B and 30 ml of each were collected as 5 ml fractions.

The fractions containing the protein were then pooled together and dialysed for 3 hours in

a buffer containing 25 mM NaCl, 50 mM Tris pH 8 and 1 mM EDTA to lower the high salt
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and imidazole content of the protein fractions. The presence of low salt is essential for the

protein to bind the ion exchange column. Ion exchange chromatography also removes

additional protein impurities and bound DNA. The protein after dialysis was spun at 39,191

g for 30 minutes and loaded onto an ion exchange column using 50 ml SuperloopTM and

eluted using increasing amount  of  salt  (up to 1 M NaCl).  The fractions containing the

protein were then concentrated using a concentrator of 3 kDa cutoff. The proteins were

then flash frozen using liquid nitrogen in thin walled PCR tubes in aliquots of 20 - 30 μl and

stored at -81ºC.

The protein concentration was estimated by Bradford method. Comparing the absorbance

of the purified protein at 595 nm with a standard (Bovine serum albumin curve) yields us

an estimate of the protein concentration. Later, the quality of the protein was confirmed

through both  mass spectrometry  (to  check proteolytic  degradation)  and size exclusion

chromatography  (to  check  that  the  protein  is  a  homogeneous  sample  and  are  not

aggregated).

Note:

1) The type of ion exchange columns and the pH of the buffer used depends on the pI of

the protein. For FrzCD-h6 (pI of 5.4) and FrzCD:1-106-h6 (pI of 7), the anion exchange

column (MonoQ 4.6, GE healthcare) was used and for FrzCD:1-86-h6 (pI of 9.6) a cation

exchange column (MonoS 4.6, GE healthcare) was used with a binding running buffer at

pH 8.

2.5 Gel filtration and SEC-MALS.

Globular  proteins  elute  on  the  basis  of  size  in  size  exclusion  chromatography.  Bigger

proteins elute from the column earlier than smaller ones. These columns also have an

exclusion limit - beyond which the molecular weights cannot be resolved. Based on this a

standard graph of LogMw can be plotted against the partition coefficient -

 Kav=Ve−Vo
Vc−Vo

Here Vc is the column volume, Vo is the void volume of the column and Ve is the elution

volume of the protein.

The molecular weight standards used for this runs were Blue Dextran (Mw  =  2000,000),

Thyroglobulin (Mw  =  670,000), Apoferritin (Mw  =  440,000), Beta-amylase (Mw  =  200,000),
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Alcohol dehydrogenase (Mw  =  150,000), Bovine serum albumin (Mw  =  67,000) Carbonic

anhydrase (Mw  = 29,000) and Cytochrome C (Mw  = 13,600). From this, a calibration plot

was calculated. The molecular weight of the protein constructs can then be estimated if the

elution volume is known.

                  

Before loading onto the size exclusion column, the column was equilibrated with buffer of

50 mM Tris pH 8 containing 50 mM NaCl at 4ºC. The protein was diluted to 100 μl with the

same  running  buffer  to  10  mg/ml  and  spun  at  21,000  g  for  10  minutes.  Later  the

supernatant was pipetted out and injected into the column. The run was carried out at 0.5

ml/min and monitored by UV at 230 nm, 280 nm and 260 nm.

The procedure is the same for a SEC-MALS run (Size exclusion chromatography with

Multi angle light scattering as a detector), except that the detectors used to detect protein

elution are different. In this technique, a size exclusion column separates a mixture of

protein sample into its constituent oligomers. The homogeneous protein molecules are

then  passed  through  a  polarised  laser  light  at  658  nm and  the  intensity  of  the  light

scattered is measured at different angles. By measuring the intensity of the scattered light

and the change in refractive index of the sample, the solution molecular weight of the

sample can be calculated. The advantage of this detection technique is that it assumes

nothing about the shape of the sample for estimating molecular mass unlike size exclusion

chromatography which is a technique applicable only for globular proteins.

Figure 2.3: Calibration plot using standard globular markers for size exclusion chromatography.
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2.6 Crystallisation.

Crystallisation trials and were carried out using the sitting drop method of vapour diffusion.

In this method, a saturated protein solution (10 mg/ml) is mixed with a buffered solution

containing precipitants and is allowed to equilibrate with a reservoir containing the buffered

solution. Because the reservoir has a lower vapour pressure, the drop slowly evaporates

(Figure 2.4).  During this process, if  conditions are just right,  then the protein can form

crystals.

For initial screening, the sitting drop method of

crystallisation was carried out in 96 (8 X 12) well

plates.  Here,  the reservoir  containing 50  μl  of

the condition is equilibrated with 200 nl of 1:1

v/v  protein  :  condition  and  kept  at  18ºC  in  a

vibration-free  incubator.  The  plates  were

observed everyday for the first week and then

once every week from the second week on.

To improve upon the condition hits, optimisation

conditions were set up for sitting drop in 46 well

plates (6 X 8). The reservoir volume was 100 μl

and  a  1  μl  drop  containinig  1:1  v/v  (protein  :

condition) is equilibrated at 18ºC in a vibration-

free incubator. The plates were observed everyday for the first week and then once every

week from the second week onwards.

All the stock solutions used for crystallisation were filtered with 0.2  μm filter into a fresh

sterilized falcon. The protein to be used for crystallisation was diluted accordingly with a

buffer  of  pH 8 containing 50 mM Tris  and 50 mM NaCl and spun at  21,000 g for  20

minutes at 4ºC and the supernatant transferred onto a fresh tube. This supernatant was

used for crystallisation.

2.7 DNA binding assays using EMSA.

EMSA (electrophoretic  mobility  shift  assay)  is  a  technique  to  visualise  the  amount  of

protein bound to the DNA in a reaction mixture. It relies on the principle that the mobility of

the protein-DNA complex during gel electrophoresis is retarded compared to the free DNA
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and this can be used to assess the relative binding affinity of the protein-DNA complex

(Hellman, L.M. et al., 2007). DNA binding assays were carried out in a Mg2+ free buffer. It is

a buffer of  pH 7.4 containing 50 mM Tris,  50 mM NaCl,  1 mM dithiothreitol  and 10%

glycerol. Here, after adding the DNA and the protein in the required amounts, the reaction

mixture was incubated at 25ºC at for 20 minutes and loaded onto an (0.8 - 2%) agarose

gel with 6X BPB (a loading dye) and run for 60 minutes at 110 V to see if there is a shift of

the  free  DNA band.  Shorter  DNA oligos  (below 147  bp)  had  to  be  run  at  higher  gel

percentages to resolve them.  Myxococcus xanthus genome is GC rich. Thus, wherever

possible, we've tried to use a GC rich sequence for binding assays. The sequences of the

DNA oligo used are tabulated (Table 2.2).

Table 2.2: The different DNA sequences used for binding assays with FrzCD-h6.
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3. Experimental results

3.1 Cloning, purification and crystallisation trials with FrzCD-h6.

After successfully cloning the FrzCD-h6 gene into the pHis17 vector (Figure 3.1), the 

protein was overexpressed in BL21AI cells and purified using Ni-NTA and passed through 

the anion exchange column to remove nucleotide and other additional impurities (Figure 

3.2). Size exclusion chromatography confirmed that the protein is not in the aggregated 

form. However, the initial crystallisation screen of 1440 conditions using the sitting drop 

method of crystallisation was not successful. The protein precipitated in most conditions or

clear drops were observed (Figure 3.3).

 

Figure 3.1: Cloning of frzCD gene into the pHis17 vector using restriction-free cloning first by amplification

from the genome (a), inserting the gene into the pHis17 vector (b) and eventually confirmed by restriction

digestion (c). Lane 5 of subfigure (c) is the Supermix DNA ladder and lane 6 is the amplified frzCD gene

used for reference. mglB is the plasmid used as a template here, a gene insert size of 500 bp.

Figure 3.2 The purification profile of FrzCD. Here the total bacterial lysate (T) is spun and the supernatant

(S) is loaded onto the Ni-NTA column. Flow through (F) is collected and reloaded again to the column. For

ion exchange, the dialysed protein containing low salt is the input and the flow through of the column (Ft) is

also analysed to see if the protein has been bound to the column.

- 18 -



Figure 3.3: Crystallisation of FrzCD was not successful – (a) precipitate and (b) a clear drop during the 

protein crystallisation.

3.2 Design and purification of FrzCD constructs.

A superfamily search of the FrzCD sequence assigned the stretch of 106-417 sequence of

FrzCD to the MCP signalling domain with pdb id: 2ch7 (cytoplasmic domain of an MCP

from Thermotoga maritima) as its closest structural homolog (Figure 3.4). To get a better

idea of domains in FrzCD, available structures of MCPs (obtained by PSI-BLAST in the

pdb database) were aligned with FrzCD using PROMALS3D, a structure based sequence

alignment  software  (Figure  3.5).  It  predicted  a  stretch  of  20  more  residues  in  the  N-

terminal  domain (86-106) that aligned well  with another MCP pdb id:  3zx6 (C-terminal

domain of the serine receptor in E. coli fused with a HAMP domain). The protein was thus

truncated at 2 points - before and after the helix, as shown in the figure. Together, these

generated  4  constructs  -  2  N-terminal  domain  constructs  and  two  C-terminal  domain

constructs (Figure 3.6).

• N terminal mutants - FrzCD:1-86-h6 and FrzCD:1-106-h6 (denoted as N86 and 

N106 respectively in the figure, h6 denotes the Histidine tag at the C terminus).

• C-terminal mutants - FrzCD:84-417-h6 and FrzCD:107-417-h6 (denoted as C84 

and C107 respectively in the figure, h6 denotes the Histidine tag at the C terminus).
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It was also conspicuous that the pI of the protein shifted from basic (9.6) to acidic (4.9) as

we move from the N to the C-terminal domain. This later, along with other experimental

data motivated us to carry out DNA binding assays as would be presented later sections.

Figure 3.4: The result of SUPERFAMILY search for FrzCD sequence. (www.supfam.org/SUPERFAMILY)

Figure 3.5: PROMALS3D alignment of FrzCD structures against available structures of the C-terminal 
domain of MCP (www. prodata.swmed.edu/promals3d/promals3d.php).

Figure 3.6: The N and C terminal domain constructs of FrzCD. Figure adapted from Bustamante, V.H. et al.,
2004.
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After  amplifying  the  required  constructs  from  the  FrzCD  gene,  these  genes  were

introduced into the pHis17 vector by restriction-free cloning (Figure 3.7). 

Figure 3.7:  Cloning of frzCD constructs  into pHis17 vector a) frzCD1-106-h6 b) frzCD.1-86-h6             

c) frzCD84-417-h6 and d) frzCD107-417-h6.

The proteins were then overexpressed in BL21AI E.coli cells. The solubility profile of each

of these constructs were then analysed in different buffers (Figure 3.8 and 3.9). Both C-

terminal constructs FrzCD:84-417-h6 and FrzCD:107-417-h6 were not soluble in buffers of

different pH - 6.5 and 8 or salt - 50 mM and 200 mM NaCl (Figure 3.8). The addition of

10% glycerol didn't improve the solubility either. Inducing them at a lower temperature i.e.

18ºC instead of 30ºC had no effect on the solubility profile of these constructs.
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Figure  3.8:  Solubility  profile  of  the  C  terminal  domain

constructs.  FrzCD106-417-h6  was  insoluble  despite

inducing the BL21AI  cultures at  different  temperatures (a)

and using different lysis buffers of varying salt and pH (b).

The same was with FrzCD:84-417-h6 (c).  i37, i30 and i18

represent  the  induction  temperatures  at  37ºC,  30ºC  and

18ºC after growing the bacterial cultures till an OD600 of 0.8.

NaCl concentration in mM is indicated as 200 and 50. T is

the total lysate while S is the supernatant of it, obtained after

spinning. U-uninduced or control and I-Induced fractions. 

Figure 3.9: The soluble constructs – (a) the full length FrzCD-h6, (b) FrzCD1-106-h6 and (c) FrzCD1-86-h6.

It is worth mentioning that the expression profile remains the same when induced with

arabinose from 0.04% to 0.2% arabinose for FrzCD-h6 and the other soluble constructs.

Once the constructs were soluble in the various buffers tried, large volumes (500 ml) of

- 22 -



bacterial culture were grown for protein purification. There was a considerable increase in

overexpression of FrzCD when BL21AI cells  (transformed with FrzCD-pHis17 plasmid)

were  grown as  500  ml  culture  in  2  l  flasks  compared  to  500  ml  culture  in  1  l  flask,

presumably due to increased aeration. Subsequently, all bacterial cultures were grown as

500 ml in 2 l flasks. It yielded about 10 times better overexpression of FrzCD than 1 l

culture in 2 l flasks. 

The  two  N-terminal  domain  his-tagged  constructs  were  soluble  in  a  buffer  of  pH  8

containing  200 mM NaCl and 50 mM Tris (Figure 3.9). Subsequently, these two soluble

constructs were purified - first, using affinity based Ni-NTA chromatography to get a single

band, removing all other proteins that do not contain the his-tag. The protein was then

injected into ion exchange column to remove bound DNA and yielded concentrated protein

fractions.  However,  proteolytic  degradation  of  20  residues from the  N terminus of  the

protein in all the 3 constructs - the full length, FrzCD:1-86-h6 and FrzCD:1-106-h6 was

observed, prior to concentrating it. The addition of 1 mM EDTA after Ni-NTA purification

stopped  the  degradation  as  confirmed  by  mass-spectrometry  (Figure  3.10).  Table  3.1

summarises the various purification trials and the observations.

Figure 3.10: Mass spectometry of the full length protein and FrzCD1-86-h6 shows that the protein purified 

without the addition of 1 mM EDTA is proteolytically degraded. 

Note:

1. FrzCD:1-106-h6 bound very weakly to the anion exchange (MonoQ) column. However,

when the same protein dialysed at a pH of 7 was passed through MonoS column (10/100)

with a running buffer of pH 7, the protein eluted at a very broad conductivity range (from 14

to 40 mS/cm), indicating that this truncated protein construct is quite inhomogeneous in its

oligomeric state.

2. FrzCD:1-86-h6 precipitates at low temperatures i.e. 4ºC. Hence, concentration of the

protein had to be carried out at 25ºC. Moreover, we couldn't determine the concentration
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by Bradford  method as  the  absorbance  at  595  nm did  not  decrease  with  successive

dilutions. Denaturing it by SDS and adding Bradford reagent didn't help either. Thus, we

used a qualitative method of measuring concentration by running the concentrated protein

onto  an  SDS-PAGE gel  and comparing  it  with  a  BSA standard.  Moreover,  monitoring

absorbance at 280 nm to determine the concentration is not  an option as the protein

construct doesn't have any tryptophan. 

Table 3.1 : A summary of each purification for all different constructs.

3.3 Oligomeric state of the protein constructs.

It is essential that the protein purified is a pure and homogeneous sample for biochemical

and  crystallisation  experiments.  Difference  in  protein  activity  can  occur  in  different

oligomeric  states  and  a  non-homogeneous  sample  can  disrupt  crystal  growth.  Size

exclusion chromatography separates molecules based on their  size. By comparing the
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elution volume of the sample with the standard globular proteins, this method can be used

to identify the oligomeric state of the protein.

The  full  length  protein  FrzCD-h6  (Mw  =  43.6  kDa)  and  the  N  terminal  constructs  –

FrzCD:1-106-h6 (Mw = 12 kDa) and FrzCD1-86-h6 (Mw = 10 kDa) exhibited two distinct

oligomers in size exclusion chromatography. The protein also elutes differently in different

size exclusion columns of different ranges and buffers of varying salt. Thus, the estimated

molecular weight of the protein varied - depending on the buffer and the column used. This

reflects on the protein being a non-homogenous mixture. This is summarised in Table 3.2.

Table 3.2: The oligomeric state of protein as inferred from the different size exclusion 

chromatography columns.

To get a reliable estimate of the oligomeric state of the protein, the proteins were analysed 

by SEC-MALS (size exclusion chromatography in conjunction with Multi-angle light 

scattering detector). MALS estimates the molecular weight of the protein using the 

intensity of scattered light. Moreover, the intensity of the scattered light depends on the 

molecular weight of the protein and not the shape. At 2 mg/ml, the molecular weight of the 

proteins were estimated by comparing the scattered intensities with that of the Bovine 

serum albumin standard. The result of the oligomeric state is summarised in Figure 3.11 

and Table 3.3.

     Table 3.3: The oligomeric state of protein as inferred from the SEC-MALS.
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Figure 3.11: SEC-MALS profile of the different constructs of FrzCD. The solution molecular weight is 

indicated by the black line for each of the constructs.

FrzCD:1-106-h6 is a very heterogeneous mixture whose oligomeric state varies from 4-

400,000.  The  scattering  intensity  peak  during  elution  has  an  exponential  distribution

indicating aggregation and inhomogeneity  of  the sample. The scattering intensity  peak

precedes the differential refractive index peak when the protein elutes (Figure 3.12). The

sudden increase in the scattering intensity profile as soon as the protein elutes indicates

that a very large complex elutes first followed by aggregates of lower size. Moreover, the

fact that a protein of 4 MDa molecular weight elutes much away from the void volume in a

size  exclusion  column  whose  exclusion  limit  is  650  kDa  indicated  the  non-specific

interaction of the protein with the column beads.  Moreover, the running buffer that was

used during the course of elution contained low salt - 50 mM NaCl and 50 mM Tris of pH 8.

When the salt content of the running buffer was increased to 150 mM NaCl, the protein

eluted everywhere beyond the void volume, as monitored in UV 280 nm (Figure 3.13).

Figure 3.12: The SEC-MALS elution and scattering profile of FrzCD1-106-h6. The running buffer here is of 

pH 8 and contains low salt – 50 mM NaCl.
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Figure 3.13: SEC profile of FrzCD1-106-h6 elutes in a very broad range of volume, reflecting its 

inhomogeneous oligomeric state as the salt concentration in the running buffer is increased to 150 mM NaCl.

    

FrzCD1-86-h6 also has a variable molecular weight with an average molecular mass of 38

kDa as revealed by SEC-MALS. The SEC-MALS profile of the full length protein showed

that it is homogeneous with a solution molecular weight of 100 kDa at 2 mg/ml (50 μM).

The scattering profile was constant throughout the elution of the protein indicating that the

good quality of the protein purified and homogeneity of the sample (Figure 3.11).

3.4 Crystallisation trials of FrzCD-1-86-h6

Though the SEC-MALS profile of FrzCD1-86-h6 was not encouraging i.e. it had a variable

oligomeric state, we went ahead with crystallisation hoping that some of the solutions in

the crystallisation conditions would homogenise the oligomeric state of FrzCD-1-86-h6.

The first crystallisation screen of FrzCD:1-86-h6 was carried out in 288 conditions at 15

mg/ml  and  7  mg/ml  using  the  sitting  drop  method of  vapour  diffusion.  FrzCD:1-86-h6

crystallised as spherulites in the following conditions (Figure 3.14 a).

1. 0.2 M Ammonium acetate, 0.1 M Tris pH 8.5, 25% PEG3350.

2. 0.2 M Ammonium sulphate, 0.1 M Tris pH 8.5, 25% PEG3350.

3. 0.2 M Lithium sulphate, 0.1 M Tris pH 8.5, 25% PEG3350.

4. 0.1 M Carboxylic acid mix, 0.1 M Tris pH 8.5, 30% w/v PEG550MME_PEG20k

5. 0.1 M Carboxylic acid mix, 0.1 M Tris pH 8.5, 37.5% w/v MPD_P1k_PEG3350

- 27 -



Figure 3.14 a) Crystallisation hits of N86. They were further optimised to get (b) and (c).

Subsequently, to grow them into single crystals, we set up an optimisation screen of the

conditions 1, 2 and 3 at 10 mg/ml and 7 mg/ml. In the optimisation screen, the salt was

varied from 0.1 M to 0.3 M and PEG3350 concentrations were varied from 15% to 30%,

while  the  pH was maintained the  same.  However,  there  was only  a  difference in  the

amount of nucleation across this screen (Figure 3.14 b and c). Though the shape of the

clusters didn't vary, the sizes and the number of the clusters varied and would not form

single crystals.

Subsequently, we tried an additive screen (Hampton Research) for two of the conditions 2

and 3 at 15 mg/ml and 10mg/ml. These 96 conditions consist of various small molecules at

high concentration - amino acids, salts, dissociating agents, detergents etc. that can affect

the solubility of the protein molecules. There was hardly any variation in the shape of the

crystals  -  they  were  still  clusters,  and  this  approach  did  not  help  in  obtaining  single

crystals.

3.5 DNA binding experiments

During purification,  the protein  constructs (FrzCD-h6,  FrzCD1-86-h6)  had an unusually

high 260/280 nm absorbance ratio of the protein after Ni-NTA chromatography which later

decreased after passing through the ion exchange column. This together with the very

basic pI  of the N-terminal domain led to the hypothesis that it  may be a DNA binding

protein.
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Figure 3.15: The peak at 260 nm disappears upon passing the protein through ion exchange column.

Moreover,  in vivo fluorescence experiments that show that FrzCD colocalises with  the

nucleoid  lent  credibility  to  this  DNA binding  hypothesis  (personal  communication,  Tam

Mignot). Because the N-terminal domain is very basic in nature and the earlier observation

of bound DNA to the affinity purified protein (Figure 3.15) we proceeded with the binding

assays of the protein with DNA. The binding was visualised by EMSA (electrophoretic

mobility shift assay). We observed that all the three constructs - the full length protein and

the two N terminal domain constructs bind the plasmid DNA (Figure 3.16).

Figure 3.16: All the 3 constructs - the full length and

the  N  terminal  constructs  bind  to  DNA.  In  this

qualitative assay, ~300 ng of plasmid was used and

equilibrated with 5 µM and 10 µM of the different

proteins. The control lanes contain no protein and

are  equilibrated  without  buffer  (-B)  and  with  the

DNA binding  buffer  (+B).  The  protein  constructs

used  here:  N86  (FrzCD1-86-h6),  N106  (FrzCD1-

106-h6) and FrzCD-h6 (the full length protein). The

numbers  indicated  are  the  protein  concentrations

used in µM.

    

However, crystallisation of the protein bound to the DNA is only feasible if the DNA length

is small which otherwise would increase the degree of freedom for free DNA, hindering

crystallisation. To aid crystallisation of the full length protein, DNA binding experiments with

the full  length FrzCD-h6 were carried out with dsDNA of various lengths in decreasing

order - 1.2 kbp, 316 bp, 147 bp, 70 bp, 30 bp and 8 bp (Figure 3.18).
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Figure 3.17: Concentration dependent binding experiment of the full length protein FrzCD-h6 with (a) 12 nM 

of plasmid and (b) with 10 nM of linearised plasmid.

______________________________________________________________________________________
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Figure 3.18: Concentration dependent binding experiment of the full length protein with DNA of various 

lengths. The DNA concentrations used were (a) 4 nM - 1.3 kbp (b) 30 nM - 316 bp (c) 63 nM - 235 bp,        

(d) – 147 bp, (e) 500 nM – 69 bp, (f) 500 nM – 35 bp and (g) 500 nM – 8 bp. 
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4. Discussion.

FrzCD has two distinct  domains -  a C terminal  coiled coil  signalling domain and a N-

terminal domain of unknown function and fold. Earlier experiments have shown that there

is no phenotypic effect on A and S motility upon the deletion of the N-terminal domain till

residue 130 of FrzCD (Bustamante, V.H. et al., 2004). Also, a chimera construct, where the

N-terminal domain of FrzCD is replaced by the NarX sensor domain, shows that signals

can be transduced directly from the N-terminal domain to the C-terminal domain through

the HAMP domain (Xu, Q. et al., 2007). The HAMP domain, a coiled coil oligomerisation

domain that is a feature of all MCPs, that lies between the N and the C terminal domain is

crucial for this signal transduction mechanism (Wang S., 2012).

Dissecting the protein into the N and the C terminal  domains is one of the first  steps

geared  towards  understanding  the  structure  and  function  of  the  N-terminal  domain.

However, it is clear from the SEC-MALS experiments that the domains were not dissected

appropriately in our constructs as the molecular weight of both the N-terminal constructs –

FrzCD1-106-h6  and  FrzCD1-86-h6  were  not  homogeneous.  Even  if  the  protein  was

dissected into its constituent domains, the N and the C-terminal domains are unstable to

be without each other. If this latter statement is true, this assumption combined results of

the  SEC-MALS experiments  also  indicate  that  the  N-terminal  domain  is  a  disordered

segment without the appropriate binding partner or signal. This is supplemented by the

prediction that the first 35 residues of FrzCD is a disordered region – Figure 4.1 using

PrDOS, a protein disorder prediction server (Ishida,T., et al., 2007). The heterogeneity of

the protein sample could also be a reason why crystallisation experiments of FrzCD1-86-

h6 were not successful.

Figure 4.1: The N terminal domain of FrzCD is disordered. Predcited disordered residues (coloured in red) 

and ordered residues (black) using the PrDOS server. 

To get another estimate of the domain boundaries of N-terminal domain, we are now 

looking closely the HAMP domain. The HAMP domain will indicate the domain boundaries 

between the N-terminal and C-terminal domains. Structural alignment of FrzCD against 
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only the HAMP domain from pdb id: 3zx6 (containing a HAMP domain fused to the C-

terminal domain of serine receptor in E. coli) in PROMALS3D show that there is an 

additional HAMP domain in the N terminal domain of FrzCD stretching from residues 24-

80. This alignment becomes more prominent when the FrzCD sequence is aligned with 

pdb id: 3lnr, a poly-HAMP domain from the N-terminal domain of Aer2 receptor of 

Pseudomonas aeroginosa. The assignment of residues stretching from 24 - 80 of FrzCD 

as a HAMP domain, in the N terminal domain of FrzCD, is confirmed by the sequence 

alignment against annotated HAMPs (Figure 4.3).

Figure 4.2: Alignment of FrzCD sequence with 3lnr using Promals3D. The consensus secondary structure

nomenclature: h-helix and e-β-sheet). 9-indicates those consensus amino acid positions in the sequence

which are conserved. (http://prodata.swmed.edu/promals3d)

The DNA binding assays reveal that the N-terminal domain alone is sufficient for DNA

binding. It has already been shown that deletion of the first 20 residues in FrzCD renders

the  protein  non-DNA binding  (personal  communication,  Tam Mignot).  Based  on  these

analysis and data, FrzCD can be divided into 3 distinct parts -

• residues 1-20: the DNA binding segment.

• residues 24-150: the HAMP domain - 2 HAMP domains fused next to each other.

• and residues 130-417: the C terminal signalling domain.

The  DNA binding  assays  using  EMSA reveal  that  the  protein  binds  better  to  longer

stretches of DNA. This could be physiologically relevant as the protein colocalises with the

nucleoid (a long DNA). The preferential shift in EMSA of the lowermost band in the binding

experiment of FrzCD with the plasmid DNA - Figure 3.15 also hint the possibility that the
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protein FrzCD binds preferentially to the supercoiled form of the plasmid, in the presence

of other forms of plasmid like the linear and circular forms. Further foolproof competition

experiments are required to validate this hypothesis. This would give further credibility to

our in vitro experiments if this is true, again supporting the physiological relevance of the

full length protein binding to the nucleoid (supercoiled DNA). 

Though the data here requires further optimisation in terms of the relative concentrations

of  the  DNA  used  in  the  binding  experiments,  the  DNA  shifts  observed  in  EMSA

experiments  hint  that  the  binding  events  of  protein  (FrzCD)  to  the  DNA  are  not

independent. If binding were independent, multiple DNA shifts would have been seen.

We are also hopeful that these DNA binding experiments will help in our crystallisation

experiments.  A coiled coiled protein would make fewer crystal  contacts compared to a

globular protein as it would have make poor contacts in all but one orientation – where the

coiled coil domains (rods) align next to each other. Crystallisation of a highly coiled coil

protein will  be favored if  crystal  contacts between the protein residues are maximised.

This (low crystal contacts) could be reason for failure of our crystallisation experiments

with  the  full  length  protein,  FrzCD-h6.  A way  to  increase  side-side  contacts  between

protein is by increasing the lateral contacts of FrzCD bound to the DNA. Because multiple

protein molecules can bind to a reasonable stretch of DNA through the N-terminal domain,

the chances of the coiled coil C-terminal domain making lateral contacts seem promising.

If crystallisation conditions are just right, how cooperative effect between the receptors are

achieved could also be elucidated.
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Figure  4.3:  The  residues  24-80  labelled  as  HAMP1_FrzCD aligns  well  against  other  annotated  HAMP

domains with a characteristic  heptad repeat,   as shown below the sequences in the figure.  The boxed

residues are the hydrophobic residues located at ‘a’ and ‘d’ positions of the heptad repeat in the HAMP helix.

The residues highlighted in red are predicted to be a helix and blue –  β-sheet.   Created using PRALINE

server (http://zeus.few.vu.nl). 
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5. Conclusions and the future.

The dissection of this cytoplasmic chemoreceptor into its constituent domains is the first

step towards understanding the individual functions of the domains of FrzCD. Though the

dissection of the protein into its constitutent domains yielded either soluble (N-terminal

domain constructs) or insoluble aggregates (the C-terminal domain constructs), we are

hopeful  that  we  can  design  better  constructs  with  a  stronger  picture  of  the  domain

boundaries of FrzCD from the better bioinformatic analysis to be carried out. We could

also assign a new function to the protein from a pure biochemistry angle - the DNA binding

aspect. Our work is further supported by the independent in-vivo and in-vitro experiments

done in the Tam Mignot group. Though it is qualitative and speculative at this point of time,

the co-operative mode of DNA binding is a relevant feature to the members of the MCP

family.  This is the first  instance of an MCP binding to DNA, and the relevance of this

feature  with  respect  to  signal  sensing  and  downstream phosphorylation/methylation  is

currently unknown.

We have identified a shortest segment of  DNA that binds to FrzCD, which is an ideal

ligand  to  initiate  crystallization  experiments  of  the  full  length  protein  (the  most

physiologically  relevant  construct).  Competition experiments to  determine if  the protein

binds preferentially to the supercoiled form of the plasmid are also in progress. The co-

operative mode of DNA binding will be further validated by other quantitative experiments.

Once we are successful in this part of the project, we will design methylation mimics of the

FrzCD to check if there is a change in oliogmeric state by SEC-MALS or a difference in

binding affinity to DNA. Crystallisation experiments of the methylation mimics will reveal if

there is a conformational change in the protein. If none of these changes are prominent,

biochemical experiments with its downstream partners - FrzF, the methyl-transferase, FrzA

& FrzB – the two adaptor proteins and FrzE, the histidine kinase will  be conducted to

assess biochemical affinity or a difference in catalytic activity. If none of the changes are

still  prominent,  we will  have to think of evaluating how the change in receptor state is

conveyed to modulate reversal frequency. Perhaps, it is imagination that will define the

course of this project.

To cut the tale of this long journey short, this journey of thousand miles began with a single

step - and this step has given us new interesting and hopeful directions, though we fell in

the well for quite sometime.
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