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Abstract 

The majority of transcription factors recognise target sequences in duplex form. 

However, single-stranded regions can be induced by torsional stress of double 

stranded DNA, allowing single-stranded nucleic acid binding proteins (SNABPs) 

access to their binding sites. SNABPs have been shown to bind with high affinity, 

non-specifically and specifically, to ss DNA which can regulate gene expression both 

positively and negatively. Gene expression can also be regulated on a translational 

level, by SNABPs binding to mRNA. To understand how binding of SNABPs to ss 

nucleic acids regulates transcription and translation, the regions of sequence 

specificity must be identified. Many SNABPS contain a small structural motif known 

as the Oligonucleotide/oligosaccharide Binding fold (OB-fold). Cold shock proteins 

(CSPs) are the simplest examples of 013-fold proteins, containing only a single 013- 

folddomain. CSPs have been shown to be directly or indirectly involved in protein 

transcription and translation but a clear mechanism has yet to be elucidated. This 

thesis describes a novel method for determining the sequence specificity of SNABPs 

and the structural and biochemical studies of members of the CSP family from 

Salmonella typhimurium. 

Sequence specificity of single stranded DNA binding proteins: A novel DNA 

microarray approach. 

This thesis outlines the development of a novel DNA microarray-based approach for 

identification of the sequence-specificity of single-stranded nucleic acid binding 

proteins (SNABPs). For verification, the major cold shock protein from Bacillus 

subtilis (BsCspB) has been shown to bind with high-affinity to pyrimidine rich 

sequences, with a binding preference for the consensus sequence, 5'-GTCTTTG/T-

3'. The sequence was modelled onto the known structure of BsCspB and a cytosine-

binding pocket was identified, which explains the strong preference for a cytosine 

base at position 3. This microarray method offers a rapid high-throughput approach 

for determining the specificity and strength of ss DNA-protein interactions. Further 

screening of this newly emerging family 'transcription factors will help provide an 

insight into their cellular function. 



The biochemical characterisation of single stranded DNA binding cold shock 

proteins from Salmonella typhimuriuin. 

In Salmonella typhimurium, six CSPs (StCspA, StCspB, StCspC, StCspD, StCspE, 

StCspll) have been identified, although their functions are yet to be clearly 

elucidated. With the exception of StCspH, these proteins have been successfully 

cloned, expressed and purified. The sequence specificity for each of the five CSPs 

were determined using the previously developed microarray assay, to reveal two 

different types of ss DNA binding preferences, purine or pyrimidine rich sequences. 

StCspD bound purine (guanine) rich sequences, resulting in the consensus binding 

sequence, 5'-ACGGGG-3'. StCspA, StCspB, StCspC and StCspE bound pyrimidine 

(thymine) rich sequences, with an identical consensus core binding sequence, 5'-

TCTTT-3 -. 

The kinetics and thermodynamics of CSP/ss DNA interactions were examined for the 

two exemplary members, StCspE and StCspD, binding to various ss DNA sequences, 

using the surface plasmon resonance method and isothermal titration calorimetry. 

StCspE bound preferentially to the 5-GTCTTTT-3' sequence at 15°C with a 1:1 

stoichiometry and high affinity (11 nM). Thermodynamic studies revealed 

temperature dependence of equilibrium dissociation constants (Kd), which was 

primarily due to a large increase in dissociation rate constant (kd). StCspD bound 

preferentially, with a 1:1 stoichiometry and a high affinity (19 nM) to the 5'-

ACGGGG-3 - sequence at 15°C, which was due to an extremely slow dissociation 

rate constant kd (2.70 ± 0.22 x 104 1)• 

Structural studies of CSPs from S. typhimurium. 

The crystal structure of cold shock protein E form Salmonella typhimurium (SICspE) 

has been determined at 1.1 A resolution and refined to R = 0.203. The three-

dimensional structure is similar to previously determined CSPs, composed of five 

anti-parallel fl-strands forming a classic 013-fold/five-stranded n-barrel. This first 

structure of a CSP from S. typhimurium provides a new insight into the cold shock 

response in S. typhimurium and may lead to the development of potential CSP 

inhibitors, vital to the food industry. 

it. 



The StCspE/5 '-GTCTTT-3 - complex proved to be difficult to crystallise and as a 

result the 5'-GTCTTT-3' sequence was modelled, onto the structure 'of StCspE. A 

cytosine specific binding pocket was identified at DNA subsite 3, explaining the 

preference for a cytosine base. The replacement of a thymine with a guanine at 

subsite 1 resulted in the gain of a hydrogen bond, explaining the preference for a 

guanine base at this position. 

Many attempts were made to obtain crystals of StCspD but were unsuccessful. A 

computer generated model was obtained and used to generate a SziCspD/5 --

ACGGGG-3 - model, which explained the base preference seen at each of the DNA 

binding subsites, as observed in previous biochemical experiments. 
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Abbreviation list 
AMPSO 	3-[ 1, 1-Dimethyl-2-hydroxyethyDaminol -2-hydroxypropanesulfonic 

acid 
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CSD Cold shock domain 
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0D600 Optical density 600 nm 
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RMSD Root mean square deviation 
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SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
SPR Surface Plasmon Resonance 
SSB Single stranded DNA binding protein 
ss DNA Single-stranded deoxyribonucleic acid 
SNABP Single stranded nucleic acid binding protein 
Tris Trishydroxymethylaminomethane 
Tm  Transition temperature 
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CHAPTER 1. Structure and function of cold shock domain containing proteins. 

1.1 Overview: Single stranded DNA binding proteins 

The famous first structure of duplex DNA was first obtained in 1953 by Watson and 

Crick [1]. The occurrence of base pairing, in any order, provided overwhelming 

evidence for sequence diversity and the role of DNA as the hereditary material of 

life. The importance of .DNA molecules are undoubtedly reflected in the diverse set 

of proteins specifically evolved for care and maintenance of DNA. In a cell there are 

a variety of proteins with specialised functions in DNA metabolism that allow the 

cell to maintain or replicate its genome. In order to copy or make repairs to DNA, the 

double helix must be unwound to reveal two complementary strands. The need to 

manipulate DNA in its single stranded form has given rise to a specialised group of 

proteins (for reviews see [2-6]). The interactions of proteins with single stranded (ss) 

DNA play important roles in many cellular processes such as transcription, 

translation [7], DNA recombination [8], DNA repair [9], DNA replication [3], 

telomere maintenance [10] and cold shock response [11], as a result many types of 

protein folds exist to facilitate these functions (Figure 1-1). 

Furthermore, DNA specifies RNA through the process of gene transcription and the 

mRNA molecules in turn specify all of the proteins of a cell and as a result many 

single-stranded RNA binding proteins also exist [12]. Various ss DNA binding 

proteins can also bind ss RNA molecules due to the structural similarities of both 

interactions [13]. As a result ss DNA binding proteins will be referred to as single-

stranded nucleic acid binding proteins (SNABP). 
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Figure 1-1. Folds found in ss DNA binding proteins. 

(a) Structure of BsCspB in complex with polythymidine 1141. This is  representation of an 013-fold. 
which is a five-stranded antiparallel [3-sheet that is folded into a 0 barrel. (b) Structure of type IA 
DNA topoisomerase in complex with a single-stranded DNA molecule [151. The ssDNA is bound 
within a groove extending from the active site at the interface of domains I, Ill and IV, and continuing 
through a region created primarily by domains I and IV. (c) Structure of the Adenovirus single-
stranded DNA binding protein [16]. The active site is comprised of four helices, bundled together to 
form a partly opened structure to which ss DNA is thought to hind. (d) Structure of the complex 
between the HIV-1 nucleocapsid protein NCp7 and the single-stranded pentanucleotide d(ACGCC) 
1171:lmis is a representation of a metal (zinc) hound fold. (e) Structure of UPI bound to the sequence 
d(lFACIGG) 118]. This is a representation of a ferredoxin-like fold (comprised of -90 amino acid 
residues). which is made up oIa four-stranded [3-sheet and two u-helices. (0 The structure of the KH3 
domain of heterogeneous nuclear ribonucleoprotein K (hnRNP K) in complex with ssDNA (10-mer) 
119]. This is a representation ofa eukaryotic type KH-domain fold, which is made up of a single helix 
and three [3-sheets. 



1.1.1 Properties of ss DNA and it relationship to protein binding 

The structure of ss DNA is formed by individual repeating nucleotides. Nucleotides 

are made up of three parts; a nucleoside base, a sugar and a phosphate (Figure 1-2e-

h). ss DNA binding proteins utilise these features for binding and recognition. As 

shown in Figure 1-2a, the structure of ss DNA is extremely flexible due to the free 

rotation about the phosphodiester backbone linking adjacent nucleotides. The high 

degree of flexibility can result in many different structural forms for the same ss 

DNA ligand (Figure 1-2a-d), keeping in mind that it is energetically more favorable 

to bend the molecule smoothly, spreading the strain over a large distance, than to 

bend it sharply at isolated positions [20]. Each phosphate along the ss DNA 

backbone has one overall electronegative charge. Many SNABP use this to their 

advantage by lining the DNA binding surface with electropositive residues (for an 

example see Figure 1-3a [21]). 

In addition to the electrostatic interactions, hydrogen bonds from amino acid side 

chains and/or amide and carbonyl groups of the protein have also been shown to 

interact in a non-sequence specific manner with the ss DNA backbone [22-24]. The 

electrostatic and hydrogen bonding occurring between the protein and the 

phosphodiester backbone of ss DNA is ever-present but constitutes only part of the 

energy and specificity required for ss DNA binding. 



;61 
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Figure 1-2. Irregular structures of a small ss DNA ligands and nucleotides. 

(a) ss DNA taken from the Bacillus caidolyticus CSP structure with ss DNA bound 
[25]. Note the irregular structure. The nucleotide bases are in a variety of orientations 
and are accessible to stacking interactions with side-chain aromatics from the 
protein. Three parts of a nucleotide are (1) nucleoside base; (2) a sugar (3) a 
phosphate. (b-c) Examples of stacking interactions formed between bases using the 
same oligonucleotide. (d) Example of a possible binding mode; stacking interactions 
between three bases, while the other bases are accessible to stacking interactions with 
the protein. The chemical structures of the four deoxynucleoside bases (e) adenosine 
(Clc)Hl3N504), (t) cytidine (C 9H13N305), (g) guanosine (C 10H 13N 505) and (h) 

thymidine (C 10 H14N205). All structural figures were generated using Pymol [26]. 
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Figure 1-3. An electrostatic surface representation of the major cold shock 
protein, CspB, from Bacillus subtilis. 

(a) The ss DNA binding face of the protein is lined with positively charged amino 
acids (blue) which can interact with negatively charged ss DNA. (b) The opposite 
side of the protein (1800)  contains negatively charged regions on the surface (red) 
and are well away from the ss DNA binding interface. 
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The riucleotide base is also available for binding and recognition. The chemical 

structures of pyrimidine and purine bases differ significantly but they share a 

common aromatic ring structure at the core. These planar rings quite commonly form 

stacking interactions with aromatic amino acids (tyrosine, phenylalanine and 

tryptophaii) during ss DNA and RNA binding [27]. Figure 1-4 shows an example of 

a stacking interaction between a tryptophan and a thymine nucleobase. The stacking 

interaction provides the protein with an additional binding method, which does not 

require specific hydrogen bond networks. 

a 	

90° 	 — 

Figure 1-4. An example of a stacking interaction. 

(a) Stick representation of a stacking interaction between a thymine base and a 
tryptophan amino acid and the same image rotated 900  (b). This example was taken 
from the Bacillus caldolyticus Csp /Hexathymine complex structure [25]. 

While the sugar moiety of ss DNA is also present for non-specific ss DNA binding it 

is often inaccessible to proteins. The relatively flat nature of the sugar ring allows for 

stacking interactions [12], although they are rarely seen. The main purpose of the 

sugar moiety is that it allows SNABP to distinguish between ss DNA and ss RNA, as 

there is a 2 hydroxyl group present in RNA. Enzymes such as RNA and DNA 

polymerase must have highly selective sites, which make use of the presence or 
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absence of the 2' hydroxyl group, thus preventing the mis-incorporation of incorrect 

nucleotides into newly synthesised nucleic acid molecules. On the other hand, it is 

also simple to perceive that ss DNA binding proteins can just as easily bind ss RNA 

in situations where the 2' hydroxyl group does not sterically hinder binding (refer to 

[28, 29] for comparative examples). 

1.1.2 ss DNA specificity and recognition 

The interactions formed during non-specific ss DNA/protein binding (hydrogen 

bonding, electrostatic and stacking interactions) also form the foundation for 

specificity. As nucleic acids (dsDNA, dsRNA, •ssRNA) share similar chemical 

properties they all have the potential to compete and/or bind to the protein [3]. ss 

DNA binding proteins have evolved key features on their surface to allow for 

preferentially binding of ss DNA over ds nucleic acids. Double stranded nucleic 

acids are not as flexible as ss DNA (it takes 50 times as much energy to bend a ds 

100-mer DNA molecule into a circle than to perform the same operation with a ss 

DNA molecule [20]). Base pairing forms a rigid helix, which fixes the distances 

between phosphates, depending on the dsDNA form [30]. In contrast, ss DNA 

molecules have no fixed structure and nucleotide spacing can vary dramatically 

(Figure 1-2), which is highlighted by the mechanics of ss DNA elasticity [20, 31]. As 

a result ss DNA binding proteins frequently have a narrow binding cleft on the 

surface [32], which sterically inhibits a wide duplex molecule from binding. 

The ability of ss DNA binding proteins to distinguish ss DNA from ss RNA is a 

major problem, as structurally they are more or less identical and quite commonly 

exhibit little or no difference in preference or affinity for ss DNA over ss RNA [16, 

33]. For this reason in vivo concentrations of ss DNA binding proteins are tightly 



regulated to prevent interference with RNA [34]. The 2' hydroxyl group on the RNA 

can also limit sugar/aromatic side chain stacking interactions, as the 2' hydroxyl 

group must be positioned away from nearby residues. 

There are many examples of proteins that bind ss DNA in a sequence specific 

manner (Table 1-2). The basic interactions are the same but are supplemented with 

base-specific hydrogen bond networks (Figure 1-5) and/or small tightly fitting 

nucleotide binding pockets on the surface. 

38 
Thr40 	Lys39 1  

S(  

Figure 1-5. The specific interactions made between the major cold shock protein, 
CspB, from Bacillus subtilis and a nucleotide [14]. 

The hydrogen bonds (shown as dashed red lines) made between the nucleobase and 
the protein resemble that of Watson-Crick base pairs. Note: The degree of specificity 
is also enhanced by a stacking interaction between Phe30 and Phe 38. 

1.1.3 The OB-fold 

Many ss DNA-binding proteins contain a small structural motif known as the 

Qligonucleotide/oligosaccharide binding fold (OB-fold, for review [35]). At a 

general level, the 013-fold is a five-stranded antiparallel f3-sheet that is folded into a 

barrel (Figure 1-6). The 013-fold presents a narrow ss DNA binding cleft, which is 
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studded with aromatic and positively charged amino acid residues, these facilitate 

many of the key ss DNA/protein interactions described previously. It is the highly 

twisted nature of the 13-sheets within the OB-fold that produces many surface 

exposed residues, which are freely available for ss nucleic acid binding. 013-folds are 

found in nine superfamilies within the SCOP (structural Classification of Proteins) 

database [36]. Only the nucleic acid-binding protein superfamily, which is by far the 

largest of the nine groups, will be described here. 

L3 

C2 	900 

L2) 

Figure 1-6. An example of an OB-fold containing SNABP. 

The three dimensional structure of the major cold shock protein, CspB, from Bacillus 
stthiilis [21]. 13-strands are given as curved arrows and numbered 131-135. Loops 
between 13-strands are numbered Ll-L4. 

OB-Fold containing proteins can be classified into two major groups on the basis of 

ss DNA binding: 

1. Proteins that bind nucleic acids without apparent or strong sequence specificity 

(Table 1-1 provides examples), including the Escherichia co/i single stranded 

DNA-binding protein (EcoSSB) [23] and the gene V protein from the Filamentous 

bacteriophage fi (gyp) [37]. 
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2. Proteins that bind specifically to single-stranded regions of nucleic acids (Table 2- 

I provides examples), including the telomere end binding proteins (TEBPs), 

Oxyiricha nova TEBP[32], Saccharomyces cerevisiae Cdcl3 [38] and 

Schizosaccharomycespombe protection of telomeres I protein (Potlp)[39]. 

Table 1-1. OB-Fold proteins which bind non-specifically toss DNA. 
PDB ID Name 	Resol. Method Ref. 

(A) 
IEQQ/iQVC EcoSSB 	3.20/2.20 X-RAY [23] 

IGPC T4 gp32 	2.20 X-RAY  
1JE5 g2.5 	1.90 X-RAY  
1LIO hsRPA 	2.80 X-RAY  
1071 SsoSSB 	1.20 X-RAY  
1S30 HmSSB 	2.47 X-RAY  
ISE8 DrSSB 	1.80 X-RAY  

IUEI/1IJE5 MtSSB 	2.50 X-RAY  
IAE3 gYp 	2.0 X-RAY [37] 
2CCZ EcPP 	2.70 X-RAY  
1PFS P13 ssDBP NMR  

Abbreviations; EcoSSB = Escherichia co/i ssDNA-binding protein; hsRPA = Horno sapiens 
Replication protein A; T4 gp32 Bacteriophage T4 gene 32 protein; SsoSSB = Su/folobus 
so/fataricus single stranded DNA binding protein; HmSSB 	Human mitochondrial single stranded 
DNA binding protein; DrSSB = Deinococcus radiodurans single-stranded DNA-binding protein; 
MISSB = .Mycobacterium tuberculosis single stranded DNA binding protein; gVp = Gene .V protein 
from the Filamentous bacteriophage fl; EcPP = primosome protein; Pt) ssDBP Pseudomonas 
bacteriophage p13 single stranded DNA binding protein. 

OB-fold containing proteins bind stretches of ss DNA and ss RNA with a binding 

density of 6-7 nucleotides/monomer [I• Due to the modular nature of the OB-fold 

it is often present in more than one copy to allow a protein to bind longer ss nucleic 

acids molecules [42] (e.g. Figure 1-7c). Although the OB-fold is a highly conserved 

and recognised motif in single stranded nucleic acid binding proteins, there has never 

been an in depth study performed to fully examine binding affinity and specificity for 

ssDNA. 



Table 1-2. OB-Fold proteins which bind specifically to ss DNA. 

	

Protein 	Recognition 	 Structure 	 Size (a. a) 	Res 	Ref 

Sequence 	 (A) 

I.S (pR 

	

2I-'S2) 	
.d(F 	 67 	 1.78 	[141 

13.( tsp 

	

(211AX) 	
1uu13 	 66 	 1.29 	1251 

	

lii=I 	
2.1 

-. 	 A495 

	

011 rIl3P 	 i -d( '41 4)nY 	
13=222 	2.45 	1321 

	

(I PA6) 	
' 	" 	- 	

4.. 

5 -drlIAG(;GTrA(;p-3 	 174 	1.73 	1 39 1 

	

1S40) 	
5(jt(,1(,uj ().3 	 191 	NMR 	1381 

79 
I ImVI-I 

	

(I 11951 	
5-d(A1lGo)-3' 	

(g) 	
NMR 	1531 

Abbreviations: BsCspB = cold shock protein B from Bacillus sub/i/is; BcCsp = cold shock protein 

from Bacillus caldoly/icus: hnRNP = heterogeneous nuclear ribonucleoprotcin; OnTEBP = Oxy/richa 

nova telomere end binding protein; I ImPOTI = Homo sapiens protection of telomeres I protein; 

ScCdc 13 = a telomere end binding protein from Saccharoniyces cerevisiae; HmYB- I Hoino sapiens 

Y-Box binding protein. The PDB code for each structure is shown in the protein column, below the 

protein name. Figure 1-7 shows an enlarged diagram for each of the structures (a-g). 
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Figure 1-7. The structures of OB-Fold proteins which bind ss DNA in a sequence 
specific manner. 

All the structures are described in Table -2. Protein structures are coloured blue and 
ss DNA has been coloured yellow. 



1.2 A classic family of OB-fold containing proteins: Cold shock proteins 

1.2.1 Overview 

Cold shock proteins (CSPs) comprise a family of small proteins that are structurally 

highly conserved, containing a single OB-fold domain (Figure 1-6); enabling CSPs to 

bind single stranded nucleic acids. CSPs are induced in response to a rapid downshift 

in temperature but are also expressed under normal conditions, although a clear 

biological function has yet to be elucidated. The characteristic structural unit (OB-

fold domain) is quite commonly referred to as the cold shock domain (CSD) and also 

occurs in other protein structures which can be found in a number of diverse 

organisms, from bacteria to vertebrates. Significant examples of this are the Y-Box 

proteins, which are structural mRNP (mRNA ribonucleoprotein particle) proteins 

associated with almost all mRNA5 [50, 51]; Once bound to mRNA, these proteins 

facilitate secondary structural changes which contribute to mRNA transport, 

translation, processing and stabilisation [52-54]. 

1.2.2 Cold Shock response in bacteria 

All living organisms have the remarkable ability to react and adapt to changes in 

their surrounding environment. Key cellular responses allow organisms to endure 

normally fatal conditions such as acidic shock, heat shock, cold shock, pressure and 

osmotic stress. Amongst these various environmental stress factors, changes in 

temperature are probably the most regular stress for all organisms. On a cellular 

level, adjustment to rapid temperature downshift (37 to 10°C) occurs by alterations 

in membrane composition and function, a decrease in cellular division and changes 
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in gene expression [55]. The cellular response in prokaryotic organisms to cold shock 

is defined by the production and function of a small set of cold induced proteins 

(CIPs) [56, 57]. Most of these proteins are directly or indirectly involved in 

transcription and translation (summarised in a review [II]). The most common of 

these are the small highly conserved family of CSPs [58]. Figure -8 summarises the 

general cellular response observed during cold shock. 

cold shock 

physiological growth 	.acclimation 	cold adapted growth 

C) 
-C 
C 

C 
C, 

non- CIPs 

dR 

time 

Figure 1-8. An overview of protein expression after cold shock. 

The acclimation phase directly after cold shock is characterised by the inhibition of 
non-CIP5 and a boost in CIPs, including CSPs. After that, the CIP expression 
declines and bulk protein synthesis is restored to a cold adapted level. 

1.2.3 Bacterial CSPs 

The CSP family are a highly conserved family of small acidic proteins with a 

molecular mass of approximately 7.4 kDa [59]. Two of the best-studied groups of 

bacterial CSPs are from B. subtilis and E. coli. To date nine CSPs have been 

identified in E. coli, EcCspA-J. EcCspC and EcCspE are constitutively expressed at 

physiological temperatures [60] but increase tenfold during the cold shock response 

[61]. EcCspD is induced under nutrient stress [62] and EcCspA, EcCspB, EcCspG 

and EcCspi are highly cold inducible [63-65]. 
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EcCspA is most often described as the major cold shock protein, given that cold 

shock of E. coli cells results in high cellular concentrations of EcCspA, at least 100 

MM [61] (13% of total cellular protein content). EcCspA is also expressed at high 

levels (50 piM) during early exponential phase of normal physiological temperatures. 

The constitutive expression of EcCspA, and most other CSPs [66], under non-cold 

shock conditions is a good indication that CSPs have additional cellular, functions 

that have not been characterised. EcCspA has been show to regulate its own 

expression by binding to the 5' untranslated region (UTR, 159 bp) of its own nIRNA 

and can also assist the translation of other CSPs [67, 68]. 

Other CSPs in E. coli are constitutively expressed at physiological temperatures and 

many share high sequence homology to EcCspA, suggesting they could complement 

one another functionally, restoring cold adaptive phenotype if EcCspA or other CSPs 

were mutated or deleted. Indeed this has been discovered; transiently induced 

EcCspE restored the cold adaptive phenotype in a triple deletion mutant (ACspA 

ACspB ACspG) [69]. 

Clearly EcCspA influences transcriptional processes, EcCspE must also be involved 

in transcriptional processes as it binds the polyadenine tail at the 3' end of mRNAs, 

interfering with the degradation of polynucleotide phosphorylase and RNase E at 

37°C [70]. EcCspE involvement in anti-termination has been shown, where purified 

EcCspE inhibited Q-mediated transcriptional anti-termination [71, 72]. 

Three CSP have been discovered in B. subtilis [73], BsCspB, BsCspC and BsCspD. 

BsCspB and BsCspC are cold inducible and the existence of at least one of them is 

essential for cell survival [74]. Like EcCspA, BsCspC and BsCspB are also induced 

at the stationary growth phase [21, 75]. The major cold shock protein from B. 
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subtilis, BsCspB, has similar functions to EcCspA, playing the most important role 

during cold shock. A deletion of the BsCspB gene (ACspB) results in  cold sensitive 

phenotype [76]. Only the expression of either BsCspD or BsCspC was able to restore 

the cold adaptive phenotype in the ACspB [74, 77], highlighting a similarity in 

function for all CSPs. 

CSPs are found not only in the mesophilic bacteria Esherichia coli, Bacillus subtilis 

and Salmonella typhimurium (see chapter 3 for a detailed analysis) but in most other 

eubacteria (Figure 1-10a), e.g. in the thermophilic Bacillus caldolyticus [78], in the 

psychrophilic Listeria monocytogenes [79] in hyperthermophilic The rmotoga 

maritima [80] and recently in Archaea [81]. 

To summarise, CSPs are induced during cold shock and their joint function is 

necessary for cell viability [74] but not all CSPs can complement the deletion of one 

or more CSP genes to restore the cold phenotype [74, 771. One can assume that 

although these proteins are highly similar they may have different functions or in the 

case of E. coli they may even function together and/or have binding partners, as yet 

undiscovered. The constant low level expression under non-cold shock conditions 

also suggests the possibility of alternate functions during non-cold shock conditions. 

There is one function of the CSP family that is clear: their ability to bind ss nucleic 

acids. The different functions of CSPs may be reflected in their ability to bind 

specifically to different ss nucleic acid sequences. CSPs from the same family may 

bind different sequences, accounting for a difference in function, which has been 

observed during complementation experiments (and recently in Salmonella 

typhimurium - Unpublished - section 6.2.3). Further study of ss DNA specificity in 

CSPs may reveal potential differences in function. 
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1.2.4 CSPs and transcription 

The majority of transcription factors recognise target sequences in duplex form. 

However single stranded regions can be induced by torsional stress of double 

stranded DNA, allowing single-stranded nucleic acid binding proteins (SNABPs) 

access to their binding sites [82]. In prokaryotes and eukaryotes, the non-specific and 

site specific binding of ss DNA binding proteins have been shown to regulate 

transcription both positively and negatively. There is also evidence that ss DNA 

binding proteins are also involved in a complex network of protein-protein 

interactions (for a full review see [82]). The first strong piece of evidence that CSPs 

were involved in transcriptional regulation was as a result of their high homology to 

other CSD containing proteins, namely the eukaryotic Y-Box proteins (Figure 

1-10a). Y-Box proteins, which were initially characterised by their ability to bind the 

Y-Box motif (ATTGG) and the reverse complement (CCAAT) [83]. The Y-Box 

protein, YB-1, is a negative regulator of major histocompatibility complex (MHC) 

class II genes [83] and represses interferon-y-induced transcription of MHC genes 

[84]. Y-Box proteins, MYi and MYia, have been shown to negatively regulate the 

gene encoding the nicotinic acetylcholine receptor by binding specifically to one of 

the DNA strands of their target site and suppress promoter activity [85]. CSPs are 

also characterised as having an identical binding preference for the Y-Box sequence 

[86] and therefore may also play key roles in transcriptional regulation. 

Another key piece of evidence that CSPs were able to regulate the cold shock 

response on a transcriptional level is the function of the CSD containing protein, H-

NS (a nucleoid-associated protein), from enterobacteria. The authors demonstrated 

that the cold-induced protein, H-NS, binds preferentially to ds DNA and is associated 
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with cold shock [87, 88]. The H-NS ratio increased fourfold during cold shock 

compared to physiological conditions [89], its increased expression was a direct 

result of CspA binding to the H-NS gene promoter region, thus acting as a 

transcriptional activator. Similar results were also observed in E. coli, where 

increased expression of the H-NS gene was observed during the heterologous 

expression of CspB from B. subtilis [74], demonstrating functional homology of 

CSPs from different bacteria. 

Clearly CSPs can bind to nucleic acids and affect transcription but have also been 

characterised as transcriptional anti-terminators or as often called, RNA-chaperones 

[72]. CSPs bind single stranded nucleic acids (ss RNA and ss DNA) and prevent the 

formation of secondary structures, which have been shown to inhibit transcriptional 

processes (for an example see; [901). Recent studies have - shown that BsCspB 

influences transcription (-and translatipn) in vitro and has both negative and positive 

affects on the expression of many genes [91], again providing strong evidence for 

CSP involvement in transcriptional regulation. 

1.2.5 CSPs and translation 

Over the years bacterial CSPs have been shown to be involved in translational 

processes in a variety of different ways. They have been shown to bind to their own 

mRNA, preventing the formation of unfavourable secondary structures [49] 

(resulting from base pairing), which can mask the Shine-Dalgarno (S-D) sequence - - 

(sequence near the ribosome binding site), and thus facilitates subsequent translation 

initiation. BsCspB has also been shown to enhance its own translation, as a 

downstream sequence present on its mRNA can interact with rRNA [92-94] and 

stabilise the binding of the ribosome to the S-D sequence. - 
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In addition to these methods of self-enhancement of their own expression, CSPs must 

have other translationally related functions associated with cold shock. During cold 

shock major changes occur at the cellular level, reduction of bulk protein synthesis, 

changes in membrane fluidity and increased nucleic acid base pairing [95]. The 

increase in base pairing results in the formation of secondary structures (Figure 

which blocks translation initiation and elongation, thus reducing cell viability 

[57, 96]. CSPs have been shown to actively prevent the formation of these 

problematic secondary structures by binding mRNA and keeping it unfolded (Figure 

thus allowing transcriptional and translational events to proceed. Cold induced 

secondary structure is unlikely to be the only cause of decreased bulk protein 

expression during the acclimation phase (Figure 1-8). A gradual decrease in 

temperature does not lead to a selective block of gene expression, as one would 

expect with the diverse variation of 5 UTRs [97]. Therefore, the decrease in bulk 

protein expression observed during acclimation phase is most likely a net result of 

several factors; direct temperature affects on cellular kinetics and resultant protein 

expression [95], miscoding during elongation and increased secondary structure 

formation of niRNA [98]. 
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Figure 1-9. Schematic representation of the function of CSPs during acclimation 
phase. 

(a) Immediately after cold shock, the translation of bulk proteins is generally reduced 
as a result of increased base pairing. (b) Intermediate stage, CSP levels increase as 
direct result of their ability to bind their own mRNA and enhance translation. Bulk 
protein synthesis is suppressed by the unspecific interaction of CSPs with mRNA. (c) 
Late acclimation, high levels of CSP suppresses translation of their own mRNA (and 
potentially enhances CSP transcription). CSP levels decrease within the cell and bulk 
protein expression resumes, although at a cold adapted level. Figure adapted from 
[95]. 

While increased expression of CSPs have regulatory effects on protein transcription 

and translation they also help the cell to establish protein expression at a cold 

adapted level [91]. As cellular concentrations of CSPs increase they have the ability 

to halt translation by binding non-specifically and completely covering the essential 

parts (for translation initiation) of the mRNA (Figure 1-9c) [91], providing an 

adaptation time frame or translation stop. This allows the cell to climatise itself and 

avoids miscoding, which results in high levels of incorrectly translated proteins [99]. 
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During this time frame the altered properties of ribosomes [1001 mid the action of 

special proteins [101, 102] allows the cell to adapt to the reduced temperature. 

Whether or not CSPs promote transcription of these specialised proteins or related 

proteins is still unknown. It should also be pointed out that there is no direct evidence 

of CSP involvement in biologically relevant RNA folding. It remains to be 

determined if CSPs are involved in the folding of transfer RNAs (tRNAs), ribosomal 

RNAs and ribozymes. Moreover, despite the fact that CSPs bind ss DNA/RNA 

sequences with such high-affinity, the direct relationship between the ability of CSPs 

to destabilise RNA secondary structure and cold-shock adaptation has not been 

demonstrated. 

1.2.6 Expression of other CIPS 

CSPs are not the only family to act as RNA chaperones, the DEAD box helicases 

have also been shown to unwind ds nucleic acids [103]. DEAD box helicase family 

are involved in many aspects of RNA metabolism [104-108] and some are also cold 

induced [109]. CsdA (cold-shock DEAD-box protein) was isolated as a cold induced 

helicase in E. coli [110] and is involved in RNA degradation by the degradosome 

[111, 112], a multienzyme complex which controls the level of transcripts in the cell 

by processing and degrading mRNA as the cell adapts to changing conditions [113]. 

CsdA has also been shown to interact directly with various components (PNPase, 

RNaseE and other enzymes) of the RNA degradosome under cold shock conditions 

[114]. CsdA is an essential CIP, although it is not clear which of the functions are 

essential cold-shock functions and until recently no proteins were shown to 

complement its function in vivo. EcCspA and an exonuclease, RNase R, can 

complement the cold-shock function of CsdA [115]. 
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Recently BsCspB has been shown to interact with putative RNA helicases CshA and 

CshB [116]. This work and that of CsdA could suggest a more cooperative function 

between CSPs and helicases, where helicases unfold mRNA during cold shock and 

CSPs bind • to prevent re-annealing. This seems more valid than CSPs actually 

breaking hydrogen bonds between complementary bases on a ds RNA molecule. 

1.3 Structure and molecular properties of CSPs 

1.3.1 Structural aspects of CSPs 

To date the structures of four CSP structures have been solved, Bacillus subtilis 

CspB, Thermotoga maritima CSP, Bacillus caldolyticus CSP and Escherichia coli 

CspA [78, 117-119]. EcCspA exists as monomer in both solution [120] and in the 

crystal structure [118]. TtnCsp exists as a monomer in solution [117], even at high 

temperatures [121]. BcCsp exists as a dimer in the crystal structure [122]. 

Interestingly, BsCspB exists as a dimer in the crystal structure [119] and as both a 

monomer and a dimer in solution depending on the concentration of phosphate ions 

[123]. CSPs, for which no structures are available, all form dimers in solution, e.g. 

EcCspD [75], EcCspE [124] and both CspA and CspE from B. cereus [125]. The 

CSPs form a characteristic CSD comprised of five anti-parallel 3-strands forming 13-

barrel (Figure 1-10b, c, e and f), which interact with oligonucleotides. 
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1.3.2 Structural conservation of CSPs 

The CSD is conserved not only in bacteria (as CSPs) but in eukaryotic organisms 

[126], more commonly known as the Y-Box proteins (Figure 1-1a). Y-Box proteins 

are involved in the regulation of transcription and translation (for review see [7, 

127]) and are structurally similar to CSPs (Figure 1-10d). Both CSPs and Y-box 

proteins share the canonical ribonucleotide protein (RNP)1 and RNP2 [128, 129] 

motifs conserved on the DNA binding surfaces (Figure 1-10a). It is clear that all 

CSPs and CSD containing proteins belong to a large family of structurally related 

nucleic acid binding proteins, suggesting similar functions. 

1.3.3 Nucleic acid binding activity of CSPs 

CSPs have consistently been shown to bind nucleic acids; both ss DNA and ss RNA 

but not ds DNA [14, 25, 28, 29, 49, 1301, as one would expect on further 

examination of the narrow ss DNA binding interface. The only exception is the 

eukaryotic CSP homologue, Cladosporiutn herbarum (Cla) h 8 protein, which binds 

both ss DNA and ds DNA with nanomolar affinity [131]. 

The protein-nucleic acid binding interaction occurs along the ribonucleotide protein 

motifs 1 and 2, which are present and conserved (?75%) in all CSPs (Figure i-lOa). 

The structures of CSPs show that the RNP1 and RNP2 motifs form the 

electropositive nucleic acid binding surface (Figure 1-10g and h), which are able to 

differentiate between various ss DNA sequences [14, 49] and show extremely strong 

binding preferences for particular sequences [14]. 

The interactions between various CSPs and ss nucleic acids have been 

experimentally verified using various methods. Commonly, electrophoretic mobility 

shift assays were used to analyse the formation of proteinlss nucleic acid complexes; 
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BsCspB binds ss DNA [130], EccspA binds both ss RNA and ss DNA [29] and both 

TmCspB and TmCspL bind ss RNA [132]. The characteristic single tryptophan 

occurring at the ss DNA binding site of many CSPs also allowed for tryptophan. 

fluorescence quenching experiments, which have been used to fully characterise the 

binding of BsCspB to various oligonucleotides [14], these experiments have been 

complemented in a series of site-directed mutagenesis studies [133]. 

An in vitro selection approach (SELEX) revealed preferable consensus RNA binding 

sequences of UUUU, AGGGAGGGA and AAAUUU for EcCspB, EcCspC and 

EcCspE, respectively [33] but was insufficient to find the preferred sequence for 

EcCspA. In another study, EcCspA has been show to bind 1-, U- or C-based ss DNA 

templates with similar affinities [28]. In the case of BsCspB it was shown to initially 

bind the Y-Box sequence ATTGG, as well as the reverse complement [86]: 

A more detailed analysis showed that BsCspB is not limited to binding Y-Box 

sequences [49, 74, 130]. BsCspB binds preferentially to polypyrimidine but not 

polypurine ss DNA templates. Binding to thymine rich templates occurs with high 

affinity (> 100 nM) and is independent of salt, whereas binding of poly-cytosine ss 

DNA templates is one order of magnitude weaker and strongly salt dependent [49]. 

BsCspB binds to 1-rich ss DNA templates with a density of 6 to 7 nucleotides/CspB 

monomer and is enthalpically driven, which was rationalised by the interaction of 

aromatic residues with the pyrimidine ring of the thymine nucleobase [130]. 
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Figure 1-10. Comparison of CSD containing protein structures. 

(a) Sequence alignment of CSPs (upper) and Y-Box proteins (lower). Residues 
which are conserved at a level of at least 75% identity/similarity are highlighted 
black or grey, respectively. The RNP1 and RNP2 motifs have been highlighted with 
a blue and red bar. respectively. Structures of (b) CspB from B. sub! i/is (ICSP), (c) 

Csp from B. caldolyticus (1C90), (d) H. sapiens YB-I (11-195), (e) Csp from 
Therinotoga maritiina (1G6P) and (I') CspA from E. co/i (IMJC). (g) The amino 
acids (shown as sticks) which comprise the highly conserved ribonucleotide protein 
motifs I ((a) - blue box) and 2 ((a) - red box) are situated along 3-stands 2 and 3 on 
the highly positively charged (blue) ss DNA binding face (h) of the B. subtilis CspB. 
(i) The opposite side of the protein (180'), showing negatively charged regions on 
the surface (red). 
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1.3.4 The crystal structures of CSPs in complex with ssDNA 

Recently two CSP/ hexathymidine (dT6) complex structures have been published [14, 

25], both of which show identical. .55 DNA-binding interfaces. In the BsCspB/T6 

crystal structure the dT5 oligonucleotide binds to two protein molecules, which forms 

a long continuous chain (Figure 1-11a) but in solution the binding is assumed to 

occur as shown in a non-continuous fashion. 

In the BcCsp/To structure the two protein chains form a domain swapped dimer with 

two globular functional units, made up of residues 1-35 from one protein and 

residues 38-65 from another protein (Figure 1-lie) [25]. Both functional units align 

well with monomeric crystal structures of BcCsp [78], giving RMSD values of c 0.5 

A. In the BcCsp/T6 complex, each ss DNA molecule binds to one globular functional 

unit of a swapped dimer. The interactions between the protein and ss DNA molecule 

are common to both the BcCsp/T5 (Figure 1-11g) and BsCspB/T6 (Figure 1-11c) 

structures and share identical binding sites and DNA binding preferences. The 

authors stated that the differences in binding involving sub-sites 6 and 7 (Figure 

1-11c and g), were a direct result of different crystal packing environments. 

Although certain interactions are only seen in one structure and not the other, the 

authors were able to determine the seven conserved DNA sub-sites on the surface of 

each CSP, which would bind the high-affinity ligand (as determined by tryptophan 

fluorescence experiments), TTCTTTT (Figure 1-11 c  and g). 

The ss DNA binding results for both studies clearly show that a cytosine base at 

position three was key for high-affinity binding [14, 25] and the binding of ss DNA 

sequences was not merely dependent on the number of thymine nucleotides present 

but the actual positions of key bases within the sequence itself. 
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Figure 1-11. Crystal structures of BsCspB and BcCsp in complex with 
hexathymidine. 
(a) Crystal structure of BsCspB in complex with hexathymidine. (b) Enlargement of the BsCspB-ss 

DNA contact surface (boxed area from a) showing the protein groups involved in stacking and 

hydrogen bonding interactions with the hexathyniidine. (c) Schematic overview of intermolecular 

interactions: DNA (black) and protein groups (grey) interact through stacking interactions (solid lines) 

and hydrogen bonds (dashed lines). Some contacts are mediated by water molecules (circles). The 

numbers of the contact sub-sites for individual nucleohases are given at the bottom. All parts of a 

complete binding site from a single protein molecule are highlighted by a grey box. (d) Schematic 

overview of CspB/oligonucleotide assemblies. Protein molecules (grey) interact with bases 

(characters) from oligonueleotide molecules (strings) at distinctive binding sub-sites (cavities). In the 

13.cCspl3/dT6 crystal. a continuous arrangement of protein and DNA molecules is formed. A gap 

between the 3' nucleotide (bound to sub-site 3) and the first structured 5' nucleotide (bound to sub-

site 4) exists, which is expected to hind the unstructured TI nucleotide (grey). (e) Crystal structure of 
BcCsp in complex with hexathymidinc. f(green = chain A and blue chain B), g and h are equivalent 

to h, e and d. respectively, except they represent the BcCsp structure. 



1.4 Why study cold-shock response? 

A better understanding of CSPs and their function during the cold-shock response is 

not only interesting from a research point of view but has health and commercial 

implications (see Table 1-3 for examples). A better understanding of cold-shock for 

food-related pathogens, such as Salmonella, is imperative for the food industry as 

refrigeration is a commonly used method of food storage. Bacterial cells, which are 

cold-shocked before freezing, exhibit better cryotolerance, meaning that food-

spoilage bacteria can survive direct freezing thus contaminating the food article. 

Certain proteins are poorly produced at 37°C but could be overproduced at low 

temperatures using cold inducible promoters (e.g. EcCspK promoter), availability of 

such proteins may be significant in both medicinal and structural fields of research. 

Table 1-3. Commercial 

Food 
infections due to food-borne pathogens 

Instability of lactic acid bacteria starter 
cultures due to temperature changes 
during fermentations in dairy industry 

Agriculture Reduced efficiency of 'biofertilizers' 
due to low temperatures 

Great economic losses due to lowS 
tolerance of plants to low temperatures. 

Research Inefficient expression of proteins due to 
temperature sensitivity or proteolysis 

of cold-shock 

Reduce efficiency of cold.- shock 
response of food- borne pathogens 

Modif' starter cultures to improve cold 
adaptation and cryotoleranee 

Use of cold-adapted Rhizobial cultures 

Enhance chilling resistance of plants 
using gene transfer from 
bacteria to plants 

Cold-inducible expression systems for 
production of these proteins 

Reduced efficiency of certain processes Use of cold-adapted enzymes 
using biocatalysts at low 
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1.5 Methods used to study protein DNA/interactions 

To understand how binding of SNABPs interact with ss nucleic acids, the regions of 

sequence specificity must be identified. Many techniques including electrophoretic 

mobility shift assay (EMSA) [134], nitrocellulose-binding assays [135], 

Southwestern blotting [136], phage display [137], UV cross-linking [138] and X-ray 

crystallography [139], fluorescence measurements [28], fluorescence resonance 

energy transfer (FRET) combined with a DNA foot-printing assay [140], surface 

plasmon resonance (SPR), fluorescence polarisation [141], isothermal titration 

calorimetry (ITC) [142], analytical ultracentrifugation [143] and systematic evolution 

of ligands by exponential enrichment (SELEX) [144] have all been used to 

effectively study specific ss DNA-protein interactions. Each method has its own 

strengths and weaknesses when studying protein/ss DNA interactions but the chosen 

method must make the most efficient use of time and resources. 

1.5.1 Initial screening ofproteinfss DNA interactions 

To identify sequence specific ss DNA binding sites for SNABP is a somewhat 

daunting task. For example, if the experimental SNABP bound single stranded 

nucleic acids with a binding density of 7 nucleotides (nt) per monomer, then 16384 

(47) 7-mers would be required to analyse ever possible ss DNA binding site; which 

would be time consuming, laborious, and expensive when using the techniques 

described above. A high-throughput method is required which allows the user to 

screen for the possible binding sequence for the candidate SNABP. Chapter two of 

this thesis describes an innovative high-throughput assay, which provides a parallel 

screening system for identifying the specificity of SNABP binding. An 
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oligonucleotide chip was used for the identification of high-affinity 6-mer binding 

motifs for a SNABP. The chip contains all possible 4096 
(46)  ss 

hexadeoxynucleotides incorporated onto a standardised anchor, which provided a 

means of identifying high affinity consensus binding motifs for SNABPs. 

1.5.2 Biophysical techniques 

Once a sequence specific ss DNA binding sequence has been identified for the 

candidate SNABP then the molecular interactions can be studied using various 

biophysical techniques. For proteinlss DNA interactions, ITC and SPR (Surface 

Plasmon Resonance) are frequently used. Both methods have their own strengths and 

weaknesses (see sections 1.5.2.2 and 1.5.3.5) and are complementary to one another, 

providing a method of cross validating any results obtained. 

1.5.2.1 Isothermal Titration Calorimetry 

ITC is a thermodynamic technique for monitoring any chemical reaction initiated by 

the addition of a binding component, and has become the method of choice for 

characterising biomolecular interactions. When substances bind, heat is either 

generated or absorbed. Measurement of this heat allows accurate determination of 

binding constants (1Q), reaction stoichiometry (n), enthalpy (AH) and entropy (As), 

thereby providing a complete thermodynamic profile of the molecular interaction in a 

single experiment. 

In ITC, a syringe containing a "ligand" solution is titrated into a cell containing a 

solution of the "macromolecule" at constant temperature. When ligand is injected 

into the cell, the two materials interact, and heat is released or absorbed in direct 

proportion to the amount of binding. As the macromolecule in the cell becomes 
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saturated with ligand, the heat signal diminishes until only background heat of 

dilution is observed. 

1.5.2.2 Advantages and disadvantages of using ITC for examining protein/ss 

DNA interactions. 

ITC has typically been viewed as the "gold standard" for characterising molecular 

interactions. A major advantage of this method is that ITC does not require 

immobilisation of the reactants. The major disadvantages of using ITC is the large 

amounts of samples required (pM amounts of protein and ligand are required), 

limited throughput (although this has been improved with the development of an 

automated ITC machine) and provides no direct information about the kinetics of the 

system. 

1.5.3 Surface plasinon resonance (SPR) 

The core mechanics of surface plasmon resonance (SPR) are complicated (see [145] 

for a detailed review) but the technique itself does not require a detailed 

understanding of the theory. SPR instruments use optics to measure a change 

refractive index near the surface of a sensor chip. In Biacore instruments, a running 

buffer is passed under a continuous flow rate (30-100 i.xl.min') over a micro-fluidic 

flow cell (- 20 .. 60 nI in volume). To allow for the detection of an interaction one 

molecule (the ligand) is immobilised onto the surface of a sensor chip. Its binding 

partner (the analyte) is then injected in solution (ideally with the same components 

and composition as the running buffer to minimise refractive index changes caused 

by buffer mis-match) through the flow cell, under continuous flow. As the analyte 

binds to the ligand the build up of protein on the sensor surface causes an increase in 
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refractive index. This refractive index change is measured in real time (readings are 

taken every 0.1 s), and the results are plotted as response units (RU5) versus time 

(termed a sensorgram). A response (background response) will also be generated if 

there is a difference in the refractive indices of the running and sample buffers. This 

background response is subtracted from the sensorgram to obtain the actual binding 

response. The background response is calculated by injecting the analyte into a 

reference flow cell (serves as a control), which has no ligand or an unrelated ligand 

immobilised to the sensor surface. The measurement of association and dissociation 

of a binding interaction allows for the calculation of association (ka) and dissociation 

(k) rate constants and the corresponding affinity constants (kafka). One RU 

represents the binding of 1 pg protein/mm2. More than 50 pg/mm2  of analyte binding 

is needed to generate good reproducible responses although it is difficult to 

immobilise a sufficiently high density of ligand directly onto a sensor surface to 

achieve this level of analyte binding. To overcome this technical difficulty, Biacore 

sensor chips have a 100 - 200 nm thick carboxymethylated dextran matrix attached to 

the surface. This adds a third dimension to the surface, allowing the user to generate 

much higher levels of immobilisation. An added bonus is that the carboxymethylated 

dextran matrix is very amenable to modification for covalent immobilisation 

reactions by a variety of chemistries (Figure 1-12). 
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Figure 1-12. Standard covalent immobilisation reactions used for SPR. 

Nevertheless having high levels of ligand immobilised on the surface has two 

important implications for the technique. High ligand density may result in a rate of 

analyte binding which exceeds the rate at which the analyte can be delivered to the 

surface (referred to as mass transport), Mass transport then becomes the rate-limiting 

step and as a result, the measured apparent k 1  will be slower than the true ka. Another 

common problem is that following dissociation of the analyte, it could rebind to an 

unoccupied ligand site before diffusing out of the matrix and being washed from the 

flow cell. Although the dextran matrix may exaggerate these kinetic artefacts (mass 

transport limitations and re-binding) they can affect the accuracy of the final results. 

1.5.3.1 Applications of SPR 

1.5.3.1.1.1 Equilibrium measurements. 

Equilibrium analysis requires multiple sequential injections of analyte at different 

concentrations and at different temperatures. This can be very time consuming and it 

is only practical to perform equilibrium analysis on interactions that reach 

equilibrium within a reasonable time period (-5 - 10 minutes). The time it takes to 

reach equilibrium is determined principally by the dissociation rate constant (kd). 
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High affinity interactions (Kd c 10 nM - classic antibody binding) usually have very 

slow kd values and can therefore often be unsuitable for equilibrium analysis (the 

need to be able to regenerate the surface between runs becomes an important 

consideration here). Likewise, weak interactions (Kd >100 pM) are easily studied. 

The small sample volumes required for BlAcore injections (<20 PI) make it possible 

to inject the very high concentrations (>500 sM) of analyte (depending on solubility) 

to saturate low affinity interactions. Equilibrium affinity measurements on the 

BlAcore are highly reproducible. This feature and exact temperature control make it 

possible to estimate binding enthalpy by vant Hoff analysis. This involves measuring 

the change in affinity with temperature (for an example see section 4.5.4). Although 

not as meticulous as calorimetry, much less protein is required (for an example see 

[1461). 

1.5.3.1.1.2 Kinetic measurements. 

The fact that the BlAcore generates real-time binding data makes it well suited to the 

analysis of binding kinetics. However there are important limitations to 

kinetic analysis; due to mass transport limitations it is difficult to measure accurately 

ka values faster than -10 pM 1 s'. This upper limit is dependent on the size of the 

analyte. Faster ka  values can be measured with analytes with a greater molecular 

mass. This is because the larger signal produced by a large analyte allows the 

experiment to be performed at lower ligand densities, and lower ligand densities 

produce lower rates of mass transport. For different reasons measuring kd values 

slower than 1 x 10 5  s or faster than -1 s -1  is difficult. BlAcore is easy to use and the 

analysis software is user-friendly, it is deceptively easy to generate kinetic data. 
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However obtaining accurate kinetic data can be a demanding, time-consuming task, 

and requires a thorough understanding of binding kinetics and the potential sources 

of artefact. In addition, it can be expensive, running to £1,000's of reagent to get 

quantitative results (for an example see [147]). 

1.5.3.2 Ligand immobilisation 

Immobilisation of one of the reactants onto the sensor chip surface without adversely 

affecting its activity can often be the most challenging step. Biacore have developed 

a series of sensor chips which allow for either direct covalent coupling of the ligand 

to the sensor surface or non-covalent immobilisation by use of an affinity tag. 

1.5.3.2.1 Covalent immobilisation: A CMS Biacore chip 

CM5 chips and covalent coupling via primary amine chemistries are the standard and 

the simplest way to generate a surface. Primary amine coupling; one chemically 

modifies around 30% of the carboxylates on the matrix surface to generate 

succinimide esters (Figure 2-6b), which are highly reactive with primary amines (the 

N-terminus and the side chain of lysine residues). Then, under conditions of low 

ionic strength and a pH between 5.5 and 4.5 usually, where the net charge on the 

protein is positive and the carboxy dextran matrix is negative, the protein is weakly 

electrostatcially attracted close to the reactive groups, which drives the coupling 

reaction. The remaining activated carboxymethyl groups are then blocked by 

injecting high concentrations of ethanolamine over the surface. 

/ 
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1.5.3.2.2 Non-covalent immobilisation: A streptavidin (SA) sensor chip• 

SA chips are composed of a layer of carboxymethylated dextran pre-immobilised 

with the tetrameric protein streptavidin for immobilisaiion of biotinylated interaction 

partners. 

1.5.3.2.3 Non-covalent immobilisation: A NTA Biacore chip 

These function essentially like NTA-resins. You charge them with Ni 2  ions then 

immobilise a 6xhis-tagged protein onto this surface. 

1.5.3.3 Activity of immobilised ligand 

Levels of immobilisation should be high enough ligand to give you an adequate 

signal. Equation 1 illustrates the simple considerations for a 1:1 interaction. Ideally 

for kinetic analysis, the maximal RU signal should be - 100 to 150 RU for 

protein/protein, protein/DNA interactions and - 25 RU for small molecules (< - 

1000 Da.). This kind of maximal signal maximises the ability of instrument (and 

the analysis software) to accurately detect and fit a 1:1 binding model to changes in 

the RU versus time to give you reliable rate constant data. 

Equation 1: RUmax = RU = (MW analyte / MW Ligand) x RU ligand immobilised 

MW = Molecular weight in daftons 

However, this assumes 100% activity and this will never be the case, so higher 

amounts are always immobilised (- 20 - 50% and in some cases up to 300% - 400% 

more) on the surface to ensure high enough activity levels. Following the generation 

of the surface, the activity of the surface needs to be tested Ideally a good positive 

control is required, which is injected over the surface at saturating concentrations 
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allowing the user to assess the relative activity of the surface. 

One must also consider how the analyte(s) are going to be dissociated from one 

another without destrOying the biological properties of the ligand. If the kd is fast, 

then just letting them dissociate in buffer alone may suffice, which is the best option 

as it is the least harsh. However, if the lcd is slow, then dissociation in just miming 

buffer alone may make assay cycle times impractically long, in this case regeneration 

conditions (conditions that speed up the dissociation of complex) may need to be 

used. 

1.5.3.4 Surface regeneration 

Regeneration conditions include high salt, low dr high pH, solvents, MgC12, 

detergents and EDTA (for NTA chip you use 350 mM EDTA, strips off Ni 2  and 

captured ligand no longer binds) etc. These regeneration conditions however, need to 

be stringent enough to remove bound analytes from the chip surface, but not destroy 

the surface. If they are too harsh, the relative activity of the sensor surface decays 

between cycles and produces unreliable values for affinity and rate constants. 

The other important thing to remember here is that a protein captured via a His-tag 

interaction has its •own set of kinetics (Ni and His-tag). Often these limit the 

experiments as the complex of protein and binding partner dissociates more slowly 

than the his-tag dissociates from the surface (Kd - 1 pM, with a kd - 1 x 102 - 1 x 

10 3  s- I  at 25°C). This means that kinetic data obtained from this type of surface will 

be inaccurate and the surface will drift as a result. This becomes even more of a 

problem if you need to run experiments at higher temperatures (as discussed in 

section 4.5.2.1). 
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1.5.3.5 Advantages and disadvantages of using Biacore to study protein ss 

DNA interactions. 

Biacore has several advantages and disadvantages over other biophysical techniques 

when measuring proteinlss DNA interactions. 

Advantages: SPR provides a label free technique (No need for radioactive, 

fluorescent or any other labelling) for the real time analysis of molecular interactions. 

Rate constants for the interaction can be determined over a temperature gradient, 

which makes it possible to thermodynamically characterise the interaction. The 

application of the van't Hoff theory to SPR data allows one to derive thermodynamic 

constants, which complement ITC data. Impure samples can be used for Biacore 

experiments. The method is extremely sensitive and can accurately deterthine rate 

constants from a maximum response of 5 RU. 

Disadvantages: Issues with mass transport can affect kinetic measurements. Any 

artificial change in response, other than that of the interaction, can also give a signal. 

One of the interacting molecules must be immobilised to the surface. It can 

sometimes be difficult to determine suitable conditions for surface regeneration. 

Incorrect orientation of the molecules immobilised to the surface can inhibit 

accessibility to the active site. 

1.5.4 Structural studies ofprotein/DNA interactions 

Examination of the structure of SNABPs in a DNA bound and unbound state, at an 

atomic level, can provide a detailed insight of the SNABP-ss DNA interactions, one 

method that allows for such an analysis is X-ray crystallography. 
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1.5.4.1 X-ray crystallography 

There are few techniques available for the determination of three dimensional 

structures of protein molecules these include, nuclear magnetic resonance (NMR), 

Cryo-electron microscopy (Cryo-EM), computer generated homology models and X-

ray crystallography. X-ray crystallography is the method used to determine the 

arrangement of atoms within a crystal using X-rays scattered from electrons. Using 

the high-resolution information the atomic structure of a molecule can be obtained. 

The structural model derived contains information on the protein folds and the intra-

and inter-molecular, contacts made between protein molecules and/or bound ligands, 

which has proved extremely useful in structure-based drug design [148]. X-ray 

crystallography has also been successfully employed to examine the specificity of 

protein-DNA interactions [149] and to determine associated mechanisms [150]. 

Bonded atoms are about 1.5 A apart and cannot be visualised under visible light 

magnification as they require a much shorter wavelength (X) than that of visible light 

(4000-7000 A). X-ray radiation has a ? in the range of 0.02 to 100 A and can be used 

to visualise the atoms which make up the molecule of study. X-rays are photons of 

energy with wave-like aspects, once these waves meet with electrons they are 

quickly absorbed by the electron cloud, forcing the electron to vibrate at the same 

frequency as the incoming X-ray. The electron then emits X-ray waves, at the same 

frequency, in all directions. In some of these directions the scattered beams are in 

phase and reinforce each other to give diffracted beams i.e. constructive interference. 

The resulting X-ray waves are then visualised using a detection system (X-ray film 

or a detector), which exhibits spots where X-ray waves have impinged, known as 

Bragg reflections. These two dimensional images of the reflections observed are 



recorded and can be used to obtain the corresponding three dimensional coordinates. 

Protein crystals are 3-demensional structures composed of repeating units, known as 

unit cells. Unit cells are related through a series of parallel planes, known as Bragg 

planes and can be considered as a series of mirrors which reflect the incoming X-

rays. The position of each reflection spot is defined by the size and shape of the unit 

cell and the inherent crystal symmetry. The geometry of diffraction from a crystal 

lattice can be determined using Bragg's law (Figure 1-13); 

Jr'cdert 
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Figure 1-13. Bragg' law. 

The x-ray scattering of objects in a crystal lattice. Figure adapted form [151]. 

where n is an integer, X is the wavelength of X-rays, 0 is the angle between the 

incident and reflected X-rays scattered by the parallel planes and d is the interplanar 

spacing [151]. 

To summarize, X-ray crystallography consists of three steps. The first step is to 

obtain adequate diffracting crystals of the material being studied. Obtaining adequate 

diffracting crystals is often the toughest and most crucial step in the crystallographic 

process. Various methods and techniques are available [152], although obtaining 
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crystals can be a long, time consuming step which may take years. In the second 

step, the crystals are exposed to an intense beam of single wavelength X-rays 

(depending on the experiment) to produce a series of reflections. The crystal is 

gradually rotated and each set of reflections produced are recorded until a complete 

set of reflections, covering a full rotation, are obtained. In the third and final step, 

these data are combined computationally to produce a model of the arrangement of 

atoms within the crystal. The model is then refined to produce the final crystal 

structure. 

1.5.4.2 Crystallisation of protein-ligand complexes 

If optimal crystallisation conditions exist for the native protein, obtaining protein-

ligand complexes can still be extremely difficult. Two methods currently exist for 

successfully obtaining protein-ligand complexes, co-crystallisation or soaking the 

ligand into the preformed crystal. 

The soaking method requires the production of apo protein crystals in the absence of 

ligands. Protein crystal can then either be transferred into a similar crystallisation 

solution containing the ligand at an appropriate concentration (10 times higher than 

the affinity [153]) or a highly concentrated solution of ligand can be added to the 

crystallisation solution containing the fully grown protein crystals. This method has 

several problems such as, damaging of protein crystals, resulting in diminished 

diffraction and/or obtaining an alternate space group [154]. Another consideration 

when using this method is the spatial limitation of the crystal packing. If the ligand 

binding site of the protein molecule is blocked by adjacent molecules then larger 

ligands maybe unable to reach their target site. 
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The co-crystallisation method involves the crystallisation of the purified protein-

ligand complex. The major drawback of this method is that the crystallisation 

conditions obtained for apo crystal growth often do not produce crystals of ptotein-

ligand complexes as the ionization state of functional groups (a direct result of pH). 

involved in ligand binding may determine whether ligand binding will occur, for this 

reason the screening procedure must be repeated to obtain favorable conditions for 

complex crystallisation. 

• 1.5.4.3 Data collection 

There are three common X-ray sources available, X-ray tubes, rotating anode tubes 

and particle storage rings, which produce synchrotron radiation in the X-ray region. 

For standard laboratory use, rotating anode sources are commonly used to obtain 

diffraction data and are ten times more powerful than X-ray tubes Particle storage 

rings produce the most powerful X-ray sources. In these giant rings, charged 

particles are forced to circulate at near the speed of light. When accelerated and 

forced into a curved motion, these charged particles then emit energy as synchrotron 

radiation (X-rays). Synchrotron sources are available only at storage rings and have 

several advantages over rotating anode sources. Data sets can be collected in hours at 

a synchrotron source versus days for a single data set collection from a rotating 

anode source. Synchrotron sources also allow for data collection from extremely 

small crystals [155]. 
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1.6 Project outlines 

1.6.1 Examining the sequence specificity of single stranded DNA binding 

proteins: A novel DNA microarray approach 

Clearly one of the major functions of single stranded nucleic acid binding proteins 

(SNABPs) is their ability to regulate both transcription [82]. and translation [156] by 

binding to regions of ss DNA. To understand how binding of SNABPs to ss nucleic 

acids regulates transcription and translation, the regions of sequence specificity must 

first be identified. Although, many techniques (e.g. electrophoretic mobility shift 

assay (EMSA), nitrocellulose-binding assays, Southwestern blotting, phage display, 

UV cross-linking and X-ray crystallography) were developed to study sequence 

specific ss DNA-protein interactions. These techniques made use of non-immobilised 

ss DNA in liquid phase to probe ss DNA interactions with other molecules (e.g. 

proteins, drugs and ligands) and all suffered from being time consuming, laborious, 

expensive and incapable of high-throughput screening. To resolve these problems, a 

novel DNA microarray-based approach has been developed for the identification of 

the sequence-specificity of SNABPs, which will help provide an insight into their 

cellular function. Work from this project resulted in a publication - 

Morgan, H.P., et al., Sequence specificity of single-stranded DNA-binding proteins: 
a novel DNA microarray approach. Nucleic Acids Res, 2007. 35(10): p. e75. 

1.6.2 Examination of a family of CSPs 

The differences reported for the function of CSPs and their homologous eukaryotic 

equivalents lead to the hypothesis that there may be a different function between 

CSPs from the same family. These differences in function may therefore be reflected 

in their ability to recognise different ss DNA sequences: In Salmonella typhimurium, 
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six CSP (StCspA, StCspB, StCspC, StCspD, StCspE, StCspH) have been identified 

and the cold inducibility of SCspA , StCspB and StCspll has been reported [157-

160], although their functions are yet to be clearly elucidated. To determine 

differences in ss DNA binding affinity and sequence recognition all six S. 

typhimurium CSPs were cloned, expressed (with the exception of StCspH) and 

purified. Each S. typhimurium CSP was then characterised, regarding ss DNA 

sequence specifity, using the previously developed microarray assay. Two types of 

recognition sequences were identified, pyrimidine (T) and purine rich (G) binders 

(StCspE = pyrimidine rich binder and StCspD = purine rich binder). Further 

biochemical studies of the SICSP/ss DNA interactions were performed using 

advanced biophysical techniques. 

Work from both this project formed the basis of a second publication: 

Morgan, H.P., et at Structural and thermodynamic studies of a single-stranded 
DNA binding cold shock protein from Salmonella zyphimurium. To be published. 

1.6.3 Structural studies of S. typhimuriurn CSPs 

Crystallisation of both StCspE and StCspD, with and without the consensus ss DNA 

sequence, would allow for the characterisation of both types of ss DNA binders at a 

molecular level. The results would explain the differences seen in sequence 

recognition and may help to determine the mechanism of CSP/ss DNA binding and 

even their cellular function. Despite many attempts only crystals of StCspE were 

obtained, from which a structure was determined. Models for StCspD, SICspD/ss 

DNA and StCspE/ss DNA were created' to explain differences in ss DNA 

recognition. Work from this project provided the basis of a third publication: 

Morgan, H.P., et al. The crystal structure of cold shock protein E from Salmonella 
typhimurium; To be published. 
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CHAPTER 2. Sequence specificity of single stranded DNA binding proteins: A 
novel DNA microarray approach. 

2.1 Aim 

To examine the use of a generic oligonucleotide chip as the basis for the 

development of a high-throughput assay for the idçntification of sequence-specific ss 

DNA-protein interactions. 

2.2 Summary 

Oligonucleotides similar in sequence to those found on the surface of the array were 

synthesised and used in a series of gel shift experiments to determine if sequence 

specific ss DNA binding proteins (e.g. BsCspB) would successfully bind to the chip 

surface. Proteins were then labelled appropriately (either directly labelled with Cy5 

or detected using Cy3-penta-His antibodies). The subsequent binding to the chip 

could then be visualised using a standard microarray scanner. This work 

demonstrates that microarray technology can provide rapid high-throughput assays 

for the identification of sequence specific ss DNA-protein interactions. 

2.3 Introduction 

Genome sequencing has allowed SNABPs to be identified and characterised for a 

range of eukaryotic and prokaryotic organisms. To understand how binding of 

SNABPs to ss nucleic acids regulates transcription and translation, the regions of 

sequence specificity must be identified. Many techniques including electrophoretic 

mobility shift assay (EMSA) [134], nitrocellulose-binding assays [135],. 

Southwestern blotting [1361, phage display [137], UV cross-linking [138] and X-ray 

crystallography [139] were developed to study sequence specific ss DNA-protein 



interactions. Available techniques including, fluorescence measurements [28], 

polymerase chain reaction (PCR), fluorescence resonance energy transfer (FRET) 

combined with a DNA foot-printing assay [140], surface plasmon resonance (SPR) 

and fluorescence polarisation [141] have all been used to effectively study specific ss 

DNA-protein interactions. The most frequent approach used to study the sequence 

specificity of DNA binding molecules is by systematic evolution of ligands by 

exponential enrichment (SELEX). This method allows for the identification of 

sequences which bind with high affinity to the molecule of interest [144]. This 

method has been used mostly to select for double stranded DNA molecules that bind 

to the target but it has been also been used to screen ss DNA molecules [161] [162]. 

SELEX has advantages compared to the previously used methods but still is lacking 

in its suitability for high throughput analysis as numerous microarray experiments 

can be completed in a single day, thus providing a detailed analysis of binding site 

recognition at an unparalleled rate. 

These techniques described above make use of non-immobilised ss DNA in liquid 

phase to probe ss DNA interactions with other molecules such as proteins, drugs and 

ligands; all suffered from being time consuming, laborious, expensive and incapable 

of high-throughput. Oligonucleotides immobilised to solid supports overcome many 

of these problems, providing an important tool for the rapid high-throughput 

examination of sequence-specific DNA protein interactions. 

Two current studies [163, 164] have used microarrays displaying all possible 8-mer 

and 10-mer DNA duplexes to effectively study the sequence-recognition of both 

transcription factors and small molecules. These methods illustrate the potential 
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high-throughput use of x-mer arrays in examining the DNA binding properties of 

duplex binding molecules but leave the area of SNABPs specificity unexplored. 

The innovative high-throughput assay described here provides a parallel screening 

system for identifying the specificity of SNABP binding. The major cold shock 

protein from Bacillus subtilis, CspB, was used to develop this microarray based 

assay. This protein influences transcription and translation in vitro [91] by binding to 

stretches of 6-7 nucleotides [130] of ss DNA with a high degree of specificity [86, 

130]. 

We have used an oligonucleotide chip, for the identification of high-affinity 6-mer 

binding motifs for CspB. The chip contains all possible 4096 55 

hexadeoxucIeotides incorporated onto a standardised anchor. The oligonucleotides 

on the array were originally designed to hybridise to folded inRNA [165] which 

requires a significant spacer between the array surface and the recognition hexamer 

(Figure 2-1). 

The use of a competitor protein in this assay, allowed the identification of high 

affinity DNA binding sites. The binding affinity of a competitor protein will limit the 

amount of ss DNA binding sites available to the CspB. The competitor protein 

chosen was a single-stranded DNA-binding protein from Sulfolobus solfataricus 

(SsoSSB). SsoSSB hag a molecular weight of 16 kDa and binds non-specifically to ss 

DNA with a binding density of 5 nt per monomer and an apparent dissociation 

constant (Kd) of -90 nM [43]. Thus, the competitive binding of the SsoSSB protein 

provided a means of identifying high affinity consensus binding motifs for CspB by 

reducing non-specific and weak CspB-ss DNA binding. 



2.4 Materials and methods 

2.4.1 Microchip manufacture 

Oligonucleotide chips were supplied by Nyrion Ltd and contained all possible 4096 

ss hexadeoxynucleotides incorporated into a general structure (Figure 2-1), 5-NH2-

C 1 2-Spacer-AAAAA AAA AA-NNNNNNNNN-XXXXXX-3' where N was any 

random base and X was a specific hexadeoxynucleotide. Each chip is made up of a 4 

x 4 meta-grid and each of these sub grids contains 18 columns x 15 rows of spots. 

The spots are 135 ± 20 im in diameter. 

C 

7 
Specific six base sequence 

Nine nucleotide (hetropolymer) 

Ten adenine bases (Homopolymer) 

Spacer, comprising 12 carbon atom 
Solid support EL 	equivalents of ethylene glycol 

=Amino linker 

Figure 2-I. The design of the microarray. 

(a) Oligonucleotide chip. (b) Grid pattern: A 4 X 4 meta-grid each sub-array having 
18 columns x 15 rows of spots, each spot is 135 ± 20 .trn. 
(c) Magnification of a portion of the microarray bound by SsoSSB-Cy5. 
(c) A schematic representation of a hexadeoxynucleotides on the oligonucleotide 
chip surface. 
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Oligonucleotides were immobilised to the chip surface using standard Exiqon amino-

link chemistry. All arrays were manufactured by pin spotting, according to 

completely standard commercial practices (contact [165] for details of array design). 

This was all done under contract by MWG custom arrays. For control purposes 

arrays are batch tested using a standard mRNA template and a standard QC 

procedure expected to give a standard signal. This standard signal serves as a 

positive and negative control for all arrays. MWG spot biotin on the surface of the 

array, which also serves as a negative standard control (generates zero signal). 

2.4.2 Expression and purification of recombinant SsoSSB 

A mutant version of the SsoSSB protein from was constructed by changing the C-

terminal glutamate residue to a cysteine (E145C mutant) [166], allowing for the 

incorporation of spin labels and fluorescent probes on the C-terminal tail. This 

mutation minimises the affect of labelling on DNA binding activity as the C-terminal 

glutamate is not involved in ss DNA binding. The E145C mutant was constructed 

only as a precaution if the amine reactive labelling methods were unsuccessful. 

Protein expression was induced by addition of 0,2 mM IPTG at 37°C for 3 hours; 

after which cells were pelleted and frozen until required. Cell lysis, centrifugation 

and chromatography steps were carried out at 4°C. Cells (20 g) were thawed in 50 ml 

lysis buffer (50 mM Tris—HC1 pH 7.5, 500 mM NaCl, 1 mM EDTA, 1 mM DTT) 

and immediately sonicated for 5 x 1 min with cooling. The lysate was centrifuged at 

40 000 g for 45mm. DNase I [40 pg/mI] and RNase A [10 pg/ml]) were then added 

to the cell lysate and incubated at room temperature for 30 minutes with gentle 

agitation. The supernatant was heated to 70°C for 30 min in a water bath, and 

denatured proteins were precipitated by centrifugation at 40 000 g at 4°C. The 



supernatant was analysed by SDS—PAGE, and shown to contain recombinant SSB, 

which migrated as a band of --16 kDa as expected. The supernatant was diluted 5-

fold with buffer A (50 mM Tris—HC1 pH 7.5, 1 mM EDTA, 1 mM DTT) and applied 

to a Heparin-Sepharose (Arnersham) column equilibrated with buffer A. 5oSSB was 

eliited over a linear gradient comprising 0-1 M NaCl. Fractions corresponding to a 

distinct absorbance peak were analysed by SDS—PAGE, pooled and concentrated. A 

subsequent gel filtration step (HR 10/30 Superdex-200) in a buffer containing, 10 

mM Tris/HCI p11 7.5 , 150 mM NaCl, 1 mM EDTA and 1 mM LIlT, resulted in 

essentially homogeneous SsoSSB, as determined by SDS-PAGE analysis (Figure 

2-2b). This method is an adaptation of the previously published method [167. 

SsoSSB was concentrated using a Viva Spin column (MWCO = 5 kDa) and 

quantified using both the Bradford method and the theoretical extinction coefficient, 

c280nm = 12660 M'. cm'. 
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Figure 2-2. Purified recombinant single stranded DNA binding protein from the 
crenarchaeote Si4folobus solfataricus. 

MALDI-Tof mass spectrum, observed 16086 Daltons, calculated 16111 Daltons. 
Purified SsoSSB protein. 



2.4.3 Cloning Hiso-CspB 

Primers BSCSP fwd (5'-dAGCCATATG TTA GAA GGT AAA GTA AAA TAA - 

3') and BsCSP rev (5 '-dCGGATCC TAA CGC TTC TTT AGT AAC GTT AGC-3') 

were used in a PCR with plasmid DNA (pETI 1-CspB vector provided by Michael 

Wunderlich (University of Bayreuth) containing the CspB gene. Bases were added to 

the primers to introduce the NdeI and Banil-Il restriction sites (underlined). These 

sites were used to clone the PCR product in NdeJ-BarnHI-digested pET28a vector, 

resulting in the plasmid pET28a_BsCspB (Figure 2-3). 
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Figure 2-3. Cloning of BsCspB. 

(a) PCR of BsCspB (lane 2). (b) Restriction digest of cloned PCR product. Lane I: 
uncut pET28a_BsCspB plasmid DNA, lane 2 digested pET28a_BsCspB plasmid 
DNA showing a band of appropriate size (Red marker —215 bp). 1 Kb marker used in 
gel b and 100 bp ladder used in gel a. (c) Plasmid map of pEi'28a_BsCspB construct. 

2.4.4 Expression and purification of recombinant His o-CspB 

BL2I (DE3)pLysS Escherichia coil (E. coli) was transformed with 

pET28_B.S._CspB and transformants were grown in Luria-Bertani medium, 

containing 50 tg/ml kanamycin at 37°C with agitation. One-litre cultures were 

grown to an 0D600  of 0.5-0.7 and IPTG (isopropyl-3-D-thioga1actosidase) was then 

added to a final concentration of 1 mM. Incubation was then continued for an 
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additional 5-6 hours and the cells were harvested at 8,000 rpm in a JLA-9.1000 rotor 

for 12 minutes at 10°C. Pellets were then frozen in liquid nitrogen and stored at - 

80°C. Cell pellets were resuspended in lysis buffer (20 mM Tris flCl pH 8.0, 500 

mM NaCl, 0.1% Triton X-100, 0.1 mM phenylmethylsulphonyl fluoride (PMSF), 1 

mTvI EDTA and protease inhibitors) to a final volume of 30 ml/5 gof cells and then 

lysed using a French-press. DNase I [40 pg/ml] and RNase A [10 jsg/ml]) were then 

added to the cell lysate and incubated at room temperature for 30 minutes with gentle 

agitation. As an initial step, the fusion protein was purified using a Ni-NTA resin 

affinity column, as per manufacturer's instructions and then purified to homogeneity 

as described previously [168]. Briefly, to remove minor contaminants the fractions 

containing His6-CspB were pooled and dialysed overnight into a buffer containing 20 

mM Tris/HC1 pH 6.8, 1 mM DTT. The solution was applied to an HR 5/5 Mono-Q (1 

ml) anion exchange column. Bound protein was eluted with a NaC1-gradient ranging 

from 0-1 M. CspB eluted at a concentration of 250 mM NaCl. A subsequent gel 

filtration step (HR 10/30 Superdex-75) in a buffer containing 10 mM Tris/HçI pH 

7.5 and 100 mM NaCl) resulted in visually pure His6-CspB, as determined by SDS-

PAGE analysis (Figure 2-4). His5-CspB was concentrated using a Viva Spin colqmn 

(MWCO = 3.5 kDa) and quantified using both the Bradford method and the 

theoretical extinction coefficient, E280nm = 5690 M 1 . cm-1 . 
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Figure 2-4. Purified recombinant cold shock protein B from Bacillus sublilis. 

(a) MALDI-Tofrnass spectrum, observed 9379 Daltons, calculated 9528 Daltons 
(the difference in mass is possibly a result of the loss of a meihionine residue from 
the N-term i nat). (b) Purified II is 6-CspB 

2.4.5 Electrophoretic mobility shjft assay (EMSA) 

300 pmol of each ss DNA template were 5'-end labelled by incubating templates 

with 0.03 mCi of [y- 32P]ATP, T4 polynucleotide kinase and T4 polynucleotide 

kinase buffer in a total volume of 60 tl at 37°C for 2.5 hours. The reaction was 

stopped by heat inactivation (30 minutes at 65°C). Unincorporated [y- 32P]ATP was 

removed with QlAquick Nucleotide Removal Kit (Qiagen). 

For a standard EMSA, 20 prnol of labelled ss DNA was mixed with increasing 

amounts of protein (total volume, 18 jtl) at 4°C for 20 minutes in binding buffer (50 

mM Tris, pH 8.0, 100 mM NaCI) unless stated otherwise. 2 tl of dye solution (20% 

glycerol, 0.034% bromophenol blue) was added to the samples prior to gel 

electrophoresis. 

Electrophoresis was performed in TBE (89 mM Tris, 89 mM boric acid, 2 mm 

EDTA, p1-1 8.0) buffer through a non-denaturing acrylarnide gel (a 10% or 20% gel 

52 



was used depending on the protein; e.g. for 50 ml of 20% gel; 25 ml of 40% 

acrylamide, 2.5 ml of lOx TBE, 0.5 ml APS and 50 j.il Temed) at 75 volts until the 

samples had entered the gel and then at 100 volts at 4°C (overnight for a 20% gel and 

12 hours for a 10% gel). Autoradiographs were obtained by exposing gels to Kodak 

BioMax MS film for 1-3 hours at room temp. 

2.4.6 Labelling of ss DNA binding proteins with Cy5 dye 

In the standard procedure, the content of 1 vial ("to label 1 m g  of protein") of 

cyanine 5 (Cy5) mono-functional dye (Amersham) was dissolved in 50 l.il of 

anhydrous DMSO. Proteins were dialysed into buffer B (150 mM, Na2CO3 (pH 9.3, 

pH was adjusted with H3PO4) and concentrated using a viva spin column (molecular 

weight cut off (MWCO) = 5 kDa). Typical working concentrations of proteins were 

1 mg/ml, unless stated otherwise. 10 111  of Cy5 dye solution was pipetted into 200 tl 

protein solution under slow vortexing. After 30 minute incubation at 25°C in the 

dark, the reaction was terminated by the addition of 300 l.tl of 100 mM NaH 2PO4  (to 

suppress further labelling) to the sample. To separate the unbound dye, the sample 

was loaded onto a PD-10 column (10 ml bed of Sephadex G-25M), which had been 

pre-equilibrated in a buffer A (100 mM NaCl, 50 mM NaH 2PO4  and 1 mM EDTA 

[pH 7.5, pH adjusted with NaOH]). The column was then washed with buffer A (2 x 

1 ml) and the labelled protein was then eluted by adding 2 ml of water to the column. 

The extent of the modification was assessed using MALDI-TOF mass-spectrometry. 

Protein concentration was determined before and after labelling, Cy5-protein 

concentration was calculated as per manufactures instructions. 
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2.4.7 Protein Hybridization 

Microanays were pre-wet with phosphate-buffered saline (PBS) and 0.01% Triton 

X-100 and then blocked in 2% non-fat dried milk for 1 hour. Blocked microarray 

slides were washed once with PBS and 0.1% Tween 20, and once with PBS and 

0.01% Triton X-100. Protein (Cy5 labelled and unlabelled) binding to ss 25-mers 

(containing all possible [4096] 6-mer sequences) on a generic microchip was carried 

out in a hybridization chamber (Camlab, RTP/7870). Protein binding was performed 

in a humid chamber at 4°C with 80 M'  of protein binding reaction mix containing: 50 

mM KC1, 20 mM Ti-is (pH 8.0), 2% (w/v) non-fat dried milk, 0.2tg/pl bovine serum 

albumin and 40 tM of test protein. Slides were covered with a siliconised cover-slip 

(BDH cover glass 22x50 mm, Cat. No. 406/0188/42, Borosilicate Glass) and 

incubated for 1 hour at 4°C. The cover-slip was removed and the slide was washed 

(3x) in a slide chamber filled with PBS and 0.05% Tween-20, with PBS and 0.01% 

Triton X-100 (3x) and once with PBS for 3 minutes each. Excess water was removed 

from the slide surface (by flicking), which was allowed to dry before scanning. This 

method is an adaptation of the previously published method [169]. Various methods 

(denaturing conditions; including high temperatures, various concentrations of 

detergents and pH range in combination with high NaCl concentration) were used to 

remove bound protein from the chip surface in order to reuse the array but were all 

unsuccessful as they either had detrimental affects on the oligonucleotides bound to 

the surface of the array or were unable to remove bound protein. 

2.4.8 Competitive assay 

The method was essentially the same as above except that both His 6-CspB and 

SsoSSB proteins were added to the binding reaction mix at the specified molar ratio. 
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The binding reaction was carried out as before. The array was then incubated for 1 

hour in a humid chamber at 4°C with 100 tl of diluted (1:100 in blocking buffer) 

Alexa 532-conjugated polyclonal antibody to His5 (Molecular Probes). After 

incubation the array was washed (3x) with PBS and 0.05% Tween-20 and once with 

PBS for 3 minutes each. Excess water was removed from the slide surface (by 

flicking), which was allowed to dry before scanning. 

2.4.9 Microarray analysis: Data collection 

All microarray slides were scanned using an ArrayWorx microarray scanner at a 

range of laser settings, the highest of which produced a saturated signal for the 

majority of spots. The Alexa-532 (Cy3 equivalent) fluorophore was excited at 532 

nm and the emission was recorded at 570 nm. The Cy5 fluorophore was excited at 

633 nm and the emission was recorded at 675 nm. The data was filtered initially 

using a series of quality control criteria so that only high quality spots were used in 

our analysis. For each array we removed any flagged spots, these were spots that had 

dust flakes, scratches and irregular spots (spots that were larger than the expected 

average size). The average size of a spot is 135 ± 20 jim in diameter; any spot which 

did not correspond to this size constraint was excluded from the data, meaning only 

spots with similar DNA concentrations were collected. All microarray TIF images 

were quantified using Imagene Version 5.0 software. 

2.4. 10 Microarray analysis: Data processing 

The extent of background fluorescence was initially determined from an array 

experiment using bovine serum albumin (BSA). The level of background 



fluorescence from the spots and array surface was found to be similar. Therefore, the 

average fluorescence between spots on the array surface was used as the background 

value throughout the experiments, which was minimal in comparison to the average 

signal intensity. Background subtracted median intensities were calculated for each 

spot on the microarray and the data was normalised according to the total signal 

intensity, so that the average spot intensity was the same for each replicate slide (0). 

The normalised data of each competitive array experiment was used to generate a list 

of the high intensity sequences/spots (the highest to lowest intensity), i.e. spots which 

were above a threshold level of intensity (Figure 2-5a). High intensity 

spots/sequences which occurred in all three replicates were carried forward for 

further data analysis. This procedure minimised the occurrence of any false 

positives* or  negatives*  in the overall data collection. The average intensity was 

calculated and the sequences were ranked accordingly. The lists of sequences 

generated were condensed to include only the best binding sequences. These were 

spots that had intensity above 55% normalised fluorescence and at least 6 standard 

deviations away from the global mean intensity (Figure 2-5b). The final list 

contained a total of 50 high affinity binding sequences for His (,-CspB. 

False positives = spots which fluoresce highly on one array but not on all three arrays. Total = 6.5%: False negatives = 

spots which did not fluoresce on one array but fluoresced highly on two arrays. Total = 2% 
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Figure 2-5. The determination and statistical analysis of high-affinity binding 
sites (highly fluorescent spots). 

(a) The nornialised fluorescence intensities for each spot from the competitive array 
experiment. The normalised intensity for His 6-CspB and 5oSS13 bound to the chip 
surface and detected using anti-H is-Alexa 532. (b) The standard deviation for each of 
the high-affinity binding sites. The red line represents the global mean intensity for 
non-specific binding, the dashed blue lines represents two standard deviations above 
and below the global mean and the dashed black line represents 6 standard deviations 
above the global mean intensity. 

2.4.11 Isothermal Titration Calorimetry (ITC) 

ITC experiments were carried out as described previously [130] with minor 

modifications. Four oligonucleotides were used for the experiments (Figure 2-16b, 

pg 77): both possibilities of the consensus binding sequence (ITCI and ITC2) and a 

positive (ITC3[14]) and negative control (lTC cont ,-o i). Each exothermic heat pulse 

(Figure 2-16a, upper panels) corresponds to an injection of 5 .il of each 

oligonucleotide (100 tM) into the cell containing 5 [LM CspB at 28°C. Integrated 

heat data (Figure 2-16a, lower panels) is represented by a differential binding curve, 

which was fitted to a single-site binding model to give the stoichiometry of binding 

(N), binding affinity (Kd) and enthalpy of binding (AH) for each heptanucleotide. 

57 



2.4.12 Isolation of the Cy5-labelled SsoSSB/ss DNA complex from a native 

polyacrylamide gel 

The non-radioactive CyS-SsoSSB/ss DNA complex was excised from a native 

polyacrylamide gel using adjacent autoradiogram results as a guide. The gel slice 

was cut into small pieces and placed into a small piece of pre-wet dialysis membrane 

(MWCO = 3500 Da) clamped at one end. 1 ml of 1 x SDS-sample buffer (containing 

no bromophenol blue; 2 x SDS-sample buffer; 1 ml of 1.5 M Tris, pH 8.6, 600 p1 of 

20% f3-mercaptoethanol, 3 ml of glycerol and volume adjusted to 10 ml with ddH20) 

was added to the gel pieces and the membrane was then sealed, ensuring that all air 

bubbles have been removed. The membrane was placed in a SDS-PAGE gel rig and 

completely filled with running buffer. This was run at 70 V for 1 hour. The contents 

from the dialysis membrane were added to a microcentrifuge tube and centrifuged at 

13,000. rpm. for 10 minutes. 20 p.1 of the supernatant was added to a 0.5 ml 

fluorescence (Quartz) cuvette and adjusted to a final volume of 5 ml using SDS-

sample buffer. A spectrofluorometer (slit sizes set at; emission = 1 and excitation = 

1) was used to record the emission spectrum from 655-750 nm, while exciting at 647 

nm for Cy5. 

2.4.13 MALDI- TOF (MS) of intact proteins. 

Proteins were resuspended in either 0.1 or 1.0% trifluoroacetic acid (TFA) to give 1 

mg/ml. A saturated solution of sinapinic acid was prepared in a solution containing 

30% acetonitrile and 0.1% TFA for the matrix solution. The sample for MALDI-

TOF analysis was then prepared by diluting 0.5 p1 of protein solution to 0.5 p1 with 

matrix solution and was spotted onto a flat, stainless steel plate from PerSeptive 

Biosystems. MALDI-TOF data were collected on a PerSeptive Voyager Elite 



MALDI-TOF instrument. Standard instrument operating settings for sinapinic acid 

were used at all times. Data were analysed using voyager software. 
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2.5 Results and discussion 

2.5.1 Cy5 labelled BsCspB no longer binds ss DNA 

In order to visualise binding of proteins to single stranded oligonucleotides (ON) 

immobilised on the generic chip the protein must first be labelled with an appropriate 

fluorescent dye. For this procedure to work the resulting fluorescently labeled protein 

should have high fluorescence quantum yields and retain the biological activities of 

the unlabeled protein. A number of suitable amine-reactive reagents are available for 

this purpose (Molecular Probes). Amine-reactive dyes react with non-protonated 

aliphatic amine groups, including the terminal amine of proteins and the c-amino 

group of lysines (Figure 2-6). Protein conjugations are run in carbonate buffers with 

a p1-I ranging from 8.5-9.5, which is an optimal p1-I for modifying lysine residues. 

a 	
01 

	 b 
0 	 0 

R'C0NJ * RMH 2 	 R 1 C—NH' 	H0N, J 

Succiniidl ester 

Figure 2-6. The CyS covalent labelling reaction using direct amine coupling. 

(a) 2-D representation of the chemical structure of the Cy5 succinimidyl ester (MW 

= 791.99 Da), the reactive group (141 Da) is highlighted red. Cy5 has a MW of 

650.99 after standard amine coupling reaction (b). This reaction results in a labelled 

protein with MW of; Protein + 650.99ICy5 incorporated. 

BsCspB was covalently labelled with the mono-functional dye Cyanine 5 (Cy5; 

Amersham), as described (Materials and Methods - 2.4.6). Analysis of labelled 
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B,sCspB-Cy5 using MALDI-Tof mass spectrometry indicated that the majority 

contained one dye moiety per protein molecule (see section A6). Electrophoretic 

mobility shift assays (EMSA) were conducted with a single-stranded 25-mer 

(ONc:5'—dATCCTACTGATTGGCCAAGGTGCTG-3')* labelled at the 5'-end with 

y-32 P. ONc is a characterised binding sequence used in previous experiments [86]. 

The gel-shift results for unlabelled and labelled BsCspB indicated that labelling with 

Cy5 significantly affected the binding affinity and specificity as the labelled protein, 

even at high concentrations, no longer bound ss DNA (Figure 2-7). The elimination 

of ss DNA binding activity is most likely a result of coupling Cy5 to a lysine near or 

within the ss DNA binding site. 

Complex 	I 

Unbound 

1 	23 

Figure 2-7. Electrophoretic mobility shift assay of BsCspB and BsCspB-Cy5 and 
its complex with ONe. 

15-20 pmol of 5'-end y- 32 P-labelled ONc was mixed with 500 pmol of Cy5-labe!led 
(lane 3) and unlabeled (lane 2) BsCspB and incubated for 10 minutes at 4 °C. Lane I 
was a control and contained 15-20 pmol of 5 '-end 'y-32 P-labelled ONc only. Protein-
DNA complexes were separated on a 7% native polyacrylaniide gel. 

2.5.2 cspB and His 6-C'spB have similar affinily for ss DNA. 

As direct labelling of BsCspB with Cy5 rendered it inactive, a new method of 

detection was devised using an anti-his Cy5-conjugated antibody to detect His-

tagged CspB once bound to the surface of the array. An N-terminal 6xHis-tag was 

added to BsCspB by cloning the sequence into the pET28 vector (Novagen). A series 
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of EMSA were conducted (see below) to ensure that the addition of a His-tag had not 

affected the ss DNA binding properties of BsCspB. 

A ss 25-mer [133] (ONc: 5 '—dATCCTACTGATTGGCCAAGGTGCTG-3'), labelled 

at the 5'-end with 7- 32 P was used to compare the binding affinities and specificities 

of His(,-CspB and CspB. Figure 2-8 shows a gel-shift experiment performed for ONc 

in the presence of decreasing amounts of His 6-CspB (lanes 2-6) and non-His-tagged 

CspB (lane 7). Lanes 3, 4 and 5 show decreasing migration patterns for the His6-

CspB ss DNA complex as less protein molecules bind. The data show that the 

addition of the His-tag does not significantly affect the binding affinity or specificity 

of the protein. 

Complex 

Figure 2-8. Electrophoretic mobility shift assay of His 6-CspB and its complex 
with ONc. 

15-20 priiol of 5 '-end y-32P-labelled ONe was mixed with 0, 500, 300, 100, 50 and 25 
pmol (lanes 1-6) of His6-Csp. Lane 7 contains 500 pmol of CspB (untagged) as a 
positive control. Protein-DNA complexes were separated on a 20% native 
polyacrylamide gel. 
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2.13 Determining the number offlanking bases required for ss DNA -CspB 

complex formation 

The effect of flanking DNA at the 3' end of the oligonucleotides, on CspB binding, 

was also examined by EMSA using a series of oligonucleotides that were structurally 

similar to the oligonucleotides found on the array; the only difference was that a 

varying numbers of bases were added to the 3' end. 

The incorporation of unknown bases (N) or wobbles within the oligonucleotides 

(ON's), while creating a more viable experiment, was thought to be inappropriate as 

we would be unable to predict any secondary structure formed by the ss DNA. The 

N-bases were therefore changed to A-based templates because CspB does not bind to 

homogeneous A-based templates [130]. CspB binds to the core Y-Box binding 

sequence (ATI'GG) with a proposed binding density of 6-7 nt per monomer [130]. 

However, the Y-Box binding sequence (ATTGG) may require a certain quantity of 

flanking bases for CspB binding. In order to determine the optimum number of 

flanking bases required for CspB binding the following ON's were used (Table 1). 

This experiment will provide valuable information for the optimising the sequence of 

the ON's on the array (i.e. the required amount of flanking bases added to the 3' 

end). Gel shift assays were conducted with four ss 25-mcrs, ON 1, 0N2, 0N3 & ONc 

(Table I), labelled at their, 5'-ends with 32P. The ON's have been flanked 

successively with adenine bases at the 3' end. - 

Table 1. Oligonueleotides used for CspB binding experiments 
Oligonucleotide 	 Sequence 	 Shift 

ONI 	5'-dAAAAAAAAA-A-AAAAAAAAA-GATTGG-3 	slight 
0N2 	5'.dAAAAAAAAAA-AAAAAAAAA-GATTGG-A-3' slight 
0N3 	5'.dAAAAAAAAAA-AAAAAAAAA-GATTGG-AAAA-3' 	slight 
ONe 	5 - -dATCCTACTGATTGGCCAAGGTUCTG-3' 	YES 

The V-Box binding sequence, ATTGG. 
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Complex 
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Figure 2-9. Electrophoretic mobility shift assay of His-CspB and its complex 
with ON1, 0N2, 0N3 and ONc. 

(a) 15-20 prnol of 5'-end y- 32P-labelled ONc was incubated with 500, 250, 100, 50, 
20 and 0 pmol (lanes 1-6) of His-CspB. (b) 15-20 pmol of 5'-end y- 32 P-labelled 
ON 1, 0N2 and 0N3 was incubated with (+) and without (-) 250 pmol of His o-CspB. 
All reaction mixtures were incubated for 10 rnin at 4 °C. Protein-DNA complexes 
were separated on a 20% native polyacrylamide gel. Gel b has been enlarged 2x to 
highlight the shifted bands. 

Figure 2-9b shows a gel-shift experiment performed for ON 1, 0N2 and 0N3 in the 

presence (+) and absence (-) of His 6-CspB. For ON I, 0N2 and 0N3 a slight shift can 

be seen when comparing unbound ss DNA (-) to the relevant protein-ss DNA 

complexes formed (+). The shifts are minute in comparison to the shift seen for the 

control oligonucleotide, ONe (Figure 2-9, lanes 1-6), as only a single monomer binds 

to ON's 1, 2 and 3 (bind the ATTGG site only) and three to four monomers of 

protein have been shown to bind to ONe 130]. The binding of a single monomer of 

CspB to a ON, which is similar in size to ONc, did not produce a shifted band one 

third in size (Figure 2-9a lane I versus Figure 2-9b lane ON 1+). A possible reasons 
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for the difference in the size of the shift seen is that CspB is binding to the 3' end of 

ON's 1, 2 and 3 and this is affecting how the complex migrates through the gel. The 

similarity of the shifts seen for ON1, 0N2 and 0N3 would suggest that flanking 

bases at the 3' end are not required and a lack of them does not seem to have an 

effect on the binding of His6-CspB. 

2.5.4 CyS labelled SsoSSB binds ssDNA. 

Concern developed during the course of this work concerning weak and non-specific 

binding of BsCspB to ss DNA sequences on the surface of the array, which was later 

confirmed (compare Figure 2-13b with c). To eliminate weak binding of BsCspB a 

competitor protein was used. The candidate competitor protein chosen was a single-

stranded DNA-binding protein from Sulfolobus solfataritus (SsoSSB). Further 

experiments confirmed (sections 2.5.4-2.5.7) SsoSSB use as a suitable competitor 

protein. 

SsoSSB was covalently labelled with the mono-functional dye Cyanine S (Cy5; 

Amersham), as described (Materials and Methods - 2.4.6). Analysis of labelled 

SsoSSB-Cy5 using MALDI-Tof mass spectrometry indicated that the majority 

contained two dye moieties per protein molecule (SsoSSB = 16184 Da, 2xCy5 

labelled SsoSSB = 17462 Da). EMSA were conducted to verify that SsoSSB retained 

its DNA binding activity subsequent to labelling with CyS. A single stranded 25-mer 

(ONc:5'—dATCCTACTGATTGGCCAAGGTGCTG-3'), labelled at the 5'-end with 

was used to compare the binding affinity of unlabelled and Cy5-labelled 

SsoSSB. Figure 2-10 shows a gel-shift experiment performed with ONc in the 

presence of increasing amounts of unlabelled (lanes 1-4) or labelled (lanes 5-8) 
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protein. The similarity in the EMSA for both unlabelled and Cy5 labelled protein 

suggests that labelling did not significantly affect the binding affinity of the protein. 

The double banding seen (Figure 2-10) may be a result of the gradual dissociation of 

labelled DNA from SwSSB. The fact that previous SsoSSB-ss DNA binding studies 

using ETC have shown that SsoSSB bound to ss DNA with a ratio of 5 nt/monomer 

[43] suggests that the double banding seen in the gel is probably a result of the 

EMSA technique used and the on- off-rates of SsoSSB-ss DNA complex formation. 

Unbound 

234 	5 67 8 

Figure 2-10. Electrophoretic mobility shift assay of SsoSSB and its complexes 
with ONe. 

15-20 piiiol of 5'-end 7- 32P-labelled ONc was mixed with increasing amounts of 
Cy5-labelled (lanes; 6, 7 & 8) and unlabeled (lanes; 2, 3 & 4) SsoSSB and incubated 
for 10 minutes at 4 °C. Amounts of protein: lanes 2 & 6, 60 pmol; lanes 3 & 7, 120 
prnol: lanes 4 & 8, 300 pmol. Lanes 1 and 5 were controls and contained 15-20 pmol 
of 5'-end y- 32 P-labelled ONc only. Protein-DNA complexes were separated on a 
10% native polyacrylamide gel. 
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2.5.5 Complex formation monitored by CyS fluorescence 

A general concern was that the shifted bands (Figure 2-10, lanes 6-8) for the labelled 

protein may be due to a small percentage (-10%) of unlabelled protein present in the 

sample, for that reason the gel-shift assay was repeated with 7- 32P-labeled ONc and 

non-radioactive ONc. The radioactive complex serves as a visible marker for the 

excision of the non-radioactive complex in the adjacent lane. The non-radioactive 

SsoSSB-ssDNA (ONc) complex was excised from the native polyacrylamide gel and 

isolated as described (Materials and Methods section 2.4.12). The fluorescence 

intensity of the isolated protein-ssDNA complex was then measured using a 

spectrofluorometer, which allowed for the detection of SsoSSB-Cy5. Figure 2-11 

shows a peak in the spectrum at 665 nm when the protein solution was excited at 647 

nm, demonstrating that Cy5 is present and consequently SsoSSB-Cy5 must be 

binding ss DNA. The SsoSSB-Cy5 protein had clearly retained its capability to bind 

ss DNA and was carried forward for use in microarray experiments. 
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Figure 2-11. The emission spectrum recorded for SsoSSB-CyS. 

The excitation (slit size =1) and emission (slit size = 1) wavelengths were 647 and 

665 tim, respectively. 

2.5.6 SsoSSB-CyS binds non-specifically to all ss DNA sequences 

A generic chip (Figure 2-1) was constructed, which contained all possible 4096 ss 

hexadeoxynucleotide sequences found in DNA and incorporated into a general 

construct, 5'-NH-A 10-N9-X6-3' (XG, C, A, or T and the stretch of 9 Ns is composed 

of random bases). The binding of SsoSSB-CyS to the generic chip was analysed and 

all the spots on the array fluoresced with similar intensities (Figure 2-Ic), consistent 

with non-specific binding of SsoSSB-Cy5 [43]. 

2.5.7 CspB is competitive with SsoSSB. 

A competitive EMSA was used to show that 1-lis 6-CspB binds more strongly than 

5oSSB to the previously reported high affinity Y-box binding motif [119] 

(ATTGG). A 25-mer, ONI (5' —dA 19-GATTGG-3'), which contains the Y-box 

binding motif, was labelled at the 5'-end with y- 2 P. ON 1 is similar in composition to 
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the oligonucleotides found on the generic chip. Figure 2-12 shows the result of a gel-

shift experiment performed with ON1 in the presence of varying amounts of His5-

CspB and SsoSSB proteins. An intermediate band • can be seen in lane 5, 

corresponding to the formation of the His5-CspB-SsoSSB-ON1 complex. This band 

occurs only when the SsoSSB/CspB proteins are in a molar ratio of approximately 

1: 1. The degree of migration through the gel of protein ss DNA complexes relates 

not only to molecular weight but also the combined charge of His6-CspB (theoretical 

p1 5.84; negatively charged during gel running conditions of pH 8.0), SsoSSB 

(theoretical p1 9.16; positively charged) and the additional negative charge of the ss 

DNA. The more negatively charged the ss DNA/protein complex the faster it will 

migrate to the cathode and the resulting band will move further into the gel. The 

intermediate band seen in lane 5 must therefore be the result the combined charge of 

both His6-CspB and SsoSSB molecules binding ON1. 
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Figure 2-12. Electrophoretic mobility shift assay of SsoSSB, CspB and the 
complexes formed with T- 32P-labelkd ON!. 

15-20 pmol of 5'-end '- 32P-labeIled ON  was used at all times. Lanes; (1) 300 pmol 
SsoSSB; (2) 500 pmol CspB; (3) 300 pmol SsoSSB & 100 pmol CspB; (4) 300 pmol 

Ss'oSSB & 200 pmol CspB; (5) 300 pmol SsoSSB & 300 pmol CspB; (6) Unbound 

ON  probe. Protein-DNA complexes were separated on a 10% native 
polyacrylamide gel. Diffuse bands are a common result of low affinity interactions 
(Kd> l tiM). ON]: 5'-dAAAAAAAAAA-AAAAAAAAA- -3' 

2.5.8 The competitive binding assay can he transferred to niicroarray format. 

The binding of His6-CspB to the generic chip was analysed. For explanation 

purposes only a schematic representation of the assay is shown in Figure 2-13a. The 

fluorescent signal from His 6-CspB bound to the chip was recorded (Figure 2-13b). 

About 20% of the spots had signals greater than threshold level (which was set at 

40% of the maximum fluorescent signal). To eliminate weakly bound CspB, an 

equimolar mixture (as determined by gel-shift, Figure 2-12) of a competitor SsoSSB, 

and His6-CspB was incubated with an oligonucleotide chip and bound His 6-CspB 

was detected (Figure 2-13b). High intensity fluorescence spots were observed in 

repeatable patterns on the arrays, which is indicative of selective binding affinity 

[169]. 
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Figure 2-13. Competitive microarray assay. 

(a) A schematic representation of the competitive protein binding assay. A high 
intensity spot (red) on the array surface corresponds to several monomers of 5soSSB 
binding to the large spacer region on the array (Hetero/Homopolymer) and 1/2 
monomers of His6-CspB binding with high affinity to a specific 6-mer sequence. A 
low intensity or black spot on the array surface corresponds to several monomers of 
ScoSSB binding the full length of the 25-mer oligonucleotide (ON: 5'-

AAAAAAAAAA-NNNNNNNN1'- . SsoSSB protein is shown in grey, 
His-CspB is shown in green and the alexa 532-conjugated polyclonal antibody to 
His5 is shown in blue. (b) His6-CspB bound to microarray (sub-arrays (SA) 1-16). 
The fluorescence intensities of the spots are shown in red and the brighter the red 
colouring for a spot, the higher the intensity. Black spots are indicative of no signal 
intensity. An analysis of intensities showed that about 20% of the spots had signals 
greater than threshold level (which was arbitrarily set at 40% of the maximum 
fluorescent signal). (c) Competitive microarray assay. Two individual microarray 
results for the competitive protein binding assay between His o-CspB (specific 
binding protein) and SoSSB (non-specific binding protein). The fluorescent signal is 
a result of His6-CspB being detected on the surface using alexa 532-conjugated 
polyclonal antibody to His5  (Fig. 2-12a). Microarray images shown here were results 
from two different batches of arrays and proteins. Sub-array three from each 
competitive protein binding experiments has been enlarged to highlight the repeated 
pattern seen on all arrays. The oligonucleotide, GCAC1'T, appears as a bright spot on 
both arrays. The microarrays have been artificially coloured as a visual aid only. 
ibhreviaiions, SA = Sub-array 
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2.5.9 High affinity motifs identified by microarray analysis, are validated by 

electrophoretic mobility shift assay. 

An EMSA was carried out to confirm the binding-site data generated from the 

oligonucleotide chip analysis. The high affinity binding motif, GCACTT, was chosen 

from the data (Figure 2-13c) to examine if the His 6-CspB could compete successfully 

with the SsoSSB protein for this binding site. A 25-mer, ON-Microarray test (ON-

Mt:5 '—dAAAAAAAAAA-GCACTT-AAAAAAAAA-3'), containing the high 

affinity binding motif was labelled at the 5'-end with y- 32P. 

Figure 2-14 shows a gel-shift experiment performed with ON-Mt in the presence of 

varying amounts of FIis 6-CspB and SsoSSB proteins. An intermediate band (His-Csp-

SsoSSB-ONc complex) can be seen in lanes 3 to 11 for ON-MI, indicating that the 

CspB protein competed with SsoSSB for binding to the (microarray determined) high 

affinity binding site, OCACTI. 
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SsoSSB-ON-Mt—ø: 

Figure 2-14. Electrophoretic mobility shift assay of SsoSSB, CspB and the 
complexes formed with ON-Microarray test (ON-Mt). 

15-20 pmol of 5'-end y- 32P-labelled ON-Mt was used at all times. Lanes 1-li contain 
a fixed amount of SsoSSB (200 pinol). Lanes; (1) 100 pmol His 6-CspB; (2) 200 
pmol His6-CspB; (3) 300 prnol His6-CspB; (4) 400 pmol His6-CspB; (5) 500 pmol 
His6 -CspB; (6) 600 pmol His6-CspB; (7) 700 pmol His6-CspB; (8) 800 pmol His6-
CspB; (9) 900 pmol His6-CspB; (10) 1000 pmol His6-CspB; (11) 1100 pmol His 6 -

CspB; (12) Unbound ON-Mt probe. All 20 t1 reaction mixtures were incubated for 
20 min at 4°C. Protein-DNA complexes were separated on a 10% native 
polyacrylamide gel at 4°C. 
*Th e  band is seen as a result of increasing concentrations of His 6-CspB and is likely due to additional 
His6-CspB molecules binding to ON-Mt which results in more SsoSSB molecules being displaced. 

2.5.10 Identification of the consensus high affinity binding sequence, 5 

GTCTTTG/T-3 ',for CspB. 

The highest intensity spots identified from the microarray analysis indicate that the 

strongest CspB binding sites are pyrimidine rich (Figure 2-15a). The high incidence 

of thymine bases within the high-affinity 6-mer sequences agrees with previous 

reports that CspB has a preference for T rich stretches of ss DNA [49]. The presence 

of a stretch of ten adenines in the linker region of each oligo (Figure 2-1) is likely to 
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lead to hairpin formation for T-rich sequences and may be expected to down weight 

the occurrence of poly T sequences. There is indeed a low intensity for TTTTTN 

sequences, which may in part be caused by the formation of such hairpins. Despite 

this effect, the averaging procedure still generates a T-rich consensus sequence. The 

standard motif alignment method (Genedoc) was used to align the resulting top fifty 

(as described in materials and methods - 2.4.10) high-affinity CspB binding 

sequences (Figure 2-15b). A sequence alignment window ten bases in length was 

used; only seven (coloured columns) out of those ten positions are significantly 

(>40%) populated. Analysis of the relative distribution of each base within this 

proposed heptanucleotide binding site gives a CspB consensus binding sequence of 

5'-GTCTTTG/T-3' (Figure 2-15e & f) Analysis of the microarray binding results 

indicates that CspB can accommodate the binding of a heptanucleotide with a strong 

binding preference for cytosine at position 3 and thymine at positions 2, 4 and 6. This 

is in agreement with another recent study [14], where the sequence-specific binding 

of heptapyrimidines to CspB was analysed by tryptophan fluorescence quenching 

experiments. Interestingly the microarray results show that neither the Y-Box 

recognition motif [86], 5'-ATTGG-3', nor its reverse complement 5'-CCAAT-3', 

bind strongly to CspB. The ATTGG sequence has recently been shown to bind with a 

low affinity for CspB at 15 °C (Kd = 5.3 iiM[170]),  which is similar to the results 

described here for CspB binding to sequences containing ATTGG at 4 °C. 
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Figure 2-15. Analysis of CspB binding sites. 

(a) Fifty highest affinity 6-mer binding sequences for His 6-CspB. The chosen 
sequences are ranked into four groups, according to fluorescence intensity, and 
coloured accordingly decreasing intensity from red>pink>blue>green. (b) Multiple 
sequence alignment of the top fifty 6-mer binding sequences for His-CspB. The 
overall length of the sequence alignment is numbered 1-10 and positions 3-9 are 
coloured, as they are occupied by a meaningful number of bases (>40%).  (c) The 
absolute base distribution for His 6-CspB obtained from alignment of all 50 sequences 
shown in Figure 913. (d) The relative base distribution for FIis 6-CspB. (e) 3-D bar 
chart showing the relative base distribution for each base within the proposed 
heptanucleotide binding site. (0 The sequence logo (generated using the EnoLOGOS 
program), corresponding to the frequency of each base within the heptanucleotide 
binding site. 
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2.5.11 Verification of DNA microarray results using Isothermal Titration 

Calorimetiy (ITC) 

The interactions of His6-CspB with both variants of the preferential binding 

sequences (ITC-1 and ITC-2), a positive (ITC3 [14]) and negative control (ITC 0110 1 

[130]) (see Figure 2-16b for details of sequences) were assayed by ITC to determine 

solution-based equilibrium constants. All ITC assays were repeated twice for all 

oligonucleotides examined. ITC directly measures changes in heat during complex 

formation. The calorimetric analysis of His6-CspE binding to ss DNA is shown in 

Figure 2-16. The interactions of His5-CspB with all oligonucleotides were 

exothermic, releasing heat during complex formation. The ITC assay for the His6-. 

CspB/ss DNA interactions yielded equilibrium dissociation constants of 30 ± 2 nM 

for ITC1, 44 ± 4 nM for ITC2 and 43 ± 2 nM for ITC3 and all with stoichiometries 

of approximately 1:1 (Figure 2-16b). 

There is an order of magnitude difference in the Kds for the oligonucleotides 

described here and the Kds described previously [14], for similar/identical 

oligonucleotides. This is likely due to a difference in temperature, buffer conditions 

and the method used (tryptophan fluorescence quenching). The control sequence 

(TTCTTTT-ITC3), used here and in the previous study allows us to compare and 

scale the results from the two methods. 

Thus, both the ITC and EMSA results confirm that the mcroarray assay does indeed 

select and identify tight binding sequences. This screening procedure could therefore 

be used as a general method for the rapid identification of high-affinity binding sites 

for SNABPs 
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Figure 2-16. isothermal titration calorimetry for ss DNA binding to recombinant 
His6-CspB. 

Each exothermic heat pulse (upper panel) corresponds to an injection of 5 tl of 
oligonucleotide (100 jiM) into the cell containing 5 jiM l-Iis6-CspB at 28°C. 
Integrated heat data (lower panels) constitutes a differential binding curve, which 
was fitted to a single-site binding model to give, the stoichiometry of binding (N), 
binding affinity (Kd) and enthalpy of binding (AH) for each oligonucleotide (Table 
b). The heat of the reaction was obtained by integrating the peak after each injection 
of ss DNA oligonucleotide and correcting for the heats of dilution using the Origin® 
V.7 software. The resulting curve (lower panel) was fitted to a single class binding 
site model by non-linear least square analysis. All data have been corrected for heats 
of dilution. (b) Thermodynamic parameters for CspB-ss DNA interactions are shown 
in the table. Non-detectable = Kd? S jiM. 

2.5.12 CspB-cytosine model explains the prefe rence for a cytosine at position 3. 

The X-ray structure for CspB has been reported previously 168]. Figure 2-17 shows 

the positively-charged face of CspB, highlighting amino acid residues known to be 

involved in DNA binding 1331. Molecular modelling of CspB with the consensus 
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oligonucleotide IM, using the programme WITNOTP , identified a pocket in the 

centre of the DNA binding face, which provides an ideal shape and hydrogen-

bonding complementarity for binding cytosine. Three hydrogen bonds are formed 

between the docked cytosine base and amino acid side chains Ser3 1, 11is29 and the 

backbone oxygen of Phe27 (Figure 2-17), providing specificity for cytosine over the 

other bases. 

The recent published structure of CspB in complex with hexathymidine [14] shows 

that the ligand binds to two protein molecules. The nucleobase of T2, T3 and T4 

make contact with one protein molecule, T5 bridges between protein molecules and 

T6 binds to the next protein molecule. The contacts made by hexathymidine provide 

the necessary scaffold for the complex to crystallize but the sequence fails to bind 

across the face of the CspB protein, as this sequence lacks the key cytosine 

nucleobase at position 3 [14], which here we have shown is required for optimum ss 

DNA docking (Figure 2-16 and Figure 2-17), 
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GTCTTTGIT 

Figure 2-17. A molecular model of a potential cytosine-binding pocket on CspB. 

The electrostatic surface potential of CspB and the backbone trace of the bound 
consensus heptanucleotide and the hydrogen bonds (depicted as dotted lines) 
between CspB and a cytosine nucleobase in the proposed binding pocket. 

2.6 Conclusions 

SNABPs have been reported to activate transcription by binding to a specific 

recognition sequence upstream [171] or within [172] a promoter, resulting in 

activation or repression of transcription. Here the major cold shock protein, CspB, of 

Bacillus sublilis, which is capable of binding single stranded nucleic acids {1 301 and 

affects expression of over 100 genes under cold shock conditions [173], was used as 

the test protein for the development of a novel DNA microarray binding assay [174]. 

Database analysis of the B. subtilis genome reveals that 89 copies of the consensus 

binding sequence (5'-GTCTTTf-3') exist within potential SNABP promoter regions 

(up to 100 bases upstream of the ATG start for all genes), of which only 24 have an 

assigned function. The use of an unbiased genomic assay to identify optimal binding 

sequences for SNABPs in vitro, may provide insight into their role in regulating 
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cellular functions. The full implications of these sequences on gene expression and 

binding of CspB remains to be resolved. 
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CHAPTER 3. Cloning, expression and initial characterisation of a family of six 
CSP paralogues from Salmonella typhimurium. 

3.1 Aim 

To clone, express and purify each of the six CSPs from S. lyphimurium and to 

determine the sequence specificity of ss DNA recognition using the previously 

developed microarray assay. The similarities or differences observed in ss DNA 

recognition sequences for each CSP will serve to highlight potential functions for 

each member of this CSP family. 

3.2 Summary 

This chapter details the cloning, expression, purification and initial ss DNA binding 

characterisation of each member of the S. typhimuriuin CSP family. Large amounts 

Of pure protein (mg/ml) were produced using bacterial expression systems. Purified 

proteins were then used for ss DNA binding experiments, biophysical 

characterisation (Chapter 4) and structural studies (Chapter 5). Results are 

sum marised in Table 3-1. 

Table 3.1. Stages of results completed for each of the S. ivphimoriiun CSPs. 

Prolcin Cloned Expressed Purified 	ss DNA 	Consensus 	Crstallisation Crystals 
hindinu Sen. 	 I l nils 	4Jl)tilI)C(I 

St(- ' p ' I -__C T-TIC-T/C-TTC 

C -T/C-T-c/G-lTr 

SlCsp( C Tcrrr-Tic 
,(Cst , I) 

AC 

sc 	I tr in-r 

Completed StuIICI, are coloured green and uncompleted are coloured red. Sequence specificity data 

were generated from the microarray assay described in chapter 2. 
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3.3 Introduction 

As discussed in detail in chapter one, CSPs have been shown to bind to stretches of 

ss DNA (6-7 nucleotides) [28, 49, 130] with high affinity and a high degree of 

specificity [14, 25, 86, 130, 174] but also in a sequence unspecific manner [29]. This 

ability to bind nucleic acids led to the conclusion that CSPs stabilise mRNA 

secondary structures [29] induced by low temperatures [175] and resulted in their 

classification as RNA chaperones. Controversially, çsPs have been shown to 

influence transcription and translation in vitro [91] and act on bulk protein 

expression not as RNA chaperones but by inhibiting their transcription and 

translation by unspecific binding to nucleic acids. 

The CSD containing proteins (Y-Box factors) found in eukaryotic organisms share 

high sequence similarity to CSPs [126], and show even greater structural 

resemblance [176], with the distinctive DNA binding framework (RNP1 and RNP2) 

[128] present. However, the Y-Box proteins have been allocated a diverse set of 

functions compared to CSPs, which includes their ability to regulate transcription 

and translation, both positively and negatively [7]. The differences reported between 

the function of CSPs and their homologous eukaryotic equivalents led to the 

hypothesis that there may be different functions amongst CSPs from the same family, 

which have yet to be identified. 

In Salmonella typhimurium, six CSPs (StCspA, StCspB, StCspC, SICspD, StCspE, 

StCspH) have been identified and the cold inducibility of StCspA, StCspB and 

StCspH has been reported [157-160], although their functions are yet to be clearly 

elucidated. The complete .  ss DNA binding characterisation of this family may 

highlight differences/similarities in DNA binding, corresponding to the potential 
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functions of each CSP. Before the characterisation of this family of proteins can be 

preformed, pure samples of each CSP must be obtained. 

3.3.1 Protein production and purification strategy 

Recombinant proteins were expressed using a standard expression system, which can 

produce many copies of the desired protein within the host cell. This is accomplished 

by creating and inserting an expression vector into the host cell. Expression vectors 

contain all the necessary genetic coding to produce the prOtein, including a promoter, 

a transcription terminator sequence (e.g. TAG), a ribosome binding site and an 

antibiotic resistance gene to allow for plasmid maintenance. 

The pET expression system was used in this work to overproduce each of the S. 

typhimurium CSP. This system makes use of an extremely strong bacteriophage T7 

promoter, which is highly selective for T7 RNA polymerase. pET expression vectors 

contain a T7 promoter upstream of the multiple cloning site (protein expression site), 

which is tightly controlled by the lac operator. The CSP gene was cloned into the 

expression vector and inserted into a genetically modified bacterial host cell, which 

expresses T7 RNA polymerase (e.g. E. coli BL21(DE3)). Expression of T7 

polymerase in the host cell is then induced by the addition of a chemical, isopropyl-

3-D-thiogalactoside (IPTG). T7 polymerase binds to the T7 promoter on the 

expression vector, resulting in high levels, of expression of the CSP gene 

downstream. 

The pET expression vector contains a hexa-histidine (His6) fusion tag which is added 

to the N-terminal of the CSP to facilitate purification of the recombinant protein. 

His-tagged CSPs were expressed and the harvested cells were lysed to release the 

proteins from the cytosol. The affinity of histidine residues for nickel [177] allowed 
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for the selective purification of His5CSPs using a Ni-NTA agarose column. The 

procedure for the purification of FIis5CSPs consisted of four general steps, cell lysis, 

binding to nickel, washing (removes unbound proteins) and elution of the bound 

His6CSP using an elevated concentration of imidazole at a constant pH. 

It can be difficult to completely remove contaminating nucleic acids during the 

purification of ss DNA binding proteins and as a result elaborate purification 

protocols were developed [178, 1791 and expensive affinity resins have been used 

[180, 181]. An advantage of using a histidine fusion tag is the ability to purify 

proteins under denaturing conditions, which allows for the purification of fully 

denatured His-tagged proteins. In this work His5CSPs were purified under denaturing 

conditions, which completely removed all contaminating nucleic acids. The 

development of refolding techniques for His6CSP5, based on the available methods 

[182], allowed for the production of active His6CSPs. 

3.3.2 Overview: Refolding proteins 

Initially proteins are incubated in a buffer containing a. strong denaturant (typically 2-

8 M urea or 3-8 M guanidine hydrochloride) and a reducing agent (dependant on the 

presence of cysteine residues), which unfolds the protein. Refolding of the proteins is 

then initiated by the removal of the denaturant. The efficiency of protein refolding 

depends on the competition between correct folding and aggregation. Aggregation 

results when unfolded protein molecules have their hydrophobic core exposed to 

solvent, and an aggregate would result from interactions between hydrophobic 

regions of different polypeptide chains. Aggregates can be minimised by refolding 

proteins at a low concentration range (10-100 tg/ml) [183] but refolding conditions 

need to be optimised for each individual protein (buffer conditions (pH and ionic 



strength), temperature and many different additives in various mixes). Many 

different methods for refolding proteins have been described [182], which include 

dialysis, slow dilution, rapid dilution, pulse renaturation and size-exclusion 

chromatography. Out of all these methods size-exclusion chromatography has been 

shown to produce some of the highest levels of refolded active proteins in a single 

step [1841. During protein refolding, using size-exclusion chromatography, the 

denaturant is removed while the protein slowly migrates through the column. Protein 

molecules passing through the size-exclusion chromatography column are partitioned 

in the gel media and are dynamically trapped and separated from each other, greatly 

reducing the contacts made between protein molecules. This separation of protein 

molecules from each other has been observed to greatly suppress aggregation during 

refolding [185]. 
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3.4 Materials and Methods 

3.4.1 Cloning 

cDNA corresponding to all six (StCspA-fl) full length CSPs were generated by PCR 

using S. lyphimui-ium strain 1344 chromosomal DNA as a template. Sequences were 

amplified using high-fidelity Taq polymerase (Roche) and the corresponding forward 

and reverse primers found in Table 3-1. The resulting PCR products were cloned into 

a pCR2. 1 TOPO vector using the TOPO-TA Cloning ®  kit (Invitrogen) and digested 

with NdeJ and HindilI (New England Biolabs). The digested inserts were ligated into 

a NdeI-HindIII-digested pET28a vector (Novagen) and verified by DNA sequencing. 

Table 3-1 Primers used to created S.T_CSP clones 

Clone 	Primer 	 Primer sequence 5' to 3' 

pEl2SaSJ Forward .  ACACA £414 J(j ICC (1(11 AAA AlU ACF (lw At(
CSI'A 	Reverse 	CA AAGCJTITA CAG OCT GOT TAC OTT 0CC AGC 

pET28a_S.T Forward ACOCA cAT ATG ACO ACG AAA. ATC ACT GGT 'VIA 
CSPB 	Reverse CGAAAGCTT TTA AAO COC CAC AAC OTT GAC CCC 

pET28a_S.T 	Forward 

	

_CSPC 	Reverse 

pET28aS.T 	Forward 

	

_CSPD 	Reverse 

pET28aS.T Forward 

	

CSPB 	Reverse 

ACOCA CATATG GCA AAG AFT AAA GOT CAA GUT 
COA AAGGTTTCA OAT AGC TOT TAC OTT AAC AGC 

ACACA GATATG GAA ACG GOT ACT OTA AAG TOG 
CAAAGCJ7' CIA TOC AAC 0CC CTC TOC T1'C CAT 

AGOCA C4TATG TCT AAG ATT AAA GOT AAC OTT 
CGA AAGCTTTIA CAG AOC AGT TAC OTT TOC AGC 

pET2SaS.T Forward AGOCA C4TATG TCT COT AAAATG ACA GGA ATT 
CSPH 	Reverse CGA AAGCTT TTA TGA AAO ATA AAC OTT GGC GGC 

ilindJ/I (shon ij t italics) and Ndel (shown in bold italics) restriction sites were added to primers to allow Jor directional cloning. 

3.4.2 Expression of S. lyphimurium CSP 

Chemically competent Rosetta BL21(DE3)pLysS cells were transformed with the 

verified constructs and expressed by inoculating 50 ml of Luria-Bertani medium 

(containing 50 pg!ml kanamycin) and incubated over night at 37°C with agitation. 

One-litre cultures were grown to an 0D600 of 0.5-0.7 and expression was induced at 



37°C by adding IPTG (isopropyl-3-D-thiogalactosidase) to a final concentration of 1 

mM. The incubation was then continued for 4 hours and the cells were harvested at 

8,000 rpm in a JLA-9.1000 rotor for 12 minutes at 10°C. Pellets were then frozen in 

liquid nitrogen and stored at -80°C. 

3.4.3 Preparation of cell lysate 

Cell pellets were resuspended in lysis buffer (20 mM Tris HC1 p1-I 8.0, 500 mM 

NaCl, 0.1 mM phenylmethylsulphonyl fluoride (PMSF) and 1 mM EDTA-free 

protease inhibitors) to a final volume of 30 mb'S g of cells and lysed by pulsed 

sonication on ice for 5 minutes. The lysate was centrifuged at 23000 rpm at 10°C for 

45 minutes using a JA 25.50 rotor. The supernatant was filtered through a 0.2 pm 

filter and DNase I [40 pg/ml] and RNasë A [10 pg/mU) were then added and 

incubated at room temperature for 30 minutes with gentle agitation. 

3.4.4 Native purification of recombinant His6CspE 

The supernatant was loaded onto a 12 ml Ni-NTA agarose column at 1 ml.min', pre-

equilibrated in buffer A (50 mM NaH2PO4,300 mIvI NaCl and 20 mM imidazole, pH 

8.0). The column was washed with eight column volumes of buffer A. To further 

remove nucleic acids, a gradient (0-30% over five column volumes) of buffer B (10 

mM Tris and 1.5 M NaCl, pH 7.6) was used and held at 30% until A280 reading 

returned to baseline. His5CspE was eluted over a ten-column volume elution gradient 

with buffer C (50 mM NaH2PO4, 300 mM NaCl and 250 mM imidazole, pH 8.0). 

Fractions containing recombinant protein were pooled and concentrated to <1 ml 

using a Viva Spin column (MWCO = 3.5 kDa) and loaded onto a HiLoad 26/60 
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Superdex 75 column (Amersham Biosciences), pre-equilibrated in a buffer 

containing 20 mlvi Tris-HC1 (p11 7.5). 

3.4.5 Purification of CSPs (StCspA, StCspB, StCspC, StCspE) by denaturation 

and refolding using size-exclusion chromatography 

The supernatant was loaded onto a 12 ml Ni-NTA agarose column at 1 ml.min'. The 

column was washed with eight column volumes of buffer A and the protein was 

eluted over an eight-column volume elution gradient with buffer C. Eluted fraction 

were pooled and concentrated using a Viva Spin column (MWCO = 3.5 kDa). 

Protein purity was excellent but DNA contamination was high (as determifled by 

= approx. 1:2). To remove bound nucleic acids 1 ml of FIis5Csp [5-10 

mg/ml] was added to 9 ml of buffer D (8 M urea, 300 mM NaCl and 50 mM Tris, pH 

8.0) and incubated at room temperature (NJ) overnight. The sample was loaded onto 

a self-packed 2 ml Ni-NTA gravity colunm at RT and washed with 10 column 

volumes of buffer D. Protein was eluted with buffer E (8 M urea, 300 mM NaCl and 

50 mM Tris, pH 5.0; made immediately prior to use) by manually collecting 2 ml 

fractions. Fractions containing high concentrations of His6CSP (fractions 5 and 6 - 

determined by Bradford assay) were either refolded immediately or stored at RT 

(free from any light sources) for up to two months before refolding. 

The protein was refolded by loading 200 p1 of concentrated protein sample onto a 

HiLoad 26/60 Süperdex 75 column (Amersham Biosciences), pre-equilibrated in a 

buffer E (20 mM HEPES, 150 mM NaC1 and 3 mM EDTA (pH 7.4)). The column 

flow rate was 0.5 ml.min 4  for the first 2 ml (to quickly dilute the urea) and then 

reduced to 0.2 ml.min' (to allow the protein to refold). 



3.4.6 Purification of recombinant His6CspD 

The supernatant was loaded onto a 12 ml Ni-NTA agarose column at 1 ml.min', pre- 

equilibrated in buffer A. The column was washed with eight column volumes of 

buffer A to remove unbound proteins. To remove nucleic acids, FIis5CspD was 

denatured on the column using a 0-100% gradient of buffer F (6 M Guanidine, 300 

mM NaCl and 50 mM Tris pH 8.0) over 10 column volumes. His5CspD was refolded 

on the column by running a gradient of buffer G (20 mM HEPES pH8.0, 150 mM 

NaCl) against buffer F over 10 column volumes. The protein was elated using an 

elevated concentration of imidazole (buffer Q. Fractions containing recombinant 

protein were pooled and concentrated to <1 ml using a viva spin column (MWCO = 

3.5 kDa) and loaded onto a HiLoad 26/60 Superdex 75 column (Amersham 

Biosciences), pre-equilibrated in a buffer containing 20 mM Tris-HC1 (pH 7.6). 
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3.5 Results and discussion 

Section 1: Cloning, expression and purification of S. typhimurium cold shock 

proteins 

3.5.1 The identification and sequence analysis of the S. typhimurium cold shock 

genes 

The B. subtilis genome sequence has been published [73]. The genome encodes the 

well characterised major cold shock gene, CspB [86], which encodes a 67 amino acid 

product. The S. lyphimurium (Strain 1344) genome sequence has recently been 

completed (Sanger Institute). A BLAST search of the S. typhimurium genome 

sequence was carried out using CspB as a homology model to identify any possible 

cold shock genes. Six cold shock genes were identified, which encode 69-73 amino 

acid-products. The CSP sequences share a high degree of homology (Figure 3-1 and 

Table 3-2), the highest being 84 % identical between StCspE and StCspC, the lowest 

is 26.3 % between StCspH and StCspD. StCspH has such low sequence identity 

(46%) to the other members of the family that its function as a CSP was doubted but 

has been confirmed elsewhere [160]. 

10 	 20 	 30 	 40 	 50 	 60 	 70 

S. P_CS PA 

S. P_CS PB 

S. P_CS PC 

S - P_CSPD 

S. P_CS PH 

S - P_CS PH 

Figure 3-1. Alignment of the amino acid sequences of cold shock proteins from 
Salmonella typhimurium. 

Identical residues are shown in black, similar residues in grey and non-identical in 
white. 



Table 3-2. Sequence identity matrix for S. typhimurium CSP 

Scg-> CSPA C'SPB CSPC CSPD CSPE CSPII 

CSPA 6 4. 2 % 67.1 % 43.4 % 68.5 % 48.5 % 
CSI'B 64.2% 68.5% 46.0% 70.0% 45.7% 
CSPC 67.1 % 68.5% 42.6% 84.0% 42.8% 
CSPI) 43.4% 46.0% 42.6% 42.6% 26.3% 
CS1 1 11,  68.5% 70.0% 84.0% 42.6% 47.1 % 
CSPJT 48.5% 45.7% 42.8% 26.3% 47.1 % 

3.5.2 Amplification and cloning of the S. typhimurium cold shock genes 

Specific oligonucleotide primers (Material and Methods section 3.4.1) containing 

NdeI and Hindill restriction sites were used to amplify the open reading frames of 

the six Csp genes from S. typhirnuriurn strain 1344 chromosomal DNA. The 

amplification products are all approximately 0.2 Kb in size (Figure 3-2), with CspD 

visibly larger, as expected (Figure 3-1). 

. 	aD 	() 	Q 	Ui 	Z 
a. 	3.. 	. 	0. 	CL 	ü.. 
tf 	 ) 	 0) 	0) 	(1) 	CI) 

0.2 Kb 

ligure 3-2. PCR amplification of the Gsp genes from S. typhiniurium {strain 
1344) chromosomal DNA. 

1 00-bp DNA ladder used. 

The amplification products were ligated into the plasmid pCR 02. 1-TOPO®  and the 

resulting plasmids were transformed into chemically competent E. co/i TOPIO cells. 

Transform ants were isolated on LB agar plates containing X-gal (40 p.g/ml) and 

kanamycin (50 jig/ml). Positive transfoniiants were isolated using standard blue- 
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white screening. Plasmid DNA was isolated from several transformants and digested 

with NdeI and Hindlil to confirm the presence of each csp gene. The resulting 0.2 Kb 

restriction fragments were purified from the agarose gel and ligated into NdeI-

HindJII-digested pET28a vector (Novagen), downstream of the 6xHistidine coding 

region, and transformed into chemically competent E. co/i DH5-c.t cells. Gel 

electrophoresis showing a restriction digest of plasmid DNA (pET28a_SICsp) 

isolated from the transformants can be seen in Figure 3-3. The correct sequences 

were verified by sequencing (A1.2) and are now referred to as; pET28a_S1CspA, 

pET28a_StCspB, pET2 8a_SiC spC, pET28a_SICspD, pET28a_StCsp E and 

pET28a_StCspH. 

03 	(3 	C) 	Lu 	i 

0.3 Kb 
0.2 Kb 

6 Kb 
5 Kb 

Figure 3-3. Agarose gel electrophoresis of NdeI and Hindill digested and 
undigested plasmid DNA isolated from E. co/i DH5-a carrying the plasmids 
pET28a_CSPA-H. 

Lanes: (1, 3, 5, 7, 9 & II) plasmid DNA isolated from E. co/i DHS-a containing 
pET28a_CSPA-H; (2, 4, 6, 8, 10 & 12) The same plasmid DNA digested with NdeI 
and HindilI. The resulting 5-Kb and 0.2-Kb indicates that the StCsp genes are 
present. The same gel is shown at two different gain levels to allow for visibility of 
the 0.2-Kb fragment. 100 bp and 1 Kb MW ladders were used. 
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3.5.3 Expression of the S. typhiniurium cold shock proteins 

Rosetta BL2 I (DE3)pLysS E. co/i cells were transformed with pET28a_CspA-H and 

expression of the G.sp genes was achieved by the T7 promoter-driven expression 

system in E. co/i, induced by adding IPTG (I mM). Cell where grown for a further 

six hours at 37°C and expression of CSPs was analysed by SDS-PAGE (Figure 3-4). 

4  

I'll 1/ 

... 

3hr 	Ghr 3hr 	6hr 	3hr 	6hr 	Thr 	6hr 	3hr 	6hr 	3hr 	6hr 

Figure 3-4. Expression of S. typhimurium His 6CSP at 37°C. 

Cell extracts from Rosetta BL2I(DE3)pLysS harbouring pET28 CSPA-H. Samples 
were analysed by 15% SDS-PAGE and visualised by Coomassic staining. Lanes 
show soluble cell extract after induction at 37°C for 3 and 6 hours for each of the 
cold shock proteins. His 6CspH expression is visible but low. Controls; Left - Rosetta 
BL2I(DE3)pLysS cell extract after 6 hrs of growth. Right - BL21(DE3)pLysS 
harbouring pET28_CSPA - No induction. 

All constructs analysed gave very high levels of soluble protein expression in E. coli 

BL2I(DE3) pLysS strain, with the exception of SICspH. Poor expression of StCspH 

was a direct result of protein induction by the addition of IPTG. The induction of 

StCspH caused E. co/i to stop growing. Various expression strains, growth conditions 

and induction levels were used to try and express SICspH but the final result was the 

same. Although all the His6CSPs are of similar molecular weights (between 9.5-10 

kDa) S!CspB runs at a higher molecular weight on the SDS-PAGE gel (Figure 3-4). 

All SICSPs contain three proline residues (Figure 3-1), except S1C5pB, which has an 
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additional proline present in its amino acid composition, this minimises the spacing 

between each of the proline residues. Prolines introduce natural "kinks' in 

polypeptide chains which are not straightened out by denaturing. The additional 

proline induced bends in the polypeptide chain of StCspB are likely causing it to run 

slower through SDS-PAGE (for example, ventricular myosin light chain [1861). 

3.5.4 Overproduction and native purification of His6CspE 

Cell lysate containing His6StCspE was bound to a Ni-NTA agarose colunm and 

unbound proteins were washed away. The column was washed with a buffer 

containing 500 mM NaCl, to remove any electrostatically bound nucleic acids 

(Figure 3-5al) and bound His6StCspE was eluted using an elevated concentration of 

imidazole at a constant pH to displace the histidine tag from the nickel (Figure 

3-5ail). The purified His6StCspE migrated as a single protein band on a SDS-15% 

polyacrylamide gel (Figure 3-5c). Gel filtration with a HiLoad 26/60 Superdex 75 

column was performed. Recombinant i-iis6CspE eluted as two peaks and was more 

than 95% pure as judged by SDS-PAGE (Figure 3-5b and c), with an experimentally 

determined molecular weight of 9.6 kDa (Figure 3-5d). Peaks 1 and 2 had retention 

voloumes of 16.7 ml and 18.5 ml, which corresponds to mol4cual weight standards 

of —8 kDa and —1.5 kDa. His6SlCspE has a calculated molecular weight of 9.6 kDa, 

suggesting that the structure of His5StCspE from peak 2 (His6StCspE in complex 

with ss DNA) must be elongated (a long and thin cylinder) resulting in a smaller 

hydrodynamic radius. Only His6CspE from peak 1 could be used for further. 

experiments as protein from peak two was highly contaminated with nucleic acids-

(Table 3-2). Samples from peaks 1 and 2 were further analysed by native gel 

electrophoresis (Figure 3-5e). His6CspE from peak 1 (uncontaminated) fails to fully 
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enter the gel (Figure 3-5e - blue arrow). This is a direct result of the protein's high p1 

(9.23); the overall positive charge of the protein prevents it from moving towards the 

positively charged cathode. flis6StCspE/ss DNA complex has a negative charge 

caused by the bound DNA and migrates easily towards the cathode (Figure 3-5e). 

His6StCspE from peak 2 (contaminated) migrates into the gel, as a result of bound 

negatively charged nucleic acids. This confirms that His6StCspE from peak 1 was 

pure and free of nucleic acids. 
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Table 3-2. DNA contamination found in eluted 

P1/AK 1 1 0.25 	0.24 	0.64 = 0.9 mg/nil 	 0.8 mg/nil 

PEAK 2 	1.96 	1.2 	0.54 = 0.75 mg/nil 	 2 mg/MI 

E,i,ction coertcenl = 5500 M I cm- ' 

Figure 3-5. Native purification of His6StCspE. 

(a) A280  trace from a single Ni-NTA purification. (I) A280 peak corresponding to the 
removal of electrostatically bound nucleic acids, a result of running a 500 mM NaCl 
gradient. (11) A280 peak corresponding to imidazole-eluted His 6StCspE. (b) Gel-
filtration with Superdex 75. Two peaks can be seen on the elution profile and the 
corresponding fractions were analysed by SDS-PAGE (c). (d) MALDI-Tof mass 
Spectrum, observed 9668 Daltons, calculated 9614 Daltons. (e) 5 .tg samples 
(determined by Bradford method-Table 3-2) from peaks I & 2 ran on a 5% native 
gel with and without 200 mM NaCl and/or excess ss DNA binding sequence, 5'-
GTCTTTT-3', as determined for BsCspB (Chapter 2- Figure 2-15). 



3.5.5 Purification  of SPs (StCspA, StspB, StCspc, StGspE) by denaturation 

and refolding using size-exclusion chromatography 

The native purification method used for purifying His 6StCspE was used for the 

purification of the other SICSPs. A typical gel filtration elution profile (Superdex 75) 

of purified H1s6SICSPs (Figure 3-6a) eluted as two major peaks, one corresponding 

to the void volume of the column (7.5 ml) and another broad peak corresponding to 

the His6SICSP. Although His 6SICSPs were more than 95% pure, as judged by SDS-

PAGE (Figure 3-6b) they were all highly contaminated with nucleic acids (>80%, as 

determined by A 280 :A 260). Many attempts were made to remove bound nucleic acids 

by adjusting the native purification protocol but were either unsuccessful or produced 

extremely low amounts of His 6SICSPs. 

IN 

oII 

5(1  

Volume / ni 

Figure 3-6. Native purification of SICSPs. 

(a) An example of an elution profile from gel-filtration chromatography using a 
Superdex-75 HR column for His6SICspA. In addition to the void peak, a single peak 
can be seen on the elution profile (Peak I). (b) Fractions from peak I analysed by 
SDS-PAGE. 

One method of removing bound nucleic acids was to denature the purified FI1s 6CSPs, 

thus releasing the bound nucleic acids, and then refolding the H1s 6CSP. 
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3.5.6 Refolding CSPs 

A high concentration of fully denatured His6StCSP (-5-10 mg/ml) was bound to a 

Ni-NTA agarose column and unbound nucleic acids were washed away. Bound 

HisoCsp 'was eluted using a low pH buffer (pH 4.5). At a low pH histidines are 

protonated and do not interact with the nickel. Fractions containing high 

concentrations of His5SICSP were either refolded immediately or could be stored at 

RT free from any light sources for up to 2 months before refolding. Fully denatured 

His5SICSP (free of nucleic acid contamination), at a concentration of 1-2 mg/ml, was 

applied to a HiLoad 26/60 Superdex 75 column, pre-equilibrated with refolding 

buffer (20 mM HEPES, 150 mM NaCl and 3 mlvi EDTA (pH 7.4). The column was 

eluted with refolding buffer and the resulting profiles for each His6StCSP purified 

using this technique. are shown in Figure 3-7, along with the corresponding SDS-

PAGE gels. The average protein recovery was —94% and their molecular weights 

were confirmed by MALDI-Tof mass spectrometry. For each run a highly 

sythmetrical single peak was observed for His6StCspA, His6StCspB, HisoStCspC and 

His5StCspE. The single symmetrical peaks observed are good indicators that the 

proteins have correctly refolded. The broad peak observed for •His6CspD (Figure 

3-7d) is suggestive that the refolding conditions used here did not allow the protein 

to refold correctly. The similar retention volumes of approximately 13.5 ml (Table 3-

3) for His6StCspA, His6StCspB, His6StCspC and HisoStCspE, corresponds to a 

molecular weight standard of —12.0 kDa (see Figure 5.13 for molecular weight 

standards), suggesting that all the His6StCSPs are monomeric. 
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Table 3-3. Retention volume of CSP 

CSP Relconon volume 
(nil) 

His-CspA 1 3.86 
His),-CSPB 13.32 
l-fls),-CspC 13.73 

Hisa-CnpD 12.65 

IliS-CspL 13.93 

e 

d 

Figure 3-7. Elution profiles for refolding of H1s6CSPs. 

Denatured l-Iis 6CSPs (His6CspA, His6CspB, His6CspC, His6CspD and His 6CspE) 
were applied onto a Superdex-75 HR column. Refolding buffer was used to elute the 
protein (0.2 jil.min 1 ) and the resulting fractions were analysed for protein content by 
SDS-PAGE analysis (inset). 

3.5.7 Purification of recombinant His oCspD 

Despite their everyday use in protein folding studies the exact mechanism of action 

of guanidine hydrochloride (GdnHCI) and urea on proteins is not understood [187]. 

The variations in stabilising and destabilizing effects of the different denaturants 

must arise from their influence on protein conformations. Unfortunately, a clear 
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understanding of their mode of action is lacking but there are advantages of using 

one denaturant over another [188] when devising a refolding protocol. 

Cell lysate containing His5CspD was bound to a Ni-NTA agarose colunm and 

unbound proteins were washed away. To unfold llis6CspD and remove nucleic 

bound nucleic acids, a denaturant buffer containing 6 M GdnHC1 (buffer F) was 

used. His6CspD was unfolded on the column using a gradient (0-100%) of buffer F. 

His6CspD was refolded on Ni-NTA agarose column by running a gradient (0-100%.) 

of buffer G (20 niM HEPES pH8.0, 150 niM NaCl) against buffer F. Bound 

His5CspD was eluted using an elevated concentration of imidazole at a constant pH 

to displace the histidine tag from the nickel particles. The purified His6CspD 

migrated as a single protein band on a SDS-PAGE (15%) polyacrylamide gel (Figure 

3-8b). Gel filtration with a HiLoad 26/60 Superdex 75 column was performed to 

analyse the percentage of correctly refolded His5CspD and aggregate. Approximately 

10% of incorrectly refolded recombinant I-IisoCspD eluted in the void peak (7.5 ml), 

while the majority of His5CspD eluted as two major symmetrical peaks (Figure 3-8a) •  

with retention volumes of 11.40 and 13.5 ml, corresponding to molecular weight 

standards of 30 and 14 kDa. This suggests the formation of dimeric structures under 

these conditions. Analysis of the corresponding fractions confirmed that His6CspD 

was greater than 90% pure, with an experimentally determined molecular weight of 

10 kDa (Figure 3-8). 
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Figure 3-8. Purification of His 6CspD. 

(a) Gel-filtration with Superdex 75. Two peaks can be seen on the elution profile and 
the corresponding fractions were analysed by SDS-PAGE (b). (c) MALDI-Tof mass 

spectrum of l-Iis6CspD. observed 9996 Daltons, calculated 10048 Daltons. 
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3.6 Section 2: The examination of single stranded DNA binding of S. 

typhimuriun: CSPs 

3.6.1 Refolded CSPs bind ss DNA 

Electrophoretic mobility shift assays (EMSA) were conducted to verify that refolded 

S. iyphiinurium cold shock proteins have retained their DNA binding activity. A 

single stranded 25-mer (ONc:5 —dATCCTACTGATTGGCCAAGGTGCTG-3') 

substrate containing the Y-Box binding motif (underlined) [86], labelled at the 5'-

end with 7-32 P, was used to examine the DNA binding activity of refolded CSPs. 

Figure 3-9 shows a typical gel-shift experiment performed with ONe in the presence 

of increasing amounts of His 6StCspE. All refolded proteins bound ss DNA (also 

confirmed by microarray experiments section 3.6.3) indicating that they have all 

been correctly refolded during the purification process. 

SspE 

Complex 	P _ 

AW 	 Unbound ss DNA 

123456 

Figure 3-9. An example of a typical electrophoretic mobility shift assay for S. 
typhirnuriuin CspE and its complexes formed with ss DNA. 

15-20 pmol of 5'-end y- 32 P-labelled ONe was mixed with increasing amounts of CSP 
and incubated for 10 minutes at 4 °C. Amounts of protein: lane 1, 500 pmol; lane 2, 
250 pmol; lane 3, 125 prnol; lane 4, 62.5 pmol: lane 5, 31.25 prnol. Lane 6 was a 
control and contained 15-20 pmol of 5'-end 'y- 32P-Iabelled ONc only. Protein-DNA 
complexes were separated on a 20% native polyacrylamide gel. 
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3.6.2 Natively purified and refolded CSPs show identical characteristics 

All refolded CSPs bind ss DNA but confirmation that refolded CSPs have equivalent 

ss DNA binding activity to natively purified CSPs was required. To verify that there 

was no difference between natively purified and refolded CSPs, the interaction 

between His6CspE and an oligonucleotide, 5'-GTCTTTT-3', was analysed by ITC to 

determine solution-based equilibrium constants. The ss DNA ligand used here was 

the high affinity binding sequence determined for the B. subtilis CspB (Figure 2-15). 

The ITC assay for the His 6StCspE/5 '-GTCTT1T-3' interaction yielded apparent 

equilibrium dissociation constants of 36 ± 4 nM for natively purified and 41.3 ± 3.4 

nM for refolded His6StCspE (Figure 3-10 and Table 3-3). These affinity values are 

not significantly different and demonstrate that both refolded and natively purified 

His5StCspE exhibit the same ss DNA binding characteristics. l-Iis 6StCspE serves as 

an exemplary test member from the group of refolded S. typhimurium CSPs and 

suggests that the use of similar refolding techniques would work for all CSPs, thus 

maintaining ss DNA binding characteristics. 
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Table 3-3. 1(4 for refolded and native His 6-CspE. 
Protein 	 Sequence 	Kd 25°c 	Stoichiornetry 

- 	 (nM) 	(n) 

His6-CspE (Native) 	5'-GTCTTTT-3' 35.9±4.0 	1.1±0.01 
l-Iis6-CspE (Refolded) S '-GTCTTTT-3' 41. 33+3.4 	1.0±0.01 

Figure 3-10. Isothermal titration calorimetry for ss DNA binding to natively 
purified and refolded His6StCspE. 

Each exothermic heat pulse (upper panel) corresponds to an injection of 5 sl of 
oligonucleotide (100 jiM) into the cell containing .5 p.tM of either natively purified (a) 

or refolded His6StCspE (b) at 25°C. Thermodynamic parameters for His 5StCspE/ss 
DNA interactions are shown in table 3-3. 

3.6.3 The identification of consensus high affinity binding sequences for S. 

typhimurium CSPs 

The microarray assay described in chapter two was used to examine the DNA 

sequence specificity of the family of CSPs from S. typhimurium, excluding StCspH. 

The results show that StCspA, StCspB, SICspC and StCspE all bind to very similar 

pyrimidine rich consensus sequences, while CspD binds to purine (guanine) rich 

sequences (Figure 3-11). Indeed, we could expect SICspA, SICspB, SICspC and 
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SiCspE to behave very similarly as they all share a high level of sequence identity 

(Table 3-2). 

CSPA 
	

CSPB 
	csPc 	CSPD 

	
CSPE 

TCTTT 	,uuI 	1%0111 	 1%.1111 

Figure 3-11. The ss DNA sequence specificity of CSPs from S. typhimurium. 
Multiple sequence alignments of the top fifty 6-mer binding sequences for each CSP. 
The overall length of the sequence alignments have been reduced to highlight those 
bases which correspond to a meaningful number, i.e. >40% occupancy. The resulting 
sequence logos (generated using the EnoLOGOS program) correspond to the 
frequency of each base within the proposed binding sites. The core sequence, 
TCTTT, is shown below each column. 
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3.6.4 Two specfic ss DNA motifs,  5- 'A CGGGG-3 'and 5 '- TCTTT-3', emerge 

from the small family of S. typhimurium CSPs 

Two clear protein groups have emerged from the CSPs examined, Poly T or Poly G 

binders, all of which show a strong affinity for cytosine bases at different positions. 

Although there are slight differences in the consensus binding sequences for SICspA, 

SICspB, SICspC and SiCspE they all bind the same core sequence, TC'TTF (Figure 

3-11). This core binding sequence is identical to the core sequence of the high-

affinity ligand, 5-GTCTTTT-3, determined for the BsCspB (Figure 2-15 and [14]), 

suggesting similar functions for these CSPs. SICspE bound pyrimidine (thymine) rich 

sequences, with the consensus sequence, 5'-GTCTT'TT-3', which is identical to the 

high-affinity ligand determined for BsCspB [174]. 

SiCspI) bound guanine rich sequences, resulting in the consensus sequence, 5'-

ACGGGG-3' (Figure 3-11). The difference in the DNA binding preference observed 

between CspD and the other CSPs examined is somewhat reflected in the 

dissimilarities in amino acid composition, with CspD possessing only one of two 

RNP motifs (Figure 3-12). 

..... 

1-, 6-0,  

S.TCSPA I 	 . 	 L  

S. 

CSPE 	 P 	-N1:I Iit1:ir: S. T-CSPIH 

Figure 3-12. Alignment of the amino acid sequences of cold shock proteins from 
Salmonella typhimnurium. 

Identical residues are shown in black, similar residues in grey and non-identical in 
white. Ribonucleotide protein motifs I (red) and 2 (blue). 



Based on DNA recognition, SICspD may be part of a minor sub-group of CSP 

homologues, of which EcCspC is also part of as it binds preferentially to guanine 

rich sequences [33]. The mammalian homologue, Y-Box protein P50, also binds 

preferentially to guanine based sequences [189]. Both EcCspD and StCspD may have 

similar functions to P50 and bind to mRNA not merely as an RNA chaperone but 

may inhibit or enhance translation [190, 1911. 

3.6.5 The differences in binding preferences may correspond to a difference in 

function. 

CSPs have been characterised as RNA chaperones, preventing the formation of 

unfavourable RNA secondary structures during cold shock. The two different 

binding preferences seen here for S. typhimurium CSPs appear rational, with regards 

to their function as RNA chaperones, as both uracil (thymine) and guanine rich 

binding of RNA would be required to prevent all complementary base pairing. 

SrCspA, StCspB, StCspC and StCspE could bind to uracil-rich stretches of mRNA 

preventing complementary base pairing with adenine (Figure 3-13b) and StCspD 

could bind p guanine-rich stretches preventing complementary base pairing with 

cytosine (Figure 3-13a). 
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Figure 3-13. CspD (purine rich binder) and CspE (pyrimicline rich binder) bind 
ss RNA and prevent the formation of unfavourable secondary structures. 

(a) The secondary structure formed from a guanine-cytosine rich sequence at 15°C 
and the subsequent binding of CspD, preventing secondary structure formation. (b) 
The secondary structure formed from a thymine-adenine rich sequence at 15°C and 
the subsequent binding of CspE, preventing secondary structure formation. 
RNA secondary structure was generated using MFOLD [92] with the following sequences: 
GGGGCCCCCCCGGGGGGCCCCCGGGGGGGCCCCCCCGGGGGGCCCCCCC 
UUUUUVUAAAAAAUUUUUUIJAAAAAAAUUUUUUUUUULJEJAAAAUUUUUUUUU 

3.7 Conclusions 

Five (S!CspA, SICspB, StCspC, StCspD, SrCspE) out of six S. typhimuriurn CSPs 

were successfully cloned, expressed and purified using denaturing and refolding 

techniques, which removed any contaminating nucleic acids. The proteins were 

purified to an extremely high level and all bound ss DNA. The sequence specificity 

for each of the five CSPs were determined using the previously developed 

microarray assay, to reveal two different types of ss DNA binding preferences, 
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purine or pyrimidine rich sequences. StCspD bound purine (guanine) rich sequences, 

resulting in the consensus binding sequence, 5'-ACGGGG-3'. StCspA, SICspB, 

StCspC and StCspE bound pyrimidine (thymine) rich sequences, with an identical 

consensus core sequence, 5 '-TCTTT-3 -. Regarding RNA chaperone functions, these 

two types of binding proteins would be expected for the prevention of unfavourable 

RNA secondary structures, resulting from complementary base pairing. 
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CHAPTER 4. The biophysical characterisation of single-stranded DNA binding 
cold shock proteins from Salmonella typhimurium. 

4.1 Aim 

To investigate the interaction of StCspE and StCspD with various ss DNA sequences 

using surface plasmon resonance and isothermal titration • calorimetry, in order to 

achieve a better understanding of the kinetics and thermodynamics of CSP/ss DNA 

interactions. 

4.2 Summary 

From the microarray assay results StCspE was found to bind preferable and with high 

affinity to the oligonucleotide sequence, 5'-GTCTTTT-3 - (Figure 3-11). SPR and 

ITC results for the His 6-CspE/5-GTCTTTT-3 interactions revealed temperature 

dependence of equilibrium dissociation constants (Ku), ranging from 8.71 ± 1.77 nM 

at 10°C to 258 ± 18 nM at 37°C, which was primarily due to a large increase in 

dissociation rate constant (kd). 

Problems arose when creating a stable Biacore chip surface to assay CspD/ss DNA 

interactions. A new and effective immobilisation strategy was achieved using a 

double-His-tagged version of the CspD protein. A stable NTA-Ni-double-His-CspD 

Biacore chip surface allowed for the accurate determination of kinetic and affinity 

data at low temperatures. StCspD was found to bind with highest affinity (19.16 nivI) 

to the 5 -ACGGGG-3 - sequence and exhibited an extremely slov kd (2.70 + 0.22 x 

10 s') at 15°C. 
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4.3 Introduction 

The interaction between various oligonucleotides and BsCspB has been examined 

many times [49, 124, 130, 133, 170]. Recently high-affinity heptanucleotide 

sequences, 5-GTCTTTT-3' [174] and 5-TTCTTTT-3'[14] were examined, with lCd 

values of 30 ± 2 and 0.2 ± 0.007 nM, respectively. The kinetics for various 

BsCspB/ss DNA interactions have been previously examined using tryptophan 

fluorescence titration experiments [14, 170], which provided affinity and 

stoichiometric data but did not fully characterise the kinetics and thermodynamics of 

this exemplary CSP/ss DNA interaction. 

For this study StCspE and StCspD were used as representative members of the CSD 

containing protein family. Initial ss DNA binding results have shown that StCspE 

binds preferentially to the pyrimidine rich heptanucleotide, 5 '-GTCTTTT-3 -, while 

StCspD exhibits a binding preference for the purine rich hexanucleotide, 5'-

ACGGGG-3 -. 

To provide a greater understanding of the function of CSPs and CSD-containing 

proteins an in-depth analysis of StCspE and StCspD interacting with their preferential 

binding sequences was performed using up-to-date biophysical techniques. The 

binding of various oligonucleotides to StCspE was analysed using Biacore surface 

plasmon resonance (SPR) method and by isothermal titration calorimetry (ITC) to 

generate kinetic and thermodynamic profiles for SzCspE/ss DNA interactions. The 

binding of SzCspD to various oligonucleotides was examined using the SPR method. 

The kinetics and thermodynamic profiles obtained for StCspE and SttspD were then 

used to compare and evaluate the binding characteristics of each CSP, which will 

provide a greater understanding of the function of CSPs. 
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4.4 Materials and Methods 

4.4.1 Biacore chip preparation and standard procedures 

SPR measurements were performed on a Biacore TWO instrument. All chemicals 

and reagents used were of the highest standard available. Prior to use, biosensor 

chips were docked into the instrument and both flow cell surfaces were washed with 

two sequential 60-sec injections at 10 pl.min' of 1 M NaCl; 50 mM NaOH and then 

HBS-P (10 mM HEPES [pH 7.4], 150 mM NaCl and 0.05% v/v surfactant P20) at 

50 pl.min' for at least 1800 sec. 

All SPR binding experiments were performed in HBS:P as the running buffer. The 

flow rate was 30 pl.min' in all experiments, as there was no evidence of mass 

transport issues at this flow rate. All procedures for binding studies were automated 

methods of repetitive cycles of calibration, sample injection and regeneration. The 

sensor surface was regenerated between binding experiments by dissociating any 

formed complex using the following regeneration buffers. 

For Ni-NTA-FIis6CSP/ss DNA interactions, HBS-P buffer containing 350 mM 

EDTA was used as a regeneration buffer.. 

For SA-Biotinylated-ss DNAIHi56CSP interactions, 10 mM glycine-HC1, pH 2.5 

was used as a regeneration buffer. 

Ni-NTA-double-Hi56CSP/ss DNA interactions, 10 mM FIEPES pH 7.4, 150 mM 

NaC1 and 0.5 M imidazole was used as regeneration buffer.. 

All binding curves and thermodynamic parameters were calculated using a 1:1 

interaction model (A + B = AB) and the evaluation software (version 1.1.1')provided 
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with the Biacoré T-100 instrument. Van't Hoff plots were fitted to the non-linear 

integrated form of the equation (Equation 2). 

Equation 2: RT In Kd = AH°T - TAS °T + AC°.(T - T0) - T C°.ln(T/To) 

4.4.2 SPR: Monitoring NTA-Ni-His5CSP and double-His6CSP/ss DNA 

interactions. 

A NTA-Ni surface was generated by flow of a priming solution (HBS-P buffer 

containing 500 pM NiSO4) at a rate of between 30 pl.min 1  and 100 pl.min' over a 

single flow cell on the chip surface (Figure 4-1(1)). A NTA-Ni-His6CSP surface was 

then generated by diluting His5CSP (Stock = 0.4 mM) to 200 nM in HBS-P buffer 

and injecting at 30 pl.min 4  over the NTA-Ni. One flow cell was left blank to serve 

as a control. Approximately 500-600 units of pure His5CSP were captured on a 

NTA-Ni sensor surface using standard protocols (Figure 4-1(2)). To generate a 

binding response, two-fold serial dilutions of the test oligonucleotide were prepared 

in running buffer, typically spanning 2 - 1024 nM, and injected over both the control 

and the NTA-Ni-His6CSP (Figure 4-1(3)). Temperature-dependency studies of 

His6Csp/ss DNA interactions were conducted at 12, 16, 20 and 25°C. Surface 

regeneration and flow rates were as specified (section 4.4.1). 
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Figure 4-1. A standard His6CspE-ss DNA binding response generated using a Ni-
NTA biosensor chip. 

(a) A schematic representation of a single experimental cycle; (1) Nickel (N 
i2+)

immobilisation. (2) lrnmobilisation of His 6CspE. (3) ss DNA binding response. (b) 
The same process but showing the actual sensorgrarn readout from a Biacore 
machine. 

4.4.3 SPR: Ininwbiisation of ss DNA on a streptavidin biosensor chip. 

Three 5'-biotin-labeled ss DNA sequences (HPLC purified; Sigma-Aldrich) with a 

nine carbon spacer separating biotin from the DNA sequence (Figure 4-2) were used 

in surface plasmon resonance experiments: d(Biotin-C9-GTCTrFT-3') (MW = 2778 

Daltons) d(Biotin-C9-ACGGGG-3') (MW = 2228) and d(Biotin-C9-AAAAAAA-3') 

(MW = 2725 Daltons). 
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Biotinylated-DNA was diluted to 25 nM in HBS-P buffer and injected manually at 

25°C to a single flow cell in streptavidin-derivatised sensor chips (Biacore SA chips) 

at a flow-rate of 12 xl.min', one flow cell was left blank to serve as a control. 

Typical non-covalent capture levels ranged from 37-43 RU of biotinylated-DNA, 

which would give a response of 130-152 RUnax, assuming His6CspE (MW = 9614 

Daltons) and His 6CspD (10048) were 100% active. 

Biotin 

J6 	C9 

55 DNA sequence 

-20 A 
Figure 4-2. Chemical structure of the biotin and nine carbon spacer used to label 
the 5' end of ss DNA sequences. 

This figure was generated using DS Viewer pro from Acceiry. 

4.4.4 SPR: Monitoring SA -Biotin-c9-ss DNA1His6('spE interactions. 

For the His6CspE study, a 0.4 mM (-4 mg/ml) stock solution was prepared directly 

in running butler from which two-fold serial dilutions were made, typically spanning 

2 nM to 4.096 [tM. Temperature-dependent studies of His 6CspE/GTCTTTT-3' 

interactions were conducted at 10, 15, 20, 25, 30. 35 and 40°C. HisCspD/5'-

ACGGGG-3' interactions were conducted at 15°C only. Surface regeneration and 

flow rates were as specified (Standard procedures). 
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4.4.5 Isothermal Titration Calorirnet'y (ITC) 

ITC experiments were carried out as described previously (section 2.4.11) 

4.4.6 Construction of the C-termini double-Hexahistidine vector (pC_Term _2x 

vector) 

The C-terminal double-hexahistidine sequence was created by overlap extension 

PCR using high-fidelity Taq polymerase (Roche). The resulting PCR product was 

digested with XbaI and XhoJ (New England Biolabs). The digested insert was ligated 

into a XbaI-XhoI-digested pET28a vector (Novagen) and verified by DNA 

sequencing. The final vector is referred to as pC...Term_2xflis (see section A1.4 for 

details). 

The following primers were used to create the C-Terminal sequence by overlap 
extension PCR. 

Fwd-mid: 	(114 bases, % GC68, Tn87) 
TCC CAP. TTC GAG CTC CGT CGA CCC CGC CGC GbC CGA GGC AGC GGT CCT GGA ACC CCC 
GGT CCA ACA CCC CCA GCA ACC CCC CCT CCA AAA CCC CCT CAT CCC CCT CAT CAT CAC 

Rev mid: 	(114 bases, % CC=68, Tm=87) 
CT GAT CAT GAG CCC CAT CAC CCC CTT TTC CAC CCC CCC TTC CTC CCC CTC TTC CAC 
CCC CCC TTC CAC CAC CCC TCC CTC CCC CCC CCC CCC CTC CAC CCA GCT CCA ATT CCC 

A 

Fwd-c-5': 	(81 bases % CC=44, Tm=75) 
CCC TCT ACA AAT AAT TTT CTT TAA CTT TAA CAP. CGA CAT ACC CTA CCA ACC TTC CCA 

TCC CAA TTC GAG CTC CCT CGA CCC 

Rev _C_3': 	(100 bases, % CC=59, Tmu=82) 
TA CTC GAG TTC ACT CCT CCT CCT CCT CCT CAC CAC CCA ACT CCC CCT CCC CCC AAC 
CCC GAG AAT CAT CAT CCT CAT CAT GAG CCC CAT CAC CCC CTT TT 

4.47 Overlap extension PCR experiments: Amplification of the C-Terminal 

insert 

Overlap extension PCR reactions were performed using a thermocycler. PCR 

reactions were carried out as follows: 
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Reaction 1: 10 '1  Elongase buffer A (Invitrogen), 2 p1 FWD—mid primer [2 PM], 2 

p1 REV—mid primer [2 pM], 2 p1 dNTPs [0.2 mM], 2 pl Elongase (Invitrogen), 32 p1 

1120. The reaction was incubated in a thermocycler using the following settings: (1) 

95°C for 1 minute (2) 95°C for 30 seconds (3) 75°C for 1 minute (steps 2 and 3 were 

cycled 10 times). 

Reaction 2 - Lane 1 (Figure 4-11): 10 p1 Elongase buffer A (Invitrogen), 2 p1 

FWD_C primer [350 nM], 2 p1  REV_C primer [350 nM], 1 p1  of reaction J as 

template DNA, 2 p1 dNTPs [0.2 mM], 2 p1  Elongase (Invitrogen), 32 PI H20. The 

reaction was incubated in a thermocycler using the following settings: (1) 95°C for 1 

minute (2) 95°C for 30 seconds (3) 72°C for 1 minute (steps 2 and 3 were cycled 10 

times). The C_Term product was gel purified and used as the template DNA for a 

third reaction. 

Reaction 3— Lane 2 (Figure 4-11): 5 p I PCR buffer (Roche), 1 p1 FWD —mid primer 

[2 pM], 1 p1 REV—mid primer [2 pM], 1.5 p1 dNTPs [0.2 mM], 2 p1  Taq polymerase 

(Roche), 1 p1 purified template (reaction 2) 39.5 p1 1120. The reaction was incubated 

in a thermocycler using the following settings: (1) 95°C for 3 minutes (2) 95°C for 

30 seconds (3) 72°C for 1 minute (steps 2 and 3 were cycled 30 times) (4) 72°C for 

10 minutes 

Gel electrophoresis was used to confirm the size of all PCR products and when 

required PCR products were purified with the QlAquick PCR purification kit 

(Qiagen). 

4.4.8 Cloning of double-His-tagged proteins 

Primers (Table 4-1) were used to amplify the CspE and CspD genes by PCR Using 

pET28a_CspE and pET28a_CspD DNA as the template (section 3.5.2). Sequences 
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were amplified using Elongase Taq polymerase (Invitrogen) and the corresponding 

forward and reverse primers found in Table 3-1 in a standard PCR reaction. 

PCR reaction - 10 p1 of Elongase buffer A (Invitrogen), 1 p1  Fwd primer [350 nM], 
1 p1  Rev primer [350 nM], 2 p1  dNTPs [0.2 mM], 1 p1  Template DNA, 2 p1 Elongase 
(InvitrOgen), 33 p1 H20. The reaction was incubated in a thermocycler using the 
following settings: (1) 94°C for 1 minute (2) 94°C for 30 sec (3) 55°C for 1 minute 
(4) 68°C for 1 minute; steps 2-4 were cycled 30 times. 

The resulting PCR products were cloned into a pCR2.1 TOPO vector using the 

TOPO-TA Cloning®  kit (Invitrogen) and digested with NotI and Hindlil (New 

England Biolabs). The digested inserts were ligated into the NotI-HindIII-digested 

pC_Term_2x vector. 

Table 4-I. Primers used to created double-hexahistidine clones. 

Clone 	Primer 	 Primer sequence 5' to 3' 
position 

	

pCTêrm_2x Forward 	AGG CAA Gd T ATG TCT AAG ATT AAA GOT AAC GTT 

	

His_Cs_ pE 	Reverse 	TAT TGC GGC CGC 0 CAG AGC AGT TAC GTT TGC AGC GGA 

	

pC_ Term _2x Forward 	AGO CAA GCT T ATG GAA ACG GOT ACT GTA AAG TGG 
His_CspD 	Reverse 	TAT TGC GGC CGC G TGC AAC GGC CTC TGC TIC OAT GGG 

	

pC_  Term _2x Forward 	ATTAAAG CTTATG GTC AAC CCC ACC GTG TTC flC 
His CvoA 	Reverse 	TAT GCG GCC GC G TTC GAG TTO TCC ACA GTC AGC AAT 

HindiII(shown in italics) and Not! (showi in bold italics) restriction sites were added to primers to allow for directional clonin 

Note: The double-llis6-tagged cyclophilin A (CypA) was used as a control protein to examine the 
affects of adding many additional amino acids (-.5 kDa) to the overall composition of a protein, while 
still retaining characteristic functionality. 

4.4.9 Expression of double-His-tagged proteins 

Chemically competent BL21 (DE3) cells were transformed with the verified 

constructs and expressed as before (section 3.4.2). 

4.4. 10 Purification of double-His6-tagged CspE 

The purification was carried out as described previously for single-His6-tagged CspE 

(section 3.4.5) except the elution buffer contained 0.5 M imidazole). 
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4.4. 11 Purification of double-His5-tagged CspD 

The purification was carried out as described previously for single-His6-tagged CspD 

(section 3.5.7) except the elution buffer contained 0.5 M imidazole) 
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4.5 Results and Discussion 

4.5.1 CSPs have a common ss DNA binding preference 

Two CSP (BsCspB and BcCsp)/T6 (hexathymidine) complex X-ray structures have 

been published recently [14, 25], both of which show similar ss DNA-binding 

interfaces (Figure 1-11). The residues involved in ss DNA binding are highly 

conserved (Figure 4-3a and c) and the characteristic rigid DNA binding platform [14] 

is present in the SiCspE structure, and in most other members of the highly 

homologous family of cold shock domain (CSD) containing proteins (Figure 4-3b). 

The .high degree of conservation observed on the ligand binding surface of StCspE 

and the availability of extremely pure protein made StCspE an ideal candidate for an 

in-depth examination of ss DNA binding/recognition for this highly homologous 

family. 

The sequence specificity of StHis6-CspE was determined using our previously 

published microanay technique [174], to reveal a preferential binding sequence, 5-

GTCTTTT-3'. The results confirmed that StHis6-CspE and BsFlis5-CspB (the major 

cold shock from Bacillus subtilis) had identical ss DNA binding preferences for 5'-

GTCTTTT-3'. This was expected as the key DNA binding residues are identical 

(Figure 4-3a). The interaction between ss DNA and BsCspB has been examined 

many times [49, 124, 130, 133, 170]. Recently high-affinity heptanucleotide 

sequences, 5'-GTCTTTT-3' [174] and 5'-TTCTTTT-3' [14] were determined, with 

Kd values of 30 ± 2 and 0.2 ± 0.007 nM, respectively. The binding constants for 

various BsCspB/ss DNA interactions have been previously examined using 

tryptophan fluorescence titration experiments [14, 1701, which provided affinity and 
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Figure 4-3. Sequence analysis of CSPs. 
(a) Alignment of the amino acid sequences of cold shock proteins for which a x-ray 
crystal structure exists. (b) Alignment of the amino acid sequences of cold shock 
proteins from Salmonella typhimurium with the major told shock protein from 
Bacillus sublilis. Identical residues are shown in black, similar residues in grey and 
non-identical in white. Residues involved in DNA binding are marked (*). 
Ribonucleotide protein motifs I (red) and 2 (blue). The abbreviations are as follow: 
SCSP, cold shock protein from Salmonella lyphimurium; EcCspA, cold shock 

protein A from Escherichia coil; BsCspB, cold shock protein B from Bacillus 

subtilis; BcCsp, cold shock protein from Bacillus caldolyticus. (e) X-ray crystal 

structure of BsCspB (green) superimposed on the structure of SICspE (purple - see 
chapter five for details of structure determination). The amino acid residues involved 
in ss DNA binding are shown as sticks and have been labelled according to the 
BsCspB structure. 
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4.5.2 SPR: Creating a sensor surface 

4.5.2.1 Ni-NTA surface 

Measuring binding reactions using SPR biosensors requires that one of the binding 

partners be immobilised onto a surface. FIis5CspE was immobilised onto the surface 

of a Ni-NTA biosensor chip and the previously identified consensus sequence; 5'-

GTCTTTT-3 - was passed over the surface to generate a binding response. Binding 

data for the His6CspE-5 7GTCTTTT-3 - interactions were collected at 12, 16, 20 and 

25°C (Figure 4-4) on the biosensor. The response data for the binding of His6CspE to 

the surface of immobilised 5 -GTCTTTT-3 - were fit to a 1:1 binding model. The 

local Rmax values locally fitted (this helped compensate for the base-line drift), which 

provided a better fit as to the data, as shown by the overlay of the simulated binding 

responses (black lines in Figure 4-4a) with the experimental data (red lines in Figure 

4-4a). 

The data generated contained no useable kinetic data as a direct result of a steady 

base-line drift caused by the dissociation of the histidine tagged protein from the chip 

surface. The base-line drift became so rapid at temperatures above 20 °C that results 

were not reproducible with any degree of accuracy (Figure 4-4a inset-25 °C). The 

results recorded for His6CspE-5-GTCTTTT-3' interactions contained steady-state 

data and apparent Kd values were obtained (Figure 4-4b). The affinities obtained for 

12 and 16°C seemed reasonable as the problematic base line drift was not as visible 

at the binding plateau when compared with 20 and 25°C. This capture method is 

useable for the initial screening of various binding sequences but is by no means 

viable for the thermodynamic and kinetic characterisation of the His6CspE-5 --

GTCTTTT-3' interactions. Clearly a more stable surface needed to be generated. 
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Figure 4-4. The characterization of the His 6CspE-5'-CTCTTTT-3' interaction. 

(a) Reference-corrected SPR binding curves (red), monitored on a surface with 550 
RU of NTA-Ni stabilized His6CspE, for various 5'-GTCTTTT-3'concentrations 
(serial dilution from 160 nM to 5 nM) at the specified temperature in HBS-P. The 
apparent dissociation rate constant (lcj) and association rate (k a) constants were 
determined by globally fitting (black) a simple 1:1 interaction model, A + B = AB, to 
the sensorgram using the software supplied with the instrument. Inset shows the 
normalized sensorgram overlay for 40 nM 5'-GTCTTTT-3' injected over the same 
surface of His6CspE, binding at 25°C. (b) Response versus concentration was plotted 
and the data was fitted using a 1:1 interaction model. The apparent disassociation 
constant is marked on each graph with a vertical line. Time is shown in seconds. 
Areas where the fit was poor have been high-lighted (Boxed areas). 
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4.5.2.2 CM5 surface 

To stabilize the surface at higher temperatures His6CspE was immobilised onto the 

dextran layer of a CM5 biosensor chip using amine coupling (Data not shown). 

Although adequate amounts of His6CspE were obtained on the surface it was found 

to be inactive. This was perhaps a result of coupling a lysine within the DNA binding 

site to the chip surface, consequently eliminating accessibility to the active site. 

4.5.2.3 SPR: Streptavidin-biotin immobilisation method produces a highly 

stable surface 

Better results were achieved by immobilisation of ss DNA through streptavidin- 

biotin interaction. A single stranded DNA sequence, 5 -GTCTJTT-3 -, was 

biotinylated at the 5' end with a nine carbon spacer, separating biotin from the DNA. 

A nine carbon spacer was used to mitigate any possible effects from steric hindrance 

and maximize binding yield (based on microarray studies [193]). The Biotin-9C-

GTCTTTT-3' ligand was then immobilised onto the surface of a streptavidin 

biosensor chip. The His6CspE (analyte) was passed over the biotin-C9-GTCTTTT-3' 

surface to obtain a binding response. The reproducibility of binding responses from 

duplicate injections over the same surface before and after 100 cycles demonstrates 

the Biacore binding assay was very reproducible (Figure 4-5). No binding was 

recorded on the reference surface. 
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Figure 4-5. Biacore sensorgram for the binding of His6CspE to biotin-C9-
GTCTTTT-3' (40 RU on surface) at 25°C immobilised on the sensor chip before 
(Pink) and after (Blue) 100 cycles. 

The His6CspE concentration was 256 nM. 
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Figure 4-6. Thermodynamic characterization of the His 6CspE-5'-CTCTTTT-3 interaction. 

(a) Reierence-corrected SPR binding curves (red), monitored on a surface with 40 RU of non-

covalcntly stabilized 5'-G1'CTTTT-3, for various I-lis 6CspE concentrations (serial dilution from 64 

nM to 2 nM) at 25°C in HBS-P buffer. The apparent dissociation rate constant (K 4 ) and association 

rate (K 0) constants were determined by globally fitting (black) a simple 1:1 interaction model. A + B = 
AB. to the sensorgram using the software supplied with the instrument. Inset shows the normalized 
(100% at the end of injection) sensorgram overlay for 128 nM I-lis 0CspE injected over the same surface of 
binding of 5'-GTCTTfT-3' at the indicated temperatures. Temperatures are shown in degrees Celsius and time is 
in seconds. (h) Effect of temperature on the K 0  for His< CspE binding to 5'-G1'CTTT'T-3 determined by SPR: 

SPR (ki ,1)  (filled squares) SPR (eq)  (filled circles) and ITC (red circles). (c) Plot of InK DSPR (kIO)  and lnK1 SPR11  

versus 1000f1' tor the SPR data (both lines are a lit to Eq.] using the Kaleidagraph v4.03 software (Synergy 
Software, reading, PA). (d) lsothenrral titration calorimetry for ss DNA binding to recombinant l-1is 6CspE. Each 
exothermic heat pulse (upper panel) corresponds to an injection of 5 il of oligonucteotide (100 fIM) into the cell 
containing 5 pM l-lisCspE at 15°C. Integrated heat data (lower panels) constitutes a differential binding curve. 
which was tilted to a single-site binding model to give, the stoiehiometry of binding (N), binding affinity (K 4 ) and 
enthalpy of binding (Al-I) for each oligonucleotide (Tables Ill - IV). The heat of the reaction was obtained by 
integrating the peak after each injection of ss DNA ohigonucleotide and correcting thr the heats of dilution using 
the Origin(K) V.7 software. The resulting curve (lower panel) was fitted to a single class binding site model by 
non-linear least square analysis. (e) AT-I, AG and TAS values from 11C experiments plotted versus temperature. 
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Table 1. Binding kinetics determined for His 6-CspE/5'-GTCfl-3' interactions at various temperatures using SPR 

Temp k k4 kdteq 

(°C) (M'1s

5 
 (nM) (am) 

10 (2.14±0.46)x lit (2.44±0.54)x !O' 11.4±4.1 17.6±0.6 

15 (2.12±0.42)x 16 (4.06±0.52)x 10.2  19.1 ±5.2 26.7±0.1 

20 (2.23 ± 0.42) x 106  (7.05 ± 0.83) x 10.1  33.7+ 10.2 47.1 ± 03 

25 (3.21 ±0.63) x 106  (2.06±0.27) x 10' 64.3+ 17.7 91.0±6.1 

30 (5.11 ±0.10) x 106  1.4)x 11 151.4±23.0 186.4±26.4 

35 N/I) N/I) N/I) N/D 

40 N/I) N/I) Nil) N/D* 

Table II. Thermodynamic constants detennined from the van't Hoff plots for the His 6-Csp1315'-GTCTT17-3 

MI° 	 AGO 	 TAS° 

25 	 SPRh a 	 -263±0.4 	-96±001 	-15.6±0.4 	-0.6±0.2 

25 	 SPRcq 	 -28.7±0.6 	-9.6±0.01 	-18.7±0.6 	-0.7±0.1 

Average 	 -27.5+0.5 	-9.6+0.01 	-17.1+0.5 	-0.6+0.1 

ill. 'I'hcrniodynatnic parameters for His 6-CspE/5'-0''CYfl'T-3' interactions
TASI  .Stoichiomctry 	AN° 	 M3°  - 	, 

10 8.7±1.8 0.94±0.01 	-27.1 ±0.3 -10.6±0.5 -l65 ±U2 

15 11.3±2.2 0.98 ±0.01 	-28.4±0.4 -10.5+0.7 -17.9±03 

20 27.2±6.2 0.90±0.01 	-30.0±0.4 -10,2±0.7 -19.8±03 	-0.7±0.1 

25 44,473.2 1.024-0.01 	-32.0±0.2 -10.4±0A -21.4±0.2 	 - 
37 258.4+ 17.8 1.01 +0.01 	-38.0+0.4 -9.4+0.7 -28.5+0.3 	 - 

Table IV. Thermodynamic parameters for His 6-CspE/5'-TTCTTU-3' interactions using ITC. 

Temp K, Stoichiometry Al-I° 	 , 	 , 'lAS° 

10 19.7±2.1 0.97±0.01 -26.740.2 -10.0±0.5 -16.7+0.3 

IS 39.8+4.5 0.98+0.01 -28.9+0.3 -9.9+0.6 '-19.2±0.4 

20 189-1 ± 29.8 1.05+0.02 -29.8+0.7 -9.0+0.9 -20.7 ± 0.2 

37 584.8+76.7 0.95+0.03 -31-6 ± 1.5 -8.9+ 1.9 -22.7+0.4 

'7 •  'rL r... U; _CnPtcc DMA interactions at 15°C using ITC. 

CTcITrT 	11.3±2.2 	0.98±0.01 	-28.4±0.4 	-10.5±0.1 	-17.9±0.3 

11TITfl' 	39.8±4.5 	0.98±0.01 	-28.9±0.3 	-9.8±0.1 	-19.1±0.2 

TTC'VITI' 	78.7±10.5 	0.92±0.02 	-37.6±0.9 	-9.4±03 	-28.2±0.1 

GTTITTT 	15.6±43 	0.45±0.0! 	-31.6±0.8 	-10.5±0.3 	-21.9±0.5 

AATTCIGA 	1700.7±46.2 	0.40±0.09 	-12.0±3.2 	-7.4±4.0 	-4.6±0.8 

AAAAAAA 	Nil) 	 N/I) 	 N/I) - 	N/I) 	 N/I) 

N/I) tot detectable, (SPR experiments, the K and IQ were too rapid for the SPIt-Tim to obtain a meastiremost). N/D*, the 
Ki,,Coutd not be accurtttety measured as saturation point for the interaction was not readied. SPIt <a values (mean ± SE, o =  

3) were obtained as follows; the Ku,u,, vatucis calculated from kinetics binding data, where Ku = IQ/K., the K,j, value is 
calculated front steady state hitsding data. 
Kinetic binding values were obtained front the global fitting ofdata from seven different concentrations of CapE (typically 2 
i'M, 4 nM, 6 nM. 8 sM, tO sM, 32 tsM,.64 nM) fit to a I:1 interaction model, A + B = AB. Steady slate affinity values were 
obtained from 12 different concentrations of CapE (2 nM - 4096 nM concentration easdoubled from 2 nM -4096 nM). All fira 
had a' value ofless than 2. which is generally considered an excellent fit. Errors for ITC data are from the fitting program. 
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4.5.3 CspE interactions with ss DNA are temperature dependent 

The ability to examine binding reactions effectively from 10°C . to '40°C using 

Biacore makes it possible to record temperature-dependent binding events on the 

surface of the biosensor [194]. Binding data for the His5StCspEf5'-GTCTTTT-3 - 

interactions were collected at 10°C to 40°C at 5°C (Table 1) increments on the 

biosensor. The response data for the binding of llis6CspE to the surface of 

immobilised 5 '-GTCTTTT-3 - were fit to a 1:1 binding model. The local Rmax values 

were fitted locally, which provided a good fit to the data, as shown by the overlay of 

the simulated binding responses (black lines in Figure 4-6a) with the experimental 

data (red lines in Figure 4-6a). A total of three replicate temperature-dependent rate 

constants were collected for. flis6StCspE/5'-GTCTTTT-3 - interactions and the 

average and standard error for all values are presented in Table I. Unfortunately 

adequate binding data could not be determined for 35°d and 40°C, due to machine 

limitations when measuring association and dissociation rates. 

The SPR analysis for the flis 6StcspE-5 7GTCTTTT-3 - interactions revealed that as 

the temperature was increased from 10°C to 30°C the interaction weakened. The 

mean equilibrium dissociation constant (Kd(e q)) for His6StCspE-57GTCTTTT-3 

binding increased with temperature from 18 ± 1 nM at 10°C to 186 ± 26 nM at 30°C 

(Figure 4-6b and Table I), with the Kd approximately doubling for every 5°C 

increase in temperature up to 30°C, a similar trend was also seen for the solution 

based equilibrium constants (Figure 4-6b and Table III) determined from ITC 

experiments. The temperature dependence of the Ka was primarily due to a larger 

increase in the dissociation rate constant (kd) than the association rate (ka) for the 

SICspE-ss DNA interaction (Table I). The mean k3 increased 32-fold from 0.024 ± 
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0.0054 to 0.774 ± 0.14 s 1 , from 10 to 30°C respectively. The effect of temperature 

on the association rate constants was less profound. The mean ka increased twofold 

from 2.14 ± 0.46 x 106  to 5.11 ± 0.10 x 106  M1 s 1 , from 10 to 30°C respectively. 

Specific values for k a  and kd could not be obtained at 35 and 40°C as the binding 

interaction was so rapid that it exceeded the limitations (Limits; ka = 5.00 x 106  kd = 

1.00 s5 of the SPR machine. The difference in kd and ka can be seen visually in 

Figure 4-6a (inset). Minimal binding (K,j? 1j.iM) was observed for injecting 1 PM 

His6CspE over a control [130] 5'-AAAAAAA-3' surface (data not shown). 

4.5.4 van 't Hoff analysis of SPR data provides thermodynamic parameters very 

similar to ITC 

The equilibrium constants determined from temperature-dependent SPR analyses 

were used to determine van't Hoff enthalpies by plotting both ln(Kd( eq)) and ln(Kd(kth)) 

versus 1000/T. As shown in Figure 4-6c, the van't Hoff plots are clearly non-linear. 

for FIis6CspE-57GTCTTTT-3' interactions, indicating a change in heat capacity 

upon binding. Fitting these data to Equation 2 (section 4.4. 1) yielded thermodynamic 

parameters; AH° = -27:5 ± 0.5 kcal/mol', TAS° = -17.1 ± 0.5 kcal/mor 1 , AG' = -9.6 

± 0.01 AC° = 0.64 + 0.10 kcal K 1 mol'. The average van't Hoff enthalpies and 

entropies determined from the SPR analysis were close to the thermodynamic 

constants measured by ITC at 25°C (Table III). 

Thermodynamic constants obtained by ITC and SPR were similar but not identical. 

Two plausible explanations for the discrepancy between the two analysis of results 

for the same reaction is the difference in the buffers used for ITC (50 mM Tris, pH 

7.5, 100 m NaCl) and the standard HBS-P buffer (10 mM HEPES, pH 7.4; 150 
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mM NaCl; 0.005% surfactant P20) used for SPR. ITC directly measured AU° values 

which included additional contributions from buffer interactions (temperature-. 

dependent ionization of buffer ions etc) and as the standard HBS-P buffer used for 

SPR experiments was different, we can assume that this will cause the small 

discrepancies in the resulting values. Another possible cause is that biosensors 

require immobilisation of one of the binding partners to onto the surface and the 

immobilisation moderately affected the binding constant. 

4.5.5 . ITC analysis of His 6CspElss DNA interactions confirm temperature 

dependence 

The interactions of llis5StCspE with the high-affinity ligand (5 -GTCTTTT-3 9 and 

various 55 DNA sequences (Table III-V) were assayed by ITC to determine solution-

based equilibrium constants. ITC directly measures changes in heat during complex 

formation. A typical calorimetric analysis of llis5StCspE binding to ss DNA is shown 

in Figure 4-6d. The interactions of His6StCspE with all oligonucleotides were 

exothermic, releasing heat during complex formation. The ITC assay for the 

His5StCspE/5 '-GTCTTTT-3 - interaction yielded equilibrium dissociation constants 

of 8.7 ± 1.8 nM at 10°C, 11.3 ± 2.2 nM at 15°C, 27.2 ± 6.2 nM at 20°C and 44.4 ± 

3.2 nM at 25°C (Table III). Within experimental error, these affinity values are 

similar to the Kd(kth) values determined by SPR (Table I). There are strong entropic 

and enthalpic contributions for the His5StCspE/5 '-GTCTTTT-3 - interaction which 

counterbalances the decrease in AG' (Figure 4-6e and Table III), indicating a change 

in heat capacity (AC'). A plot ofAH° versus T is linear and from the slope of the 

line, AC° was calculated to be -0.7 ± 0.'1 kcal K' moF' (Figure 4-6e), which is in 

good agreement with SPR data (Table II). The temperature dependence seen for the 
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l-Iis6StCspE/5 -TTCTTTT-3 - interaction was more extreme with the Kd increasing 

from 19.7 ± 2.1 nM at 10°C to 584.8 ± 76.7 nM at 37°C (Table IV), highlighting the 

importance of a guanine base at position one. 

4.5.6 Analysis of His 6-CspE/heptan ucleotide interactions identifies base specific 

sub-sites 

A set of heptanucleotides (Table V) were used to analyse sequence specific binding 

of s  DNA to His6StCspE and to highlight the importance of a key cytosine base at 

position 3 and a guanine at position 1 within the consensus binding sequence, 5-

GTCTTTT-3 - (Figure 4-6c). The guanine base preference at position 1 and the 

cytosine preference at position 3 were examined by systematically altering the base 

at position 1 or 3 for a thymine. The binding preference experiments showed that 

there was a preference for G at position 1 and C at position 3, with a maximum 7-

fold increase seen in the Kd for ON:TTTTTTT compared with the consensus 

sequence, ON:GTCTTTT. The affinities and stoichiometries of StCspE binding to 

the control Y-Box, 5'-AATTGGA-3 - [86], and a polyadenine sequences were also 

determined. The apparent K4j for the StCspE/5 -AATTGGA-3 interaction was 1.7 ± 

0.05 pM with a stoichiometry of 0.4 ± 0.09 (two StCspE to one ss DNA molecule) 

and minimal binding was detected for the StCspE/5 '-AAAAAAA-3 - interaction 

(Table V). 

4.5.7 Stoichiometries of His6-CspE/ss DNA complex formation identifies the 

protein-oligonucleotide assemblies formed in solution 

The binding stoichiometries were calculated to be between 0.94 and 1.02 to 1 (Table 

III) for the His6StCspE/5-GTCTTTT-3 - binding, indicating that each 

131 



heptanucleotide molecule populated a single site per His5-CspE molecule, which was 

consistent with the 1:1 binding mechanism predicted by SPR analysis. The binding 

of I-lis6-CspE to various ss DNA sequences was also examined and the results are 

presented in Table V. 

The X-ray structures of Bacillus caldolyticus Csp/T5 (BcCSP/T5) and BsCspB/T6 

complex have recently been published [14, 25] and a high degree of conservation is 

observed in the DNA binding site of His6-CspE (Figure 4-3c). The BsCspB/T6 crystal 

structure clearly shows that a single poly T oligonucleotide binds two protein 

molecules, resulting in a long continuous chain (Figure 4-7d). The authors assumed 

that this was a direct result of crystal packaging since a singe hexathymidine 

molecule bound to one globular functional unit in the BcCSP/T5 crystal structure 

(e.g. Figure 4-7c), which has an identical DNA binding site. The His6-CspE/5-

TTTTTTT-3' complex must form a similar assembly in solution (Figure 4-7c) as the 

binding stoichiometry was 0.92 ± 0.02. 

The binding stoichiometries for flis6StCspE with 5 '-TTCTTTTT-3 'and 5 'S-

GTCTTTTL3'were calculated to be 0.92 + 0.02 to 1 and 0.98 ± 0.01 to 1 

respectively, consequently forming similar assemblies in solution (Figure 4-7a and 

lb, respectively). From the ITC results the binding of 5'-GTTTTTT-3' to His5-CspE 

was clearly not a simple 1:1 binding interaction (Figure 4-7g), as binding occurred in 

two stages. There was an initial, strong interaction (Figure 4-7g (1)) with a 

stoichiometry of —0.5 (2 DNA molecules to I llis5-CspE), which may form the initial 

complex shown in Figure 4-7e. After the reaction reached baseline a weaker 

secondary binding event occurred (Figure 4-7g (2)),' which may be caused by a 
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His6-CspE/5'-GTTTTTT-3' interaction the resulting data could not be fitted 

accurately to a binding model. 
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Figure 4-7. Schematic overview of StCspE/oligonucleotide assemblies. 

Protein molecules (brown - orange objects) interact with nucleobases (boxed 
characters) from oligonucleotide molecules (-P-) at distinctive subsites (1-7). In 
solution, all seven subsites are occupied by either a single 5-GTCTTTT-3' (a), 5'-
TTC]iTT-3' (b) or 5'-TTTTTTT-3' (c) oligonucleotide molecule. (d) A continuous 
binding arrangement, as seen in the BsCspB/T 6  crystal structure. (g) Isothermal 
titration calorimetry for 5'-GTTTTTT-3' binding to recombinant HisCspE. Each 
exothermic heat pulse (upper panel) corresponds to an injection of 5 tl of 
oligonucleotide (100 jtM) into the cell containing 5 tM l-IisoCspE at 15°C. Integrated 
heat data (lower panels) constitutes a differential binding curve, which could not be 
adequately fitted to a theoretical binding model. The heat of the reaction was 
obtained by integrating the peak after each injection of ss DNA oligonucleotide and 
correcting for the heats of dilution using the Origin® V.7 software. The resulting 
curve (lower panel) clearly had 2 binding steps, one strong (I and e), where n = — 0.5, 

and then shifting to a weaker interaction (2 and 1), n = —I. 
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4.6 Summary of CspE/ss DNA interactions 

To summarise, both SPR and ITC show that StHiso-CspE binds with highest affinity 

(Ka(ITc) = 8.7 + 1.8 nM and Kd(spRKjfl) = 11.4 ± 4.1 nM at 15°C) to the 

heptanucleotide, 5 '-GTCTTTT-3 -, with a stoichiometry of -1:1, which fits with 

results obtained for the homologous protein, BsCspB [174]. ITC revealed 

temperature dependent changes in the relationship between AT-I, TAS and ACp. SPR 

experiments complemented values determined by ITC. SPR results show that the 

increase in Kj, as a result of temperature, was essentially due to the large increase in 

the kd, which increased 32-fold from 0.024 ± 0.0054 to 0.774 ± 0.14 
s,  from 10 to 

36°C respectively. 

The differences observed in solution-based equilibrium constants obtained for 

StCspE binding to various heptanvcleotides by ITC (Table V) provides confirmation 

that there is a strong 1 to 1 binding preference for the 5'-GTCTTTT-3 - sequence. A 

cytosine at position 3 and guanine at position 1 are important for the high-affinity 

binding. Similar results were obtained elsewhere for BsCspB binding to 

heptanucleotides [14, 1741. The cytosine nucleobase at position three is a key 

recognition/landing point for strong 1 to 1 His5CspE/ss DNA interaction as 

replacement with a thymine caused a 7-fold reduction in Kd (Table V). 

The amino acids involved in CSP/ss DNA binding [14] are highly conserved in 

SICspE (Figure 4-3a). The nucleotide-binding interface for CSPs appears to be a 

highly conserved platform and shows no conformational change when DNA is bound 

[14] and unbound [119] (discussed further in chapter five). ITC and SPR experiments 

have revealed that binding mode and preference for StCspE is identical to BsspB 

[14, 174]. We can assume that highly homologous CSP found in bacteria are similar 
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and could be attributed to similar functions, a finding that has been already 

demonstrated for the çsp paralogues in B. subtilis [74] and E. coli [69]! 
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4.7 SPR: Analysis of CspD/5'-ACGGGG-3' interactions 

His6StCspD was immobilised onto the surface of a Ni-NTA biosensor chip and the 

previously identified consensus sequence, 5'-ACGGGG-3', was injected over the 

surface to generate a binding response. Binding data for the His5StCspDt5'-

ACGGGG-3' (Figure 4-8c) and His6StCspD/5 '-GTCTTTT-3 - (Figure 4-8a) 

interactions were collected at 15°C on the biosensor. The response data for the 

binding of oligonucleotides to the surface of immobilised His6StCspD were fit to a 

1:1 binding model. The Rm values were locally fitted, providing an excellent fit to 

the data, as shown by the overlay of the simulated binding responses (black lines in 

Figure 4-8a and c) with the experimental data (red lines in Figure 4-8a and c). 

The SPR analysis of the His5StCspD/5'-ACGGGG-3' and His6StCspD-5'-

GTCTTTT-3' interaction revealed apparent K(kin) values of 109.4 nM and 75.5 nM, 

respectively at 15°C. The Li for both interactions are approximately the same but the 

kinetics of the interactions (only visible using SPR) are completely different. Visual 

inspection of the binding sensorgram in Figure 4-8d is sufficient to conclude that 

His6StCspD exhibits slower dissociation and association rates for the 5'-ACGGGG-

3' interaction compared to the 5 '-GTCTTTT-3' interaction. The kinetic values 

obtained for the His6StCspD/5 -ACGGGG-3 - interaction show a ten fold decrease in 

ka  and kd compared to the His 6StCspD/5'-GTCTTTT-3' interaction. Saturating 

amounts of5'-ACGGGG-3 - could not be obtained on the llis6StCspD surface due to 

the slow ka of the His6StCspD/5'-ACGGGG-3 - interaction and therefore Kd(e q) values 

could not obtained. 
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Figure 4-8. The characterization of the His6StCspD-ss DNA interactions from a 
NTA-Ni-HisoCspD surface. 

Reference-corrected SPR binding curves (red), monitored on a surface with 500 RU 
of NTA-Ni stabilized His 6SICspD, for various concentrations of 5'-GTC1TFT-3' (a) 
(serial dilution from 160 nM to 10 nM) and 5'-ACGGGG-3'(c) (serial dilution from 
40 - 640 nM) at 15 °C in HBS-P. The apparent dissociation rate constant (kd) and 
association rate (k a) constants were determined by globally fitting (black) a simple 
1:1 interaction model, A + B = AB, to the sensorgram using the software supplied 
with the instrument. (b) Response versus concentration was plotted for the control 
reaction (a) and the data was fitted using a 1:1 interaction model. The apparent 
disassociation constant is marked on the graph with a vertical line. (d) Sensorgram 
overlay of (a - red) and (c - green). Time is shown in seconds. 

The Ni-NTA-l-lisoStCspD/ss DNA interactions were reproducible at 15 °C, however 

the problems associated with Ni-NTA-H is 6  immobilisation (see section 1.5.3.4), 

when obtaining viable kinetic and thermodynamic data, made the use of more 

covalent like immobilisation methods a compulsory step. Therefore, biotinylated 

oligonucleotides immobilised to a streptavidin sensor chip surface were decided 

upon, as this would provide a stable surface and more accurate results, especially at 

higher temperatures. 
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4.7.1 SPit Streptavidin immobilisation of the 5 '-ACGGGG-3 - sequence 

To expand the analysis of DNA sequence recognition and further elucidate the 

mechanism of action of His6StCspD, 5'-biotiylated oligomers (5'-ACGGGG-3 and 

5 -GTCTTTTT-3 9 were immobilised to the surface of a streptavidin chip. 

The SPR analysis of the His6StCspD/5 -ACGGGG-3 - interaction clearly shows that 

it is not a 1:1 interaction, as the RUmax (400 RU) was —3 times greater than the 

expected RUmax (as calculated by Equation 1: RUmax = RU = (MW analyte I 

MW Ligand) x RU ligand immobilised) of 130 RU (Figure 4-9a). The previously 

observed kinetics of the His6StCspD/5 '-ACGGGG-3 - interaction (Figure 4-8c) 

completely changed (Figure 4-9a). The resulting apparent Kd for the His5StCspD/5-

ACGGGG-3 interaction was extremely weak with a Kj of 31.25 pM, previously 

results gave a value of 109 nM (Figure 4-8c). The Kd was even weaker for the 

His6StCspE/5'-AC0000-3 interaction, with values in the mM range (Figure 4-9c). 

The discrepancies seen in the results • obtain here and when. His6StCspD was 

immobilised to the chip surface could be caused by; (1) the restricted movement of 

DNA immobilised to the chip surface is preventing the DNA from binding correctly 

to His6StCspD; (2) the manufactured DNA sequence may be incorrect or partially 

degraded; (3) the hexahistidine tag may be partially binding/blocking the DNA 

binding site when His6StCspD is free in solution. Unfortunately to trouble-shoot 

each of the possible causes would be extremely time consuming and expensive so a 

new method of protein immobilisation was devised. 
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Figure 4-9. The characterization of His 6StCspD/ss DNA interactions on a biotin-
ss DNA surface. 

Reference-corrected SPR binding curves (red), monitored on a surface with 65 RU of 
non-covalently stabilized 5'-ACGGGG-3', for various concentrations (20[LM, 10 
iM 5 lW, 1 riM, 500 nM, 250 nM, 125 nM, 60 nM, 30 nM) of His6SliCspD  (a and b) 
and His6CspE (c and d) at 10 and 15°C in HBS-P buffer. The apparent dissociation 
rate constant (Kd) and association rate (K a) constants were determined by globally 
fitting (black) a simple 1:1 interaction mode!, A + B = AB, to the sensorgram using 
the software supplied with the instrument. Time in seconds. 
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4.8 Double-Hexahistidine tag increases Ni 2 -His6 affinity 

A novel strategy for the effective immobilisation of proteins onto the surface of an 

NTA chip was recently developed [195]. The method employs a double-

hexahistidine tag sequence, which showed one order of magnitude stronger binding 

to Ni-NTA-modified Biacore surfaces than a conventional single-hexahistidine tag. 

This increase in affinity is not only enough to eliminate the baseline drift seen in SPR 

experiments (Figure 4-4) but makes protein purification a one-step procedure. 

4.8.1 Details ofpC_Term_2xHis vector construction 

A C-terminal double-Hiso-tagged vector sequence was cloned into a pET28a vector 

(Novagen) as described (section 4.4.6). The sequence (Figure 4-10) highlighted in 

grey (37 bases) was copied from the original pET28a vector; this contains an Xba 

restriction site (red) and a ribosome binding site (rbs) (bold). Two restriction sites, 

NdeJ (blue) and Hindill (green), were added immediately after the rbs. The section 

of the multiple cloning site (MCS) highlighted in green conespoids to part of the 

MCS from pET28a, which ranges from BamHI to SalI (4 restriction sites in total = 

25 bases). A NotI restriction site (red) was then added to the 3' end of the multiple 

cloning site. The double-His6-tagged coding sequence (highlighted in purple) was 

manually constructed using. codons from the StCspE sequence (A1.1). The amino 

acid sequence used here for the double-His6-tagged region was determined originally 

in the Protein Technologies Laboratory [195]. A XhoI site (grey) was added to the 

end of the C-Terminal double-His6-tagged vector sequence to allow for directional 

ligation of the sequence into XbaI-XhoI-digested pET28a vector. Except for the 

insertion of the C-Terminal double-His6-tagged sequence between the XbaJ and XhoI 

restrictions sites the pET28a vector was not modified in any other way. 
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I CCC 4A GAA GG,1111M 45 

1 Pro Ser Arc Asr ASrI Phe Val End Leu En - 1 	GLy Asp Arg Leu 15 

4 6 I 	I MMMMMGC GGC CGC M 90 

16 Ala Ser Phe Gi 	Sec Glu Phe Glu Leu Mq Ara Arc: Gly Arg dy 30 

9] 135 

31 G1   G1 	sez Gly GIy Gly Her Gly Gly Gly Thr Gly Gly Giy Sec 45 

1. -16 180 

46 Gly (dv GI 	Tys Arc Ala Asp Ala Ala His His His His His His 60 

181 225 

61 Her Ara Ida Trp2\rq HIS Pro Gin Phe Gly Gly His His His HIS 75 

226 AT 240 
His HIS Endmc Arc 

Figure 4-10. The C-terminal double-hexahistidine tag sequence. 

Refer to text for a detailed description of the vector sequence. 

4.8.2 Amplification and cloning of the C- Terminal double his-lag sequence 

Specific oligonucleotide primers containing XbaI and XhoJ restriction sites were used 

to create the C-terminal double-His 6  construct using overlap extension and PCR 

techniques (section 4.4.7). The resulting product was approximately 0.25 Kb (242bp) 

in size (Figure 4-11). The C-Term PCR product (Figure 4-11, lane 2) was digested 

using XbaI and XhoI restriction enzymes and purified from an agarose gel. The 

resulting fragment was ligated into XbaI-XhoI-digested pET28a vector using a rapid 

ligation kit (Roche). The resulting plasmids were then transformed into E. coil D1-15- 

a. Transformants were isolated on L.B agar plates containing Kanarnycin (50tg/ml). 

Plasmid DNA was isolated from several transformants and restriction analysis was 

carried out to confirm the presence of the C-Terminal DNA fragment (Figure 4-12a 

and b). Positive clones were sequenced and confirmed (Appendix 1.4) and the final 

vector is now referred to as pC-Term_2xHis. 
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	 0.2 Kb 
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Figure 4-11. Overlap extension PCR of the C-Terminal double-His 6  sequence. 

Lanes: 
I) C-Terminal double-His6 sequence 
2) C-Terminal double-His6 sequence after a further PCR step (section 4.4.7). 

a 
U C 

p28a_C-Term_2xHis ,• 	 4-8Kb 

minus the C-Term fragment - 	 *— 5 K 
_____ 	

4-4Kb 

• 

b 	-.--. 	pET28a_C-Term_2xHis 
minus the C-Term fragment 

- 

0.3Kb- 
0.2 Kb 	

C-Term fragment (-0.25 Kb) 

0.1 Kb—b 

Figure 4-12. Confirmation of the pC-Term_2xHis vector sequence by restriction 
digest experiments. 

(a) Agarose gel electrophoresis of XhoI and XbaI digested (C (Jinearised)) and 
undigested (U (coiled)) plasmid DNA isolated from E. coil DH5-u carrying the 
plasmid pET28a_C-Term_2xHis. (b) A 250 bp fragment (visualised by increasing 
the gain) resulting from XhoI-XbaI digested pET28aC-Term_2xHis DNA. The 
resulting 5.2 kb and 0.25-kb fragments indicate that the C-Terminal insert is present. 
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4.8.3 Amplification and cloning of CspE and C'spD double his-tag genes 

Specific oligonucleotide primers containing Not! and Hindlil restriction sites were 

used to amplify the open reading frames of the CspE and CspD genes from parental 

vectors, pET28a_CspE and pET28a_CspD (Figure 4-13). 

Figure 4-13. PCR amplification of the CspE and CspD genes from pET28a_Csp 
DNA. 

1 00-bp DNA ladder used. 

The amplification products were then ligated into the plasmid pCR 02.l-TOPO®  and 

the resulting plasmid was transformed into chemically competent E. co/i TOPIO 

cells. Transforniants were isolated on LB agar plates containing X-gal (40 jig/ml) 

and kanarnycin (50 jig/ml). Positive transformants were isolated using standard blue-

white screening. Plasmid DNA was isolated from several transformants and digested 

with NotI and Hindill to confirm the presence of each CSP gene. The 0.25 Kb 

restriction fragments were purified from the agarose gel and ligated into NotI-

IIindIIJ-d i gested pCjerm_2x I-I is vector, upstream of the double-hexah istid me 

coding region (Al .4). Gel electrophoresis showing a restriction digest (XbaI and 

XhoI) of pC_Terni_2xHis plasmid DNA isolated from transformants can be seen in 
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Figure 4-14. The correct sequences were verified by sequencing and are now referred 

to as; pC_  Term _2xH i s_CspE and pC_Term_2xH is_CspD. 

0 	
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U o c 	u ' r 

- Now 
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0.4-0- . 
0.3 -0- rv 

. 	0.5 

j 0.25 

1 	2 	3 	4 	5 	6 

Figure 4-14. Confirmation of the pC_Term_2xHis_CSP vector sequences by 
restriction digest experiments. 

Agarose gel electrophoresis of XbaI and XhoI digested (C) and undigested (U) 
plasm id DNA isolated from E. co/i Dl-15-a carrying the plasmids 
pC_Term_2xHis_CSPE and D. Lanes: (3 and 5) plasmid DNA isolated from E. co/i 
DH5-a containing the appropriate plasmid; (4 and 6) Plasmid DNA digested with 
XbaI and Viol. The resulting 5-kb and 0.4-kb indicates that the Cs'p genes are 

present. 100 bp and 1 Kb MW ladder were used. 

4.8.4 Purification of double-His64agged CSPs 

4.8.4.1 Purification of double-His6-tagged CspE 

Affinity purification from bacterial cell lysate of double-His 6-tagged SiCspE on Ni- 

NTA agarose gave two elution peaks at 166 mM and 225 mM imidazole (Figure 

4-I5a). Samples from both peaks were analysed by SDS-PAGE and only peak 2 
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contained a protein corresponding to the size double-His 6-tagged StCspE (12.5 kDa), 

peak 2 was pooled and concentrated for further analysis. To remove bound nucleic 

acids, the protein sample was unfolded in 8 M urea overnight and refolded using size 

exclusion chromatography (Materials and Methods section 4.4.10). The purified 

protein was found to be monomeric, as determined by analytical gel filtration (Figure 

4-15c) and had an experimentally determined molecular weight of 12.3 kDa (Figure 

4-15c), which corresponds to the calculated molecular weight of double-His 6-tagged 

StCspE. 

0, 	 50 I 0.0 	 150 	 200 

volume/ml 

Figure 4-15. Affinity purification of double-His 6-tagged SICspE on a Ni-NTA 
agarose column. 

Protein concentration was monitored by absorbance at A280. (a) A gradient elution of 
0-0.5 M imidazole (red line) gave two elution peaks, 1 and 2, which can be seen on 
the adjacent SDS-PAGE gel. (b) Elution profile of 87 jtM double-His6-tagged CspE 
as monitored by UV adsorption from a HR 10/30 Superdex-75 column. The peak 
retention volume was 14.4 ml which corresponds to an apparent molecular mass of 
12 kDa, indicating double-His 6-tagged StCspE is monomeric (actual MW = 12.5 
kDa). (c) MALDI-TOF spectrum for the double-His 6-tagged SICspE protein from 10 
to 18 kDa, the Y axis is the relative intensity generated in the MALDI-TOF mass 
spectrometer. A clear mass peak resulted at 12305 Daltons (calculated mass for 
double-l-lis6-tagged StCspE is 12478 Daltons (A 1.4). 
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4.8.4.2 Purification of double-His6-tagged SlCspD 

Double-His 5-tagged SICspD from bacterial cell lysate was bound to a Ni-NTA 

agarose column. To remove bound nucleic acids, bound protein was slowly unfolded 

over a 10 column volume gradient (0-100%) with a buffer containing 6 M guanidine-

hydrochloride, 20 mM HEPES, pH 8.0. The protein was refolded over a 10 column 

volume gradient with a buffer containing 20 mM HEPES p1-18.0, 150 mM NaCl 

(100% 6 M guanidine-hydrochloride - 0% or 100 % 20 m HEPES pH8.0, 150 m 

NaCl buffer). The protein was purified from Ni-NTA agarose as described (section 

4.4.11) and gave an elution peak at 250 mM imidazole. Samples containing double-

H1s6-tagged SICspD were concentrated and loaded onto a Superdex-75 column. 

The purified protein was found to be monomeric, as determined by analytical gel 

filtration (Figure 4-16a), highly pure (Figure 4-16c) and was of a similar molecular 

weight to double-His6-tagged CspD, as determined by MALDI-TOF mass 

spectrometry (Figure 4-16b). 
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Figure 4-16. Affinity purification of double-His6-tagged StCspD. 

(a) Elution profile of double-His6-tagged StCspD as monitored by UV adsorption 
from a HR 10/30 Superdex-75 column. Peak retention volume was 14.3 ml, which 
corresponds to an apparent molecular mass of 12.5 kDa, indicating double-I-us 6- 

tagged SICspD is monomeric (12.9 kDa). (b) SDS-PAGE analysis of elution peak. 
(c) MALDI-TOF spectrum for the double-His 6-tagged SICspD protein from 10 to 16 
kE)a, the Y axis is the relative intensity generated in the MALDI-TOF mass 
spectrometer. A clear mass peak resulted at 12907 Daltons (calculated mass for 
double-His6-tagged StCspD is 12912 Daltons (Al .4). 

147 



4.8.5 Double-His 6-lagged CSPs show no base-line drift on a Biacore NTA chip 

Binding curves were obtained with a Biacore NTA sensor chip. Figure 4-17a shows 

the binding and dissociation of single-His 6StCspD at various concentrations. The 

levels of protein immobilised were directly proportional to the concentration of 

protein injected. Protein was removed from the surface using 350 mM EDTA. Figure 

4-17b shows the binding curves of doublc-His 6SiCspD, where the dissociation rate 

was slower for most concentrations. Figure 4-17c compares dissociation curves for 

single-1-lis6-tagged SICspD (red) and double-His 6-tagged SIC5pD (green) at 50 to 400 

nM, showing a nearly non-existent dissociation rate of double-His 6StCspD (7.1 x 10 

M -11 s) compared to the quicker dissociation rate of single- His 6SiCspD (1.1 x 10 2  

a 

C 

Figure 4-17. SPR analysis of binding of single and double-His6-tagged CSPs. 

Sensorgrams showing the binding to a Ni-NTA Biacore chip surface of (a) single-
His6-tagged S/CspD and (b) double-His 6-tagged SICspD at different concentrations 
(25600. 12800, 6400, 3200, 1600, 800, 400, 200, 100, 50 nM) at 25°C. (c) Overlay 
of single-H iso-tagged CspD (red) and double-His 6-tagged SICspD (green) 
sensorgrams for 50, 100, 200 and 400 nM (1 and 2). Note that single-l-lis o-tagged 
StCspD dissociated rapidly over 10 minutes (2), whereas double-His(,-tagged StCspD 
shows no dissociation. 
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4.8.6 Regeneration of the double-Hiso-tagged cSP chip surface 

Both double-H is6-tagged SICspE and SICspD were immobilised onto the surface of a 

Ni-NTA biosensor chip and the previously identified consensus ss DNA sequences 

were injected over the surface to generate a binding response. Example binding data 

for a double-His6-tagged CSP/ss DNA interaction at 15°C is shown in Figure 4-18. 

The sensorgrams could not be fitted to any binding model due to the elevated base-

line drift observed after ss DNA binding. The observed upward drift was caused by 

insufficient regeneration of the chip surface between each cycle. A standard 350 mM 

EDTA injection over the surface was inadequate for the complete removal of nickel 

bound double-His 6-tagged CSP from the surface, resulting in a gradual residual 

increase of active CSP on the chip surface and worthless data. 

RI) 

50 
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60 	 '00 	 ¶50 	 200 	 250 
Tone 

Figure 4-18. The initially characterization of double-His6-tagged CSP/ss DNA 
interactions. 

SPR binding curves (red), monitored on a surface with 400 RU of NTA-Ni stabilized 
double-H is6-tagged SiCspE, for various 5 '-GTCTTTT-3 concentrations (serial 
dilution from 15.625 nM to 500 nM) at 15°C in HBS-P. 

A buffer containing a high concentration of imidazole (0.5 M) at a constant pH was 

used to displace the histidine tag from the nickel particles, consequently regenerating 

the chip surface efficiently between assay cycles at 10 and 15°C (Figure 4-19a-b). 

Results obtained for 20°C and above were not reproducible (Figure 4-19c) due to an 

-'04- 

.50 
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increase in the rate of nickel dissociation from the NTA surface with increasing 

temperature. Without the replenishment of nickel on the chip surface between assay 

cycles (at temperatures above 20°C) the capture levels of protein on the surface were 

erratic and satisfactory results could not be obtained. 
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Figure 4-19. Characterization of the double-His 6-tagged StCspD/5'-ACGGCG-3' 
interactions. 

(a-d) Reference-corrected SPR binding curves (red), monitored on a surface with 
350-400 RU of NTA-Ni stabilized double-His 6-tagged S1CspD, for various 5'-
ACGGGG-3'concentrations (serial dilution from 1000 nM to 15.625 nM) at the 
specified temperature in HBS-P. The apparent dissociation rate constant (K d) and 

association rate (K a) constants were determined by globally fitting (black) a simple 
1:1 interaction model (A + B = AB) to the sensorgrams using the software supplied 
with the instrument. (c) A repeat concentration of 125 nM 5'-ACGGGG-3' ran 
during (green) and after (blue) the concentration series. (d) The same assay as (b) but 
ran at 100 tl.min', reducing the affects of mass transport (green circle, Fig. b). 

The sensorgrams obtained for the double-His 6-tagged S1CspD/5'-ACGGGG-3' 

interactions at 1 5'C exhibited characteristics associated with mass transfer (Figure 

4-19b - green circle) at the experimental flow rate used (30 tl.min'). Although the 
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software supplied with the Biacore instrument was able to compensate for the mass 

transfer issue, an increased flow rate of 100 .il.min'• was used to eliminate the affects 

completely (Figure 4-19d). 

To stabilize the surface at higher temperatures and obtain a complete thermodynamic 

profile for the StCspD/3 '-ACGGGG-S - interaction, double-His6-tagged StCspD was 

immobilised onto the dextran layer of a NTA biosensor chip using amine coupling 

(Data not shown). The direct coupling of the primary amine of an engineered lysine 

between the double-His6-tag, (Figure 4-10) to the dextran layer, using a slightly 

modified protocol [147] eliminated the coupling of lysine within the active site of the 

protein (see section 4.5.2.2). Although adequate amounts of active StCspD were 

obtained on the surface, suitable regeneration conditions could not be found. This 

was most likely owing to a strong hydrophobic nature of the StCspD/ss DNA 

interaction. 

4.8.7 SPR analysis of double His 6-tagged CspD-ss DNA interactions 

Binding data for the double-His5-tagged S1CspD/5 '-ACGGGG-3 - interactions were 

collected at 10 and 15°C only. Binding data could not be obtained for temperatures 

above 15°C, for the reasons discussed previously (section 4.8.6). A total of three 

replicates were collected for double-Hiso-tagged StCspD/5-ACGGGG-3 - 

interactions and the values are presented in Table VI. The SPR analysis for the 

doublé-His0-tagged StCspD/5 -ACGGGG-3 - interactions revealed little • change in the 

ICd(kn) around cold shock temperatures, with an increase of 16.54 ± 2.31 nM at 10°C 

to 19.16 ± 1.23 nM at 15°C. 
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Table Vt. Binding kinetics determined for double-I-lis6-tagged CspD/5'-ACGGGG-3 
interactions at various temperatures using SPR. 

Temp 	 ka 	 kd 

10 	(1.04 ±0.14)x 104 	(1.72 ±0.24)x 10" 	16.54±2.31 
15 	(1.33 ± 0.31) x io 	(2.70 ± 0.22).x 10 	19.16+1.23 

SPR KD values (mean ± SE, n = 3) were obtained as follows; the KD(k) value is calculated from 
kinetics binding data, where K 0  = Kj/K. Kinetic binding values were obtained from the global fitting 
of data from seven different concentrations of 5 '-ACGGGG3' (typically 15.625 nM, 31.25 nM, 62.5 
nM, 125 nM, 250 nM, 500 jiM, 1000 nM) fit to a 1:1 interaction model, A + B = AB. All fits had x2  
values less than 2, which are generally considered an excellent fit. 

The }Cd  for the single- and double-His6-tagged StCspD/5'-ACGGGG-3 - interactions 

at 15°C were found to be 109.40 and 19.16 nM, respectively. Although these values 

vary slightly the characteristic kinetics observed (slow ka  and kd) for the StCspD/5 --

ACGGGG-3 - interactions are conserved for both the single- and double-His6-tagged 

StCspD, indicating that addition of a double-I-Iis6-tag has not changed the DNA 

binding function of StCspD but has improved the stability of the Biacore surface. 

4.9 Conclusions: A comparison of StCspD and StCspE binding to ss DNA 

Both the initial microarray assay results (Figure 3-11) and biophysical techniques 

show that StCspD binds preferentially, with a 1:1 stoichiometry and a high affinity 

(19.16 nM) to the 5 -ACGGGG-3 - sequence at 15°C. The StCspD/5 -ACGGGG-3 - 

interaction exhibits an extremely slow k13 (2.70 ± 0.22 x 104 1)  under the 

experimental conditions used here, which may be a reflection of cellular nucleic acid 

binding kinetics. StCspD also binds the 5 '-GTCTTTT-3 - sequence (StCspE 

consensus binding sequence) with high affinity (75.53 nM) but with a completely 

different set of kinetics, exhibiting very fast ka (1.41 x 106  M' s) and kd (0.1 1)  

rates at 15°C. 
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Both the initial microarray assay results (Figure 3-11) and biophysical techniques 

show that StCspE binds preferentially, with a 1:1 stoichiometry and a high affinity 

(11.27 nM) to the 5'-GTCTTTT-3' sequence at 15°C. StCspE also bound the 5-

ACGGGG-3 sequence (SCspD consensus binding sequence) at 15°C and 37°C 

(Figure 4-20) with KdS of approximately 1 pM and 1 mM, respectively. The 

SICspE/5'-ACGGGG-3' interaction was extremely weak at 37°C, which can be seen 

visually in Figure 4-20b. The StCspE/5 '-ACGGGG-3 - interaction was noticeable 

stronger at 15°C (Figure 4-20a) but was more than just a simple 1:1 interaction. The 

interaction could only be fitted to a complex four sequential binding site model, 

which is logical as StCspE binds preferential to poly-thymidine sequences (5'-

GTCTTTT-3 - (Figure 3-11)) and not the guanine rich sequence, 5'-ACGGGG-3' , 

bound by StCspD. 
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Figure 4-20. Isothermal titration calorimetry for 5'-ACGGGG-3' binding to 
recombinant His 6StCspE. 

Each exothermic heat pulse (upper panel) corresponds to an injection of 5 p1 of 
oligonucleotide (100 pM) into the cell containing 5 pM His5StCspE at 15°C (a) and 
37°C (a). Integrated heat data (lower panels) constitutes a differential binding curve, 
which was fitted to a sequential binding site model with four sites. 
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CHAPTER 5. Structural studies of CSPs from S. typhimurium. 

5.1 Aim 

To obtain X-ray crystal structures of SICspE and StCspD, which were identified as 

the two definitive CSPs from the S. typhimurium paralogues examined, regarding ss 

DNA sequence specificity (Figure 3-11). To obtain complex structures of SICspE15 --

GTCTTTT-3' and StCspD/5'-ACGGGG-3', which will provide further insight in 

CSP/ss DNA recognition at a molecular level and explain the binding preferences of 

these two CSPs, as observed during ITC and SPR experiments. 

5.2 Summary 

The crystal structure of cold shock protein E form Salmonella typhimurium (StCspE) 

has been determined at 1.1 A resolution and refined to R = 0.203. The three-

dimensional structure is similar to previously determined CSPs and is composed of 

five anti-parallel f3-strands forming a classic OB-foldlfive-stranded 3-barrel. CspE 

formed a crystallographic dimer via the electropositive DNA binding face, which 

could suggest a possible self-regulation mechanism, preventing non-specific binding 

of single stranded nucleic acids within the cell, something that has not been seen 

before in the structural studies of CSPs. This first structure of a CSP from S. 

typhimurium provides a new insight into the cold shock response in S. typhimurium 

and may lead to the development of potential CSP inhibitors, vital to the food 

industry (see section 1.4). StCspE/5 -GTCTTTT-3 - proved to be difficult to 

crystallise and as a result the 5 '-GTCTTTT-3 - sequence was modelled onto the 

structure of S1CspE. A cytosine specific binding pocket was identified at DNA 

subsite 3, explaining the preference for a cytosine base. The replacement of a 
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thymine with a guanine at subsite 1 resulted in the gain of a hydrogen bond, 

explaining the preference for a guanine base at position this position. 

Many attempts were made to obtain crystals of S1CspD but were unsuccessful. A 

computer generated model was created and used to generate the StCspD/5 

ACGGGG-3' complex model. This model provided explanations for base preference 

at each of the DNA binding subsites, as observed in previous biochemical 

experiments. 

5.3 Introduction 

As discussed in the previous chapters (3 and 4), two different types of recognition 

sequences have been determined for CSPs. SPR and ITC results have shown that 

CSPs recognise either purine (e.g. StCspD) or pyrimidine (e.g. StCspE and BsCspB) 

rich sequences in a sequence specific binding manner. Examination of the structure 

of CSPs in a DNA bound and unbound state, at an atomic level, would provide a 

detailed insight of the CSP/ss DNA interactions. One method that allows for such an 

analysis is Xray crystallography. 

To date only three cold shock proteins and two ss DNA complexes have been 

crystallised and their structures determined (Table 5-1), all of which have been 

produced by Professor Udo Heinemann's laboratory. The next challenge in the 

current work was to obtain apo crystal structures of StCspE and StCspD, and their 

complexes with ss DNA. Both ITC and Biacore studies have shown that the 

preferential ss DNA binding sequences, 5 'GTCTTTT-3' and 5 '-ACGGGG-3 - (as 

determined by microatray analysis; section 3.6.3, Figure 3-11), bind with low nM 

affinity to StCspE and SiCspD, respectively. This knowledge provides an 

advantageous start to crystallising the CSP/ss DNA complexes as the sequence that is 
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most likely to keep the, complex intact throughout the crystallisation process is 

Moreml 

Table 5-1. Crystallisation conditions of cold shock proteins and their DNA 
comDlexes 

Protein 	- Reservoir Reference PDB ID 
CspA (E.. coli) 10mg/mi in 26% Peg 1500 
10 	m Tris pH 7.5/50mM •. 	 ,  1MJC 

NaCl 
CspB (B. subti/is) 10 1.3-1.5 M (NH4)2SO4 or 22- 

mg/mi in 50 	m Tris/HC1 24% Peg 4000 in 50 	m  ICSP 
pH 8.5 and 100 	m Na: Tris pH 8.5 & 100mM Na- 

acetate acetate 
B. caldolyticus-Csp 100 mM HEPES (pH 7.5) 

10mg/mi in 10 	m Tris- and 65 % (v/v) 2-methyl 2,4- [78] IHZA 
HC1 pH 7.5 pentanedioi 

CspB (B. subtilis) dT6 0.1 M Sodium cacodyiate pH 
complex 6-11 mg/ml in 20 6.5, 0.2 M calcium acetate 

mM Tris pH7.5, 50mM and 18% (w/v) peg 8,000 [14] 2ES2 
KC1 and 3 mlvi MgC12 2 Protein: I reservoir 

Csp (B. caldolyticus) dT6 , 35% (w/v) 2-methly-2, 4- 
complex in (as above) pentandiol, 0.1 M sodium [25] 2HAX 

acetate and 0.02 M CaCl2 
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5.4 Materials and Methods 

5.4.1 Purification of StCspE 

llis5StCspE was purified as described previously (section 3.4.5). To obtain adequate 

amounts of protein for crystallization the refolding procedure was repeated 10-15 

times. Protein samples were concentrated and buffer exchanged using standard 

protocols .(PD-10 column; Amersham Biosciences) into the required buffer. For 

cleavage of the histidine tag the protein was buffer exchanged (PD-10 column) into 

buffer E (20 mM Iris, pH 7.5). 1.5 units of thrombin protease was added per mg of 

His6StCspE and incubated at RI for 4 hrs with gentle agitation. Thrombin was 

removed by loading the protein sample onto a self-packed 0.5 ml benzamidine 

gravity flow column, pre-equilibrated in a buffer E. The protein was eluted by adding 

2 ml of buffer E to the column. To remove the free histidine-tag the protein was 

concentrated to 20 mg/ml and 200 p1 of protein sample was loaded onto a HiLoad 

26/60 Superdex 75 column, pre-equilibrated with a buffer E. SICspE was quantified 

using both the Bradford method and the theoretical extinction coefficient, c280nm = 

5500 M'.cm'. 

5.4.2 Purification of StCspE-ss DNA complex 

Concentrated recombinant CspE [-20 mg/ml] was added to HPLC purified 

oligonucleotide sequence 5 '-GTCTTTT-3 - (resuspended in TEN buffer) in a 1:1.3 

molar ratio and incubated on ice for 30 minutes. To remove the unbound ss DNA, the 

complex was concentrated (between 20 and 30 mg/ml) and 200 pl of sample was 

loaded onto a HiLoad 26/60 Superdex 75 column, pre-equilibrated with TEN buffer. 
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StCspE-ss DNA complex was concentrated and quantified using the Bradford 

method. 

5.4.3 Crystallisation screening procedures 

5.4.3.1 Protein Screening: 

Protein solution was mixed with equal volumes (1:1 ratio) of reservoir solution, 

which was used for all screening conditions. Structure screens 1 and 2 (Molecular 

Dimensions), crystallization screens 1 and 2 (Hampton Research), various 

precipitate/pH screens including PEG (1.5 K to 20 K) and ammonium sulphate were 

initially used in the screening of crystallisation conditions at 4 °C and 17°C. 

5.4.3.2 CSP-ss DNA complex screening: 

Protein solution (10 and 20 mg/ml) was mixed with equal volumes (1:1 ratio) of 

reservoir solution, which was used for all screening conditions. In addition to 

standard protein screening a Natrix screen (a specialised screen for Protein-DNA 

complexes from Hampton Research) was also used to screen for crystallisation 

conditions at 4 °C and 17 °C. 

5.4.4 Data collection and processing 

All data were collected at either the European synchrotron radiation facility (ERSF) 

in Grenoble, France on beamline BM14 or 10.1, SRS, Daresbury, UK. The data 

collection process is illustrated in Figure 5-1. All data were collected as 1.5 0  

oscillation images with the crystal maintained at 100 K in a nitrogen gas stream and 

processed with MOSFLM [196]. The data was scaled using SCALA [1971. 
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Figure 5-1. Data collection process at a synchrotron work station. 

Panels are as follows; (a) Hutch view; (b) Crystal mounting area; (c) Crystal in a 
nylon loop; (d) Diffraction image. Labels; (1) Sample changing robot; (2) CCD X-
ray detector; (3) Synchrotron beam source; (4) Pin-hole camera; (5) Nitrogen source 
(cryostrearn); (6) Goniometer head. 

5.4.5 Phasing 

Phasing was performed with ACORN [198], using the positions of 10 amino acids 

(PFIEI2 to lLE21) from the homologous structure of the E. coli CspA previously 

solved at 2.0 A resolution [118]. No reflections were omitted for the purpose of 

calculating the normalized structure factors input to ACORN. 

5.4.6 Model building and refinement 

Using the ACORN phases, an initial structure was built automatically using 

ARPwarp [199] to give 112 residues out of a total of 144 for the asymmetric unit 

cell. The structure was edited using the program COOT [200] to add missing 

residues that were clearly defined in the electron density maps. The model was then 

subjected to 10 cycles in REFMAC [201] yielding R of 21.10% and Re of 24.02%. 

After several cycles of REFMAC refinement with isotropic B-factors, including 

automatic water molecule placement using ARPwarp, manual rebuilding with COOT 

and construction of alternative side chain conformations, R and values 

decreased to 20.80% and 23.89%, respectively. Anisotropic B-factors were then 
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refined and additional water molecules were added on the basis of Fo-Fc difference 

maps. Water molecules were added if the electron density was greater than 2.5 a and 

the surrounding hydrogen bonding network made sense (greater than 2.5 A apart). 

This resulted in a final model of 138 residues, composed to 2 CspE molecules 

(Molecule 1/Chain A = SER-I to LEU 69 and Molecule 2/Chain B = Lys3 to LEU 

69) in the asymmetric unit cell, 100 water molecules and a final R and Rfr ee  value 

20.3% and 23.42%, respectively at 1.1 A resolution. Coordinates for the 1.1 A 

structure have been deposited in the Protein Data Bank with the code 2p6q. 

5.4.7 Cytosine soaking experiments 

Either 2'-deoxycytidine 5'-monophosphate (dCMP) (Biochemika) or 2-

deOxycytidine S -triphosphate (dCTP) (Invitrogen) was used for soaking experiments 

with CspE. Lyophilised dCMP (32 mM) and dCTP (100 mM) were dissolved in 28% 

PEG 20,000, 0.05 M AMPSO, pH 9 and used to prepare a series of dilutions for 

soaking experiments, which were carried out at 17 °C. Native crystals of CspE were 

either soaked in 5 pl drops of well solution containing increasing concentrations of 

either dCMP or dCTP or small amounts of lyophilised dCMP or dCTP were added 

directly to a drop containing a single CspE crystal. Crystals were soaked from one 

minute to 24 hours. 

5.4.8 Analytical Gel Filtration 

Gel filtration studies were carried out on an AKTA explorer FPLC using a Superdex 

75 HR 30/10 column at 4 °C. The column was equilibrated with a buffer containing, 

100 m NaCl and 20 mTvI Tris, pH 7.5 and calibrated using the following molecular 

weight standards —thyroglobulin (690 kDa), catalase (232 kDa), aldolase (158 kDa), 
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albumin (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa), ribonuclease 

A (13.7 Wa), vitamin-B (1.35 kDa), ATP (0.55 kDa) from Amersham Biosciences. 

200 M1  protein concentrations ranging from 20-800 pM was applied to the column 

and run at 0.5 ml.min'. Calibration curves for molecular weight standards were 

generated using Kaleidagraph v4.03 software (Synergy Software, reading, PA). For 

molecular weight a plot Kay against log molecular weight was used where Kay = (Ve-

Vo)/(Vt-Vo); Ye = retention volume, Vo = void volume, Vt = column bed volume. 

5.4.9 Glutaraldehyde cross-linking 

For glutaraldehyde crosslinking experiments, 70 ig of CspE protein in 10 mM 

HEPES buffer (pH 7.5) in a total volume of 100 p1 was treated with 5 p1 of 2.4% 

freshly prepared solution of glutaraldehyde at room temperature. 10 p1 aliquots were 

removed at various time intervals and added to 1 i.il of 1 M Tris-HC1, pH 8.0. An 

equal volume of 2X SDS-sample buffer was added to the cross-linked proteins and 

electrophoresis was conducted in 18% SDS-polyacrylamide gels at 200 V. 

5.4.10 Trypsin digest 

Protein bands were cut tightly from a SDS-PAGE gel using a sterile scalpel. Each of 

the gel pieces were then incubate in 300 p1 of 200 mM NH4HCO3 (ABC) in 50% 

acetonitrile (ACN) for 30 minutes at 30 °C (x2) to remove any SDS. The samples 

were centrifuged at 13,000 rpm for 2 minutes and the covered with ACN (must turn 

white). ACN was decanted and gel pieces were allowed to dry. A stock solution of 

trypsin was prepared by adding 50 p1 of 50 mM ABC to a new vial of trypsin 

(Promega) at 4 °C and 1 pl aliquots were then stored at -20'C. 29 p1 of cold 50 mM 

ABC was added to each trypsin aliquot (as required). The final 30 p1  solution was 
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added to the dry gel piece and incubated for 5 minutes at 4 °C. The tops of the tubes 

were sealed with Nescofilm and incubate at 32 °C for 16-24 hrs. 
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5.5 Results and discussion: Section one 

£5.1 Crystallisation of His6StCspE 

Many attempts were made to crystallise His6StCspE but were all unsuccessful. This 

was considered to be a direct result of the flexible histidine tag region of the 

recombinant protein. 

5.5.2 Purification of StCspE 

Large amounts of His6StCspE were purified and the His-tag was removed by specific 

cleavage using the protease thrombin (Figure 5-2b). On completion of the cleavage 

reaction thrombin was removed by passing the solution through a benzamidine 

column. The protein sample was concentrated and gel filtration with a HiLoad 26/60 

Superdex 75 column was performed. Recombinant StCspE eluted as two peaks 

(Figure 5-2a), only StCspE from the major peak (16.07 ml) was used for 

crystallisation trails: StCspE was more than 95% pure, as judged by SDS-PAGE 

(Figure 5-2c), with an experimentally determined molecular weight of 7.7 kDa 

(Figure 5-2d). 

I,  
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Figure 5-2. Purification of StCspE. 

(a) Gel filtration with Superdex 200 column. Chromatographs for refolded His 6-

CspE (blue, retention volume = 13.79 ml/12 kDa) and CspE (red, retention volume 
16.07 ml/7kDa). MW of His6-CspE = 9614 Da; MW of CspE = 7732 Da. (b) 
Thrombin cleavage of 6xHistidine tag. Lanes- cleavage after; (1) 0.5 hr, (2) lhr, (3) 

1 .5 hr. (4) 2hr, (5) control protein, (6) 3 hrs, (7) 4 hrs. (c) SDS-PAGE analysis of 
purified CspE. (d) The resulting MALDI-Tof mass spectrum for SICspE; observed = 
7728 Daltons; expected 7732 Daltons. 

5.5.3 Crystallisation of CspE from S. typhimurium 

Si'CspE was crystallised using the hanging drop vapour diffusion method [202]. 

SICspE crystals were grown in 28% PEG 20,000, 0.05 M AMPSO (pH 9) and 1% 

glycerol at 17°C. Crystals appeared after 24 hrs (Figure 5-3a) and grew to maximum 

dimensions of 1.3 x 0.2 x 0.05 mm after 72 hrs (Figure 5-3b). Different SICspE 
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crystal forms were obtained during crystallisation (Figure 5-3c-f). All crystals were 

flash cooled in liquid nitrogen directly from the mother liquor, prior to data 

collection. 

a 

 

 

1mm 

mn 	 - 1mm.i; 	1mm 	 1mm 	- 

Figure 5-3. Examples of CspE crystals grown in 28% PEG 20,000, 1% glycerol 
and buffered with 0.05 M AMPSO, pH 9. 

CspE crystal after 24 hrs growth (a) and 72 hrs growth (b). (c-f) Examples of various 
crystal forms obtained. 

5.5.4 X-ray data analysis 

SICspE crystals flash cooled directly from the mother liquor (28% PEG 20,000, 0.05 

M AMPSO, p1-I 9 and 1% glycerol) were mounted and diffracted X-rays were 

collected to a maximum resolution of LI A (Figure 5-4). Data were indexed in the 

monoclinic space group P21, with unit cell dimensions a = 29.40, b = 46.80, c = 

46.72 A and angles of a = 90.0 °, 0 = 103.4°  andy = 90.0° . 
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Figure 5-4. Diffraction pattern for a CspE crystal (crystallised at 28% PEG 

20,000, 0.05 M AMPSO, pH 9 and 1% glycerol). 

Rings have been added to provide an indicator of resolution (values = A). Diffraction 

extended out to 1.1 A. 

5.5.5 Content of the asymmetric unit 

For a protein with a molecular weight of 7728 Da, the Matthew's equation [203] 

indicates there to be two (Vm = 2.05, solvent 51%) monomers per asymmetric unit 

for space-group P21. The homologous CspE from Escherichia coli has been shown to 

form dimers in solution [124] and differs in only 4 amino acids. 

A self-rotation Patterson map calculated using the data processed in space-group P21 

revealed no obvious non-crystallographic symmetry (NCS) (Figure 5-5) between two 

molecules in an asymmetric unit. The two molecules are related by a simple rotation 

and translation movement (as illustrated in Figure 5-6). 
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Figure 5-5. Self-rotation analysis data processed in space-group P2 1 . 

Self rotation map showing peaks at Chi = 1800, 900,  120°  and 600 . 

Molecule B 
a 

I i 

r 	
/ 

ø / 
•1 

Molecule A 

= 440 	 - 148 0 	 Y 860 	Translation 

Molecule A 	 c = 73 
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Figure 5-6. The relationship between the two StCspE molecules in the 
asymmetric unit. 

(a) The crystal packing arrangement of S/CspE, shown as backbone trace. The unit 

cell is highlighted with a yellow box and the two StCspE molecules present in the 

asymmetric unit have been coloured red (molecule A) and yellow (molecule b). (b) 

A representation of a unit cell, with edges a, b, c and angles a, J3 and y,  which 

illustrates the coordinate system used to describe the movement of molecule A to the 

position of molecule B in the asymmetric unit, as illustrated (steps c to g). 
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5.5.6 Obtaining Phases 

Phases were determined with ACORN [198], using the positions of a decapeptide 

(PHEI2 to ILE2I) from the homologous structure of the E. co/i CspA [118]. Electron 

density maps resulting from ACORN phasing, using a minimum of 10 amino acids 

were of sufficient quality (Figure 5-7a) to begin model building. All of the electron 

density maps derived from ACORN were examined in COOT and distinctive shapes 

of key amino acids were clearly visible (Figure 5-7). 

a 	 b 

tv I. 

Figure 5-7. Phases obtained using ACORN. 

 

(a) A portion of the electron density map generated using experimentally derived 
phases with a decapeptide from E. co/i CspA. The single tryptophan present in the 
CspF structure is clearly visible. (b) The same tryptophan after refinement. Images 
were generated using Povray (a) and Pymol (b). 

5.5.7 Structure solution of StspE 

Structure refinement for S'tCspE converged at an R value of 0.20 with good model 

stereochemistry (Table 5-3). The final model was made up of two molecules of 

S1CspE (Figure 5-8a: Chain A and B) comprising 1 056 protein atoms and 100 water 

molecules. The electron density was poorly defined for residues 38 to 40 on chain B, 

where the some of the highest thermal (B) factors are observed, with an average of 
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30.10 A2, in comparison the average B factor for the entire protein is 18.86 A2 . In 

chain B the electron density is poorly defined for the N-terminal, as a result the 

model could only be built from lysine six onwards (Figure 5-8c). 

TM 



P21 

29.40 
46.80 
46.72 
90.00, 103.40, 90.00 
45.36- 1.10 
2 
260904 
47339 
15.7 
99.82 
5.2 

20.33 
23.42 
0.95 
1073 
100 
18.86 

(1.16-1.10) 

(27528) 
(7261) 
(2.5) 
(100) 
(3.8) 
(41) 

(34.90) 
(35.3) 

Table 5-3. StCspE - Data collection and refinement statistics 
Data statistics 

Space group 
Unit-cell parameters (A) 

a 

yj3,a 
Resolution range (A) 
Molecules per asymmetric unit 
Observed reflections 
Unique reflections 

Completeness (%) 
Multiplicity 
Rs y m (To) 

Refinement statistics 
R facto? (%) 
R frees  (%) 
Correlation coefficient 
Number of protein atoms 
Number of water molecules 
Mean B factor for protein 

R.m.s deviations from ideal geometry 
Bond distance 0.02 
Bond angle 1.94 

Ramachandran statistics 
Most favoured regions (%) 93.90 
Additional allowed regions (%) 6.10 
Generously allowed regions (%) 0 
Residues in disallowed regions (%) 0 

The outer shell statistics are shown in brackets 
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Figure 5-8. Three-dimensional ribbon diagram of SICspE, showing the classic 
five stranded P barrel structure/OB fold. 

The live 13-strands have been coloured to highlight their positions; 13-1 (green), 13-2 
(blue), 13-3 (yellow), 13-4 (red) and 13-5 (magenta). (a) Face-on view of and top view 
(b) of StCspE. (c) The amino acid sequence of the crystallized recombinant CspE. 
(d) Alignment of the amino acid sequence of SiCspE with EcCspE. Identical residues 
are shown in black and non-identical are marked by an asterix. The abbreviations are 
as follow: SICspE, cold shock protein E from Salmonella lyphimurium; EcCspA, 
cold shock protein A from Escherichia coil; 

For Chain A of the model, the electron density for the N-terminal is well defined and 

all residues except the first glycine residue (Figure 5-8c) were modelled. The results 

of the PROCI-IECK analysis indicated that no residues were found outside the 

allowed region of Raniachandran diagram (Figure 5-9). 
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Figure 5-9. Analysis of sterochemical properties of CspE model with 
PROCHECK. 

93.9% of residues in the most favoured region of the Rarnachandran plot. 

5.5.8 The overall structure of ('spE 

The three crystal structures of CSPs [78, 118, 119] and in complex with dT6 [14, 25] 

superpose well with StCspE with average r.m.s deviation values of 0.63 and 0.67 

respectively, for 64 Cu  atoms out of a possible 67 Ca  atoms. Loop four of SICspE was 

excluded as it adopted an unusual conformation compared to all other CSPs (Figure 

5-10). Two SICspE molecules in the asymmetric unit pack with their DNA binding 

faces [133] held together by seven potential hydrogen bonds (Figure 5-11). The 

crystal structure of StCspE presented here suggests that it may exist as a dimer. 
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Li 

Chain 	 Chain  

Figure 5-10. Three-dimensional ribbon diagram of SICspE (Purple) superposed 
with EcCspA (Green). 

Loops between f3 strands are numbered L1-L4. Loop 4 of StCspE follows a different 
direction to all other CSP structures. 

Chain B 	 Chain A 

Figure 5-11. Hydrogen bonds formed between the SICspE dimer. 

The amino acids (shown in yellow) which form potential hydrogen bonds (depicted 
as red lines) between the two S1CspE monomers, calculated using the PISA 
programme [204]. Residues which potentially hydrogen bond with one another are; 
(I) A1a58-Lysl5; (2) Asp28-TrplO; (3) Lys9-Asp28; (4) TrplO-Pro6l; (5) Asnl2-

G1y60; (6) G1u46-Lys27; (7) G1u13-Lys59. 
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5.5.9 SICspE, .dimer or monomer? 

5.5.9.1 Dimerisation of CSPs 

The highly homologous CspE from Escherichia coli, differing in only four amino 

acid, forms dimers in solution [124]. Therefore one can assume that the 

crystallographic SCspE dimer may be equivalent to the dimer formed in solution. 

The highly homologous CSP from B. subti/is, BsCspB (Figure 5-12a), and B. cereus 

CspE, have been reported to form dimers in solution 123, 125]. Only BsCspB has 

been shown to form dimers in both the crystal structure and in solution [119, 123]. 

Figure 5-12c shows the structure of the BsCspB dimer and the six hydrogen bonds 

(Figure 1-2b and d) that hold the dimer intact at 13-strand-4 of each CspB molecule 

(Figure 5-12c). The four amino acids involved in BsCspB dimer formation (Figure 

5-12a, red arrows) are not all present in the amino acid sequences of E. co/i CspA 

(monomer), B. cereus CspE (dimer) or S. typhimurium CspE (crystallographic 

dimer). The fact that other CSP form dimers in solution without the presence of these 

four amino acids, indicates that dimer formation is not merely the results of 

conserved amino-acids forming a linking hydrogen-bond network. Dimer formation 

between CSPs may either form through the linking of 13-strands four (Figure 5-12c) 

or similar to that of the SICspE structure presented here (Figure 5-11). 
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Figure 5-12. CSP dimer formation. 

(a) Multiple sequence alignment of, S. typhirnurium CspE, both the recombinant 

(XTAL) and wildtype, E. co/i CspA, B. subtilis CspB and B. cereus Csp. The 
recorded forms of each protein, either as a monomer (mono) or a dimer is indicated. 
Identical residues are shaded black and residues shown to be involved in dimer 
formation for BsCspB are highlighted with red arrows. (b) The residues which form 
hydrogen bonds between two BsCspB molecules to form the dimer structure (c), 
which is made stable by the bonds connecting 13-strands 4 on both subunits. (d) The 
six hydrogen bonds (dashed red lines) at the interface of the CspB dimer. 

5.5.9.2 Recombinant SICspE forms oligomeric species in solution 

The oligomerisation state of CspE was investigated using size exclusion 

chromatography. l-lis 6StCspE elutes as a single species with a retention volume of 

13.79 ml (Figure 5-13), which corresponds to molecular weight of 12.5 kDa, 

demonstrating that His 6S/CspE exists as a monomer. After the removal of the 

histidine tag, SICspE eluted as two distinct species with retention volumes of 12.48 

and 16.07 ml (Figure 5-13). On comparison with molecular weight standards, the 
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16.07 ml peak corresponds to a molecular weight of 7 kDa or a single S/CspE 

molecule (actual CspE MW = 7.7 kDa). The 12.48 ml peak corresponds to a 

molecular weight of 25 kDa or three SICspE molecules, which may also correspond 

to a possible SrCspE dimer or even a higher-order oligomeric species. 
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Figure 5-13. Gel filtration analysis of His6SlCspE and SICspE. 

Recombinant His 6SICspE and StCspE resolved on a HiLoad 26/60 Superdex-75 
column. The column was calibrated with the molecular weight standards, catalase 
(232 kDa), albumin (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa), 
ribonuclease A (13.7 kDa) and vitamin-B (1.35 kDa) from Amersharn Biosciences. 
The dashed lines on the trace correspond to the elution maxima of the standards. 
His(,SICspE cluted as a single peak with a retention volume of 13.79 ml, 
corresponding to a molecular weight standard of 12.5 kDa. SICspE (after cleavage) 
eluted as one major and one minor peak with retention volumes of 16.07 and 12.48 
ml. corresponding to molecular weight standards of 7.0 kDa and 25 kDa, 
respectively. 
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5.5.9.3 Chemical cross-linking of SICspE indicates potential dimer formation 

To further examine potential SCspE dimer formation in solution, a series of 

chemical cross-linking experiments were performed. Chemical cross-linking offers a 

direct method for identifying stable interactions. The technique involves the 

formation of a covalent bond between two proteins by using bifunctional reagents 

containing reactive end groups that react with functional groups, e.g. primary amine 

and sulfhydryls of amino acids. If two proteins physically interact with each other 

then they can be covalently cross-linked, providing convincing evidence of their 

close proximity. 

The cross-linking agent glutaraldehyde (C 51-1802) reacts with primary amine groups 

(c-amino groups of lysine residues) to form stable covalent links. If StCsp.E exists as 

a dimer in solution then the majority primary amines, within the dimer .interface 

(Figure 5-14a), should be susceptible to cross-linking. Cross-linking results in the 

formation of various high-order oligomeric species including a dimeric form (Figure 

5-14b). The presence of higher-order oligomeric species suggests dimer formation 

and further oligomerisation perhaps highlights the promiscuous nature of 

glutaraldehyde as a cross-linker. 
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Figure 5-14. Chemical cross-linking of StCspE. 

(a) The lysine residues (blue) present in the CspE structure. The amine groups which 
should react with glutaraldehyde to from stable covalent linkers (red) between the 
dirner interface. (b) Crosslinking StCspE using glutaraldehyde. Lane 1, Protein 
molecular weight standards (shown in kDa). Lane 2, 7 tg of CspE untreated; Lane 3-

9, 7 tg of SICspE crosslinked for various time periods. Bands circled red were 
excised from the gel for trypsin digest experiments. 
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5.5.9.4 Trypsin digestion of the cross-linked CspE dimer. 

A series of trypsin digest experiments were performed to determine if the dimer seen 

in cross-linking experiments (Figure 5-14b) was the result of cross-linking lysine 

residues at the dimer interface (Figure 5-14a). Trypsin is a protease that recognises 

lysine and arginine residues and cleaves the chain at the C-terminal end, resulting in 

a peptide fingerprint specific to individual proteins. Protein bands were excised from 

the SDS-PAGE gel (Figure 5-14b, red circles) and digested with trypsin. Peptide 

fragments were analysed using MALDI-Tof mass spectrometry. The calculated 

peptide masses (Figure 5-15e) correspond well with the observed masses for the 

control (Eigure 5-15f - shaded grey). A mass of 1997.9 Da was observed in the 

MALDI-spectrum for the cross-linked dimer band (Figure 5-14b; lanes 4 and 6 - red 

circle), which corresponds to an expected cross-linked peptide fragment (Figure 

5-15c and d (2), Lys15 on monomer 1 is cross-linked with Lys59 on monomer 2) 

with a calculated molecular weight of 1997.9 Da. Irritatingly, an identical peptide 

peak was also observed in the MALDI-Tof spectrum corresponding to the 

monomeric sample from lane 3 (Figure 5-14b). The 1997.9 Da mass peak was not 

observed in the MALDI-Tof spectrum for the untreated control sample, 

corresponding to lane 2 (Figure 5-14b). The presence of this cross-linked peptide in 

the control sample may be a direct result of the presence of glutaraldehyde in the 

sample, small traces of cross-linked dimer present or intramolecular cross-linking. 

The experiment was repeated three times but no significant differences were 

observed in the results obtained. Conclusive evidence that StCspE is forming dirners 

in solution still remains to be determined. 
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Figure 5-1 5. Trypsin digestion of cross-linked SICspE 

(a) Amino acid sequence of recombinant SICspE. Trypsin cleavage sites (Lys or Arg) 
are shown by a red arrow. (b,c) Potential peptide fragments resulting from digestion 
of cross-linked CspE (d). (e) Expected peptide masses after trypsin digest of CspE 
and cross-linked S!CspE (Shaded grey). (f) Resulting peptide masses determined 
from MALDI-Toff analysis. Masses that were observed in both the cross-linked and 
control samples are shaded grey. 

5.5.9.5 A truncated version of CspE forms dimers in solution 

SICspE was resolved on a Superdex-75 column (Figure 5-16a). Si'CspE eluted as two 

peaks, suggesting a population of both monomeric and dimeric forms (discussed 

previously). SDS-PAGE analysis (Figure 5-16a) of protein samples taken from each 

peak clearly shows that the protein sample corresponding to the dimer peak (green) 

runs at a lower molecular weight than the monomer (black). The molecular weights 
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of these proteins were further analysed by mass spectrometry and the resulting 

molecular weights were, 7728.30 (monomer peak) and 6808.07 (dimer peak), which 

correspond to two forms of StCspE (Figure 5-16b), a cleaved (7732.67 Da) and a 

truncated (6806.57 Da) form. It is the truncated form that has the ability to form 

dimers in solution (Figure 5-16a); whether the dimer structure is identical to the 

crystallographic SIC5pE dimer (Figure 5-1 1) or resembles the BsCspB dimer (Figure 

5-12) still remains to be determined. 

a 

25(1 

Volume / ml 

b 
1 rCS(HHHHMHZSc.LVPPGSHMt IRGNVFUFNES1<I3FGF ITEDGSJ<DVVRFSAIQJGPXTh).EGQPVEF)TThGARGPSAANVTAL 

2 ----------------- GsHs(IKGNvKvFNEsKGrGF 

3 -------------------------- 

Figure 5-16. Gel-filtration analysis of truncated StCspE. 

(a) StCspE resolved on a HiLoad 26/60 Superdex-75 column equilibrated in PBS 
buffer (pH 7.5). StCspE eluted as two distinct peaks and a SDS-PAGE analysis of 
both peaks (colour coded, green and black) are shown (inset). (b) Amino acid 
composition of StCspE forms; (1) His 6-CspE - MW = 9614.7 Da; (2) Recombinant 
StCspE - MW = 7732.67 Da; (3) Truncated CspE - MW = 6806.57 Da. 
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5.5. 10 Fur jflcation and crystallisation of CspE-ss DNA complex 

Both ITC and Biacore studies (Chapter 4) have shown that the preferential ss DNA 

binding sequence, 5'-GTCITFT-3' (as determined by microarray analysis - Chapter 

3), binds with low nM affinity to SICspE. This knowledge provided an advantageous 

start to crystallising the SICspE-ss DNA complex as this sequence is most likely to 

keep the complex intact throughout the crystallisation process. 

A complex was formed between SICspE and oligonucleotide sequence 5'-

GTCTTTT-3'. The StCspE-ss DNA complex was resolved on a Superdex-75 gel-

filtration column, which removed any unbound DNA from the complex. The 

recombinant StCspE-ss DNA complex eluted as two peaks (Figure 5-1a), the latter 

corresponding to unbound ss DNA. The SICspE-ss DNA complex was more than 

95% pure, as judged by SDS-PAGE (Fig. 5-16b). Crystallisation trails of purified 

StCspE-5'-GTCTTIT-3' complex trails failed to produce crystals or promisitig hits. 
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Figure 5-17. Purification of StCspE-5'-GTCTTTT-3' complex resolved on a 
HiLoad 26/60 Superdex-75 column (a) equilibrated in TEN buffer (pH 7.5). 

(b) SDS-PAGE analysis of eluted peaks. 

During this work the BsCspB in complex with T6 (a six stretch of thyrnine 

nucleobases) was published [14]. The authors also observed difficulties in trying to 

crystallise BsCspB with the high-affinity ligand 5'-TTCTTYF-3', which is similar to 

the ligand used here. Interestingly, the T 6  ligand bridges between two BsCspB 

molecules forming long continuous chains of complex molecules within the crystal 

structure (Figure 5-1 8a). The long chains formed in the BsCspB/T 6  structure may be 

a requirement for crystallisation. Taking this into account a similar bridging ligand 

was designed (Figure 5-18b - 5'-CTTTTTGT-3'), which should retain the high-

affinity interaction and promote the formation of a crystal lattice. Unfortunately 
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economic restraints have not allowed for crystallisation trails of the CspE/5'-

CTTTTTGT-3' complex to proceed at this time. 
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Figure 5-18. Schematic overview of CSP/oligonucleotide assemblies. 

Protein molecules (brown - orange objects) interact with nucleobases (boxed 
characters) from oligonucleotide molecules (-P-) at distinctive subsites (1-7). (a) A 
continuous binding arrangement, as seen in the BsCspB/T 6  crystal structure. (b) 
Proposed ligand, 5'-CTTT1TFGT-3', used to induce a continuous binding 
arrangement but retain the high-affinity recognition sequence. 

5.5. 11 cytosine soaking experiments 

There is a strong binding preference seen for a cytosine nucleobase at position three 

for both the BsCspB protein and the SICspE protein (Figure 2-15 and Figure 4-3). A 

series of soaking experiments were performed using crystals of S1CspE and various 

concentrations of 2'-deoxycytidine 5'-monophosphate (dCMP) or 2'-deoxycytidine 

5'-triphosphate (dCTP) to obtain a SiCspE-cytosine complex. Cytosine soaking 
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experiments had detrimental effects on StCspE crystals (cracked and dissolved), 

which was thought a good indicator that the cytosine base was binding to StCspE. 

Although processable data were obtained there was no evidence of electron density 

for a bound cytosine. This was assumed to be a result of the inaccessibility of the 

DNA binding interface caused by crystal packing (the highly aromatic DNA binding 

interfaces of both StCspE were locked together, Figure 5-11). 

5.5.12 Crystallisation of His6CspD 

Many attempts were made to crystallise His6StCspD but were all unsuccessful, this 

was thought to be a direct result of the flexible histidine tag. 

5.5.13 Purification of CspD 

Large amounts of His6SzCspD were purified and the His-tag was removed by the 

specific cleavage using the protease thrombin. The protein sample was concentrated 

and gel filtration with a HiLoad 26/60 Superdex 75 column was performed. 

Recombinant StCspD eluted as a single peak (Figure 5-19a), with a retention volume 

of 11.54 ml. StCspD was more than 95% pure, as judged by SDS-PAGE (Figure 

5-19b), with an apparent molecular weight of 8.0 kDa. 
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Figure 5-19. The purification of StCspD. 

(a) Purification of SICspD, resolved on a HiLoad 26/60 Superdex-75 column 
equilibrated in 10 mM Tris buffer (pH 7.5). (b) SDS-PAGE analysis of eluted 
SICspD protein. 

5.5.14 Crystallisation trails of StC'spD 

Crystallisation screens of pure SICspD failed to produce crystals or promising hits, as 

the protein precipitated out of solution with most precipitants used. Either the protein 

and/or the precipitant concentrations were reduced to try and reduce protein 

precipitation but nearly all conditions produced a gelatinous precipitate, similar to 

that seen in Figure 5-20. 

5.5.15 Purification and crystallisation trails of CspD-ss DNA complex 

Biacore studies (Chapter 4) have shown that the preferential ss DNA binding 

sequence, 5'-ACGGGG-3' (as determined by microarray analysis —Chapter 3), binds 

with to SICspD with low nM affinity. For financial reasons the crystallisation of the 

SiCspD-5'-ACGGGG-3' complex was not attempted. 
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Figure 5-20. Crystallisation of CspD. 

An example of the gelatinous precipitate observed for most screening conditions. 

5.5.16 Conclusions 

The structure of the S. typhimuriurn cold shock protein E (SICspE) has been solved. 

The final model was refined to R!Rçree  values of 20.3% and 23.42%. The five-

stranded (3-barrel structure of SiCspE is highly similar to other CSP structures. The 

X-ray crystal structure of SlCspE revealed a dimeric structure, with two StCspE 

molecules in the asymmetric unit, packed with their DNA binding faces hydrogen 

bonded together, which until now has never before observed in a CSP structure. 

Although the highly homologous EcCspE forms dimers in solution, no structure of 

such a dirner has been solved. The formation of a dirner between the ss DNA binding 

face of two SICspE molecules could suggest a possible self control or feedback 

mechanism, which would explain why many CSPs are transiently expressed at all 

times [60] but do not randomly bind single stranded nucleic acids, interrupting 

translational/transcriptional machinery. Studies of recombinant StCspE dimer 

formation in solution have shown that an N-terminal truncated version of SICspE 
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was forming dimers, whether native StCspE forms a dimer structure similar to that 

seen in the crystal still remains to be determined. 
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5.6 Results and discussion: Structural analysis of CSP/ss DNA complexes 

5.6.1 Overview 

During this work two CSP/hexathymidine (dT5) complex structures have been 

published [14, 251, both of which show identical ss DNA-binding interfaces. The 

ligand positions from both structures were combined to create a model of a 

BsCspB/T7 complex structure. The SICspE crystal structure was superimposed onto 

the BsCspB/T7 structure to obtain the StCspE/5-TTTTTTT-3 - model, with identical 

interactions observed at each DNA subsite. The heptathymidine ligand was mutated 

to obtain the StCspE/5'-GTCTTTT-3 - complex structure. The derived StCspE/5-

GTCTTTT-3 - model was used to explain the base preference seen at each of the 

seven DNA binding sub-sites, as shown from ITC and SPR experiments. The 

SICspE/5 -GTCTTTT-3 - structure was superimposed onto the homology modelled 

structure of StCspD to obtain potential DNA subsite positions and a final StCspD/5 --

GTCTTTT-3 - model. The ss DNA ligand was mutated to obtain a model of StCspD 

in complex with 5 -ACGGGG-3 -. The StCspD/5 '-ACGGGG-3 - model was used to 

explain the base preference seen at each of the six DNA binding subsites, as 

observed in previous biochemical experiments: 

5.6.2 Analysis of evolutionary conservation and electrostatic properties of the S.T 

CspE ss DNA binding site. 

Consurf, a web-server for analysis of evolutionary conservation, was used to predict 

functionally and structurally important residues. The analysis was carried out using 

all experimentally validated prokaryotic CSPs (for alignments refer to A1.5). Amino 

acids with above average conservation scores could be grouped into two categories; 

those involved in the defining overall structure and those predicted to participate in 



DNA binding (Figure 5-2 lb and c, highlights the electronegative DNA binding face). 

All residues involved in DNA binding were found to be highly conserved (Figure 

5-21b), with above average conservation levels for the residues that make up the 

RNP-1 and 2 motifs. The least conserved residues could be seen on opposite face of 

the protein (1800)  (Figure 5-21b), which have no designated function and we could 

expect these residues to vary a lot in organisms with evolution as long as they 

function to conserve to overall fold of the CSP. The high-level of conservation 

observed in the DNA binding site of StCspE with many other CSP homologues and 

the use of predefined ligand positions (section 5.6.3) provides an excellent basis for 

the creation of a valid StCspE/ss DNA model. 
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Figure 5-2 1. Evolutionary conservation and electrostatic properties of StCspE. 

(a) Cartoon representation of the SICspE X-ray structure (present earlier in this 
chapter) coloured according to ConSurf analysis at 0 and 180 °. (b) Sphere 
representation in same orientation as (a). (c) Electrostatic surface calculated using 
Pyniol in the same orientation as (a). Highly electropositive DNA binding surface 
shows a high level of conservation. 
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5.6.3 Generation of a CSP/dT7 model 

Two recent publications of B. caldolyticus and B. subtilis in complex with 

hexathymidine (dT6) provide the position of five and six DNA-binding subsites [14, 

25], respectively, which can be used in conjunction to obtain a valid model of seven 

complete DNA-binding subsites. The B. caldolyticus/dT6 structure provides the 

position of DNA-binding subsites 2-7 and the B. subtilisldT6 structure provides the 

position of DNA-binding subsite 1, which is occupied by T5 of the dT6 ligand. Figure 

5-2 la-b shows an overlay of the dT6 ligands from each of the structures, bound to 

BsCspB. Combination of all seven DNA-binding subsites resulted in a convincing 

BsCsp.B/dT7 model (Fig. 5-21c-e). 

Starting at subsite I of the dT7 bound ligand and following the 5'-3' polarity of the 

DNA, the following interactions are made between the protein and DNA. At subsite 

I (Figure 5-220, TI makes an edge-on stack with Phe38. At subsite 2 (Figure 5-220, 

T2 forms a double stack with Phe38 and Phe30 and the nucleobse head groups 

make specific hydrogen bonds with the Lys39 backbone and a water, which 

coordinates two more hydrogen bonds with Sen I 1 and Thr40. At subsite 3 (Figure 

5-22g), T3 makes an edge-on contact with His29 and a hydrogen bond with the 

deoxyribose ring oxygen of the nucleoside. At subsite 4 (Figure 5-22g), T4 forms a 

stack with His29 and G1n59 makes a hydrogen bond via the nucleobase head group. 

At subsite S (Figure 5-22h), T5 stacks with Phe27 and Arg56 hydrogen bonds via the 

nucleobase head group and a phosphate oxygen. At subsite 6 (Figure 5-22h), T6 

stacks against Phel 7 and its head groups interact with the side chains of Lys7 and 

Trp8 via hydrogen bonds. At subsite 7 (Figure 5-22i), T7 forms a stacking interaction 

Trp8. 
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Figure 5-22. Creation of the BsCspB/heptathymine complex model. 

(a) BsCspB in complex with dT6  (red) and the positions of the dT 6  ligand from the B. 
cafdolyticus/dT6  complex, overlaid (blue). (b) The position of each nucleobase 
subsite from the combined T6  ligands. (c) The BsCspB/dT 7  model generated by 
combining the interacting subsites of both dT 6  ligands. (e) Stereo image of the 
BsCspB/dT 7  model. (f-i) The interactions made between the protein and dT 7  ligand 
at each of the DNA-binding subsites 1-7. All interactions are described in the text 
above. 
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5.6.4 Generation of the StcspE/dT7 model 

The BsCspB/dT 7  model was superimposed onto the experimental derived crystal 

structure of S/CspE (Figure 5-23a). All of the BsCspB/dT 7  DNA binding subsites 

(Figure 5-22f-i) were highly conserved in the StCspE structure, with two minor 

discrepancies. In the BsCspB/dT7 structure, T5 hydrogen bonds with Arg56 via the 

nucleobase head group and phosphate oxygen (Figure 5-22h) but in the SiCspE 

structure this residue is replaced by a lysine (Lys59) (Figure 5-23a). 

Figure 5-23. Superimposition of the StCspE structure on to the BsCspB/dT7 
model. 

(a) Stereo image of the BsCspB/dT 7  model (grey) superimposed on the crystal 
structure of S1CspE (Purple). SiCspE amino acid side chains are coloured pink and 
BsCspB are coloured green. A blue arrow shows the movement in loop required for 
Lys59 of SCspE to substitute the contacts made between Arg56 of BsCspB and the 
dT7  ligand. (b) The stacking interaction made between T7 and Trp8 of BsCspB. (c) 
The new position of T7 in the StCspE/dT7 model, creating a similar stacking 
interaction. 
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An upward movement of the same loop region in the SICspE structure, containing 

Lys59, to the position of Arg56 would recreate the same hydrogen bond made at this 

subsite. In the BsCspB/dT7 structure at subsite 7 (Figure 5-22i), T7 forms a stacking 

interaction with Trp8. The position of the tryptophan is flipped out in the SICspE 

structure (Figure 5-23b). in order to mimic this stacking interaction in the 

SiCspE/dT7 model, the position of T7 was adjusted (Figure 5-23c). This adjustment 

resulted in the formation of an additional hydrogen bond, between the NH group of 

the tryptophan and the nucleobase head group oxygen (Figure 5-23c). 

5.6.5 A S1CspE15 '-GTCTTTT-3 'model explains sequence specificity 

Previous microarray binding studies (Chapter 3) for SICspE identified the consensus 

ss DNA binding sequence, 5'-GTCTTTT-3', with a binding preference for guanine 

(G) at position 1 and strong preference for cytosine (C) at position 3. The G base 

preference at position I and the C preference at position 3 were examined using ITC 

by systematically altering the base at position I or 3 for a thymine. The results 

clearly show that there is a preference for G at position 1 and C at position 3, with a 

7-fold increase seen in Kj for the consensus sequence, 5'-GTCTTI'T-3', when 

compared to 5'-TTTTfl'T-3'. To explain the base preferences of G and C, the 

heptathymidine ligand from the SCspE/dT 7  model was mutated to 5r-GTCflfl-3' 

(Figure 5-24a). 

On replacement of the thymine with a cytosine at subsite 3 of the dT7 ligand, the 

apparent Kd decreased from 78.74 ± 10.47 to 39.84 ± 4.47 nM. In the BsCspB/dT7 

and S!CspE/dT7 model the thymine base at position 3 makes an edge-on contact with 

195 



3 

Cytosine 	 Thyrnine 

l-1is29 and a hydrogen bond with the deoxyrihose ring oxygen of the nucleotide 

(Figure 5-22g). 

WNW Lys I 	 T2 

16 

 

 

Al Or f 

0• 

11 

Figure 5-24. Cytosine preference in the StCspE/5'-GTCTTTT-3' structure. 

(a) SICspE in complex with 5'-GTCTTTT-3' (yellow). Subsite 3 is highlighted by a red box. (b) 
Chemical structure of cytosine and thymine nucleobases. (C) Subsite 3. showing a bound cytosine 

nucleobase. and rotated 120' (d). (e) Subsite 3, showing a bound thymine nucleohase, and rotated 120 °  

(f). (g) Subsite 3, showing a bound thyinine nucleobase bound in the opposite conformation to (c) and 

rotated 120 °  (h). Hydrogen bonds are shown as dashed red lines and interactions < 2.5 A have been 
highlighted with dashed green lines and circled in red. All interactions are described in the text below. 



Changing the T3 to C3 at this position could not explain the specificity or base 

preference observed at this subsite. A new adjacent subsite was discovered which 

provides an ideal shape and hydrogen-bonding complementarity for the specific 

binding of cytosine over thymine (Figure 5-24c). At subsite 3, C3 head groups make 

three specific hydrogen bonds, two of which are via the backbone oxygens of Gly 16 

and LysI 5. A third hydrogen bond is also made between the cytosine head group 

oxygen and the NH group of T4. The binding of thymine nucleobase, in both 

possible conformations, to this cytosine specific pocket was examined (Figure 5-24e-

h). Upon substitution of a thymine for the cytosine in subsite 3, the methyl group 

sterically inhibits the binding of a thymine base (Figure 5-24e - circled red). 

Rotation of the thymine base 180' in the pocket (Figure 5-24g) eliminated the 

initially steric hindrance observed but resulted in opposing charges from the oxygen 

of the thymine base head group and a backbone phosphate oxygen and deoxyribose 

oxygen (Figure 5-24f - red circle). These opposing charges would prevent the 

thymine nucleobase from binding to the cytosine specific binding pocket. The 

interactions observed for the docked cytosine and thymine provide evidence for 

specificity of cytosine nucleobase at subsite 3, which is in good agreement with ITC 

result. -. 

On replacement of the thymine with a guanine at subsite I of the 5 '-QJCTTTT-3' 

ligand, the apparent Kj decreases from 39.84 ± 4.47 to 11.27 ± 2.22 nM. In the 

BsCspB/dT7 and SICspE/dT7 model the thymine base at position I makes a side on 

stacking interaction with (Figure 5-25c). Changing TI to GI at this position retains 

the stacking interaction and results in the formation of an additional hydrogen bond 

between the backbone NH group of G1y37 and the headgroup oxygen of the guanine 
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nucleobase (Figure 5-25b). The single hydrogen bond difference between the docked 

guanine and thymine provides evidence for the differences in binding affinity 

observed during ITC binding experiments between 5'-TTCTTTT-3' and 5'-

GTCTTTT-3'. 

Figure 5-25. Guanine preference in the StCspE/5'-CTCTTTT-3' structure. 

(a) S!CspD in complex with 5'-GTCTTTT-3' (yellow). Subsite I is highlighted by a 
red box. (b) Subsite I, showing a bound guanine nucleobase. (c) Subsite 1, showing a 
bound thymine nucleobase. Hydrogen bonds are shown as dashed red lines and 
stacking interactions have been highlighted with dashed green lines. All interactions 
are described in the text above. 

5.6.6 Generation of the StCspD15'-ACGGGG-3 'model 

A computer generated model [205] of StCspD was superimposed onto the S!CspE/5'-

GTC'VFTT-3 complex model to obtain docking positions for the experimentally 

determined high-affinity ligand, 5'-ACGGGG-3, resulting in the StCspD/5'-

ACGGGG-3' model (Figure 5-26a). 
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Starting at subsite I of the bound ligand and following the 5'-3' polarity of the DNA, 

the following interactions are made between SICspD and DNA. At subsite 1 (Figure 

5-26c), Al forms a double stack with Tyr39 and Try3l and the nucleobase head 

groups make specific hydrogen bonds with the Arg40 backbone oxygen and the OH 

groups of both tyrosines. At subsite 2 (Figure 5-26d), C2 head groups make three 

hydrogen bonds via the backbone oxygens of Lysl3 and G1y14 and the nitrogen of 

His30. At subsite 3 (Figure 5-26e), G3 stacks with His30 and the nucleobase forms a 

hydrogen bond via the nucleobase head group of 64. The head groups of G3 have 

the potential to form additional hydrogen bonds with nearby His60 via water 

molecules (Figure 5-26e dashed green lines). At subsite 4 (Figure 5-260, 64 forms 

a stacking interaction with Phe28 and forms several hydrogen bonds via the 

backbone oxygen and nitrogen of Lys57 and the backbone oxygen of Asn59. At 

subsite 5 (Figure 5-26g), 65 stacks with Phe17 and head groups hydrogen bond with 

the amino acid side chains, TrpS, Lys7 and Asp26. At subsite 6 (Figure 5-26h), G6 

forms a stacking interaction with Trp8 and two base specific hydrogen bonds with 

AsnlO. 

Previous microarray binding studies (Chapter 3) for SCspD identified the consensus 

ss DNA binding sequence, 5'-ACGGGG-3', which was later identified by SPR asan 

extremely tight binding ligànd (K 19.16 nM). The SICspD/5 '-ACGGGG-3'model 

clearly shows how the DNA ligand could specifically bind to CspD but without data 

this is merely speculation. 
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Figure 5-26. A model of the SICspD in complex with 5'-ACGGGG-3'. 

(a) S1CspE in complex with 5'-ACGGGG-3' (yellow), showing the position of each 
nucleobase subsite. (b) Stereo image of the SiCspEI5 '-ACGGGG-3' complex. (c-h) 
The interactions made between the protein and 5'-ACCGGG-3' ligand at each of the 
DNA-binding subsites 1-6. Hydrogen bonds are shown as dashed red lines and 
potential hydrogen via water molecules have been highlighted with dashed green 
lines. All interactions are described in the text above. 

5.7 Conclusions 

The 5'-GTCTTTT-3 ligand was docked onto the SICspE crystal structure. ITC 

results clearly show that there is a preference for G at position I and C at position 3 

200 



over a thymine base. Comparison of the StCspE/5-GTCTTTT-3' with the 

StCspE/5'-TTTTTTT-3' structure has clearly revealed key differences in the 

interactions at subsite one and three, which explains the difference in binding 

preference and affinity for the 5 '-GTCTTTT-3 - over the 5 '-TTTTTTT-3 - ligand. 

Although the computer generated StCspD/5 -ACGGGG-3' model provides a 

hypothetical explanation of how the experimentally determined DNA binding 

preference, 5 -ACGGGG-3 -, could bind to StCspD, it cannot be used with any 

degree of confidence to clarify differences in the binding preference between StCspE 

and StCspD. This is primarily due to the uncertainty associated with modelling the 

protein structure of StCspD, as gel filtration results have suggested StCspD formed 

dimeric structures at high protein concentrations in solution (Figure 3-8a). The 

dimeric structure may be similar to that of the domain swapped dimer of the 

BcCsp/T6 structure [25], making it extremely difficult to accurately predict a ss DNA 

binding mode for StCspD. 
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CHAPTER 6. Summary and future work 

This thesis has described the structural and biochemical studies of cold shock domain 

containing proteins from Bacillus subtilis and Salmonella typhimurium. The work 

was broadly divided into four main projects: 

A novel DNA microarray approach for the identification of sequence specificity 
of single stranded DNA binding proteins (Chapter 2). 
The purification and characterisation of a family of CSPs from salmonella 
typhimurium (Chapter 3). 
The biochemical characterisation of two key CSPs from the family of 
Salmonella typhimurium CSPs (Chapter 4). 
The structural studies of CspE and CspD from salmonella typhimurium (Chapter 
5). 

This chapter summarises the major findings and conclusions of the projects and also 

outlines the areas which require further work. 

6.1 Sequence specificity of single stranded DNA binding proteins: A novel 

DNA microarray approach. 

As described in chapter one, SNABPs have been shown to bind with high affinity, 

non-specifically and specifically, to ss DNA which has been shown to regulate gene 

expression both positively and negatively. To understand how binding of SNABPs to 

ss nucleic acids regulates transcription and translation, the regions of sequence 

specificity must be identified. The identification of preferred binding sequences of 

single stranded nucleic acid binding proteins can be a long laborious process using 

standard techniques. A high-throughput method is required which allows the user to 

screen multiple binding sequences for the candidate SNABP. Many SNABPs contain 

a small structural motif known as the Qligonucleotide/oligosaccharide binding fold 

(013-fold). Cold shock proteins (CSPs) are the simplest examples of an 013-fold 
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containing proteins, containing only a single OB-fold domain, which provide an 

exemplary test protein for the development of a high-through screening assay. CSPs 

have been shown to be directly or indirectly involved in protein transcription and 

translation but a clear mechanism has yet to be elucidated. Initially CSPs were 

thought to bind preferentially to the Y-Box sequence, ATTGG, as well as the reverse 

complement, CCAAT [86]. The interactions between CSPs have been further 

examined over the years using various experimental techniques and have clearly 

demonstrated that highly homologous CSPs bind more than just the Y-Box sequence. 

6.1.1 Project aims 

To examine the use of a generic oligonucleotide microchip as the basis for the 

development of a high-throughput assay for the identification of sequence specific ss 

DNA protein interactions, using the major CspB from B. subtilis. 

6.1.2 Major findings and conclusions presented in this thesis 

. 	Proteins could be labelled appropriately (either directly labelled with Cy5 or 

detected using Cy3-penta-His antibodies) and the subsequent binding to the chip 

could then be visualised using a standard microarray scanner. 

. - Two recombinant forms of the major cold shock protein from B. subtilis (an N-

terminal 6xflis tag and a non-tagged construct) were expressed and purified. 

Both forms of the.CspB bound oligonucleotides that were structurally consistent 

with the oligonucleotides found on the array surface with similar affinity. 

• 

	

	CspB binds with high-affinity to pyrimidine-rich sequences on the surface of the 

chip, with a binding preference for the consensus sequence, 5 '-GTCTTTG/T-3'. 
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. The sequence was modelled onto the known structure of CspB and a cytosine-

binding pocket was identified, Alhich explains the strong preference for a 

cytosine base at position 3. 

. This novel unbiased microarray assay provides a means of rapidly identify 

optimal binding sequences for SNABPs in vitro, which may provide insight into 

their role in regulating cellular functions. 

6.1.3 Future work 

The next step in this project is to screen a whole repertoire of SNABPs from many 

different organisms. The results may identify SNABP promoter regions, as yet 

previously unseen, which may highlight new gene regulation pathways and provide a 

clear insight into their role in regulating cellular functions. 

The human Y-Box protein, P50 (a eukaryotic CSP homologue), has been initially 

screened for ss DNA sequence specificity using the novel DNA microarray assay 

(refer to section A1.7 for a summary of the completed work). The results were 

promising and have been therefore included as an appendix (Appendix 1.7). These 

preliminary results indicate that P50 has a binding preference for the sequence, 5 

ACGGGGT-3 -, which is very similar to the consensus binding sequence identified 

for StCspD (5 '-ACGGGG-3') from S. typhimurium, again highlighting a new 

polyguanine binding subgroup with CSD containing proteins. StCspD may therefore 

have similar functions to P50 and bind to mRNA not merely as an RNA chaperone 

but may inhibit or enhance translation [190, 191] 



6.2 The purification and initial characterisation of a family of CSPs from 

salmonella lyphimurium. 

In Salmonella typhimurium, six CSP (SICspA, StCspB, StCspC, StCspD, StCspE, 

StCspH) have been identified and the cold inducibility of StCspA , StCspB and 

StCspH has been reported [157-160], although their functions are yet to be clearly 

elucidated. The complete ss DNA binding characterisation of this family may 

highlight differences/similarities in DNA binding, corresponding to the potential 

functions of each CSP. 

6.2.1 Project aims 

To clone, express and purify each of the six CSPs from S. typhimurium and to 

determine the specific s DNA sequence recognition using the previously developed 

microanay assay. 

6.2.2 Major findings and conclusions 

Recombinant N-Terminal His-tagged constructs of all six CSPs from. S. 

typhimurium were successfully generated. 

• 	All SICSPs, with the exception of StCspI-I, were successfully expressed, purified 

and the sequence specificity for ss DNA binding was determined using the DNA 

microarray assay. 

• 	StCspD bound purine .(guanine) rich sequences, resulting in the consensus 

binding sequence, 5-ACGGGG-3'. SICspA, StCspB, StCspC and CspE bound 

pyrimidine (thymine) rich sequences, with an identical core consensus sequence, 

5 '-TCTTT-3 -. 
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6.2.3 Future work 

The two types of ss DNA binding specificities (5 -AC000G-3 - and 5 -TCTTT-3 ) 

were observed in the small group of CSPs analysed in this work, which was 

suggestive that there may be differences in function. These differences in function 

have been investigated in a series of preliminary complementation experiments. 

Table 6-1. Growth of CSP mutants after 72 hours at 15°C. 
Strain 	 Growth* 
ACspA YES 
ACspB YES 
Acspc YES 
ACspD NO 
AC5pE YES 
ACspH 

$ 	 NO 
ANu1I NO 

Wild-tvne YES 
Giwth comparable to wild-type after 72 hrs 

A = all other CSP have been mutated with the exception of CspX 
Null = all CSP had been mutated. 

As discussed previously, (Chapter 1) CSPs are essential for cellular growth at low 

temperatures in prokaryotes [74] and recent experiments have shown that the 

presence of certain individual StCSP have the ability to restore wild-type cellular 

growth of S. typhimurium at 15°C (Table 6-1). 

The only CSPs that did not restore wild-type growth of S. typhimurium after 72 hours 

at 15°C were StCspD and SICspH. Interestingly, StCspD also showed a completely 

different ss DNA binding specificity (5 -ACGGGG-3 ) when compared with 

StCspA, Sz'CspB, SICspC and Si!CspE, which bound similar ss DNA sequences (5-

TCTTT-3') and also restored wild-type growth at 15°C (Table 6-1). Clearly SICspD 

has a different function in S. iyphjinurium, which has been clearly highlighted 

throughout this thesis. CSP paralogues in B. subtilis [74] and E. coli [69] have been 

shown to have similar functions but this work clearly demonstrates that StCspD (and 
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most likely StCspH) have different functions, which are yet unclear but may be 

similar to that of their eukaryotic relatives, the Y-Box binding proteins [190, 1911. 

Further studies of SICspD and SICspH will hopefully determine the function of this 

new class of CSPs. 

6.3 The biochemical characterisation of two key CSPs from the family of 

Salmonella typhimurium CSPs. 

For this study, StCspE and StCspD were used as representative members of the CSD 

containing protein family.. Initial ss DNA binding results have shown that StCspE 

binds preferentially to the pyrimidine rich heptanucleotide, 5 -GTCTTTT-3 -, while 

S1CspD exhibits a binding preference for the purine rich hexanucleotide, 5'-

ACGGGG-3 -. 

6.3.1 Project aims 

To investigate the interaction of SICspE and StCspD with various ss DNA sequences 

using surface plasmon resonance method and isothermal titration calorimetry and 

consequently gain a better understanding of the kinetics and thermodynamics of 

CSP/ss DNA interactions. 

6.3.2 Major findings and conclusions 

• StCspE was found to bind with highest affinity to the oligonucleotide sequence, 

5'-GTCTTTT-3'. 

• SPR and ITC results for the His6StCspE/5 '-GTCTTTT-3 - interactions revealed 

temperature dependence of equilibrium dissociation constants (Kd), ranging 

from 8.71 ± 1.77 nM at 10°C to 258 ± 17.73 nM at 37°C, which was primarily 

due to a large increase in dissociation rate constant (kd) 
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. Problems arose when creating a stable Biacore chip surface to assay StCspD/ss 

DNA interactions. A covalent like immobilisation strategy was achieved using a 

double-His-tagged version of the StCspD protein. 

Double-his-tagged StCspD was found to bind with highest affinity (19.16 nM) 

to the 5 '-ACGGGG-3 - sequence and with an extremely slow k (2.70 ± 0.22 x 

1 -4  s') at 15°C. 

. StCspD and StCspE bind to different oligonucleotide sequences with very high 

affinity and with a completely different set of kinetics. 

6.3.3 Future work 

The double histidine tag vector is to be developed further and used to create stable 

covalent-like immobilisation of proteins on the surface of Biacore NTA chips. The 

stable surface would allow users to screen various ligands but would also allow for 

the removal of the double-his-tagged protein from the surface. The replacement of 

one protein for another protein of interest would reduce the overall cost of Biacore 

screening experiments as many proteins could be screened on a single NTA chip. 

6.4 The structural studies of CspE and CspD from salmonella typhimurium. 

Two different types of recognition sequences were determined for SICspE and 

StCspD. Previous results have shown that they recognise either purine (e.g. StCspD) 

or pyrimidine (e.g. SICspE) rich sequences in a sequence specific binding manner. 

Examination of the structure of CSPs in a DNA bound and unbound state, at an 

atomic level, would provide a detailed insight of the CSP-ss DNA interaction, one 

method that allows for such an analysis is X-ray crystallography. 
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6.4.1 Project Aims 

• To obtain X-ray crystal structures of StCspE and S1CspD. 

• To obtain X-ray crystal structures of StCspE/5 '-GTCTTTT-3 - and StCspD/5 --

ACGGGG-3'. 

6.4.2 Major findings and conclusions 

. StCspE was crystallised in the monoclinic space group P21 and the final model, 

refined to R/Rf e  values of 20.3%/23.42%, consists of two StCspE molecules in 

the asymmetric unit packed DNA binding face to face, held together by six 

potential hydrogen bonds. 

• The recombinant StCspE formed a crystallographic dimers but it was an N-

terminal truncated version of the protein that formed dimers in solution. Whether 

the additional StCspE N-terminal amino acids (which were a result of cloning) 

are preventing StCspE forming dimers in solution, similar to that of the 

crystallographic structure, still remains to be determined. 

StCspE/5 '-GTCTTT-3' proved to be difficult to crystallise and as a result the 
5 

GTCTTTT-3 - sequence was modelled onto the structure of SCspE. A cytosine 

specific binding pocket was identified at DNA subsite 3, explaining the 

preference for a cytosine base. The replacement of a thymine with a guanine at 

subsite 1 resulted in the gain of a hydrogen bond, explaining the preference for a 

guanine base at position this position. This structural analysis of StCspE 

specificity for the 5'-GTCTTTT-3' sequence was clearly confirmed in earlier 

ITC experiments (see section 4.5.5). 

• Attempts to obtain crystals of StCspD were unsuccessful but a computer 

generated model was created which was used to generate the SICspD/5- 
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ACGGGG-3' complex model, this provided reasoning for the base preference 

seen at each of the DNA binding subsites, as observed in previous biochemical 

experiments. 

6.4.3 Future Work 

The crystallisation of StCspD is ongoing using different crystallisation techniques 

(the batch method and sitting drop) and screening procedures to obtain diffraction 

quality crystals. Structural differences in SICspD may highlight why SICspD binds 

specifically to polyguanine rich sequences and why functionally it is unable to 

restore the cold shock phenotype. To purify full length (untagged) StCspE; the 

purification of full length StCspE would allow for the determination of the 

oligomeric state of StCspE in solution. 
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I Appendix 

1.1 Sequence details of the CSPs cloned from S. typhirnurium. 

The nucleotide sequences of the cold shock proteins from Salmonella typhimurium 
strain 1344, which were cloned during this work. 
(Sequenced by the Sanger centre: http://www.sanger.ac.Lik/Proiects/Sali -noneIla/)  
The nucleotide sequences have been colour coordinated with the primers used for 
cloning, which shows the sequence incorporated into the primers. 

>CSPA 
A I( ulC(( ( It AAAA t( ,\CI( (1 IA I( GTAAAATGGTTCAACGCTGATAAAGGCTTCGGCTTTA 
1 TACTCCTGATGACGG [ICTAAAGACG'IGTTCGTACACT FC [ CCCJC I AT rCA(JAACGATGG 
T'I'ACAAATCTCTGGACGAAGOTCAGAAAGTTTCCTTCACCAlCGAAAGCGGCGCIAAGGG 
CCCGGCA( (I( G('A/\(( IAA( '('A( ((' I( iIAA 

>CSPB 
\ [(L\( ( \( 	\ \ \ I ( .\( I( 	I,\GTAAAATGGFTTAACCCTGAAAAGGGCT1IGGTTTC 

ATTACOCCTAAAGAIGCjCAGCAAAGATGTGTTTGTGCA1iFTTCAGCCATTCAGTA\TG 
AAi°I'CCGCACTCTGAATCJAAAATCAGGAAGTGGAGTTt1CAGTAGAGC1ACCAAAAG 

>csPc 
'VI ( ( A.•\A( .\ I I.\.\.\( (il (A\( I [AAGTGGTTCAACGAATCCAAAGGTTTTGCJCTTCATT 
ACTCCGGCTGACGOCAGCAAAGATGTG'TCGTACACTTCTcc0cTA1CCA00GCTTT 
. ICAAAACTCTGGCTGAAGGCCAGAACGTTGAGTTCGAAATTCAGGACGCCAGAAAGGTC 
CcGCCG( I 	 ICI(i,'\ 

>CSPD 
A1GGAAACGGGTACI(flAAAGI'GCiTTCAACAATGCCAAAGGGTTTGGTCATCTGT 
CIAAGGCGGCGGCGAGGATATTTTCGCCCA1TATTCCACCATTCAAATGGAIGGTTACAGA 
ACGCTTAAAGCCGGACAGTCTGTCCGGTTTGATGTCCACCAGGGGCCAAAAGGCAATCAC 
GCCAGCGTCATCGTGCCCAICGAAGCAGAGGCCGTTGCATAG 

>CSPE 
I I AACjTGGTTTAA1'GAATCCAAAGGAtFCCJGTlICATTA 

CTCCGGAAGAIGGCAGCAAAGACGTGTTTGTACACTTCTCTGCAATCCACiACCAATGGTTF 
]'AAAACJ'CTG(iCTGAAGGTCAGCGCGTAGAGTTCGAAAICAC1AACGGFGCCAAAGGCCC 
TTCCCIC I ( (.•\\ \( ( i I \ \( r I 

>CS P1-I 
ATGTCTCGTAAAAI'GACAG(.IAATTGTCAAAACCTTTGATTGTAAOAGCGGTAAAGGTC1 C 
ATCACCCCCTCCGATGGACGCAAACJATGTTCAGGTCCACATTTCAGCAFGTCGCCAACAC 
GAAACACiAAGCGCTTATCCCCGGTATACGCGTTGACJTTTTGTCGTATTAATGGCCTCCG 
GACCI'ACCGCCGCCAACGTI'FATCT]'TCATAA 
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The following primers were used to clone the S. lyphimuriurn csp genes. Hindlil and 
Ndel sites have been added to all primers (shown in bold), primers are colour 
coordinate with the previous CSP nucleotide sequences. 

FWD_CSPA 5'- ACACA CAT J\T(fl 1CC (JGT AAA ATG ACT GGT ATC 
32 bases long, GC content = 41%, Tm61 
REV_CSPA 5'- CA AAGCTT lIA CAG GCT GOT TAC OTT GCC AGC 
32 bases long, GC content = 50%, Tm64 

FWD CSPB 5'- ACGCA CAT AiG ACG ACO AAA ATC AC]' GOT '[IA 
32 bases long, GC content = 41%, Trn61 
REV_CSPB 5'- CGA AAGCTT I IA AAG CGC CAC AAC GTT GAC CCiC 
32 bases long, GC content = 50%, Tm64 

FWD CSPC 5'- ACGCA CAT ATG OCA AAG ATT AAA GOT CAA OTT 
32 bases long, GC content = 38%, Tm59 
REV CSPC 5'- CGA AAGCTT [('A (,AT AGC TOT TAC G11' AAC AGC 
33 bases long, GC content = 42%, Tm62 

FWD CSPD 5'- ACACA CAT ATG GAA ACG GOT ACT OTA AAG TOG 
32bases long, GC content = 44%, Tm62 
REV CSPD 5'- CA AAGCTT CTA TGC AAC GOC CTC TGC TTC OAT 
32bases long, GC content = 50%, Tm64 

FWD CSPE 5' -  AGGCA CAT A'fG '1Cr AAG ATT AAA GO] AAC OTT 
32bases long, GC content = 34%, Tm58 
REV CSPE 5' —CGA AAGCTTTTA CAG AGC AGTTAC GTTTGC AGC 
33bases long, GC content = 45%, Tm63 

FWD CSPH 5' - AGGCA CAT ATG TCT COT AAA ATG ACA OGA All' 
32bases long, GC content = 38%, Tm59 

REV CSPI-1 5'- CGA AACCTT TTA TGA AAG ATA AAC OTT OGC GGC 
33 bases long, GC content = 42%, Tm62 
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1.2 Cloning of the six S. typhimurium CSPs, sequencing results. 

The following sequence alignments show each of the S. zyphimurium CSP nucleotide 
sequences aligned with the cloned sequences. Initially the csp genes were cloned into 
the pCR2. I -TOPO (TOPO 2.1) shuttle vector (Invitrogen) and were then 
subsequently cloned into the final pET28a expression vector. 

CSPA in TOPO 2.1 

._uI ((IL!! 
CSPA - liIuILLI'uI liii I!..... 

7 0  80  90 100 120 

 

110 

_CTGCATM.J1TCCCCCTTACACACATATGTCCGGTAAAATCACTUUTATCGTAAAATCCTT 

CSPA .1(11 LUIIATGTCCUGTAAAATCACTCCTATCGTAAAATGCTT 

 

- 

150 160 170 180 

.vpC.F CAACCCTUATAAAGGCTT CIUCTTTATTACTCCTUAT CACtGTTCTAAACACCTUTTCIT 

!t CAAC C CT CATAAACUCT T C CCC T T TAT TACT CC T CAT CAC GUT T C TAAACA CUT U IT C CT 

1* 200 Z10 220 Z30 240 

i'pi.r 	
ACACTT 

tr 	ACACTT 

CTCCCCTATTCAGARCUATOGT TACAAATCTCTUUACUAA&CTCAUAAACTTTC 

CTCC CCTATTCACAACUATCCTTACAAATCTC TCCACCAACCTCAGAAACTT TC 

2SO 260 270 280 Z90 300 

CTTCACCAT CCAAAUCUGCGCTAAUOOCCCCCCAUCTGCCAACGTAACCA&CCTU 

!t CTTCACCATCCPIAAUCGGCCCTAAGCCCC CUGCACCTCCCAAC 

310  31.  340  350  36 

CSPA 

CSPB in TOPO 2.1 
10  20  30  40  50  

60 

II;)_iTVIulCNTGGCC6AATTCGGCCCTCTACATUCATGCTCUAGCGGCCGTGTCAhITAT 
.11 - 	 UUI.I. III!.. Utt(UII._UU(UtI 11(1(11 

70  80  
90 100 110 120 

:)_n,_CTNCRIIAATTCGCCCTTACUCACATATUACGACGAAAATCACTGGTTTRGTAMthTTT 

Li 

130 140 iso 160 170 160 

M BISVVTAACCCT&AAAAGUGCTT T UCT TI CAT TACUC CTAAACATGGCAGCAAAUATGTCTTTGT 

CSPB TAACCCTCAAAAGGGCTTTGGTTTCATTACGCCTRAACATGUCAGCMthCATGTUTTTGT 

190 200 210 220 230 Z40 

HK B1 fWd _GCATTCTTCAGCCATTCAAAGTAATGAATTCCGCACTCTCAATGAAAATGCCTG 

CSPB GCATTTTTAGC CAT TCAAAGTAAT UAAT T C C UCACT CT CART UAAAATcAUUAACT C 

41' 41' SAl 21. 410 300 

HP! Dl twd 

C SPB 
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Cfl I' '1L1! 
10  20 	 30 40 so 60 

!j" 	r_rATNT11T 11ATT 6ATCTA6AT0T0cTb0 AUTGTTG  
CSPC 

- - 
- 

M ClI_fl ATATCNCCCNTAATIII(GCCCTTACGCACATATGGC 6ATTTTTAAGTG 

CSPC 	 L,.._LI Uti_LIUUIU. I_ti UIATG&CAAAGATTAAAGGTCAAGTTAAGTG 

130 140 	ISO 160 170 leo 

Ii" 	*_CTTACGAATCCJAAGGTTTTGGCTTCATTACTCT6 AGATcTGTTC 

TT CAACGAATC CAAA&GTT TTGGCTTCATTACT CC.GGCTGAC.GGCAGCAIAGATGT GTTC 

190 200 	210 220 JL-  240 

•p 	
.ip,GTACACTTCTCCGCTATCCAGGGCJATGGTTTCIAACTCTG0CT61 WthTT 

GTACACTTCTCCGCTATCCAGG&CAATGGTTTCAACTCTQGCTGGGCCA&ACGTT 

250 260 	270 280 290 300 

I" GAGTT C CAAATT CA BUAC GGC CAGAAABBTCCG GCC BC T GT TAAC GTAACA BC TA TCT 

310  320 	 330  340  350 360 

•1CT 	AABCTTTCGAABGGCGAATTCCAGCACACTGBCUGCCGTTACTAGTBI1ATCCBAGCTCCGI 

CSPC 

CspIi in TOPO 2.1 

10  20  
30  40  50  

6 

HK ,b_TATt4CTTGGBCGAATTBBGCCCTCTAGATBCTTB TBTTG 
UtJ__ iti_UU Ed• III,..,.. 	-_tU__ 11111 Iit...------- 

70  80  90 100 110 120 

Ii'i 	I)_9,TCTNCA!lAATTCGCCCTTACCACATATBGAAACBGGTACTBTAAAGTBGTTcIaTc 

CSPD 	 _.__ui_..jtU__. .AUttL¼TGc±cBBGTAcTBTAAAsTBGTTCAACAATGC 

 130 140 ' 160 170 180 

IjHn DI)_,l_CAAABGGTTTBBTTTCATCTGCCCTGAABGCG1BBCBAGGATATTTTCGTTATTC 

[soN CAAABBGTTTGGTTTCATCTGCCCTGAAGBCGGCGGCBABGATATTTTCGCCCATTATTC 

190 200 710 220 230 240 

IM sI_Th_CACCATTCAAAT&uATBBTTAcACAACBCTTAAAC TCTGTTTTGTG! 

CS' CACCATTCAAATGGATBGTTACAGAACUCTTAAAGCCGBAGTCT&TCCGBTTTCATCT 

250 260 270 260 290 301 

Ijq 
CSPD C CACCAGBG&CCAAAAGGCAATCACBCCAGCGTCATC&TGCCCATCGGCACAGGCCGT 

III  21 330 340 350 361 

Hit Dl ±wd 
CSPD 
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CSPE in TOPO 2.1 

10  ZO  
30 40 

50  
SO 

IH14 *_aTh_ATCHNTGGGCGAATTGGGCCCTCTACATGCATTAGCGTGTTGGR 
_tII III 

CSPE t...IIAI I 	S_tI - 	 IlL .1(1.. 	...11II_UlI(L 

70  80  
SO 100 110 lzo 

Iii 
14. tUttATGTCTAAGATTAAAGGTAACGTTIkAGTGGTT - 

HK E2 fVd 

 ATGAATCCJAAUUATTCUG1TTCATTACTCCGG6ATGGCIGCAIGACGTGTTTDTAC 

190 200 ZID 220 230 240 

Ij 	*Sfl' 	ACTTCTCTGCAATCCAGACCAATGGTTTTAAAACTCTGGCTGGGTGCGCGTACAGT 

r.i ! 	 ICTTCTCTGCAATCCAGACCAATGGTTTTAAAACTCTGGCT6GGTCAGCGCGTAGAGT 

4:11 290 30D 

Ii '

1*_lTC6AAATCACTAAC&UTGCCAAAGGCCCTTT6 T1TTCTGT 

CSIPE T CGAAATCACTAACGGTGC CAAAGGCCCTT CCGCTGCAAACGTAACT GCTCTGTAP 

310  320  
330 340 350 361 

W4 E2 fvd CAA&G&C GAATTCCAGCACACT &UC GGCCGTTACTAGTGCAT CCGAGCTCI Cm CC 

_____________ CSPE 

UI fl Iji] G4 I tgj sequence) 
10 20 30 40 .1 

' 	

_.aNCTGGTQCAUCTGCATCACTTAG TGTTTTCTTAGG 
IJUIuUlLLUUtI J! ....,.AttI Ifltl lUll 11111(1 LULIII 

70 so 9D 100 •1' 

1' HI rev 
IJI 	I —.ATCTCTCGTAAAAT CACAGCAATTCTCAAAACCTTT GATT ITAACAGCCGTAAI' CC 

130 140 ISO 16D 170 ISO 

HI rev Ih lId. 	TCTCATCACCCCCTCCCATUCACGCAAACATUTTCACGTCCACATTTCAGCATUTCCC 

190 200 z10 2zo 230 Z40 

.I1jI_i.  rev _AcAcI;AAACACAAGCCCT•fATCcccUGTATACuCGTTCACTTTTGTCGTATTMCCCCT 

C SPH ACACCAAACAGAAGCGCTTAT CCCCUCTATACGC GTTCAGTTTTCT CCTATTAATCGCCT 

250 260 Z70 280 290 300 

' 	

f_  rev CCGC&CACCTACCGCCUCCAACGTTTATCTTTCkT TTTc CTT 12 T 

I CC CCC CA CC TA CC CCC CC CAA C CTT TA CTTT CATAP 

310 370 330 340 35D 360 

CSPH  
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UC GT C CAT C 

UT 

UT 

CC 

TCCT UA I GA C U&TT C TAAA GAC UT 

TC CT CAT GAC GUTT C TAAA GAC UT 

TC 

CATCGAAAUCGGCGCTAAGGGCCCGGCAGCTGGCAA 

('A PC CAAA 1W GGC Ge TAAG GUC CCG GCAGC T U GCAA 

CA&CCT 



Sequencing results for 	 pET28, using 	 T 	7t!UII ,1I1afflS'N'1u[iJINIIt 

 
• — — 

NUA  
— 

ATGACGACGAAAATCACT 

so 	 90 	100 	110 	120 	130
a  

CSPB GGTTTAGTAAAATGGTTTAACCCTGAAAAGGGCTTTG&TTTCATTACGCCTAAAGATGGCAGCAAACAT 

150 	160 	170 	too 	 190 	200 	210 

ri 

CSPB TGTTT GT GCATTTTT CAGCCATTCAAAGTAAT 6AAT TCC OCAC TCPGAAT GAAAATCAGGAAGTUUAGTT 

220 	230 	240 	250 	260 	270 	290 

jP 	*Ia;SIThTTCAGTAGAGCAGGGACCAAAA&&TCCATCAGCGGTCAACGTTGTGGCGCTTTAAGCTTGCGGc4 

CSPB TTCAGTAGAGCAGGGACCAAAASGTCCATCAGCGGTCAACGTTGTGGCGCTTTA 

290 	300 	310 	 320 	330 	340 	350 

Sia;SV _CTCGAGCACCACCACCACCACCACTCAUATCCGUCTGCTAAcGCCC6G6GCTGMTTTUGCTI 

Sequencing results for CspC (5'-3') in pET28, using the T7fwd primer for 

10 	 20 	
30 	 40 	so 

CATTAAa ._GCCCCUTTAJkAGIHICATCATCACAGCAGCGGCCTGGTGCCGCGC1ICC1TGHMITRTGGCAAAAU 
4TCOCAAAGATTAAAG 

90 	
90 	100 	Ila 	120 	139 	140 

I 	.aeT_TCAAGAA AAGGC 	C 	 TACTCCUGCT6AC6UGCATGT  T 	 GTTTTGCTA  
CSPC 

150 	160 	 Ito 	190 	200 r — — 	 — 
 
	 -wa 

HR 	K. .a._CT_TTCGTACACTTCTCCGCTATCCAGGGCAATGGITTCAAAACTCTGGCTGAACGCCAGAACGTTGABTTC 

CS PC  

220 	230 	240 	250 	260 	270 	220 

HK riLen_AAATTCAGGACGCCACAAAGGTCCGG CTGCTGTTAACGTAACAGCTATCTGAAAUCTTGCGGCCGCACT• 
CSvC 4AATTCAGIJACGGCCAGAAAGGTCCGGCCGCTGTTAACUTAACAGCTATCTG!' 

210 	 300 	 310 	320 	
330 	340 	350 

!

-I- 

lim *raei-rCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACA!tAGCCCGAAAGGA6CT6A&TTGGCTGCT• 
CSPC 

. 
I 	 I 	 I 
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Sequencing MulL.the WAf%vd primer for  

20 	 so 40 	 50 	 60 70 

I_ PWGCCCCCIITJGIRl6TCATCACAGCAGCGGCCTGGTGCC&CGCGCCNG11CaTATGUAIICGGGTACTGT 
TI6NUtCGGGTACTGT 

00 	 10 	
100 110 	120 	130 140 

fwd Ij' 	 jig 
CSPD 

­ 0 	 110 	
I'D  18 	 190 	200 210 

Ij' • CATTATTCCACCATTCAAATGCAT&GTTACAOAACGCTTAGCCGGACAGTCTCTCCGGTTTGATGTCC 

220 	230 	240 250 	260 	270 200 

CSPD 	 ACCAG&GGCCAAAAGGCAATCACGCCAGCGTCATCGTGCCCATCAGCAGAGGCCBTTGCATA 

2 190 	1 	300 	 3" 	1  3120 	
33 	 34  1 	1 0  

350 

IF 

Sequencing results for CspE (5'-3') in pET28, using the T7f-Ndfor 

*$ap fwd 	AGCCCCIfluIAAAGGGGCATCATCACRGCA6C00CCTGGTGCCG NC 	TIIIATGTCTAACATT 

IjP CSPE 
I ATGTCTAACATT 

so 	 90 	 100 110 	120 	130 140 

"GATTCGUTTTTTT TGGT AGGTAACGTTAAGTTAATGiATCCAAA I 	kG&TAAC&TTIAGTGGTTTAATGAATCCAAAG6ATTCGGTTTCATTACTCCGGTGGCAGCAGAC 

AAUATCGCAGCAAAGAC 

150 	 Ito 	 170 ISO 	 190 	200 210 

a 	*sevflGTTTGTACACTTCTCTGCAATCCAGACCAATGGTTTTAAAACTCTGGCT6AA66TaGTT ICSPE gTGTTT BTACACTTCTCTGCAATCCAGACCAATGGTTT TAAAACTCTGOC TGAAGGTCAGC GCGTAGAGT 

220 	 230 	 240 250 	 260 	 270 230 

1 I *1 TCGAAATCACTAACGGTGCCAAAGGCCCTTCCGCT&CAAACQTCTGCTCTGT 

HK 	 a S9. 	ACT CUAGCAC CAC CAC CAC CACCACTGACAT C CGGCTGCTAACAAAGCC C GAAA (I GAAGC TGAGTTGGCTI 
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Sequencing results for CspH (5'-3') in pET28, using the T7fwd primer for 
sequencing. 

10 	 20 	 30 	 40 	 50 	 60 	 70 

--p 

iq*,a:S1TAGCCCClulTAAMGN14C1 

14.$aSfl2 CAGCAAT 

CSPH 	 CAGGAATTGTCAAAAC 

1.-I I 

till CSP H fwcl 

CS?)! 

• - - - - _ 
CA T CA CAG CA GC GGC C T GGT GC C GC 

IT GAT I GTAAGAGC hG 1W G G I CT I 

I I GAT I GTAACAGC GGTAAA GGT CTI 

120 	 130 	 140 

190 	 200 	 210 

- --I..-- I 

260 	 270 	 280 
220 	 230 	 240 	 250 

hIM CSP 2! fwd 
C 5PM 

4 

1.3 S. typhitnurium CSP amino acid sequences 

>CSPA (Theoretical p1/Mw: 5.58 / 7403.28) 
MSGKMTG1VKWFNAD.KGFGFITPDDGSKDVFVHFSAIQNDGYKSLDEGQKV 
SFTJ.ESGAKGPAAGNVTSL 

>CSPB (Theoretical p1/Mw: 5.68 / 7744.76) 
MTTKITGLVKWFNPEKGFGFJTPKDGSKDVFVHFSAIQSNEFRTLNENQEVEF 
SVEQGPKGPSAVNVVAL 

>CSPC (Theoretical p1/Mw: 6.54 / 7402.37) (lots) 
MAKIKGQVKWFNESKGFGFITPADGSKDVFVHFSAIQGNGFKTLAEGQNVE  
FEIQDGQKGPAAVNVTAI 

>CSPD (Theoretical p1/Mw: 5.81 / 7884.86) 
METGTV KWFNNAKGFGFICPEGGGEDTFAHYSTIQMDGYRTLKAGQSVRFD 
VHQGPKGNHASVIVPIEAEAVA 

>CSPE (Theoretical p1/Mw: 8.09 / 7451.40) (Lots) 
MSKIKGNVKWFNESKGFGFITPEDGSKDVFVHFSAIQTNGFKTLAEGQRVEF 
EITNGAKGPSAANVTAL 

>CSPH (Theoretical p1/Mw: 9.57 / 7659.91) 
MSRKMTGIVKTFDCKSGKGLITPSDGRKDVQVHISACRQHETEALIPGIRVEF 
CRINGLRGPTAANVYLS 
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S. typhiinuriutn His-Tagged CSP amino acid sequences 

His-CspA (Theoretical p1/Mw: 7.10/9566.6) 
Ext. coefficient = 6990 M 1  cm 1  
MGSSHHHHHHSSG.LVPRGSFIMSGKMTGIVKWFNADKGFGFITPDDGSKDVF 
VI1FSA1QNDGYKSLDEGQKVSFT1ESGAKGPAAGNVTSL 

His-CspB (Theoretical p1/Mw: 7.11 / 9908.0) 
Ext. coefficient = 5500 M' cm - ' 
MGSSHHHHHHSSGLVPRGSHMflK1TGLVKWFNPEKGFGF1TPKDGSVF 
V.HFSAIQSNEFRTLNENQEVEFSVEQGPKGPSAVNVVAL 

l-Iis-CspC (Theoretical pI/Mw:.8.20/ 9565.6) 
Ext. coefficient = 5500 M 1  cm  
MGSSHITHHHHSSGLVPRGSHMAK1KGQVKWFNESKGFGFTTPADGSKDVFV 
HFSAIQGNGFKTLAEGQNVEFEIQDGQKGPAAVNVTAI 

His-CspD (Theoretical p1/Mw: 6.70 / 10048.1) (1 cysteine) 
Ext. coefficient = 8480 M' cm - ' 
Cleaved = Theoretical p1/Mw: 6.03 / 8166.13 
MGSSHHFIHHHSSGLVPRGSFIMETGTVKWFNNAKGFGFICPEGGGEDJFAHY 
STIQMDGYRTLKAGQSVRFDVHQGPKGNHASVIVPIEAEAVA 

His-CspE (Theorectical p1/Mw: 9.23/9614.7) 
Ext. coefficient = 5500 M 1  cm -1  
MGSSHHUHHHSSGLVPRGSHMSKIKGNVKWFNESKGFGFITPEDGSKDVFV 
HFSAIQTNGFKTLAEGQRVEFEITNGAKGPSAANVTAL 

.His-CSPH (Theoretical p1/Mw: 9.81 / 9823.2 ) 3 x cysteines 
Ext. coefficient = 1615 M 1  cm- ' 
.MGSS .HHHHHHSSGLVPRGSHMSRKMTG1VKTFDCKSGKGL1TPSDGRVQ 
VI-1ISACRQH.ETEALIPGIRVEFCRINGLRGPTAANVYLS 
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1.4 C-Terminal Double-Hexahistidine vector 

The pC_Term_2xHis vector carries a C-terminal double-hexahistidine (His 6) tag 
sequence, comprising two hexahistidines separated by an 11-amino acid spacer. 
Unique sites are shown on the circle map. The cloning/expression region of the 
coding strand transcribed by 17 RNA polymerase is shown below. Sequencing of the 
cloning region should be performed using standard T7 promoter (Novagen, Cat. No. 
69348-3) and terminator (Novagen, Cat. No. 69337-3) primers. 

	

Xhol 	 4951 	 ogIt 	q 	 ttt11t ctagaftatea 

STOP 
HexahiSIine 

I Ana}c_SpaCer 

	

HatsStine 	 I 
GLY_SER_LIFDcER 	 5041 tttttt55 Cl &545 'jft0&t&gjqCt 8QCftft0CIte qqAteegnat tcSacjctccq 

Noll 
Sal I 

Sad 
EcoI 

 

BamI-Il 	
5101 tc5mc9c9gc cg959569 9CftQCQ9X99 t59as9;cuc 19tocafteav 5c99ft57aaU 

H4nc1111 

NheI 
RES 

Xt al 	
-- ... 

5161 C COStOSS aaScSctrJ 	CSCtCS c 	5CC5t ISVISIICIC 5Cgct5CCl( 
ac operalar 

T7p6ornoIer 

	

t1djCC4_ 	 U 	 5 

5221 aracccarag lto95t55?' 	 CCCt5 al COSSIaC CaCC 115CC 

pC_Term2xH is 	\ 	
pC_Term_2xH is cloning/expression region 

5424 bp 	 Y. l(an co48ng seque1Ce 

p8R322 origa 08112084(20841 

C Term 2xHis sequence landmarks 
T7 promoter 4984-5000 
T7 transcription start 4983 
His-Tag coding sequences 5192-5206 (1) 5240-5257 (2) 
Multiple cloning sites 
Nhe I-Not I 5068-5111 
T7 terminator 5352-5399 
C-Terminal stop codon 5258-5260 
rbs 5057-5063 
Kan coding sequence 562-1374 
Fl origin 11-466 
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The pC_Term_2xHis vector sequence (5424 bp) 
TCCCGAATGGGACGCGCCCTGTAGCCCCGCATTAACCGCCCCCGGTGTGGTGGTTACGCCCAGCGTGACCGCTACACTTCCCAG 
CGCCCTACCCCCCCCTCCTTTCGCTTTCTTCCCTTCCTTTCTCCCCACGTTCCCCGGCPTTCCCCCTCAACCTCTAAATCGGGG 
GCTCCCTTTAGCCTTCCGATTTAGTCCTTTACGGCACCTCGACCCCAAAAAACTTCATTACGGTGATGGPTCACGTACTCCCCC 
ATCGCCCTGATAGACGCTTTTTCGCCCTTTGACGTTGCACTCCACGTTCTTTAATACTCGACTCTTGTTCCAAACTCCAACAAC 
ACTCMCCCTATCTCGGTCTATTCTTTTCATTTATAAGGGATTTTGCCGATTTCGGCCTATTCCTTAAAAAATGACCTGATTTA 
ACAAAAATTTAACGCGAATTTTM½CAAAATATTAACGTTTACAATTTCAGGTGGCACTTTTCG000AAATGTGCGCCGAACCCC 
TATTTGT TTATTTT T C TAAATACATT CAAATATCTATC CCC T CATGAAT TAATTCTTAGAAAAACT CAT CCACCAT CAAATGAA 
ACTGCIkATTTATTCATATCAGCATTATCAATACCATATTTTTGAAAAACcCCnTCTGTAATGAAGCACAAAACTcACCGAGGC 
ACTTCCATAGGATGCCAAGATCCTGCTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTATTAATTTCCCCTCCT 
CAAAAATAAGGTTATCAAG TGAGAAAT CAC CATGAGTGACCACTGAAT C CGGTGAGAATCC CAAAAGTTTATG CAT T T C T TT C C 
AGACTTCTTCAACAGGCCAGCCATTACGCTCCTCATCAAAATCACTCCCATCAACCAAACCGTTATTCATTCCTCATTCCGCCT 
GAGCGAGACCAAATACGCGATCCCTGTTAAAACCACAATTACAAACAGCAATCCAATCCAACCGGCGCAGGAACACTCCCACCC 
CATCAACAATATTTTCACCTGAATCACCATATTCTTCTAATACCTGGAATGCTGTTTTCCC0000ATCGCAGTGGTGAGTAACC 
ATCCATCATCAGGACTACGGATAAAATCCTTGATGGTCGCAACAGGCATAAATTCCGTCACCCACTTTACTCTGACCATCTCAP 
CTCTAACATCATTGGCAACCCTACCTTTGCCATCTTTCAGAAACAACTCTCCCCCATCGGGCTTCCCATACAATCGATACATTC 
TCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCACCATCCATGTTGGAATTTAATCGCCCCCTAC 
AGCAACACGTTTCCCGTTGAATATCGCTCATAACACCCCTTCTATTACTGTTTATGTAACCACACACTTTTATTGTTCATGACC 
AAAATCCCTTAACCTGAGTTTTCCTTCCACTGAGCGTCACACCCCGTAGAAAAGATCAAACCATCTTCTTGAGATCCTTPTTTP 
CTCCGCGTAATCTGCTCCTTGCAAACAAAAAAACCACCGCTACCACCCGTGGTTPGTTTGCCCGATCAAGAGCTACCAACTCTT 
TTTCCGAAGGTAACTCCCTTCAGCACACCCCAGATACCAAATACTCTCCTTCTAGTGTAGCCGTAGTTACGCCACCACTTCAAG 
AACTCTGTAGCACCGCCTACATACCTCGCTCTCCTAATCCPGTTACCAGTCCCTGCTGCCAGTGGCCATAAGTCCTGTCTTACC 
GGCTTGGACTCAAGAC CATAG TTAC C GCATAAGGC GCAG CGGT CGCCCTGAAC GGGGGGT T CGTGCACACAC C C CAG CTTGGAG 
CGAACCAC CTACACCGAAC TGAGATAC C TACACCGTGAG CTATGAGAAAC CCC CACG CTT C CC GAAGGGAGAAAC C CGCACAG C 
TATCCCGTAAGCGGCA000TCGGAACAGCAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTC 
GGGTTTCGCCACCTCTGACTTCAGCGTCGATTTTTCTGATGCTCGTCAGGC000CGCAGCCTATGGAAAAACGCCAGCAACGCC 
GCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGAPTCTGTGGATAACCCT 
ATTACCGCCTTTCAGTGAGCTGATACCGCTCGCCGCAGCCCAACGACCGAGCGCACCCACTCAGTGAGCGAGGAAGCGCAACAG 
CGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATATGGTGCACTCTCAGTACAATCTGCTCTG 
ATCCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACCTCACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGC 
TGACGCGCCCTGACGGGCTTCTCTGCTCCCGCCATCCGCTTACAGACAACCTGTGACCGTCTCCGGGAGCTCCATGTGTCAGAG 
GTTTTCACCCTCATCACCCAAACGCGCGAGGCACCTGCGGTAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGC 
CTGTTCATCCGCCTCCAGCTCGTTCAGTTTCTCCACAACCGTTAATGTCTGCCTTCTCATA.AAGCGGGCCATGTTAACCCCCCT 
TTTTTCCTGTTTCCTCACTGATCCCTCCGTGTAAGG000ATTTCTGTTCAPG000CTAATGATACCGATGAAACCACACACCAT 
CCTCACCATACCCCTTACTCATCATCAACATCCCCCCTTACTCCAACCTTCTCACCCTAAACAACTCCCCCTATCCATGCCCCC 
CCACCAGACAAAAATCACTCACCGTCAATCCCACCCCTTCCTTAATACACATCTACCTGTTCCACACCCTACCCAGCACCATCC 
TGCCATCCACATCCCCAACATAATCCTCCACCCCCCTCACTTCCCCCTTTCCACACTTTACCAAACACGCAAACCCAACACCAT 
TCATCTTCTTCCTCACGTCCCACACCTTTTCCACCACCACTCCCTTCACCTTCCCTCCCCTATCCCTGATTCATTCTCCTAACC 
ACPAACCCAACCCCCCCACCCTACCCCGCTCCPCAACCACACCACCACCATCATCCCCACCCCTCCCGCCCCCATCCCGGCGAT 
AATCCCCTCCTTCTCCCCCAAACCTTTCCTCCCCCGACCACTGACGAACGCTTCACCCACCCCCTCCAACATTCCGAATACCCC 
AAGCCACACGCCCATCATCCTCGCCCTCCACCCAAAGCCCTCCTCCCCCAAAATCACCCACACCCCTCCCCCCACCPCTCCTAC 
CAGTTCCATCATAAACAACACAGTCATAACTGCCCCCACGATACTCATCCCCCCCGCCCACCCCAACCACCTCACTCCCTTCAA 
CCCTCTCAACGCCATCGCTCCACATCCCGCTCCCTAATCACTCACCTAACTTACATTAATTCCCTPGCCCTCACTCCCCCCTTT 
CCACTCCCCAAACCTCTCCTCCCACCPCCATTAATCAATCCCCCAACCCCCCCCCAGACCCCCTTTCCCTATTCCCCGCCACCC 
TCCTTTTTCTTTTCACCACTCACACCCCCAACAGCTCATTCCCCTTCACCCCCTCCCCCTCACACACTTCCACCAAGCCCTCCA 
CCCTCGTTTCCCCCACCACCCCAAAATCCTCTTTCATCCTCCTTAACCCCCCCATATAACATCACCTCTCTTCGCTATCCTCCT 
ATCCCACTACCCACATATCCCCACCAACCCCCACCCCCGACTCCCTAATCCCCCCCATTCCCCCCACCCCCATCTCATCCPTGC 
CAACCACCATCGCACTGCCAACCATCCCCTCATTCACCATTTCCATCCTTTCTTCAAAACCCCACATCCCACTCCACTCCCCTT 
CCCCTTCCCCTATCCGCTCAATTTCATTCCCACTCACATATTTATCCCACCCACCCACACCCACACCCCCCCACACACIiACTTA 
ATCCCCCCCCTAACACCCCCATTPCCTCCTCACCCAATCCCACCACATCCTCCACGCCCAGTCCCCTACCCTCTTCATCCCAGA 
AAATAATACTCTTGATGCGTCTCTGCTCAGAGACATCAAGAAATAACGCCCCAACATTACTGCACCCAGCTTCCACACCAATGC 
CATCCTGGTCATCCACCGCATAGTTAATCAPCAGCCCACTGACGCGTTCCCCCACAAGATTCTCCACCCCCGCTTTACACCCTT 
CGACCCCGCTTCCTTCTACCATCCACACCACCACCCTCCCACCCACTTGATCCCCCCCACATTTAATCCCCGCCACAATTTGCC 
ACCCCCCGTCCAGGCCCACACTCGAGCTCGCAACCCCAATCACCAACCACTGTTTGCCCGCCACTTCTTGTGCCACGCGGTTCG 
CAATCTAATTCAGCTCCCCCATCGCCCCTTCCACTTTTTCCCCCGTTTTCGCAGAAACCTCCCTCGCCTCCTTCACCACGCGCG 
AAACCCTCTCATAACACACACCGCCATACTCTCCCACATCGTATAACCTTACTCCTTTCACATTCACCACCCTCAATTGACTCT 
CTTCCCCCCCCTATCATGCCATACCCCGAAACCTTTTCCCCCATTCCATCCTCTCCCCCATCTCCACCCTCTCCCTTATCCCAC 
TCCTCCATTAGCAAGCACCCCACTACTACCTTGACCCCCTTCACCACCCCCCCCCCAACCAATCCTCCATCCAACCACATCGCC 
CCCAACACTCCCCCCCCCACCGCCCCTCCCACCATACCCACCCCCAAACAAGCCCTCATCAGCCCCAACTCCCCACCCCCATCT 
TCCCCATCCCTCATCTCCCCCATATACCCCCCACCAACCCCACCTCTCCCCCCCCTCATCCCCCCCACCATCCCTCCCGCCTAC 
ACCATCCAGATCTCCATCCCCCGAAATTAATACCACTCACTATACCCCAATTGTCACCCCATAACAATTCCCCTCTAGA AATA 
ATTTTCTTTAACTTTAACAACCAGATACGCTACCAACCTTCCCATCCCAATTCCAGCTCCCTCCACCCCCCCGC CCC GCA C 
CC ACC CCT GOT CCA ACC CCC CCT CCA ACA CCC CGA CCA ACC GCC CCT CCA AAA CCC OCT CAT C 
CC CCT CAT CAT CAC CAT CAT CAT TCT CCC CCT TOG CCC CAC CCC CAC TTC OCT OCT CAC CAC C 
AC CAC CAC CAC TCA ACTCGAG C ACCACCACCACCACCACTCACATCCCCCTCCTAACAAACCCCCAAACCAACCTGA 
CTTCCCTCCTCCCACCCCTGACCAATAACTACCATAACCCCTTCCCCCCTCTAAACCCCTCTTCACCCCTTTTTTCCTCAAACC 
ACGAACTATATCCCCAT 

The start and end of the inserted double his-tagged coding sequence are shown in 
bold. 
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Single cut restriction sites for pCLTerm_2xHis 
Acul Dralil PspOMI (G"GGCC_C) 
(CTGAAGNNNNNNNNNNNNNN_NNA) (CAC_NNNAGTG) *4035/4039 

1599/1597 *245/242 
PspXI (VCATCGA_GB) 

AIwNI (CAG_NNNACTG) EagI (CAGGCC_G) *5262/5266 

1732/1729 *5107/5111 
PvuI (CG_ATACG) 

Apal (G_GGCC'C) EcoRI (OAAATTC) *945/943 

*4039/4035 *5087/5091 
Sad (G_AGCTAC) 

AsiSI (GCG_AT'XCGC) EcoRV (GATIATC) 5097/5093 
*945/943 3796/3796 

Sacli (CC_GCAGG) 
BamHI (GAGATC_C) •FspI (TOCIOCA) *5113/5111 

5081/5085 *3164/3164 
Sail (GATCGA_C) 

Bell (TAGATC_A) Hindill (AAAGCT_T) *5100/5104 
#4228/4232 5074/5078 

SapI 
BgII (GCCN_NNNANGGC) HpaI (GflIAAC) (GCTCTFCNANNN_) 

*3185/3182 3740/3740 2258/2261 

BgIII (AGATC_T) M1uI(A"CGCGJ) SgrAI (CRACCGG_YO) 

4964/4968 *4242/4246 *4923/4927 

BIpl (GCATNA_GC) NheJ (GACTAG_C) Smal (CCCIGGG). 
5341/5344 5068/5072 *1069/1069 

Brntl (G_CTAGAC) Nod (GCAGGCCJJC) SphI (G_CATGAC) 

5072/5068 *5107/5111 4775/4771 

BspDJ (ATACGAT) NruI (TCGICGA) Styl (C'CWWG_Q) 
*1250/1252 	- *1286/1286 5363/5367 

BspQI (GCTCTFCNANNNJ PaeR71 (CATCGA_G) TliI (CA TCGA_G) 

2258/2261 *5262/5266 *5262/5266 

BssI-III (G'CGCG_C) Pci! (AACATG_T) TspMI (C'CCGG_G) 
*3831/3835 2141/2145 *1067/1071 

BssSI (CAACGA_G) P1IFI (GACNAN_NGTC)  Tthl Ill 
1968/1972 2399/2400 (GACNAN:NGTC) 

2399/2400 
BstAPI (GCAN_NNNANTGC) PpuMJ (RGAGWC_qY) 

4566/4563 3136/3139 XbaI (TACTAG_A) 
5030/5034 

BstZ17I (OTAITAC) PshA! 
2374/2374 (GACNNINNGTC) XhoJ (CA TCGA_G) 

*3401/3401 *5262/5266 
CIa! (AT ACG_AT) 	- 

* 1250/1252 Psi! (flAITAA) XmaI (C'CCGG_G) 
370/370 *1067/1071 
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The amino acid sequences for double-His5-tagged CspE (a) and CspD (b) 
CspE_2xHis; MW = 12478 Daltons, p1 = 9.99 (Expasy) 
CspD_2xHis; MW = 12912 Daltons, p1 = 8.94 (Expasy) 

10 	 20 	 30 	 40 	 50 	 00 	 70 

a 	....N...H...I..H.H-•I ...... 	. 
CspE2His MSKIKGMVKWFNESKGFGFITFEDGSKDVFVUFSAIQTNG FKTLAECQR'ThFEITNGAKGPSAANVTALC 

90 	100 	110 	120 
.............. 

CspE2His. GRCGGSGGGSGGGTGGGSGGGKRADAAHHHHHHSRAWRHPQFCGHHRHHH 

10 	20 	30 	40 	50 	60 	 70 

b ........ CspD2His METGTVKWFNNAKGFGFICPEGGGE.t3IFAHYSTIQMDGYRTLKACQSVRFDVFOQGPKGNHASVIVPIEAE 

00 	90 	100. 	110 	
....

120 
l .........F.....I.....I .... ..... I 

CspD_2HSs AVAGGRGGGSGCGSGGGTGGGSGGGKRADAA1HHHHHSRAWRRPQFGGHHHHHH 
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KGIGI1T DL) 	DVFVHYS 1(2 GKTLDF 	4VQE'E1 

}cGEGF1 1.EDGDVFVHYT IQ GERTLEE GEVEFEI 
"KOFGPTT DeC DVFRLjJSIx.I FDCFRTLEGQKVEFEV 
LIKGFGF!T C ON DLFVHFSIQ GFKL.*EGQKVSFV 
EGYGE1P EDIjS'DVFVHFSA1Q NCFK!LSE •4VEESj 
.KGFGFfl EDGS DVFVHFSAIQ £4GFKTL EGQ VEFEI 
.EC1FGFIIEDCFl

DVFV

DVEVHEAICj NC;FKTL ECQ VEFEI 

KGLGEIT ENDSJVFVHESAIQ NGIfKLLEGo VEilS 1 
.F(CFCFIT DOSDVFVHFSS1Q NGFKTLEGcd VEFEI 
F(GFGFIT • DOSJVFVHPSJiO NGETL!EOQI VEFET 
•KGFGFII DOS DVFVHFSAI() NOFKTLECO VEFET 
COFOFIS DOSDVFVJiFSATQ N2YKTLDEGQ VEil I 
DYCFC4FTT DDCSDVFVHFST\TQ DCYKSLDEOQKVSF I 
DYGTGFIS'DGSHFSAIC DI'YRTLEGOKVflF I 
DROFOFIT DDG;S DVFVHE'TAIQ N ERTL;E'QKvEE I 
EKOFOFIT FDOS DVFVHFSA1Q NPFKTLE QEVEF I 
EKOFOFIT KDOS DVFVHFSP.ic) N FRTLI F EVEF V 
EKOFOFIT KDGS DVFVHFSAIC' N FRTL F CEVEF 
KKCYGFIT DG DVFVHWSAIEI rGFKTL EGQjVEFE1 
DKOFC,FLL DING •DVFVMFwtTr ECEMTLDEGQKVØFEV 

FO F I 

El EGlDVFVHFS!I 
FL F • DVFVHFSAI 
FT F C DVFVHFSAT 
FL £ C' DVFVHFTAI 

11 C CS DVFVM flAT 
STE OS DVFVKFTAI 
FTC ENG DyE HFSAT 
FTC EEC' DVESHFSAI 
El ENG DVFVHFSAI 
Fr EEC! DVFVNFS1T 
El t EDO DV EVUFOAT 

Fi<T LEEOQKVthFCE 
EKSLEEOQKVSFEIE 
FFTSLEEGQKVSFEIE 
YSLEESQEVSFDI3 
FF5 LD E GQEVS FE NE 
FE S LE EGQEVS FE 'YE 
FKTLDEGOSVEFEI 
FKTLEEGQEVSFE I 
FF0 LEECQVSFEI 
FEC LEFOQEVSFEI 
VKSLEECQEVSFEI 
FKTLEEGQEVS EEl 
EKSLEECQEVSEEI 

1 
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V 

FOil 
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1.6 MasspectrOmetrY results for Cys-labeled and unlabelled BsCspB. 
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Figure A1.6. Cy5 covalent labelling of BsCspB 

(a) MALDI-Tof mass spectrum of BsCspB pre labelling with Cy5, observed 7377 

Daltons, calculated 7365 Daltons. (b) Post labelling with Cy5, observed 8015, 

calculated 8016 Daltons (Protein + CyS = 7365 + 650 = 8015). 
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1.7 The sequence specificity of binding of the mammalian Y-Box binding 

protein, analysed by competitive binding to the oligonucleotide chip. 

1.7.1 Overview 

The binding of the P50 protein (Oryctolagus cuniculus) to hexadeoxynucleOtides was 

previously analysed [189] using an oligonucleotide chip similar in structure to the 

chip used here. The purpose of this section was to analyse the binding of the P50 

protein using the competitive microarray assay. A comparison of both sets of results 

will serve as a control and help validate previous experiments. 

1. 7.2 Introduction 

The rabbit P50 protein contains an Qligonucleotide/OligosaccharK binding fold 

(OB.fold), which is a known characteristic of many DNA/RNA binding proteins 

found in many spécies[351, including the family of cold shock proteins found in 

bacteria. Both bacterial cold shock proteins (CSP5) and eukaryotic cold shock 

domain (CSD) containing proteins have an affinity for both RNA and DNA and 

contain the RNP-1 (KGFGFI) and' RNP-2 (VFVH) signatures of RNA binding 

proteins (Figure AS-i). The rabbit P50 protein and its counterparts from various 

mammalian sources share about 96% sequence identity (Figure AS-i & Table Al). 

They contain a CSD (-amino acids 58-129) and two functional regions [52, 206-

208]. The calculated (ExPASY) pT/Mw for P50 is 9.82 / 35824.07 daltons. 

P50 and related Y-Box proteins are structural mRNP proteins associated with almost 

all mRNA5 [50, 51]. Once bound to mRNA, these proteins facilitate secondary 

structural changes which contribute mRNA transport, translation, processing and 
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stabilisation [52-54]. P50 is therefore believed to bind relatively non-specifically 

[50] to RNA/DNA. 

Y-box binding proteins have been show to interact with DNA and affect transcription 

of many genes. They also bind specifically to many sequences including the Y-box. 

Examination of P50 binding using the microarray assay will provide clues into its 

participation in gene regulatory networks and validate the microarray assay used. 

Table Al. Similarities in the amino acid sequence of the P50 protein and other 

mammalian proteins. 
Gene % % Organism Accession Reference 

Identity Similarity 
P50 - - Oryctolagus cuniculus AAA66069 [50] 

dbpB 98 99 Homo sapiens AAA35750  

YB-i 98 99 Homo sapiens P67809  

YB-i 96 97 Rattus norvegicus BAC99313  

EF1A 96 97 Rattus norvegicus AAA41108  

TSEP-1 96 97 Rattus norvegicus AAB46889  

rcNSEP1 94 95 Homo sapiens ABB92460  

in 02 QS Ivius musculus AAA75475 DS 
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1.7.3 Cloning of His-p50 

The full coding cDNA (1.5-kb) of p50 was previously isolated from rabbit 

reticulocytes and inserted into NdeI-XhoI sites of pET-3-1 to create pET-3-1-

p50[50]. pET-3-1-p50 was digested with NdeI and XhoI and yielded two fragments 

approximately 4-kb and 1.5-kb. The 1500 base pair (bp) restriction fragment was 
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purified from the agarose gel and was ligated into a NdeJ-XhoI-digested pET28a 

vector, resulting in the plasmid pET28a_p50. pET28a_p50 was then transformed into 

E. coii DI-15-a. Positive transformants were isolated on LB agar plates containing 

kanarnycin (50ig/m1). Plasmid DNA was isolated from several transformants and 

restriction analysis was carried out to confirm the presence of the p50 gene. Gel 

electrophoresis showing a restriction digest (NdeI and XhoJ) of pET28a_p50 plasm id 

DNA isolated from transformants can be seen in Figure A5-2. Positive clones were 

carried forward for expression of the p50 protein. 

1.: 

P50 

1 	2 	3 	4 	5 	6 	7 	8 
Figure A5-2. Agarose gel electrophoresis of NdeI and XhoJ digested and undigested 
plasmid DNA isolated from E. coil DI15-ct carrying the plasrnid pET28aj50. Lanes: 
(I, 3, 5 & 7) plasinid DNA isolated from E. coil DH5-a; (2, 4, 6 & 8) Plasmid DNA 
digested with NdeI and XhoI. The resulting 5-kb and 1.5-kb fragments indicates that 
the p50 gene is present. Scale is in KiIoases. 

1. 7.4 Small Scale expression trails of His6-p50 

131-2 I (DE3)pLysS E. coli was transformed with pET28a_p50 and expression of the 

P50 gene was induced by adding IPTG (1 mM). Cell where grown at 37°C for 4 hrs 

or 20°C overnight and expression of P50 was analysed by SDS-PAGE (Figure AS-

3). 
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Figure A5-3. Expression of P50 at 37°C and 20°C. 
Samples were analysed by 15% SDS-PAGE and visualised by Coomassie staining. 
Cell extracts from BL21 (DE3)pLysS harbouring pET28_P50. Lanes 2, 7. B and F 
have not been induced. Lanes 3, 4, 5 & 6 show soluble cell extract after induction at 
37°C for 1, 2,3 and 4 hrs, respectively and lanes 8, 9 and 10 show insoluble cell 
extracts after induction, for 2,3 and 4 hrs. Lanes C, D, and E show soluble cell 
extract after induction at 20°C for I, 4 and 16 hrs. Lanes G, 1-1 and I show insoluble 
extracts after induction, for 1, 4 and 16 hrs. Lanes 2, 7, B and F have not been 
induced. 

The band corresponding to the P50 protein can be seen in the soluble cell extract 

when the protein was expressed at 20°C for 4-16 hrs. By SDS-PAGE analysis P50 

has an apparent molecular mass of 50 KDa (calculated 37987.39 Da), this anomalous 

electrophoretic mobility is due to the proteins high isoelectric point of 9.5. The 

resulting expression conditions for the production of P50 were kept constant 

throughout. 

1. 7.5 Fur jfication of His-P50 

F3L21 (DE3)pLysS E. co/i was transformed with the verified constructs and 

expressed by inoculating Luria-Bertani medium, containing 50 tg/ml Kanarnycin, at 

37°C with agitation. One-litre cultures were grown to an 0D600 of 0.5-0.7, growth 

was the stopped by incubating on ice for 30mins. IPTG (isopropyl-13-D-

thiogalactosidase) was then added to a final concentration of 1 mM and incubation 

was then continued overnight at 20°C. The cells were harvested at 8,000 rpm in a 
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JLA-9.1000 rotor for 12 minutes at 10°C. Pellets were then frozen in liquid nitrogen 

and stored at -80°C. 

Cell pellets were resuspended in buffer A (20 mM Tris HCI pH 7.6, 0.025% Thesit, 

0.1 mM PMSF, a spatula tip of lysozythe, DNaseJ [40 ig/ml] and fresh protease 

inhibitors) to a final volume of 30 ml per tube. Pellets were incubated at 4°C for 1 hr 

with gentle agitation. The fusion protein was purified using a talon resin affinity 

column (Figure A5-4), as per manufacturer's instructions (Qiagen). Fractions 

containing the recombinant protein were combined and concentrated until they 

reached a final volume of 2.5 ml. The protein sample was exchanged into buffer B 

(20 mM Tris-HCI pH 7.6, 0.025% Thesit and 0.1 mM PMSF) using a PD-1 0 column. 

In order to remove any contaminating DNA, the sample was applied onto a heparin-

Sepharose column (Amersham), equilibrated with buffer B. The column was eluted 

with 5 volumes of buffer B containing 500 mM NaCl (Figure A5-4); 2 ml fractions 

were collected during subsequent elution with buffer B containing 1 .5 M NaCl 

(Figure A5-4). The protein fractions were concentrated, buffer exchanged (PD-10) 

into buffer B and applied onto a superdex 200 column equilibrated with the buffer C 

(10mM HEPES-KOH (pH 7.6), 250 m KCI, 0.5mM DT1' and 9.025% Thesit). 

Fractions containing the largest amounts of protein in question were combined. The 

protein was concentrated using a Viva Spin column (MWCO = I OKDa), aliquots 

were then stored at -80°C. Purity was determined by SDS gel electrophoresis (Figure 

A5-4). The molecular mass of the protein was confirmed by MALDI-Tof analysis 

(Figure A5-4). Protein concentration was determined using the Bradford method. 
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Figure A5-4. Purification of the P50 protein. 
[lution profile of P50 from Talon column. 
Fractions containing Ilis-P50 from talon purification were concentrated and bound to a heparin 
column to rcniove DNA. Elution profile from a heparin column when washed with 0.5 M NaCI, 
DNA corresponds to the absorbance peak seen. 
Elution from heparin column when washed with 1.5 M NaCI. Protein was eluted, desalted and 
buffer exchanged into 20 mM Tris-1 ICI p1-I 7.6. 
SDS-PAGE analysis of His-P50 purification alter each column. 
Mass spectrum of His-P50 at final stage of purification (37942 Da) 
Gel filtration of analysis of P50 on a Superdex 200 column, fractions were pooled. dialysed into 
a buffer containing 10 mM l-IEPES-KOH (pH 7.6), 250 mM KCl. 0.5 mM DTT, concentrated to 
2 mg/ml and stored at '80°C.1 1901 
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1. 7.6 His-P50 binds ss DNA. 

An electrophoretic mobility shift assay was conducted to ascertain if the P50 protein 

had retained its DNA binding activity subsequent to the addition of a His-tag. A ss 

25-mer (P50ONBSeq5'_AAAAAAAAAATGGGGGAAAAAAAAA'3), labelled 

at the 5-end with y- 32 pwas used to assess if His 6-P50 was still capable of binding to 

its previously identified ss DNA binding site [189], 5'-TGGGGG-3'. Figure A5-5 

shows a gel-shift experiment performed for P50-ONBSeq in the presence of 

decreasing amounts of His-P50. 

The gel-shift results for the His-P50 protein suggest that the addition of a His-tag 

does not significantly affect the binding affinity or specificity of the protein as the 

relative amounts of His-P50 used to shift the DNA correspond to the aniounts of 

untagged-P50 used for the same experiment [189]. 

P50  

P50-ON Complex 

Unbound Probe 

Figure AS-S. Electrophoretic mobility shift assay of P50 and its complexes with 
P50-ONBSeq. 
A fixed concentration (80 p1) of 5'-end y- 32 P-labelled oligonucleotide was incubated 
with decreasing amounts of P50 (Concentrations of P50: 650 pM, 130 pM, 90 pM, 
50 pM, 10 pM, 5 pM, 1 pM, 0 pM). 
All 20 L reactions mixtures, containing 10 m HEPES-KOH (pH 76), 100 m 
KCI, 0.5 mM DTT, I mg/ml BSA, were incubated for 20 min at 4°C. Protein-DNA 
complexes were separated on a 6% native polyacrylamide gel at 4°C. 

(P50-ONBSeq-5 '_AAAAAAAAAATGGGGGAAAAAAAAA'3) 
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1.7.7 competitive binding of the P50 protein, monitored by EMSA 

A competitive electrophoretic mobility shift assay was used to examine if the His-

P50 can successfully out compete the SsoSSB protein for its consensus binding motif 

(TGGGGG). The 25-mer, P50-ONBSeq, which contains the consensus binding 

motif, was labelled at the 5'-end with 'y- 32P. This probe was used to assess if the His-

P50 protein can compete with the SsoSSB protein. Figure A5-6 shows a gel-shift 

experiment performed with P50-ONBSeq. The SsoSSB protein was gradually added 

to a fixed amount of the His-P50 protein. The SsoSSB protein binds non-specifically 

to ss DNA with a binding density of 5 nt per monomer and therefore the shift in lane 

one (Figure A5-6) corresponds to five monomers of SsoSSB. 

1 2 3 4 5 6 7 8 9 10 

SsoSSB-ON Complex 	 SsnSSII-11 50-ON Complex 

P50-ON Complex 

- 	Ijufld Probe 

Figure A5-6. Electrophoretic mobility shift assay of SsoSSB, P50 and the 
complexes formed with ON-P50BSeq. 
A fixed concentration (80 pM) of 5'-end y- 32P-labelled ON-P50BSeq was used at all 

times. 
Lanes; (1) 12 p.M SsoSSB; (2) 1.3 p.M P50; (3) 31 pM SsoSSB & 1.3 p.M P50; (4) 
310 pM SsoSSB & 1.3 p.M P50; (5) 620 pM SsoSSB & 1.3 p.M P50; (6) 2.48 p.M 

SsoSSB & 1.3 p.M P50; (7) 3 p.M SsoSSB & 1.3 p.M P50; (8) 4.5 p.M &oSSB & 1.3 
p.M P50; (9)6 p.M SsoSSB & 1.3 p.M P50; (10) Free ONc probe. 
All 20 p.L reaction mixtures were incubated for 20 miii at 4°C. Protein-DNA 
complexes were separated on a 10% native polyacrylamide gel at 4°C. 
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The P50 protein is known to bind specifically to ss DNA containing the core region, 

TGGGGG. The shift in lane 2 (Figure A5-6) most likely corresponds to a total of one 

monomer of His-P50. An intermediate band can be seen in lanes 6-9, which is shown 

as the SsoSSB-P50- ON complex. Successful formation of. the PSO-SsoSSB-ONBSeq 

complex occurs when the proteins are in a molar ratio of roughly 2 SsoSSB:1 P50 

(Lane 6) and continues to be seen until lane 9. The appearance of this intermediate 

band is indicative that the P50 protein can compete with the SsoSSB protein for its 

high affinity binding site. These defined conditions (pH, NaCl and molar ratio of 

proteins) under which the formation of this third complex can be seen will allow for 

the transfer to a microarray format assay. 

1. 7.8 Competitive microarray assay 

A 2:1 molar excess mixture (as determined by gel-shift, Figure A5-6) of SsoSSB and 

His-P50 proteins were bound to the oligonucleotide chip at 4°C for one hour. The 

chip was then washed and protein-bound microarrays were labelled with Alexa 532-

conjugated antibody to His5 (Molecular Probes) and scanned with an Axon 4200 AL 

microarray scanner. The microarray TIF images were quantified using GenPix Pro 

version 6 software. All experiments were performed in duplicate in order to validate 

results (Figure A5-7). High intensity fluorescence spots on the array are generally 

indicative of higher DNA-protein binding affinity.[169] 
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5'-CGCCCA-3' 

Figure A5-7. Competitive microarray assay. 
Array results for the competitive protein binding assay between His-P50 (specific 
binding protein) and SsoSSB (non-specific binding protein). 
An enlargement of sub-array four from each of the two competitive protein binding 
experiments. The oligonucleotide, CGGGGA, appears as a bright spot. 
100 tL of protein binding reaction (0 mM HEPES, 100 mM KCI, pH 7.6, 2% non-fat 
dried milk and proteins were added to a final concentration of SsoSSB [12 iM], P50 

[6 LM]. 

1.7.9 The spec jficity of P50 binding to the oligonucleotide chip 

High intensity spots which occurred on both arrays were recorded and the top fifty 

high-affinity binding sequences were aligned using ClustalW (Figure A5-8a). The 

overall length of the sequence alignment is nine nucleotides in length but only seven 

nucleotides (positions 2 to 8) are occupied by a meaningful number of bases, which 

we have used as an indicator of the maximum size of the nucleotide binding site for 

P50. The frequency of each base for positions one to seven, in the proposed 

nucleotide binding site, was calculated (Figure A5-8b) and used to calculate the 

relative base distribution (Figure A5-8c and d). The results indicate that there is a 

preference for the sequence, 5'-ACCGGGT-3'. 
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a 	7234567 
1 CGC1GA :6 
2 	: -CGCGA :6 
3 	: GCGGG- :6 

Absolute Base Distribution 4 - - GCG 6 

bT 5 	: ACTGG- :6 
-Position 1 2 	3 	4 	5 6 6: TCGGG- :6 

Base 7 	: - : 	 6 

A 17 3 	10 	5 	2 7 6 8 	: - 	 - : 	 6 

C 4 29 	5 	6 	11 11 2 9 	: AAGuG - 	 : 	 6 

G 2 7 	24 	25 	22 25 8 10 	: - C 	I : 	 6 

T 2 2 	11 	14 	15 2 9 11 	: ATGJG : 	 6 
12: - CGCGA :6 

Total 25 41 	50 	50 	50 45 25 1 3 	: 

14 	: 

ACT(-.G 
- - AIC 

: 	 6 
3 	: 	 6 

15 -GGGT 3 : 	 6 
16 	: - - GGG : : 	 6 
17: --GGC3 :6 

Relative Base Distribution 18 	: - AGIT I : 	 6 

Position I 2 	3 	4 	5 6 7 19 	: ACICT - : 	 6 
20 	: -CGTC A : 	 6 

Base 

A 68% 7% 	20% 	10% 	4% 16% 24% 21 	: 

22 	: 

- CTAA 
ACACC 

I : 	 6 
: 	 6 

C 16% 71% 	10% 	12% 	22% 24% 8% 
6  

G 8% 17% 	48% 	50% 	44% 56% 32% : : 

T 81YO 5% 	22% 	28% 	30% 4% 36% 25 ACT AC : 	 6 
26 	: -GGCT 3 : 	 6 
27 	: AGTGG - : 	 6 
28 	: ACT (C : 	 6 
29 	: ACACG - : 	 6 
30 	: -CTGT : 	 6 
31 	: CCCAG : 	 6 
32 	: ACGcIJG : 	 6 
33 	: GCAC( : 	 6 

• 	 A 
• 

35 	: 

- 

ACTAG : 	 6 
36 	: ACGGG - 	 : 	 6 
37 GGT 6 
38 	: -CCTT : 	 6 
39 	: CGGG : 	 6 
40 	: CCTT - 	 : 	 6 
41 	: - - AC : 	 6 
42 	: -CAT   : 	 6 
43 	: ATAIT : 	 6 
44 	: CCGAC : 	 6 
45 	: -(Gil I 	: 	 6 
46 	: TCIGG : 	 6 
47 	: ACATG : 	 6 
48 	: -GCTT : 	 6 
49 	: - - AT  A 	: 	6 
50 : 	AAGGG 	: 6 

Figure A5-8. (a) Multiple sequence alignment of the top fifty 6-mer binding 
sequences for 1-lis-P50. The overall length of the sequence alignment is numbered 1-
9 and positions 2-8 have been coloured and number 1-7 in italics, as they are 
occupied by a meaningful number of bases (>20). (b) The absolute base distribution 
for P50 that was obtained from the alignment of all 50 sequences shown in figure 913. 
(c) The relative base distribution for P50 was obtained from absolute base 
distribution. (d) A 3-D bar chat showing the relative base distribution for each base 
within the proposed heptanucleotide binding site. 
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1.7.10 Conclusions 

The progress of this work was limited by the extremely adhesive nature of the P50 

protein, which prevented any biophysical characterisation of the P50fss DNA 

interaction using SPR and ITC. 
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1.8 The P50 amino acid sequence (His tag region shown in red) 

Theoretical p1/Mw for His-P50: 9.87 / 37987.39 (ExPASY) 
Theoretical p1/Mw for P50 (untagged): 9.82 / 35824.07 
MGSSHHHHHHSSGLVPRGSHMSSEAETQQPPAAPPAAPALSAAETU"GTTGS 
GAGSGGPGGLTSAAPAGGDKKVIATKVLGTVKWFNVRNGYGFINRNDTKE  
DVFVHQTAIKKNNPRKYLRSVGDGETVEFDVVEGEKGAEAANVTGPGGVP 
VQGSKYAADRNHYRRYPRRRGPPRNYQQNYQNSESGEKNEGSESAPEGQA 
QQRRPYRRRRFPPYYMRRPYGRRPQYSNPPVQGEVMEGADNQGAGEQGRP 
VRQNMYRGYRPRFRRGPPRQRQPREDGNEEDKENQGDETQGQQPPPSRYRR 
NFNYRRRRPDNPKPQDGKETKAADPPAENSSAPEAEQGGAE 
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