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Abstract

Pyrococcus woesei (Pw) is a hyperthermophilic archaeal species, that thrives at 

temperatures in excess of 100 °C. This study investigates the involvement o f ions in the 

adaptation of the TATA binding protein of Pw  to DNA binding, under the conditions of 

high intracellular salt concentration, commonly found in such species. It had previously 

been shown, (O’Brien, R., DeDecker, B., Fleming, K., Sigler, P. B., & Ladbury, J. E., 

(1998) J Mol Biol 279, 117-125.) that despite the similarity o f primary and secondary 

structure, the TBP from Pw  binds thermodynamically in a fundamentally different way 

than its mesophilic counterparts. This unusual character has been defined as halophilic 

because the formation of the PwTBP-DNA complex involves a net uptake o f ions, 

resulting in an increased affinity with increasing salt concentration. It is the opposite 

effect to that normally observed in protein-DNA interactions.

From sequence and structural insight, site-directed mutagenesis o f the protein has been 

used to substitute residues in the PwTBP-DNA binding site in an attempt identify 

regions in the complex where ion uptake occurs. This has led to the identification of 

four glutamate residues, in regions of the TBP-DNA binding surface, which produce a 

quantifiable change in ion uptake. The combined effect o f all four mutations results in a 

net release o f ions and the reversal of the halophilic binding character. Mutation of the 

residues to change halophilic behaviour did not compromise the stability o f the protein- 

DNA complex, but in fact appears to increase the temperature o f optimal stability. This 

effect has been attributed to the disruption o f a limited network o f restricted water 

molecules in the DNA complex o f the wild type PwTBP.

In addition to these findings, the importance o f the effect of water release on complex 

formation has been confirmed by osmotic stress experiments and the involvement of 

proton uptake coupled to binding has been established.

This work was supported by the Medical Research Council.
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Chapter 1 

Introduction

1.1 Background

In the recent decades there has been a large increase in the number o f high resolution 

structures available o f protein/DNA complexes determined by X-ray crystallography 

and nuclear magnetic resonance (NMR) studies. These structures have provided new 

insight to the molecular basis o f specificity in the control o f replication and transcription 

of genomic DNA. However, whilst representing a major part o f the understanding of 

such processes, high resolution structures alone do not provide all the necessary 

information for a complete understanding of how specificity is achieved. For this both 

the thermodynamic, and kinetic characteristics o f the interaction must also be studied.

The number o f thermodynamically characterised protein-nucleic acid interactions is 

rapidly increasing. One reason for the increase in the availability o f such 

thermodynamic data is the development o f high sensitivity microcalorimetry equipment, 

which is now commercially available. This thermodynamic data is being collated in 

freely available databases such as the protein nucleic acid data base (ProNIT) at 

http://www.rtc.riken.go.jp/jou/pronit.html (Prabakaran et al., 2001), in an analogous 

manner to the collation of structural data in the Protein Data Bank (PDB) at 

http://www.rcsb.org/pdb/.
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Chapter 1. Introduction

This investigation is focused on obtaining the thermodynamic characteristics for the 

interaction between the TATA binding protein from the organism Pyrococcus woesei 

(Pw), and relating it to the high resolution structure of the complex. Pw, belongs to the 

archaeal kingdom. Proteins from the archaea have become increasingly popular for 

model systems to study complex biological processes in recent times, not least because 

of their high stability, which lends them to experimental analysis. In addition, new 

information governing adaptation of biological macromolecules is emerging from 

studies of the archaea.

1.2 Adaptation to extreme environments

Over the last ten years the name extremophile has been used to describe organisms, 

such as Pw, which survive in conditions far from what would be described as ambient 

(Hoyle, 1998; Persidis, 1998; Madigan & Oren, 1999). Although there is some 

ambiguity in the definition of what is and what is not extreme, a general classification 

of such organisms and is summarised in Table 1.2.1 below. One of the main problems 

with such a definition stems from the uncertainty about what conditions were like when 

life first evolved. It has been speculated by some research groups that life may have 

evolved under conditions of high temperature, in which case it could be argued that any 

environment that deviates from this is extreme. In some cases organisms show more 

than one characteristic listed in Table 1.2.1. Pw  is one such example, displaying a high 

degree of temperature, and a moderate degree of salinity tolerance. These characteristics 

are discussed in more detail below.

14



Chapter 1. Introduction

Environmental
parameter

Classification Definition Examples

Temperature Hyperthermophile
Thermophile
Mesophile
Psychrophile

Growth > 80 °C 
60-80°C 
15-60°C 
<15°C

Pyrolobus fumarii, 
Sulfolobus Shibatae 
Saccharomyces cerevisiae

Salinity Halophile Salt loving (1-5M) Halobacterium salinarium 
Dunaliella salina

pH Alkaliophile
Acidophile

pH>9
low pH loving

Bacillus firmus 
cyanidiumcaldarium

Pressure Barophile
Piezophile

Weight-loving
Pressure-loving

Unknown
Pyrococcus horikoshii

Desiccation xerophiles anhydrobiotic Artemia saliana, lichens
Oxygen tension Anaerobe

Microaerophile
Aerobe

Cannot tolerate O2 

Tolerates some O2 

Requires O2

Methanococcus Jannaschii
Clostridium
Homosapien

Chemical
extremes

Metalotolerant Can tolerate high 
metal concentration

Ferroplasma acidarmanus 
(Cu, As, Cd, Zn)

Table 1.2.1 Examples and classification of organisms adapted to extreme environments 

(adapted from Rothschild & Mancinelli, 2001).

1.3 Thermal adaptation

Life has an amazing capacity to adapt to its environment provided that conditions are 

suitable for the presence of the liquid form of water. This is represented in Figure 1.3.1, 

which summarises the different organisms that are able to occupy the various 

temperature niches. Thermophiles are defined as organisms, which although able to 

grow slowly at temperatures between 20 and 40 °C grow optimally above 40 °C (Brock, 

1986). Most thermophiles have an upper temperature limit between 50 and 70 °C. 

Organisms such as Pw, which grow optimally above this temperature, are described as 

hyperthermophiles. Examples of hyperthermophiles are found in the bacteria and the 

archaea (Zillig, 1993) and grow optimally between 80 and 110 °C with growth 

completely inhibited below 60 °C (Stetter & Zillig, 1985). The most extreme 

hyperthermophile known to date is Pyrolobus fumarii, which grows at 113°C and is 

unable to grow at temperatures below 90 °C (Blochl et a i ,  1997).

15



Chapter 1. Introduction

150 -

100

50

0 -

-50

^  Sulphur-dependent archaea ^

t Methane-producing archaea

atrophic bacteria *1

anobacteria; 0  ^E -A noxygen ic  photosynlheÆ

J |.|M oss^ ^

\  ' Ippfascular p l a n ^  ^̂ ÊÊÊÊÊM I?Insects^ 

Jgaei

feOstrocodeT'

Fish j a  Fungi : Protozoa H B acteriajl ] Archaea

p i  Himalayan midge

Figure 1.3.1 Known temperature limits for life showing the lowest and highest temperature 

for each major taxon. Archaea are in red, bacteria in blue, algae in green, fungi in brown, 

protazoa in yellow, plants in dark green and animals are coloured in purple (reproduced 

from Rothschild & Mancinelli, 2001).

Figure 1.3.2 shows the universal tree of life based on 16/18S rRNA comparisons by 

Woese (Woese et a l ,  1990; Woese & Fox, 1997). Pw belongs to the archaea which 

contain a high proportion of thermophilic and hyperthermophilic species (DeLong, 

1998). The short length of the archaeal branches characterise a rather slow rate of 

evolution compared to the bacteria and the eukarya, supporting the hypothesis that the 

archaea may be the closest relative of the predecessor o f all present life. In both the 

bacteria and the archaea, hyperthermophiles make up all o f the deep linkages o f the 

universal tree of life, suggesting that the last common ancestor to these species may 

have been hyperthermophilic in origin. This finding led to the speculation that the origin 

of life may have occurred in such a high temperature environment. However, this is still 

disputed for several reasons, notably the adaptive stress imposed by temperature on 

DNA repair (Forterre, 1996). There are also complications associated with tracing the
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Chapter 1. Introduction

origin of life back so far, such as the catastrophe events proposed by Doolittle and 

Logsdon (1998). Despite such complications however, the archaea may still represent 

the closest link between the eukarya and early life, due to the much earlier branching of 

the bacteria relative to the archaea and eukarya.

Eukarya

Plants

Animal Flagellates
Fungi

Ciliates

Slime molds

Diolomonads

Bacteria
Green non-S bactiria

Sulpholobus
Gram positive

ArchaeaThermofllum
ThermoproteusPurple bacteria

Thermotoga
Thermococcus

Cyanobacteria Methano- 
thermus , Methanobacterium

Flavobactiria Archaeolobus

Methano-
pyrus ^  Halococcus 

Archaeolobus 
Halobacterium 
Methano spirillum

Aquifex
Methano
coccus
spp“Progenote” Methanosarcina

Figure 1.3.2 Schematic to show the universal tree of life and the three super-kingdoms. Line 

separations represent the degree of evolutionary relatedness. Bold lines are hyperthermophiles, 

which can be traced back to the point of divergence of the three super-kingdoms (adapted from 

Woese et a l,  1990).
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1.4 Mechanisms of thermal adaptation

Due to the microscopic size of thermophiles, insulation of the cells from extreme 

temperatures is not feasible. The molecules that make up the cell therefore must have 

intrinsic thermal stability or are stabilised by intracellular conditions (extrinsic 

stability). The term stability is used in this case to describe the maintenance of a defined 

functional state under the extreme conditions.

Lipid, nucleic acid and protein components of cells are sensitive to heat. At elevated 

temperatures lethal levels of membrane fluidity, DNA unwinding and protein unfolding 

are the causes of inhibition of growth in mesophilic species. In some cases membrane 

fluidity can be altered through changes in the degree of saturation and branching of the 

membrane lipids. The presence of novel lipids in thermophiles, which give rise to 

unusually high resistance to hydrolysis at high temperature has been linked to the 

thermal adaptation of some thermophilic organisms (Kates, 1992).

Increased GC content of the DNA can bring about increased intrinsic thermal stability 

of the DNA helix (Galtier & Lobry, 1997). However analysis of the GC content of 

genomic DNA from hyperthermophiles does not support this hypothesis. For example 

Methanothermus sociabilis which has a maximum growth temperature of 97 °C has a 

GC content of only 33 % and Pyrococcus furiosus a close relative of Pw  has a GC 

content of only 38 % (Stetter, 1998). It is therefore more likely that mechanisms exist 

within the cells of thermophiles leading to increased thermal stability of the DNA. One 

such stabilising factor within the cell could be the increased supercoiling of the DNA  

due to the presence of a DNA reverse gyrase unique to all known hyperthermophiles 

(Bouthier de la Tour et a l ,  1990). DNA packaging proteins such as the HU protein from
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the thermophile Thermotoga maritima, which binds DNA with increased affinity 

relative to mesophilic homologs may also be significant for the increased thermal 

stability of the DNA in such species (Grove & Lim, 2001).

An additional mechanism, which could possibly lead to increased stabilisation o f the 

DNA of hyperthemophiles, is the presence of high intracellular salt concentration. For 

example, in Pw  the intracellular concentration is found to be between 0.7 and 0.8 M 

(Zillig et a i ,  1987) balanced with an organic counterion di-myo-inositol-1,1’-phosphate 

(Sholtz et a l ,  1992, Sholts et a i ,  1998). Similarly, in cells from the hyperthermophilic 

methanogens Methanothermus fervidus, Methanothermus sociabilis and Methanopyrus 

kandleri high concentrations in the range 1 to 2.3 M counterbalanced by the 

trianionic cyclic 2,3-diphosphoglycerate anion were found (Hensel & Konig, 1988; 

Huber et a i ,  1989). Accumulation of high intracellular concentration of such ions 

possibly leads to the stabilisation of the DNA through screening the repulsive 

interaction of the highly negative charges of the DNA backbone and through favourable 

interaction of with the minor and major grooves of the DNA. The monovalent and 

divalent salts KCl and MgCli are also known to enhance the thermal stability o f DNA  

by reduction of thermally induced depurination and hydrolysis (Marguet & Forterre, 

1998). Evidence for the stabilising effect of di-myo-inositol-1,1’-phosphate comes from 

the report of its up-regulation in response to temperature and salinity in Pyrococcus 

furiosus, a closely related species to Pw  (Martins & Santos, 1995). In addition, the 

possession of very basic hi stone proteins, which package the DNA within the cell, may 

also lead to increased stabilisation of the DNA in hyperthermophiles (Thomm et a i ,  

1982).
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Unlike the relatively uniform DNA molecule the versatility of proteins enables their 

intrinsic adaptation to survival at high temperature. The high adaptability of proteins 

results from their complex three-dimensional structures and the range of properties of 

the 20 naturally occurring amino acids. The stability of proteins in general is brought 

about by the combined effect of a large number of weak interactions. This is also the 

case for proteins from hyperthermophiles and the increased stability is often brought 

about by only marginal increases in the free energy change of folding (AGf). As a result 

no general strategy has yet emerged for the stabilisation of proteins in 

hyperthermophiles.

Figure 1.4.1 shows a plot of AG against temperature for a hypothetical protein. The 

proportion of fully folded protein is greatest when AG is a minimum (Topt) and the 

melting temperature (Tm) is defined as the temperature when AG = 0. In thermodynamic 

terms there are three possible theoretical routes to increasing the Tm of the protein. 

Firstly, the AGf curve can be shifted to higher temperature leading to an increase in both 

Tm and Topt where the fraction of unfolded protein is at a minimum. Second, the 

increase in Tm can be brought about if  AGf is more favourable. Finally, Tm can be 

increased if the ACp for folding is less negative leading to a flatter temperature 

dependence of AGf resulting in stability of the fully folded form of the protein over a 

wider temperature range. This third effect also provides a means of decreasing the cold 

dénaturation temperature and is therefore a potential mechanism for adaptation in 

psychrophiles as well as thermophiles.
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Analysis of the stability of many proteins from hyperthermophiles has revealed that the 

second and third mechanisms are most important (Knapp et a i,  1996; Bae, et a i,  1988; 

Jaenicke and Bohm, 1998, Jaenicke, 2000). A recent comparison of the thermodynamic 

differences between homologous thermophilic and mesophilic proteins showed that 

both a more favourable AGf and broadening of its temperature dependence curve are 

important (Kumar et al., 2000; Kumar et a i,  2001). It has also been observed that Topt 

for a given protein (i.e. the temperature at which AGf is most negative) is always far 

below the optimal growth temperature of the hyperthermophile from which it is from 

(Jaenicke, 1996; Gràttinger a/., 1998).

A G f

0

AG

opt

Figure 1.4.1 Hypothetical temperature profiles for the AG f of a mesophilic protein (solid line) 

and a hyperthermophilic protein (dashed lines). The higher melting temperature of the 

thermophilic protein T^^ can be achieved by one or a combination of three different 

mechanisms represented by the three dashed lines as follows: increased AG f (red), increased 

optimum temperature of folding (Top,, blue) or less negative ACp resulting in a flatter curve and 

greater stability over a wider temperature range (green).
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1.5 The molecular basis for protein stability at high temperature

Of the known structures of proteins from hyperthermophilic species different strategies 

for stabilisation have emerged (for a reviews see Kauzmann, 1987; Jaenicke, 1991; 

Vielle & Zeikus, 1996; Jaenicke, 1998 and Jaenicke and Bohm, 1998). Briefly these 

mechanisms include increased compactness, shortening of loops, more intimate subunit 

interaction, an increase in inter-subunit ion pairs as observed for the Pyrococcus 

furiosus citrate synthase enzyme (Russel et a i ,  1997). In addition increase in the 

number o f hydrogen bonds involving charged amino acid side chains has been reported 

in ferredoxin from Thermotoga maritima (Recedo-Rebeiro et al, 1996) leading a low 

ACp and stability over a wide temperature range (Pfeil et al, 1997). One feature 

common to many of the known hyperthermophilic proteins is the presence of increased 

numbers of ion pairs and salt bridges which contribute to protein stability (Horovitz et 

a l ,  1990). For example, comparison of the X-ray crystal structures of the glutamate 

dehydrogenase from P.furiosus, Clostridium symbiosum and E.coli gives evidence for 

the formation of extended networks of ion pairs, which lead to significant increase in 

the thermal stability (Yip et a l ,  1995, Yip et a l ,  1998). Other examples include the 

indole 3-glycerol phosphate synthase from Sulfolobus sulfataricus (Hennig et a l ,  1995), 

3-isopropyl malate dehydrogenase from Thermus thermophilus (Wallon et a l ,  1997) 

and the PwTBP (Dedecker et a l ,  1996). The importance of such electrostatic 

interactions is apparent since the hydrophobic effect, which is the main force driving 

protein folding at mesophilic temperatures, is thought to diminish to zero at 

hyperthermophilic temperatures (Privalov & Gill, 1989; Klump et a l ,  1994). In addition 

to these thermodynamic considerations, protein unfolding kinetics are also important 

since it is possible for a thermodynamically unstable protein to have a reasonable half 

life within the cell due to slow kinetics of unfolding (Jaenicke & Bohm et a l ,  1998).
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1.6 Molecular basis of halophilicity

Halophilic and halotolerant species are found in all three domains of life and employ 

different strategies for adaptation to the salinity of their external environments (for a 

review see Oren, 1999). The halophilic archaea are most commonly found in the 

hypersaline environments of salt lakes, where they maintain osmotic balance with their 

environment through the accumulation of high internal concentrations of KCl. This is in 

contrast to halo-tolerant species, which achieve osmotic balance with their environment 

by the accumulation of organic solutes such as betaine.

For several reasons it is more difficult to characterise protein adaptations to salinity than 

adaptations to high temperature. Firstly, the effect of high salt concentration in most 

cases does not lead to an unfolding of the protein since salts such as KCl, on the major 

constituents of halophilic cells, tends to increase the surface tension of water favouring 

the folded form in which there is greater burial of the hydrophobic residues. Often 

inhibition of enzyme activity by elevated salinity is brought about by interference with 

the mechanism of the enzyme rather than the dénaturation of its ternary structure. This 

means that many proteins from moderate halophiles possess no striking features for 

adaptation to the high salinity (Pieper et a l ,  1998). Secondly, many hyperthermophilic 

species such as Pw  also exhibit high intracellular ion concentration, which makes 

identification of adapting to high salt concentration difficult to separate from adaptation 

to high temperature by extrinsic stabilisation. One feature of proteins from halophiles 

appears to be an abundance of surface acidic residues in excess over the number of 

basic residues (Reistad, 1970; Lanyi, 1974), which results in characteristically low 

isoelectric points for these proteins. The importance of surface charged residues is 

further highlighted by computational analyses of genome sequences. For example for
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the Halobacterium  species NRC-1 the proteome was found to be highly acidic with an 

average isoelectric point (pi) of 4.9 (Kennedy et a l ,  2001). The increased number of 

acidic residues on the surface of halophilic proteins potentially compete with the highly 

concentrated salt solution for water molecules (for a review see Dansen & Hough, 1997; 

Jaenicke & Bohm et a l ,  1998) reducing the aggregation of these proteins at high salt 

concentration.

1.7 Pyrococcus woesei

Pyrococcus woesei was isolated from samples taken from hot shallow sulphurous 

marine vents, known as solfataras, in Italy (Zillig et a l ,  1987). Here it survives 

temperatures in excess of 100 °C along with ambient marine salt concentrations (-0 .5  M 

NaCl). It is classified into the Thermococcacea, which form part of the archaea, a group 

distinct from the eukaryotes and the bacteria. In the laboratory Pw  grows optimally 

under almost identical conditions those in its natural environment (103 °C 0.5 M NaCl 

pH6-6.5) (Zillig et a l ,  1987) and exhibits an intracellular K  ̂concentration of 0.5-0.6 M 

with an organic counter-ion, di-myo-inositol-1,1’-phosphate, DIP (Scholtz et a l ,  1992; 

van Leeuwen et a l ,  1994; Scholtz et a l ,  1998).
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1.8 The Pyrococcus i^oese/TATA-Binding Protein (PwTBP)

The X-ray crystal structures for the conserved core region of the mesophilic 

Saccharomyces cerevisiae {Sc) and PwTBP proteins (Figure 1.8.1) show the twisted 

anti-parallel ^-sheets with two a-helices at each end that are characteristic of the TATA 

binding protein. PwTBP has a short, four residue N-terminal extension (the shortest 

known) which compares to that of 158 residues in the human form (HsTBP). The C- 

terminal extension of the PwTBP contains a tail of 7 acidic glutamate residues, which is 

common in the archaeal TBPs but absent from the C-termini of the eukaryotic forms. 

The sequence identity observed between the Pw and other TBP forms is between 36% 

and 41% (Rowlands et a i, 1994) and consistent with the high structural homology 

observed for the two forms in Figure 1.8.1. All the known TBP proteins have 

approximate dyad symmetry due to a gene repeat, but in PwTBP the sequence identity 

of the repeats is higher (-40% between the two repeats) than observed in eukaryotic 

species (DeDecker et a i, 1996).

B

Figure 1.8.1 The crystal structures of the 5cTBP and PwTBPs emphasising the secondary 

structural elements rendered in RasMol (Sayle, 1995). A, ribbon drawing of the 5cTBP showing 

both molecules of the asymmetric unit (Chasman et a i, 1996). B, ribbon drawing of the PwTBP 

showing both molecules of the asymmetric unit (DeDecker et al., 1996). The di-sulphide bond 

between Cys33 of alpha helix HI and Cys48 of beta strand S3 is shown in yellow.
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The PwTBP contains a single disulphide bond formed between cysteine 33 and cysteine 

48. This feature is absent in the eukaryotic TBP proteins but present in other 

hyperthermophiles such as Thermococcus celer suggesting some role in the high 

thermal stability of the tertiary structure of the PwTBP. This view is supported by 

studies that show increase in protein stability can be brought about by multiple di

sulphide bonds in other proteins (Matsumura et a l ,  1989). As is the case for many 

proteins from halophilic species, PwTBP has an excess of acidic residues over basic 

ones, leading to a pi of 4.8. This compares to a pi of 10.2 for the conserved region of 

the 5cTBP. In addition the PwTBP also shows an increase in the number of ion pairs 

compared the eukaryotic TBPs such as the 5cTBP. A mean protein packing parameter 

calculated for the PwTBP was approximately 6% greater than that of the Arabidopsis 

thaliana TBP, one of the most closely related eukaryotic TBPs (DeDecker et a l ,  1996). 

It is possible that a combination of all of the above factors contributes to the 

hyperthermostabiltiy of the PwTBP protein.

1.9 Protein-DNA recognition

There are many different modes of DNA recognition employed by a range of proteins 

(for a review see for example Rhodes et a l ,  1996 and Blackburn & Gait, 1996). Protein- 

DNA recognition is often interpreted in terms of shape recognition of the DNA  

backbone, known as in-direct readout, and through the formation of specific chemical 

contacts to the DNA bases in the major groove of the DNA and known as direct 

readout. A common interaction is that of arginine with N  ̂ and of guanine or N  ̂ and 

N  ̂of adenine with glutamine and asparagine. These contacting residues form the part of 

the protein known as the reading head, which is orientated precisely by the bulk of the
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protein molecule. Despite the seemingly uniform nature of the DNA, a number of DNA- 

binding motifs, which include the helix-tum-helix, zinc-finger, leucine zipper and 

various loop/p-ribbon motifs have been identified, and which are employed in modes of 

binding classified as single-headed, double headed and enveloping (Jones et a l ,  1999). 

The TATA-binding protein is unusual in that it is one of the few proteins that recognise 

the minor groove of the DNA, relying to an unprecedented extent on indirect readout.

1.10 The TBP-DNA complex

The first TBP protein structure to be determined by X-ray crystallography, at 2.6 Â 

resolution (Nikolov et a l ,  1992) and later refined to 2.1 Â (Nikolov et a al, 1994) 

resolution, was for Arabidopsis thaliana. This revealed a 32 x 45 x 60 Â saddle shaped 

molecule composed of two highly homologous structural domains of 88-89 amino acids 

related by an approximate 2-fold intramolecular symmetry. Each domain is composed 

of two a-helices and a P-sheet composed of five antiparallel strands, two of which are 

connected by a flexible loop, likened to the stirrups of the saddle. Investigators 

originally hypothesised that the TBP saddle would sit astride the DNA (Nikolov et a l ,  

1992) predicting a DNasel footprint of approximately 10 base pairs in agreement with a 

15 base pair footprint observed for the 5cTBP-DNA (Horikoshi et a l ,  1989). However, 

when the X-ray crystal structure was solved for the 5cTBP it was hypothesised that TBP 

would follow the contours of the minor groove of the DNA with the basic residues 

conserved along the edges of the protein in close proximity to the phosphates of the 

DNA (Chasman et a l ,  1993). In the same study it was also suggested that the DNA  

would be far from its canonical p form based on evidence from gel mobility shift assays 

which showed the DNA to be bent (Horikoshi et a l ,  1992).
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Co-crystal structures determined for the 5cTBP (Kim et a i ,  1993^) and ArTBP (Kim et 

ai,  1993^) proteins bound to DNA revealed that the minor groove of the eight base pair 

sequence of the TATA box binds to the concave surface of the protein producing a 

shallow and unwound minor groove in the DNA. These structures also revealed the 

helical axis of the DNA to be almost perpendicular to the one originally modelled for 

the ArTBP structure. Opening of the minor groove of the DNA results in a primarily 

hydrophobic interface with only about 35% of the 3000 surface area buried being 

hydrophilic (Kim et ai,  1993^; Kim et ai,  1993*̂ ). Two pairs of phenylalanine side 

chains penetrate the DNA between the first and last two base pairs of the recognition 

element producing two kinks and deforming the DNA overall by 80°. An almost 

identical binding pattern has also been demonstrated for the human (Hs) TBP-DNA 

complex (Nikolov et al., 1996).

Figure 1.10.1 Binary complexes of the Saccharoyces cerevisia TBP (shown in green) and the 

Arabidopsis thaliana TBP (shown in purple) recognising the TATA box of the CYCl (lY TB) 

and the Adenovims major late promoter (IQNA) respectively.
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In addition to the binary structures of the ArTBP, 5CTBP and the HsTBF bound to DNA 

the structures of two ternary complexes containing the transcription factor IIB have also 

been determined for the ArTBP (Nikolov et al,  1995) and the PwTBP (Kosa et al,  

1997) revealing the same pattern of DNA recognition as the binary complexes. In both 

complexes the core of TFIIB comprises two cyclin A-like folds and recognises the 

preformed TBP-DNA complex through a combination of protein-protein and protein- 

DNA contacts. Both domains straddle the C-terminal stirrup of the TBP and the 

backbone of the DNA through a positively charged DNA binding surface. TBP protein 

sequences show a characteristic pattern of conservation. The major regions of variation 

in the TBP proteins are the polar surfaces of the amphipathic a-helices, which interact 

with the other proteins of the basal transcription complex. This is in contrast to the 

stirrups, which have been shown to be critical for transcription activation (Kim & 

Boeder, 1997) and the ten ^-strands which form the concave hydrophobic DNA binding 

surface (Nikolov et ai ,  1994), which are highly conserved among the TBP proteins.

Figure 1.10.2 Ternary complexes for the AfTBP and PwTBP proteins. Left: The ternary 

complex formed by the human core TFIIB (orange), the AfTBP (green) and the AdMLP DNA 

(1 VOL) Right; The ternary complex formed by the Pw core TFB (red), the PwTBP (purple) and 

the box A/TATA element (1AIS).

29



Chapter 1. Introduction

1.11 The role of the TBP in vivo

Eukaryotes have three RNA polymerases that catalyse transcription of nuclear genes. 

These have a high level of structural complexity but still require additional proteins, 

known as general initiation factors (Geiduschek & Bartlett, 2000). The TBP was first 

identified as a component of the class II initiation factor lElLD recognising a TATA 

rich promoter, element known as the TATA box, which is centred at approximately -2 5  

base pairs from the start of transcription. The TATA box is essential but usually not 

sufficient for transcription in eukaryotes and additional promoters located between -4 0  

and -1 1 0  are required. In yeast cells all three of these nuclear RNA polymerases require 

the TBP to function (Cormack & Struhl, 1992). In archaea the transcription pre- 

initiation-complex (PIC) represent a simplified version of the eukaryotic type II 

polymerase system, requiring only a homologous type II RNA polymerase, TBP and 

transcription factor B (TFB) an analogue of the eukaryotic transcription factor IIB 

(TFIIB) (Hausner et a l ,  1996; Qureshi et a l ,  1997; for a review see Werner & Burley, 

1997 and Sopa, 1999). It has been reported that the self-association of TBP in vivo is 

important in the control of transcription (Jackson-Fisher et a l ,  1999). However 

conflicting reports of the oligomerisation of the 5cTBP in vitro make this hypothesis 

difficult to substantiate (see Daugherty et a l ,  1999; 2000; Campbell et a l ,  2000).

In bacteria transcription initiation operates in a different manner to eukaryotes and 

archaea and no analogue of the TBP has been reported. The core bacterial RNA 

polymerase enzyme is able to catalyse RNA synthesis de novo, but is unable to initiate 

promoter specific transcription in a promoter dependent manner. This led to the 

discovery of the a  factors in bacteria, which associate with core RNA polymerase in the 

absence of DNA to form a holoenzyme complex capable of accurate transcription
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initiation at promoter DNA (for a review see Hampsey & Reindberg, 1999). In bacteria 

there are two common promoter motifs upstream of the mRNA start site. These motifs 

comprise a 6 base pair long sequence centred at -3 5  and a TA rich motif, analogous to 

the TATA box, at -1 0  base pairs from the start site. Due to the lack of structural detail 

reported for the a  factors it is difficult to draw any direct structural comparison between 

the mode of recognition of the -35  element by the bacterial a  factor and the recognition 

of the TATA box by TbilD in eukaryotes.

The PwTBP behaves in a similar manner to eukaryotic TBP, binding upstream of 

transcription initiation sites at an ATT rich (Rowlands et a l ,  1994; Marsh et a l ,  1994). 

The PwTBP response element has the consensus: C/TTTAA/TANN (Zillig et a l ,  1993) 

and his referred to as a ‘box-A’ motif, analogous to the TATA-box of eukaryotes which 

has the consensus: TATAA/TAA/TN (Bucher, 1990). In eukaryotes TFRD is the 

primary component of the basal transcription apparatus (for a review see Burley & 

Roeder, 1996) and its importance is demonstrated by the constant structure of the TBP- 

TATA box complex over evolution despite variation in TBP and its recognition 

elements (Patikoglou gr a/., 1999).

The direction of the TBP binding on the TATA box recognition element is vital for 

correct orientation of the PIC and translation by the RNA polymerase. All of the 

eukaryotic TBP-DNA complexes determined to date by X-ray crystallography reveal 

the conserved C-terminal domain bound to DNA consistently with the same orientation. 

In this orientation the C-terminal stirrup of TBP contacts the upstream part of the TATA 

element. The X-ray crystal structure of the complex between the PwTFIEB-TBP and 

DNA reveals conversely that the PwTBP binds with the reverse orientation to the
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eukaryotic TBP-DNA complexes (Kosa et a l ,  1997), implying that the archaeal 

promoter may have a different mode of interaction of the basal transcription factors and 

the RNA polymerase.

Directionality of the TBP on the TATA box element was difficult to rationalise due the 

high symmetry of both components of the binary complex. This was particularly so for 

the /VTFB-TBP-DNA  complex, which is even more symmetrical than the eukaryotic 

complexes. In addition the PwTBP lacks many of the features proposed to explain the 

orientation of the eukaryotic proteins, such as the proline-clash envisaged by Jou et a l  

(1996) and the asymmetry in electrostatics. The box A/TAT A element recognised by the 

archaeal TBP also lacks the alternating TATA sequence proposed to account for the 

directionality in the eukayotic PIC based on differences in flexibility of the 5 ’ and 3’ 

flanking sequences of the DNA (Hunter, 1993; Starr, 1995; Wu et a l ,  2001a; Wu gf a l  

2001b).

Even though the X-ray crystal structures for the TBP-DNA complexes provide 

consistent evidence for DNA recognition in a single orientation the possibility remains 

that such a finding is an artefact produced by the crystallisation of the complex, where 

one crystal form is favoured over another. Evidence to support this hypothesis came 

from DNA cleavage studies of the ScTBP on the ScCYCl promoter, which showed only 

a modest preference for one orientation of TBP on the TATA element (Cox et a l ,

1997). Cleavage studies were also supported by molecular dynamics simulations of the 

TBP-DNA complex (Miaskiewicz & Omstein, 1996; Pastor et a l ,  1997; Pardo et a l ,

1998) which showed a similar result.
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The question of how directionality of transcription is achieved became clearer with the 

identification of a conserved motif immediately upstream of the TATA box, the B 

recognition element (BRE), which yields an archaeal PIC with the same orientation as 

the eukaryal complex (Bell et a l ,  1999). The details of the structural basis for the 

orientation of the PIC have been revealed by two structures showing the ternary 

complexes formed between the PwTFB-TBP and an extended DNA sequence to include 

the BRE (Littlefield et a l ,  1999) and the human factors bound to an analogous sequence 

(Tsai & Sigler, 2000). These structures reveal that the core TFIIB protein binds to the 

DNA asymmetrically through base-specific contacts in the major groove of the DNA  

upstream of the TATA box and in the minor groove of the DNA downstream of the 

TATA box element. Thus it appears that the stringent directionality of the PIC required 

for transcription is achieved through a combination of the TBP and TFB, although in 

eukaryotes the involvement of other factors such as IFILA may also be important, as 

shown be the three-dimensional structure of the human TFIID-IIA-IIB complex (Andel 

et a l ,  1999).
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F igure 1.11.1 Ternary complexes for the TFB and TBP bound to TATA element containing 

the upstream BRE sequence, showing contacts between the TFB and the major groove upstream 

of the TATA box and in the minor groove of the DNA downstream of the TATA box element. 

Top: PwTFB-TBP-BRE complex (1D3U), Bottom: human TFBc-TBPc-BRE complex (1C9B).
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1.12 Analysis of binding equilibria

Considering the generalised reaction:

A + B ^  AB

Where A and B represent free species and AB represents the complex formed by the 

interaction of A and B. The binding constant for this interaction K  may be expressed as:

i^ = [A B ]/[A ][B ] 1.12.1

In practice K  is affected by the concentration of ions, buffer components and any 

additional equilibria. It is therefore only a property of the equilibrium under a given set 

of experimental conditions and K  becomes î obs to show that it is an observed binding 

constant. The direction of a chemical equilibrium at constant pressure and temperature 

is given by the sign of the free energy change AG. For any process at equilibrium AG is 

at a minimum and can be expressed as shown in equation 1.12.2 when A'obs is defined as 

in Equation 1.12.1:

AGobs = -RT In /sTobs 1.12.2

Where R is the gas constant and T is the absolute temperature.

1.13 Effect of temperature on binding equilibria

Information regarding the thermodynamic driving force for a DNA protein interaction 

can be gained by determination of the enthalpy change (AHobs) and the heat capacity 

change ACpobs- The AHobs is defined as the heat energy change at constant pressure and 

ACpobs is defined as the change in AHobs per degree change in temperature. Both 

parameters can be obtained directly by the use of highly sensitive calorimetric
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instruments or calculated from the temperature dependence of ^obs, a method known as 

the van’t Hoff analysis, which is based on the relationship below.

^^Pobs
SAH .

obs
ST

1.13.1

An example of van’t Hoff analysis is shown below in Figure 1.13.1, using data from Ha 

et al. (1989), for the Lac repressor binding to its operator DNA sequence. The 

significant curvature of the temperature dependence of In Kohs highlight the large ACpobs 

typically observed for DNA protein interactions (Lohman & Mascoti, 1992; Hard & 

Lundback, 1996; Spolar & Record, 1994). Also highlighted are the changes observed in 

the AHobs and TASobs which being close to parallel, mean that the variation in AGobs is 

much less than the change in AHobs or TASobs- This results in a relatively flat profile of 

AGobs with temperature and is known as temperature dependent, enthalpy-entropy 

compensation. This phenomenon is observed in such interactions where ACpobs is much 

greater than ASobs- Although compensation is a general feature of many non-covalent 

interactions its origin has remained obscure. A simple thermodynamic argument 

suggests that for a weak intermolecular interaction the contributions of AH and AS to 

AG, should nearly balance out for a hydrogen bond at 300K (Dunitz, 1995).
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Figure 1.13.1 Thermodynamic characteristics for the interaction of the lac repressor with its 

operator DNA (data from Ha et al,  1989). The line through the binding data is the best fit to the 

relationship: In Kohs = (ACpobs /R)[(TH/T)-l-ln (Ts/T)] which can be used to determine ACpobs, 

when ACpobs is large and approximately constant over the temperature range 

investigated. The characteristic temperatures Th and Ts which correspond to the 

temperatures at which AHobs = 0  and hence AGobs is at a minimum and TASobs = 0  

respectively. The three parameters enable expression of the temperature dependence of 

the complete thermodynamic characteristics using the same function multiplied through 

by -RT.

The possible sources for the large negative ACpobs for protein DNA interactions have 

been reviewed by Sturtevant (1977) and include electrostatics, hydrogen bonding, 

conformational entropy, intramolecular vibrations, the hydrophobic effect and changes 

in equilibria. Of the six possible factors contributing to the ACp the hydrophobic effect 

and vibrational effects were concluded to make the most significant contribution. It was 

later found that for protein folding, which is thermodynamically analogous to protein 

DNA interactions, that the ratio of ACpobs to the change in non polar surface area is
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approximately a constant (Spolar et al. 1989; Livingstone et a l ,  1991) confirming that 

the hydrophobic effect is the main contribution to the large negative ACp for protein 

folding.

1.14 Effects of solutes on DNA-protein interactions

All equilibrium processes carried out in solution are dependent on the conditions and 

the solution composition. The simplest example of this effect occurs where solutes are 

neutral and interact with neither of the components of the chemical equilibrium. In this 

case the effect of the solutes is brought about entirely through their effect on the overall 

chemical potential o f the solution. For the formation of most macromolecular 

complexes, which involve the formation of extensive non-covalent networks, a net 

release of water molecules commonly occurs (Robinson & Sligar, 1993; Leikin et a l ,  

1993; Robinson & Sligar, 1994; Gamer & Burg, 1994; Gamer & Rau, 1995; Robinson 

& Sligar, 1995; Goldbaum et a l ,  1996; Sidorova & Rau, 1996; Vossen et a l ,  1997). 

Water mediated effects are particularly important for interactions of the highly hydrated 

polar surfaces of nucleic acids and DNA-binding proteins (Sligar & Robinson, 1996; 

Schwabe, 1997; Barciezewski, et a l ,  1999). In this case the effect of the change in 

chemical potential of the solution will act to favour, or disfavour the formation of the 

complex depending on whether it is accompanied by the net uptake or release of water 

molecules. This is expressed in Equation 1.14.1:

osmol

_  AV

n=o " 1.14.1
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Where AV is the volume of water released during complex formation. In practice it is 

convenient experimentally to work with osmolalities, [osmol] and the number of water 

molecules rather than osmotic pressures and volumes. In this case Equation 1.14.1 is 

used in the form:

0[ln(K J]
0[osmol]

AN^ 1.14.2

n=o

By this approach its is therefore possible to experimentally evaluate thermodynamically 

the number of water molecules associated with formation of the complex by measuring 

Kobs as a function of the osmotic potential of solutes added to the solution.

1.15 The effect of monovalent ions on protein-nucleic acid 

equiiibria

Due to the highly polyelectrolytic nature of the DNA (Manning et a i ,  1969) and the 

importance of electrostatic interactions in DNA binding (Zhang et al. 1996), protein- 

DNA interactions are affected by salt concentration. For example, the binding of the 

Lac repressor to its operator DNA sequence was found to decrease by two orders of 

magnitude if the salt concentration was increased from 0.01 to 0.18 M KCl (Riggs et 

a l ,  1970^ * *̂ ). Due to their high surface charge densities, the binding surfaces of the 

protein and DNA molecules accumulate large numbers of the oppositely charged ions 

from the bulk solution, forming what are known as ion atmospheres. On formation of 

the protein-DNA complex, the tight interface results in the rearrangement of these ion 

atmospheres. This rearrangement results in the release and uptake of large numbers of 

ions (Sharp & Honig, 1995). In the case of the Lac repressor the release of counterions 

also occurred in the formation of the non-specific complex, showing that such effects 

are not only limited to the formation of specific interfaces between the protein and DNA
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molecules (deHaseth et a l ,  1977  ̂ * )̂. The net effect of such rearrangements of 

counterions can be investigated by measurement of the dependence of ^obs for the 

complex formation on total salt concentration. A general approach for the interpretation 

of the results of such studies was developed by Record and co-workers (Record et a l ,  

1976). There are many reviews of this approach (see Record et a l ,  1977; Record et a l ,  

1978; Record et a l ,  1991; Misra et a l ,  1994; Anderson & Record, 1995; Record et a l ,

1998) and only a brief summary of the models for the effect of monovalent salt 

concentration ([MX]) on Xobs will be considered.

In the absence of competing equilibria and divalent ions, the slope of a plot of InXobs 

against In [MX] is observed to be linear in the range of salt concentrations commonly 

investigated for protein-DNA interactions (Record et a l ,  1991):

SK , = 1 1 c 1
51n[MX]

Where SKobs represents the slope of the plot. This shows that the salt is behaving 

stoichiometrically as if  it is a product of the process of complex formation.

This generalised process can be represented as:

protein bHzO) + DNA (cx. dHzO) complex + aM  ̂+ cX + (b + d) H2O

Where a is the stoichiometry of cations released and b is the stoichiometry o f anions. 

M"̂  and X are the concentrations of monovalent cations and anions respectively. The 

quantity (b 4- d) represents the net release of water from the protein and DNA interfaces
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involved in binding. Based on this generalisation, the dependence of ^obs on 

monovalent salt concentration can be expressed as:

SKobs =
9 In Kobs 1

[ain [M X ] J
a + c -  (b + d)

2[MX]

[H20] 1.15.2

(Record et a l ,  1976, 1978). The main contribution to the water release is expected to be 

from the loss of hydrogen bonded waters, from the interacting surfaces, during the 

formation of protein-DNA hydrogen bonding interactions (Berman, 1991; Berman 

1994; Lundback et a l ,  1996^; Rau et a l ,  1996). Also the release of water from 

hydrophobic surfaces is expected contribute to water release. For specific protein-DNA 

interactions, which involve the burial of large amounts of non-polar surface area and 

extensive hydrogen bonding, the water release is expected to be large. For non-specific 

binding, which is mainly due to long range coulombic interactions, water release is 

expected to be small. The model used to derive the above relationship predicts that the 

salt dependence of binding can be accounted for by the entropie contribution from the 

release of ions and water molecules from the binding interfaces of the protein and DNA  

(Record et a l ,  1978). For the release of ions the entropie contribution gets less as the 

salt concentration is increased. The opposite is true for the release of water molecules, 

which only becomes significant at high salt concentrations.
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This generally accepted view of the entropically driven salt dependence of binding has 

been supported by several studies where AHobs has been shown to be unchanged over 

the salt concentration range investigated (Mascotti et a l ,  1993; Lundback & Hard, 

1996). However there are also studies which suggest that in some cases there may be an 

enthalpic contribution to the salt dependence of Kohs (Lohman et a l ,  1996, Kozlov & 

Lohman, 1998).

An approximate integrated form of Equation 1.15.2, which can be used to analyse the 

behaviour of Kobs as a function of monovalent salt concentration is shown below:

logK,,„^^ = logK^^^,^^-Alog[MX] + 0.016(B)[M X] 1.15.3

Where A is the overall change in stoichiometry of cations and anions (a + c), (released a 

positive number) or taken up (negative number) and B is the change in stoichiometry of 

water molecules (B + D). Kref is the hypothetical binding constant, in the reference 

state where the salt concentration [MX] = 1 M, in the absence of the effects of water 

release (Ha et a l ,  1992). The effect of the parameters A, B and Kref in Equation 1.15.3 

on Kobs over a range of salt concentrations are simulated in Figure 1.15.1. The 

simulations show that for a release o f 50 water molecules (parameter B) , the effect on 

binding becomes significant at approximately 0.5 M [MX] and that K r e f  has no effect 

on the slope or curvature of the plot, which are only effected by the parameters A and B 

respectively.
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F igure 1.15.1 Simulation of the effect of the parameters A, B and Kref in Equation 1.15.3, on 

the salt dependence of for a hypothetical protein-DNA interaction. The broken lines 

represent interactions where the net release of water is zero (A = 0). The black and red lines 

represent a net release of 4 and 2 ions respectively (A = 4, A = 2). The blue line represents a net 

uptake of 2 ions (A = -2). The solid lines simulate the effect of a net release or uptake of two 

ions plus a net release of 50 water molecules (B = 0) shown in red and blue respectively. Finally 

the green line shows the expected effect of an increase in T̂ref from 6.0 to 6.5 on an interaction 

with a net release of 2 ions and 50 water molecules.

The above considerations are typically able to describe the effect of monovalent salts on 

DNA-protein interactions. However strong preferential interactions that occur between 

divalent metal ions and the DNA can complicate such simple relationships leading to, 

for example, an increase in affinity for the protein with increasing concentration of 

divalent ions, at low overall ion concentrations (see Fried & Stickle, 1993). In the case 

of the ^cTBP-DNA interaction such divalent metal ion effects were shown to be 

significant only at salt concentrations below 0.05 M NaCl (Petri et a l ,  1995).
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1.16 Thermodynamics of the TBP-DNA interaction

A thermodynamic investigation of the 5cTBP-DNA interaction by Petri et a l  (1995) 

revealed a salt dependence of binding as shown in Figure 1.16.1, but no effect of pH on 

binding. The negative slope of figure 1.16.1 is typical of protein-DNA interactions and 

associated with the release of ions. The salt dependence profile appears linear since the 

highest salt concentration is well below 0.5 M where the effect of water release 

becomes thermodynamically significant. The output from fitting Equation 1.15.3 to the 

binding data indicates a net release of approximately three ions (see Table 3.6.2). In 

contrast to the 5cTBP interaction, when the effect of salt concentration on the DNA  

binding of the PwTBP was investigated by O’Brien et a l  (1998), increasing salt 

concentration was found to favour binding. This was the first report of such a protein- 

DNA interaction which indicates a net uptake of ions by the complex .
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8 .5 -
O)
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1.6 1.4 1.2 1.0 - 0.6- 0.8 -0.4

log[N aC I]

Figure 1.16.1 Salt dependence of A'obs for the interaction of the ScTBP with the Adenovirus E4 

promoter. Data is from Petri et al ,  (1995) and the line is fitted to Equation 1.15.3.
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The investigations of the Sc and PwTBP-DNA interactions, by Petri et a l ,  (1995) and 

O’Brien et a l ,  (1998) respectively, have revealed the most positive AHobs value reported 

for a protein-DNA complex. The only other reported endothermie DNA protein 

interactions at 25 °C is HMG Box DNA interaction from Mouse Sox-5 (Privalov et a l ,

1999). Such a large unfavourable AHobs are characteristically the result of 

conformational change, such as deformation of the DNA. However, a molecular 

interpretation of this effect is still awaited (Privalov et a l ,  1999). In addition AHobs for 

the Sc and PwTBP-DNA interactions exhibit a large temperature dependence producing 

a large negative ACpobs value, which normally indicates burial of non-polar surface area 

in the complex. However, O ’Brien et a l  (1998) have pointed out that the non-polar 

surface area burial in the PwTBP-DNA complex is insufficient to account for all of the 

ACpobs.. Such discrepancies have previously been reported in protein-DNA complexes 

where water molecules have been found in the interface. In the trp repressor-DNA 

complex Ladbury et a l  (1994) discrepancy between ACpobs and ACpcaic was attributed to 

water molecules trapped in the interface of the complex, which were identified in the X- 

ray crystal structure (Otwinstki et a l ,  1988, Luisi & Sigler, 1990).

O’Brien et a l ,  (1998) hypothesised that the restriction of ions in the interface of the 

PwTBP-DNA complexes could be partially responsible for the discrepancy observed 

between ACpobs and ACpcaic- It is possible that such an effect could be brought about by 

the restriction of water molecules in the ion binding site. This was found to be the case 

in an investigation by Guinto and DiCera (1996), where an unexpectedly large negative 

ACpobs of -4 .6  ± 0.4 kJ mol'^ and only a small dependence on ionic strength for 

binding of Na"̂  to thrombin was observed. The large ACpobs could not be reconciled in 

terms of surface area burial upon ion binding or any conformational changes coupled to
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binding. It was therefore proposed that the discrepancy in predicted and observed ACpobs 

was due to the burial of a large cluster of waters in a Na"̂  binding pocket, as shown in 

Figure 1.16.2. The water molecules sequestered in the interior of the binding pocket 

were assumed to have a lower ACpobs, relative to bulk solvent water molecules, due to 

their highly restricted nature.

Figure 1.16.2 Molecular environment of the sodium binding site of thrombin. The sequence 

215-226 comprises the Na"̂  binding loop (DiCera et a l  1995). The bound Na"̂  (orange) is 

coordinated by the carbonyl O atoms of K224 and R221 and favours binding of water 

molecules (red). Water molecules are engaged in extensive hydrogen bonding interactions with 

themselves and the protein atoms and provide a network of communication between the Na"̂  ion 

and other residues in and around the catalytic pocket of the enzyme, (adapted from Guinto and 

Di Cera, 1996, PDB entry 1 hah).
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1.17 The effect of salt type on DNA binding
The effect of different salt types on interactions occurring in solution has been 

extensively studied, the majority of examples being for the solubility of small non-polar 

molecules or protein folding. Neutral salts (at pH 7) can be ranked in order to give the 

Hofmeister series after Franz Hofmeister who defined a series of cations and anions 

based on the concentrations of various salts needed to precipitate proteins from whole 

egg white (Hofmeister, 1888). The most common interpretation of the Hofmeiseter 

series of solutes is based on their effect on water structure (Leberman & Soper, 1995) at 

interfaces. However, a complete molecular interpretation of Hofmeister effects is still 

awaited (for a review see Collins and Washabaugh, 1985).

In the Hofmeister series ions are classified as chaotropic or kosmotropic, based on their 

ordering or disordering effect on water molecules at the interface of bulk solvent and 

the surface of the solute respectively. Chaotropic ions increase the surface tension and 

favour events leading to non-polar surface area burial. Kosmotropic ions have the 

opposite effect. In general the Hofmeister series for different equilibria give almost 

identical rank orders of ions. NaCl often falls on the midpoint between chaotropic and 

kosmotropic behaviour because sodium is a mild chaotrope and chloride a mild 

kosmotrope. In an investigation of the effect of different salt types on the PwTBP-DBA  

interaction gave the series below:

NaOAc > KPi = KO Ac > KCl

Where NaOAc gave the highest affinity. The thermodynamic characteristics for the 

interactions revealed a significant difference in AHobs for the different salts (O’Brien et
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a l ,  1998). This suggested that the effect of the salt type was more than simply on the 

ordering of interfacial water molecules, since this would be expected to affect only the 

entropie contribution to AGobs of binding. It was concluded that the differences in AHobs 

for the different salts was the result of the binding of ions by the protein-DNA complex.

1.18 Location of ions in the PivTBP-DNA complex

Although many thermodynamic and molecular simulation studies (for example see 

Gurlie et a l ,  1998) support the involvement of ions in mediating protein-DNA 

interactions, there remains only a handful of structural studies available. The main 

reason for this is the difficulty in distinguishing small ions from water molecules at the 

resolution currently available from the X-ray crystal structures of these complexes. One 

of the few examples comes from recent crystallographic detail on the complex between 

BamHl and DNA, where glutamate and aspartate residues were found to interact with 

the backbone of the DNA via calcium ions (Newman et a l ,  1995; Viadu & Aggarwal, 

2000).

Small monovalent ions are particularly difficult to identify due to their low electron 

density. In particular, Na"̂  has an identical number of electrons to the water molecule 

making it almost indistinguishable in X-ray crystallography (Pelletier & Sawaya, 1996). 

One of the few examples of a protein-DNA interaction where the involvement of ions 

was confirmed by X-ray crystallography is that of the helix-hairpin-helix motif of the 

human DNA polymerase with nicked DNA (Pelletier et a l ,  1996). In this investigation 

the location of ions was confirmed by soaking experiments of the co-crystals with 

different sizes of metal ions and by competition experiments using the almost 

indistinguishable sodium ion. Figure 1.18.1 below shows the location of one of two
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sodium ions bound between the DNA binding motif of the polymerase and a phosphate 

of the DNA backbone. In this study it was speculated that the function of the bound ions 

may be to facilitate tight binding of the DNA substrate without compromising 

processivity, by allowing lateral movement of the polymerase along the length of the 

DNA.

lie  106
Thr 101 DNA  

phosphate

Val 103

Figure 1.18.1 Representation in RasMol (Sayle, 1995) of the geometry of Na^ binding in the 

human DNA polymerase interaction with nicked DNA. Although the Na"" ion appears almost 

indistinguishable from a water molecule in the X-ray crystal structure, it could be identified by 

comparing the geometry of the chelating groups from crystals soaked in the absence of metal 

ions (Pelletier & Sawaya, 1996).
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Recently there has been an increase in understanding of the location of ions associated 

with the free DNA molecule. The picture that has emerged from these studies can be of 

a minor groove populated by a spine of single charged cations (eg. Na' )̂ and water 

molecules (for a review see Hud & Matjaz, 2001). Advances have been made through a 

combination of high resolution X-ray crystal structures and by the use o f nuclear 

magnetic resonance (NMR). Using a NMR technique called magnetic relaxation 

dispersion (MRD), ^^Na relaxation was measured for sodium in solution and with three 

DNA sequences one of which was the CGAAAATTTTCG duplex. The relaxation data 

gives a measure of the residence time o f Na"̂  ions associated with the DNA. In a 

competition experiment between the ions and a minor groove DNA binding protein 

called netropsin the A-tract of the minor groove was identified as the principle binding 

site for slowly exchanging Na'̂  ions (Denisov & Halle, 2000).
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Experimental

2.1 Expression system
The plasmid pET3a vector (Novogen) containing the FwTBP insert was kindly supplied 

by P B Sigler (Howard Hughes Medical Institute, Department of Molecular Biophysics 

& Biochemistry, Yale University, New Haven, Connecticut, USA). This expression 

vector is under the control of the T7 promoter, which is not recognised by the E.coli 

RNA polymerase. Expression was carried out using the E.coli strain C41 (DE3) host 

cells, which contains a chromosomal copy of the T7 RNA polymerase gene under 

lacUV5 control. This system provides high selectivity and high expression yields upon 

induction with isopropyl-P-D-thiogalactopyranoside (IPTG). The sequence of the full- 

length PwTBP (Rowlands et a l ,  1994) protein is shown in Figure 2.1.1 below.

10 20 30 40 50 60
I I  I I  I I

MVDMSKVKLR lE N IV A SV D L  FAQLDLEKVL DLCPNSKYNP E EFPG IIC H L DDPKVALLIF

70 80 90 100  110 120
I  I  I  I  I I

SSGKLW TGA KSVQDIERAV AKLAQKLKSI GVKFKRAPQI DVQNMVFSGD IG R EFN LD W

130  140 150 160  170 180
I I  I  I I  I

ALTLPNCEYE PEQFPGVIYR VKEPKSVILL FSSGK IVCSG AKSEADAWEA VRKLLRELDK

190
I

YGLLEEEEEE L

Figure 2.1.1 Primary amino acid sequence, using the single letter abbreviations, for the 191 

amino acid TBP protein from Pyrococcus woesei.
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2.2 Preparing CaCIa competent C41 (DE3) cells
A 5 ml aliquot of fresh Lauria Beitani (LB) medium (+ ampicillin 100 ug/ml) was 

inoculated with C41 cells from a glycerol stock and grown in a shaking incubator 

overnight at 37 °C. An aliquot of 2.5 ml of the overnight culture was added to 50 ml of 

fresh LB (+ ampicillin 100 ug/ml) and grown in a 250 ml flask at 37 °C with shaking 

until it had an ODôoo of 0.5 (approx. 2 hours). The flask was allowed to stand on ice for 

20 minutes. The contents were poured into a 50 ml falcon tube and centrifuged at 2500 

rpm, for 15 min. The supernatant was decanted and the cell pellet gently re-suspended 

in 20 ml ice cold O.IM CaCl2 and left on ice for 20 min. The cells were then centrifuged 

at 2500 rpm, for 15 min. The supernatant was decanted and the cells were gently re

suspend in 1 ml of ice cold 0.1 M CaCb. The cells were kept on ice until required.

2.3 Transformation of CaCb competent cells
An aliquot of 1 pi of plasmid DNA (an overall amount of approximately 10 ng) was 

added to 100 pi of CaCl2 competent C41 cells (in an Eppendorf tube) on ice. The tube 

was gently flicked to mix the contents and returned to ice for 30 minutes. The tube was 

placed in a water bath at 42 °C for 45-60 seconds and returned to ice for a further 2 

minutes. An aliquot of 400 pi of fresh LB media (no antibiotics) was added and the tube 

incubated at 37 °C for 1 hour inverting every fifteen minutes to mix the contents. 

Subsequently, a 100 pi aliquot of the mixture was spread over an LB agar plate (+ 

ampicillin (100 pg/ml)) and incubated overnight at 37 °C.

2.4 Over-expresslon of wild type PwTBP
Flasks containing 180 ml of LB media and ampicillin (100 pg/ml) were inoculated with 

cells from a freshly transformed colony and grown overnight to an ODôoo of 0.5. 50 ml
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aliquots of the overnight culture were used to inoculate 2 1 flasks containing 500 ml of 

LB media (+ ampicillin 100 pg/ml) and grown to an ODôoo of 0.5 with shaking (200 

rpm) at 37 °C. Protein production was induced by addition of IPTG (Melford 

Laboratories Ltd.) to a final concentration of 0.5 mM and incubated at 190 rpm and 37 

°C for three hours. The cells were pelleted by centrifugation at 5000 rpm at 4 °C and 

stored at -2 0  °C.

2.5 Purification of wiid type PivTBP
The cell pellet was re-suspended into 100 mM KH2PO4, pH 6 .8, 1% Triton X-100 and 

sonicated on ice. The lysate was heated to 85 °C for 20 minutes, to precipitate the 

majority of the E.coli proteins, leaving the PwTBP in the soluble fraction. The milky 

suspension was centrifuged, at 4 °C, for 15 minutes at 18000 rpm (Beckman 70Ti rotor) 

and the pellet discarded. The protein was precipitated form the solution by adding 

ammonium sulphate to a final concentration of 70 % w/v (45 g/100 ml). The milky 

white suspension was centrifuged at 4 °C, for 15 minutes at 15,000 rpm (Beckman 

SW28 rotor). The pellet was re-suspended into 50 ml of 1 mM KH2PO4. The re

suspended pellet then was fractionated on a hydroxyapatite column (HA-ULTROGEL®; 

SIGMA) followed by a Q-Sepharose column (Pharmacia). The PwTBP eluted from the 

hydroxyapatite column at 200 mM KH2PO4, pH 6 .8, using a 1 mM to 250 mM KH2PO4 

gradient, and from the Q-Sepharose column at 250 mM KCL, 20 mM Tris.HCL, pH 

7.5, using a 50 mM to 1.0 M KCl gradient. The purity of the final protein was assessed 

by 12 % Tris-Tricine SDS PAGE. An example of a typical Tris-Tricine gel is shown in 

Figure 2.5.1. In some cases when the final purified protein was run on an SDS PAGE 

gel extra bands corresponding to the approximate molecular weight of dimer and 

tetramer TBP protein were apparent. This was due possibly to oligomerisation of the
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purified protein brought about by intermolecular disulphide bridge formation. When 

non-denaturing SDS PAGE gels were carried out there bands became much stronger 

and increased in intensity if the samples were boiled for was increased length of time, 

confirming that aggregation due to disulphide bridge formation was the most likely 

source o f the extra bands. To further investigate the purity o f the PwTBP gel permeation 

chromatography, (GPC) was carried out. Like SDS PAGE, GPC separates molecules 

based on their size but allows eluting fractions to be monitored by their UV absorption. 

In Figure 2.5.2 chromatograms for the wild type and two o f the mutant PwTBP forms 

show a single symmetrical peak for the wild type protein and only a small amount of 

impurity for the two mutant complexes.
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Figure 2.5.1 A  typ ica l 12% T ris-T ric in e  SD SPA G E gel stained with Coom asie brilliant blue 

R 250. The lanes contain the following from  left to right: molecular weight marker (kDa), before 

loading hydroxy apatite column, unbound fraction from  hydroxyapatite column, eluted fraction 

from  hydroxyapatite column, unbound fraction from  Q -Sepharose column, eluted fraction and 

combined fractions 20-25 from Q -Sepharose column.
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F igure 2 .5 .2  Gel Permeation chrom atographs for purified W T, E12A  and D IO IA  forms of 

T B P carried out using a pre-packed Superose 12 analytical column from  Pharm acia. In each 

experiment a 0.5 ml sample collected from the final stage of the purification was loaded an 

eluted using a 0.3 ml/min flow rate of 300 mM NaCl, 20 mM KH2PO4, pH 7.0. Concentrations 

loaded were 20 pM  W T, 30 p.M E12A and 50 p.M D lO l. All proteins were eluted by 

approxim ately 13 ml of buffer corresponding to a retention time o f approxim ately 43 minutes.

A typical UV/Vis spectrum is shown in Figure 2.5.3. From the ratio o f the A2 6 0 /A 2 8 0 in 

this spectrum the amount o f DNA bound to the protein can be assessed due to the large 

£ 2 6 0  o f the DNA relative to the E2 8 0  o f the protein. If the ratio o f A 2 6 0/A 2 8 0  was any 

greater than 0.5 then the Q-Sepharose column procedure was repeated until this was 

achieved. Protein concentration was determined from the 340-220 nm wavelength scan 

(Figure 2.5.3) taking into account the light scattering by the protein at longer 

wavelengths, apparent by the sloping baseline between 340 nm and 320 nm. A 

calculated value for £ 2 8 0  o f 11100 M ’' cm ’ based on the extinction coefficients of the 

chromophores present in the protein sequence in 6 M guanidine (Pace et a i ,  1995) was 

used in the calculation of the final protein concentration. Final recovery of the protein 

was approximately 20 mg per litre of cell culture.
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Figure 2.5.3 UV/Vis spectrum of purified wild type PwTBP. Spectra were recorded using a 

45pM protein solution in 1.0 M NaCl, 10m M MOPS, pH 7.0 on a Cary 100 UV/Vis 

spectrometer and using a 1cm path length quartz cuvette.

2.6 In Vitro Site-Directed Mutagenesis of PwTBP
Site-directed mutagenesis of the wild type (WT) PwTBP was carried out using the 

QuikChange^^ site directed mutagenesis kit from Stratagene according to the 

manufacturer’s instructions. The oligonucleotide primers were synthesised by 

Amersham Pharmacia Biotech on a 50 nM scale reaction and dissolved in 0.5 ml of 

filter sterile water. Sequences of the primers are shown in Table 2.6.1. The 

concentration of primers and template DNA was determined spectroscopically using an 

£260 as supplied by the manufacturers of the primers, and an £250 of 0.02 pg'^ml'  ̂ for the 

template. Sample reactions were set up using a range of double strand DNA template 

concentrations (5, 20, and 50 ng of dsDNA  template per 50pl) for the E12, E42, D lO l
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single and double mutations. All remaining mutations were carried out using 10 ng 

template strand concentration. The amplification reactions were carried out on a thermal 

cycler (Techne, Progene) for 12 cycles of 95 °C (30 seconds), 55 °C (60 seconds) and 

68 °C (8 minutes). The DPN-I treated products were transformed into the 

Supercompotent Epicurian Coli X L l cells stored, on ice for 30 minutes, heat pulsed at 

42 °C for 45 seconds and stored on ice for a further 2 minutes. 0.5 ml of pre-heated 

NZY^ broth was added and the reactions incubated at 37 °C for 1 hour. The entire 

contents were then plated out onto agar plates and incubated at 37 °C for 16 hours.

Colonies picked from the plates were used to inoculate 5 ml overnight cultures grown at 

37 °C. Plasmid purification was carried out using the QIAprep Miniprep spin column 

kit (QIAGEN) according to the manufacturer’s instructions. Following elution from the 

spin column by 50 p,l of 10 mM Tris-HCL, pH 8.5), the DNA was stored at -2 0  °C. 

Sequencing reactions were prepared using the Rhodamine Terminator sequencing kit 

(ABI Prism) according to the manufacturer’s instructions. Reaction mixtures were 

prepared containing a total of 500 ng of double-stranded DNA product, 3 pmols of the 

17mer primer (5 ’ - A AT ACG ACTC ACT AT AG-3 ’ ) for the T7 promoter, 8 |nl of Ready 

Reaction mixture and made up to a final volume of 20 p,l. Cycle sequencing was carried 

out on a Techne Progene using the program for the TCI thermal cycler. Following 

ethanol precipitation the tubes were spun for 25 minutes at 1400 rpm and the aspirated 

supernatant washed with 190 |il of 70 % ethanol and spun for a further 10 minutes. The 

pellet was dried and sequencing carried out (Oswel DNA sequencing service).
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E12A

E42A

DlOlA

E12K

H49A

Q103A

Q133A

Q103E

H49R

E128A

E42K

5’-GCAAGGTTAAGCTCAGGATAGCGAACATAGTTGCTTCCGTCG-3’

5 ’ -CGACGGAAGCAACT ATGTTCGCTATCCTGAGCTTAACCTTGC-3 ’ 

5’-CCAAATTCTAAGTACAATCCTGAAGCGTTCCCAGGTATTATTTGTCATATAG-3’ 

5’-CTATATGACAATAATACCTGGGAACGCTTCAGGATTGTACTTAGAATTTGG -3’ 

5’-GGCACCACAGATAGCTGTGCAGAATATGGTGTTTAGC-3’

5 ’ -GCTAAACACCAT ATTCTGCACAGCTATCTGTGGTGCC-3 ’

5 ’ - GCAAGGTTAAGCTCAGGAT AA AGAACATAGTTGCTTCCGTCG-3 ’

5’-CGACGGAAGCAACTATGTTCGCTATCCTGAGCTTAACCTTGC-3’

5’-CCTGAAGAGTTCCCAGGTATTATTTGTGCTCTCGATGA-3’

5’-GCAACCTTCGGATCATCGAGAGCACAAATAATACCTGG-3’

5’-CCACAGATAGATGTGGAGAATATGGTGTTTAGCGG-3’

3’-CCGCTAAACACCATATTCTCCACATCTATCTGTGG-3’

5’-CTGTGAGTATGAACCAGAGGCGTTCCCAGGTGTGATATATAG-3’

5’-CTATATATCACACCTGGGAACGCCTCTGGTTCATACTCACAG-3’

5 ’ -CC AC AGAT AGATGTGG AG AAT ATGGTGTTT AGCGG-3 ’ 

5’-CCGCTAAACACCATATTCTCCACATCTATCTGTGG-3’ 

5’-GAGTTCCCAGGTATTATTTGTCGTCTCGATGATCCGAAGGTTGC-3’ 

5’-GCAACCTTCGGATCATCGAGACGACAAATAATACCTGGGAACTC-3’ 

5’-CCTTGCCAAACTGTGCGTATGAACCAGAGCAGTTCC -3’

5 -GGAACTGCTCTGGTTCATACGCACAGTTTGGCAAGG -3’ 

5’-CTAAGTACAATCCTGAAAAGTTCCCAGGTATTATTTGTCATCTCG -3’ 

5’-CGAGATGACAAATAATACCTGGGAACTTTTCAGGATTGTACTTAG -3’

5’- CTAAGTACAATCCTAAAAAGTTCCCAGGTATTATTTGTCATCTCG -3’ 
E41K42K

5’- CGAGATGACAAATAATACCTGGGAATTTTTCAGGATTGTACTTAG -3’

Table 2.6.1 Oligonucleotide primer sequences for site-directed mutagenesis of the wild type 

PwTBPshown in 5’-3’ direction. Codons for the point mutations are shown in bold. Oligo’s 

were synthesised on a 0.02 pM scale reaction scale (Amersham Pharmacia Biotech).
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2.7 Modification of the standard purification protocol for 
mutants

Mutant forms of the PwTBP were purified in an identical manner except for the 

E12AE42KE128A and E12AE41KE42KE128A forms. Figure 2.7.1 shows a 12% Tris- 

Tricine PAGE gel for some o f the mutant forms o f the PwTBP.

5 5 116
66
45
31

m 22

14

6.5

Figure 2.7.1 12% Tris-Tricine PA G E gel o f purified m utant TB P proteins, stained with 

Coom asie brilliant blue Rigo- From  left to right, W T, E12A, E42A, D lO l A, E12AE42A, 

E42AD101A and marker.

The protein purification protocol was modified for the E 12AE42KE128A and 

E 12A E 41KE42KE128A mutants to account change in pi o f the proteins due to the 

changes in the number of charged residues (see Table 2.7.1). For the E12AE42KE128A  

form the pH of all buffers for the HA column was increased from 6.8 to 7.5 and the pH 

of the buffers for the Q-Sepharose column was increase from 7.5 to 8.0. The pH o f the 

sonication buffer remained at 6.8. For the E 12A E41KE42KE128A mutant the pH o f the 

lysis buffer was reduced from 6.8 to 5.5 so that the pH was far enough from the pi o f  

the protein so that the protein remained soluble during the heating stage at the start of 

the purification. The pH of the HA column buffer was increased from 6.8 to 8.0 and the 

pH of the buffers for the Q-Sepharose column was increased from 7.5 to 8.5.
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TBP variant Predicted pi

WT 5.03

E12A 5.12

E12AE128A 5.23

E12AE128AE42K 5.62

E12AE128AE41KE42K 6.62

Table 2.7.1 Predicted iso-electric points for the wild type, E12A, E12AE128A, triple and 

quadruple mutant PwTBP proteins. Isoelectric points were calculated using the SwissProt 

ProtParam tool (http://www.expasy.ch/tools/protparam.html).

2.8 Thermal stability of the wild type PwTBP protein
The thermal stability of the PwTBP protein was investigated by differential scanning 

calorimetry (DSC) to check that the purified protein was folded and to determine the 

effect of salt concentration and pH on its melting temperature (Tm) over a range of 

conditions to be used in DNA binding experiments. However, a thorough investigation 

of the unfolding thermodynamics was not possible due to the high temperature and 

irreversibility of the unfolding transition of the protein (DeDecker et a l ,  1998). For 

such irreversible melting transitions it is not possible to obtain the thermodynamic 

characteristics of unfolding and only an estimate of the temperature of maximum 

stability could be obtained from the temperature when aggregation occurs at a specific 

protein concentration and temperature scanning rate. The PwTBP protein appeared to be 

most stable at low pH values close to its pi and least stable at high pH and low salt 

concentration. The potential of chemical dénaturants to lower the melting temperature
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of the PwTBP protein, was investigated and urea found to reduce the melting 

temperature. Figure 2.8.1 shows an example of a DSC scan for the PwTBP in an 8 M 

urea. Aggregation was reduced in the presence of the 8 M urea however repeat scans 

showed that the melting is still not reversible. This is most likely due to the effects of 

chemical dénaturation at the high temperatures reached during the scan.

0.0 0 -

Q- - 0 .0 1 -

1
u

- 0.02 -

-0.03
30 40 50 60 70 80 90 100 110 120

Temperature (°C)

Figure 2.8.1 DSC scan to show the thermal melting of the PwTBP in 8 M urea, 50 mM NaCl, 

10 mM imidazole at pH 8.0. The experiment was performed with a protein concentration of 

0.08 mM with a scan rate of 1 °C/min.
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2.9 Preparation of the oligonucleotide for DNA binding 

experiments
Each 20mer strand o f the DNA duplex was synthesised on a 10 juiM scale by the Oswel 

DNA service. Gel filtration was used to remove the associated trityl groups from the 

deprotection reaction. The lyophilised DNA was re-dissolved into 1.5 ml filtered 150 

mM NaCl, 20 mM NaH2P04, 1 mM EDTA, pH 7.0. The concentration was estimated 

for each strand using a calculated £ 2 0 0  o f 201.1 mM'' for strand A 

(CTGCACTTTAAAAAGACGTC) and 197.1 m M ' for strand B 

(GACGTCTTTTTAAAGTGCAG). An equimolar mixture o f the two strands was 

annealed by cooling slowly from 95 °C to room temperature in an insulated 1 1 beaker 

of water. The purity of the newly synthesised DNA was analysed by UV Melting 

spectroscopy as shown below (Figure 2.9.1).

0.775 -1
0.016

0.750 - 0.014

0.725 - 0.012

0.0100.700 -

0.008§ 0 .6 7 5 -

0.006 -Q0.650 -

0.004
0.625 -

0.002
0.600 -

0.000
0.575

20 60 80 90 10010 30 40 50 70

Temperature ( °C )

F igure 2.9.1 UV melting spectrum  for the DNA duplex used in ITC binding experiments. The 

data was recorded for a 2 pM  DNA solution in 150 mM NaCl, 20 mM  NaHzPO^, pH  7.0 and 

using a carry 100 UV/vis spectrometer with a 1 cm path length quartz cuvette.
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2.10 Isothermal titration calorimetry
Throughout this investigation the thermodynamic characteristics of the PrvTBP-DNA 

interaction have been investigated by isothermal titration calorimetry (ITC). The 

measurement of thermodynamic characteristics is important because all biological 

processes involve the redistribution of non-covalent bonds. The most convenient 

thermodynamic characteristic to measure is AHobs, which corresponds to the heat 

absorbed or released by the system during the chemical change. Until recently it was 

only possible to follow AHobs indirectly using the van’t Hoff analysis, based on 

following the binding equilibrium as a function of temperature. However, there are 

several limitations associated with this indirect approach, and since the availability of 

highly sensitive heat detecting instrumentation, direct measurement of AHobs has 

become the method of choice. With suitable experimental design this technique can be 

used also to determine the observed equilibrium binding constant (Kohs) and the molar 

ratio of interacting molecules (n) for a bimolecular interaction (Ladbury & Chowdhry, 

1996; Jelesarov & Bosshard, 1999). From these parameters it is then possible to obtain 

the AGobs and ASobs for the given system under the chosen experimental conditions. 

Experiments conducted at a range of temperatures also allow the calculation of the 

ACpobs for the interaction.

Since ITC measures the heat change per mole of interactants for a given interaction, the 

usefulness of the technique relies on the accurate measurement of the concentration of 

the components of the interaction and sufficient quantities of material to produce 

measurable changes in heat. In this investigation both the protein and DNA  

concentrations were determined from an absorbance scan in the visible to UV range to 

allow for scattering to be taken into account. This is particularly important for
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determination of the protein concentration, which produces significant light scattering at 

higher wavelengths as described in Section 2.5. The technology currently available 

allows the measurement of heats in the microjoule (pJ) to nanojoule (nJ) range. 

Consequently to produce data that the enthalpy change can be accurately obtained from, 

complete saturation of the interacting component in the cell must be accompanied by a 

heat change of the order of 200 pJ. Thus a system with an interaction enthalpy of 20 kJ 

mol'  ̂ would require a 10 pM solution in the cell of the calorimeter and using a typical 

injection syringe of 250 ml this would require a 100 pM solution of ligand assuming a 

one to one interaction takes place. The total amount of material needed per run is 

therefore of the order of 0.2 mg in the cell and 0.4 mg in the injection syringe.

The affinity of the interaction must also be considered during the experimental design. 

An empirical rule exists for the concentration of the component required in the cell of 

the calorimeter required for accurate determination of the binding constant and the 

enthalpy. This is quantified by the unitless ‘c ’ value where: c = K.c.n. c is the 

concentration of material in the cell K b is the binding constant and n is the 

stoichiometry of the interaction, c values between 1 and 1000 can be used, optimal data 

is obtained when c is between 10 and 100 (Wiseman et a l ,  1989). As a result TTC is 

different from other techniques used to obtain binding constants/dissociation constants 

because it requires concentrations at least 10 fold higher than the dissociation constant 

% ).

All experiments were conducted using an MCS or VP TTC (MicroCal Inc., 

Northampton, MA). Typically 20, 15 pi injections of DNA (100 pM) were made into 

the protein solution (10 pM) in the cell. The heats of dilution of the DNA into buffer

64



Chapter 2. Experimental

were determined in separate experiments and subtracted from the titration prior to data 

analysis. Data were analysed using the ORIGIN software supplied with the instrument. 

A typical titration showing raw data and heat of dilution experiment is shown in Figure 

2.10.1. Two complementary 20mer oligonucleotides were used to form a DNA duplex 

for ITC experiments (binding site underlined; 5 ’ -CTGC ACTTT A A A A AG ACGTC-3 ’ 

and 5 ’ -GACGTCTTTTTAAAGTGCAG-3 ’ Concentration of the duplex was 

determined spectroscopically using an 8200 of 400 mM'^cm'* and a correction factor of 

1.30 for the observed hypochromicity of the duplex at 20 °C. Protein and DNA samples 

were dialysed in the same beaker containing the appropriate buffer, using 3500 Dal cut 

off dialysis membrane. After dialysis about 50 ml of the buffer was filtered to remove 

particles and used to make up the appropriate dilutions for the ITC experiments after 

determination of the concentration spectroscopically as described previously. For salt 

dependence of binding experiments MOPS (3-[N-morpholino]propane-sulphonic acid), 

buffer was used at pH 7.0.
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Figure 2.10.1 Sample ITC binding data: (A) raw data where each peak shows the heat 

produced by a serial injection of a 120 pM DNA solution into a 12 pM PwTBP solution (blue) 

or a 1.0 M NaCl, 10 mM MOPS, pH 7.0 (red) at 308K. (B) binding isotherms obtained from the 

integrated heats with respect to time for the interaction (blue) and the heat of dilution of DNA 

into buffer (red). (C) Binding isotherm after subtraction of the heat of dilution. The red line 

represents the best fit to the data using a model based on a single set of identical binding sites, n 

is the stoichiometry of the interaction as determined by the fitting of the ITC binding isotherm 

(Wiseman et ai,  1989) using the ORIGIN software (Microcal Inc. USA).
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Experiments to determine the pH dependence of binding were carried out using a triple 

buffering system. This was used to maintain constant ionic strength throughout the 

entire pH range and comprised: 1.3 M NaCl, 25 mM NaOAc, 25 mM MBS (2-[N- 

Morphilino]ethanesulfonic acid), 50 mM TRIS (Tris[hydroxymethyl]- 

ammoniumethane)/HCl. The relatively high [NaCl] concentration was used to maintain 

sufficiently high c-value as Kohs decreased. Since the enthalpy change for the Tris and 

acetate components of the triple buffer varies by a significant amount with temperature, 

the pH of the buffer was adjusted at experimental temperature of the ITC experiments 

(35 °C) using a Jenway 3305 pH meter.

Experiments to determine the effect of osmotic stress on the DNA interaction of PwTBP 

were carried out as previously described after dialysing the protein and DNA samples 

into the appropriate buffer solution containing the osmolyte. Betaine was purchased 

from SIGMA chemicals and sucrose from BDH chemicals. Osmolalities were 

calculated from data provided by Rau (available at 

http:dir.nichd.nih.gov/lpsb/docsosmodata) for betaine and sucrose. The ITC cell and 

loading syringe were each rinsed with two volumes of the appropriate buffer before 

loading to reduce the size of dilution heats due to buffer mismatch. These are large 

when using high osmolyte or salt high concentrations.
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2.11 Calculation of the change in poiar and non poiar soivent 
accessibie surface area for formation of the PiyTBP-DNA 

compiex
Estimation of surface area burial on formation of the PwTBP-DNA complex was 

carried out using the coordinates from the X-ray crystal structure of the complex (Kosa 

et a l ,  1996) and the NACCESS software (http://wolf.bms.umist.ac.uk/NACCESS/) 

using a standard probe and atomic radii. The surface area burial was calculated by 

subtraction of the total surface area of the free molecule from the surface area calculated 

for the molecule in the bound form of the complex as shown in Table 2.11.1 below.

Group Non-polar SASA / polar SASA / Total SASA / A^

Free TBP 6087 4334 10421
Bound TBP 4965 3965 9830
Buried (protein) 1122 369 1491
Free DNA (pre-bent) 2646 3944 6590
DNA complex 1938 3109 5047
Buried (pre-bent DNA) 708 835 1543
Total buried SASA 1830 1204 3034

Table 2.11.1 Solvent accessible surface area (SASA) for the PwTBP and DNA calculated 

using the using the NACCESS software as described above.

2.12 Visualization of possible ion binding sites in the PivTBP- 
DNA compiex

Structural images were created using the GRASP program (Nicholls et a l ,  1991; 

Nicholls et a,l 1993). In order to create a better representation of the local electrostatics 

of the structure we implemented the AMBER partial atomic charges (Cornell et a l ,  

1995) as GRASP format .erg files for both protein and DNA  

(http://www.biochem.ucl.ac.uk/~williams/grasp_enhancements/grasp.html). These 

"second-generation" charges are an all atom set, consequently it was necessary to build
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hydrogen atoms on to the crystallographic structures of Pw-PDB:lais (Kosa et a l ,

1997) with the 5-idouracil remodelled by hand as thymine and Yeast TBP - PD Bilytf 

(Tan et a l ,  1996)- in order to use them. Hydrogens were built onto the structures using 

the standard addhydrogens script in CNS version 1.0 (Brunger et a l ,  1998) with the 

protonation state of histidine being determined from hydrogen bonding patterns in the 

original structures. The electrostatic potentials were calculated using the standard 

biomolecular dielectric of 2.0 and solvent probe radius of 1.4 and dielectric of 80.0. The 

salt concentration was 1 M. Since our objective was to identify possible ion binding 

sites on the biomolecules, we specifically excluded salt from the surface of the protein 

and DNA in the Poisson-Boltzmann calculation by increasing the ion probe radius to 6 

Â (approximately the radius of an ion and its first solvation shell). This has the effect of 

including the important Debye screening effect of the high salt concentration, while not 

masking the local electrostatics of possible ion binding sites.

Almost all space on, and within biomolecules is filled with water (Williams et a l ,  

1994). When an ion binds to a biomolecule at least one water molecule is displaced and 

the ion utilises the local polar groups to compensate for the (partial) loss of its tightly 

bound hydration shell. We have filled the biomolecular surface, clefts and cavities with 

spheres representing water molecules/ions in order to visualize the spaces into which 

ions may bind. The methodology for water/ion placement has been described in detail 

previously (Williams et a l ,  1994) and differs here only in that the minimum acceptable 

radius for a local pocket to be considered as a possible binding site is increased to 1.2 Â 

to take account of the slightly larger size of the ions compared to water.
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General Thermodynamics of the 
/̂ mTBP-DNA interaction

3.1 Investigation of the Properties of the PwTBP DNA complex
It is important to derive the characteristics of formation of the complex of the PwTBP 

and DNA, to enable comparison with mutated PwTBP-DNA complexes later on in this 

study. This chapter is divided into three areas to investigate the effect of the solvent 

components (pH, salt concentration and osmotic potential) on the formation of the 

complex. Firstly, the effect of pH on complex formation is investigated. Secondly, the 

effect of salt concentration was investigated and compared to the effect of salt 

concentration on the ScTBP-DNA complex. Finally, the effect of osmotic potential was 

investigated using an osmotic stress strategy.

3.2 The effect of pH on PwTBP-DNA complex formation
The ultimate aim of this study is to determine which PwTBP residues are important for 

DNA recognition under high salt conditions. Residues involved in the uptake, or release 

of ions from the complex are potentially affected by changes in pH (see Table 3.2.1). 

The pKa values of the amino acid side chains, which are within the range 4-12, are listed 

in Table 3.2.1. Only the histidine side chain has a pKa value close to pH 7. However, the 

pKa of an amino acid side chain can vary significantly depending on its local
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environment in the protein. For example, the close proximity of hydrophobic residues or 

charged ligand molecules can shift the pKa of a given residue (Joshi et a l ,  2001). Thus 

it was important to identify whether protonation effects played a role in FwTBP-DNA 

recognition.

Amino acid side-chain pKa

aspartate 4.5
glutamate 4.6

lysine 10.4
arginine 12.0
tyrosine 9.7
histidine 6.2
cysteine 9.1

Table 3.2.1 pKa of the ionising side chains of the naturally occurring amino acids estimated 

from the pKa values of small model compounds (Tanford, 1962).

To investigate the effect of protonation of FwTBP in its specific interaction with DNA, 

binding was measured as a function of pH. TTC experiments were performed over the 

pH range 5.0-8.2. A ‘triple buffer’ system was used containing 1.3 M NaCl and three 

different buffer components (see Section 2.10) providing a wide, optimal buffering 

range whilst maintaining a constant ionic strength. Table 3.2.2 shows the characteristics 

obtained from the ITC experiments. The trend in AHobs for the FwTBP-DNA complex 

formation is complicated by the fact that at different pH values different proportions of 

the buffering component are acting to maintain the required pH. These buffers all have 

different heats of ionisation at 308 K (sodium acetate (pKa = 4.7) (0.5 kJ/mole) MOPS 

(pKa = 7.1) (21.8 kJ /mole), Tris.HCl (pKa = 8.2) (47.4 kJ/mole) (Fukada & Takahashi,

1998)).
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Form pH [Protein]
(laM)

[DNA]
(mM )

n ^obs
( X 10  ̂M ')

AHobs 
(kJ mol*’)

AGobs
(kJmol*’)

T. ASobs 
(kJ mol*')

WT 5.0 9.0 96 0.84 202±28 87.0±0.8 -43.1 130
WT 5.0 10 106 0.98 168±13 98.9±0.5 -42.6 142
WT 5.0 10 99 0.92 111±8.1 104.0±0.6 -41.6 146
WT 5.4 10 91 0.93 149±7.1 110.7±0.4 -42.3 153
WT 5.8 9.0 95 0.92 137±8.3 93.7±0.4 -42.1 136
WT 6.0 10 96 1.0 96.2±4.2 102±0.4 -41.2 143
WT 6.35 10 100 1.0 77.0±8.1 84.2±0.8 -40.6 125
WT 6.8 10 99 1.1 50.9±4.7 102.2± 1.0 -39.6 142
WT 7.3 10 100 0.90 29.8±3.8 90.2±2.7 -38.2 129
WT 7.8 9.0 95 0.67 23.9±1.7 89.8±1.1 -37.6 127
WT 8.15 8.0 88 0.86 21.7±1.0 103.6±0.8 -37.4 141

Table 3.2.2 Thermodynamic characteristics for the PwTBP-DNA complex, determined as a 

function of pH, over the range 5.0 to 8.2 using a triple buffer containing 1.3M NaCl, 25mM 

NaOAc, 25mM MES, 50mM Tris.HCl. At pH 4.5 the PwTBP protein precipitated therefore no 

experiments were carried out below pH 5.0. Data were fitted using a model based on a single set 

of identical binding sites after heats of DNA dilution had been subtracted. The errors shown 

correspond to the deviation of the non-linear least squares fit to the data points on the titration 

curve, n is the stoichiometry of the interaction as determined by the fitting of the ITC binding 

isotherm (Wiseman et al,  1989).
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The observed binding constant for the PwTBP-DNA complex, Â obs, is plotted as a 

function of pH in Figure 3.2.1, which shows that ATobs has a maximum value at low pH 

and a minimum at high pH. This demonstrates that complex formation is strongly 

coupled to proton uptake. The profile is approximately sigmoid with an inflection point 

at pH 6.2. As described at the beginning of Section 3.2, histidine has a pKa of 6.2 in free 

solution, suggesting complex formation is accompanied by protonation of one or more 

histidine residues.
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Figure 3.2.1 A'obs, for the PwTBP-DNA complex as a function of pH. The solid line represents 

the best fit to a sigmoidal curve using the ORIGIN software (Microcal Inc.) Binding data were 

obtained along with the enthalpy and stoichiometry of the interaction by ITC experiments.
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3.3 Determination of the number of protonation events coupied 

to PiVTBP-DNA compiex formation
The number of protons (Nh) coupled to DNA binding by FwTBP can be determined 

from the contribution the AH of protonation to AHobs- When there is a change in the 

number of protons in the complex, they are either taken up or released by the buffer, 

thus the enthalpy of ionisation of the buffer can be determined. AHobs measured in an 

rrC experiment is given by Equation 3.3.1.

AĤ bs = ^ 0  + Equation 3.3.1

where AHion is the ionisation enthalpy of the buffer and AHo is the enthalpy which 

would be measured in a buffer with AHion = 0 (Baker & Murphy, 1996). By measuring 

AHobs at a constant pH and using a series of buffers of different AHion, a plot of AHobs 

against AHion will yield a slope equal to Nh and an intercept of AHq (Kresheck et a i ,  

1995; Takahashi and Fukada, 1985; Murphey et a l ,  1993). The value of Nh depends on 

the difference between the pK& of the ionisable group and the pH of the binding 

experiment. To determine the number of protonation events for the PwTBP-DNA 

interaction, binding experiments were carried out at pH 6.2 which is approximately the 

midpoint of the pH dependence curve (Figure 3.2.1). The thermodynamic characteristics 

from the ITC experiments are listed in Table 3.3.1 and AHobs is plotted against AHion in 

Figure 3.3.1.
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Buffer [Protein]
(pM)

[DNA]
(pM)

n ôbs
(  X 10̂  M ')

AHobs 
(kJ mol ')

AGobs
(kJmol')

T .ASobs 
(kJ mol')

Glyphos 11 96 1.0 56.9±5.5 95.0±1.0 -39.8 135
Glyphos 12 110 1.1 50.8±3.7 92.2±0.6 -39.6 138
Glyphos 12 110 1.1 63.5±6.7 89.6±0.9 -40.1 130

MES 11 100 1.1 48.2±3.0 96.8±0.6 -39.4 136
MES 11 100 1.0 54.7±3.2 93.2±0.5 -39.7 133
MES 11 100 1.1 50.6±3.0 90.9±0.5 -39.6 130

MOPS 11 96 1.0 69.6±5.5 104.3±0.9 -40.4 145
MOPS 11 96 1.0 76.8±5.7 102.6±0.8 -40.6 143
MOPS 11 100 1.0 64.9±6.8 106.6±1.2 -40.2 147

ACES 11 110 1.1 48.3±3.3 107.1±0.8 -39.4 147
ACES 12 110 1.0 46.4±3.5 106.7±0.9 -39.3 146
ACES 12 110 1.1 48.6±3.8 104.4±0.8 -39.4 144

Table 3.3.1 Thermodynamic characteristics of the PwTBP-DNA complex observed by TTC 

using different buffers. Experiments were designed to measure AHobs whilst varying AHion, 

achieved using a range of buffers. All experiments were carried out at out in 1.3 M NaCl, 25 

mM buffer (Glyphos, Mes, MOPS or ACES) at pH 6.2 and 35 °C. Data were fitted using a 

model based on a single set of identical binding sites after heats of DNA dilution had been 

subtracted. The errors shown correspond to the deviation of the non-linear least squares fit to the 

data points on the titration curve, n is the stoichiometry of the interaction as determined by the 

fitting of the ITC binding isotherm (Wiseman et al ,  1989). The experiments for each buffer 

were performed in triplicate to reduce the error associated with determination of the enthalpy. 

The value of the enthalpy was averaged from the three results and plotted along with the error 

calculated from the standard deviations, in Figure 3.3.1.
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Figure 3.3.1 AHobs against AHjon for the PwTBP-DNA complex measured using ITC in a range 

of different buffers. The errors represent the standard deviations for experiments carried out in 

triplicate. The line shows the best fit through the Glyphos, MES and ACES data. The data for 

MES falls significantly away from the line of the three other buffers suggesting that MES is 

interacting with the free protein or the DNA. However, whether this point is included makes 

only a small difference to the overall gradient (0.40 ± 0.1 and 0.44 ± 0.1).

From the linear regression o f the data the gradient, N h was 0.4 ± 0 . 1  with an intercept 

corresponding to a AHq o f 94 ± kJ m of'. This is approximately consistent with a single 

coupled proton uptake event assuming a pKa o f 6.5 for the ionisable group involved, in 

the free form of the protein (Baker & Murphy, 1996). When the pH is equal to the pKa 

o f the ionisable group in the free form approximately half o f the population will be 

protonated resulting in a value o f N h o f approximately 0.5 protons. This is consistent 

with the midpoint of the pH dependence of the binding curve (Figure 3.2.1), which is 

approximately 6.2.
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3.4 Estimation of the pKa of the singie ionisabie group in the 

free protein and in the protein-DNA compiex
The pH titration of the PwTBP-DNA complex can be fitted to Equation 3.2.1 below, 

which describes a single proton uptake event. This provides an estimation of the pKa of 

the group involved in the proton uptake in both the free form and the DNA-bound form 

of the protein.

K = K ^  1 + 10̂  ̂  ̂ Equation3.4.2
^ l + 10(P̂ â)f-pH

Using the Mathematica program (Wolfram Research, Inc.) the binding data for the pH 

titration of the PwTBP-DNA complex (Figure 3.2.1) was fitted to Equation 3.4.2 above; 

where î obs is the observed binding constant of the PwTBP-DNA complex, is a 

reference equilibrium binding constant, (pKa)f is the pKa of the side chain in the free 

form of the protein and (pKa)b is the pKa in the bound form. Based on this approach the 

pKa of the group involved in the proton uptake event was estimated to be 6.2 in the free 

form and 7.2 in the PwTBP-DNA complex.
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3.5 Identification and investigation of the importance of 

histidine residue 49

On looking at the high resolution X-ray crystal structure o f the PwTBP-DNA complex a 

single histidine residue (H49) is situated such that it could interact with the DNA in the 

complex. The distance between H49 and the DNA phosphate backbone, shown in 

Figure 3.5.1 is approximately 2.7 A. This is in good agreement with the hydrogen 

bonding distance observed in other protein DNA systems where a histidine residue 

makes a hydrogen bond to the phosphate backbone o f the DNA. For example, in the 

interaction between the glucocorticoid receptor DNA binding domain (GR DBD) and 

the glucocorticoid receptor element (ORE), the distance between the H§i proton on 

histidine 451 o f the ORE is at a reported hydrogen bonding distance o f 2.75 Â to a 

phosphate group on the GR DBD (Luisi et a l ,  1991).

Figure 3.5.1 Part of the PwTBP-DNA interface (Kosa et al, 1997) rendered in RasMol (Sayle, 

1992). The schematic illustrates the Ĥ i proton of the H49 side chain at approximately the 

hydrogen bonding distance (2.7Â) to a phosphate group on the DNA. Protonation of the 

histidine at this position is required for the formation of an intermolecular hydrogen bond.
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To investigate the importance of H49 for DNA binding by the PwTBP the H49A mutant 

was constructed. Sequence alignments (see Figure 4.2.2) show that in the TBP protein 

sequences, listed in the SwissProt and the TreEMBL databases, only the PwTBP has a 

histidine residue at position 49. In all other known TBP sequences, (SwissProt and 

TreEMBL), the equivalent residue is arginine. The homologous TBP from 

Saccharomyces cerevisiae (Sc) is known to have no pH dependence of binding within 

the range of 5-8 (Petri et a l ,  1995) and so it was hypothesised that replacement of H49 

in the FwTBP protein with alanine would result in no pH dependence of DNA binding.

Circular dichroism (CD) spectra were recorded for the wild type and H49A PwTBP 

proteins to investigate the effect of the mutation on the structure of the protein. 

Although CD spectroscopy does not provide detailed structural information it is useful 

for the purpose of comparison by looking for any differences in the characteristic 

spectra of the two proteins. The CD spectra for the wild type and H49A PwTBP 

proteins are shown in Figure 3.5.2. Data were recorded in both the far and near UV  

regions of the spectrum. The near UV spectra gives information about gross changes in 

the a-helical and p-sheet components of the structure whereas the far UV spectra 

provides specific insight into any structural change close to aromatic residues in the 

protein. In both regions of the CD spectrum, the wild type and H49A PwTBP proteins 

show no significant difference, indicating no significant structural variations in the two 

proteins.
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Figure 3.5.2 Far and near CD spectra recorded for the wild type Fw TBP (blue and cyan 

respectively) and the H49A  (green and purple respectively) in 1 M NaCl, 10 M O PS, pH 7.0, 

298 °C. D ata were recorded using a 1 cm  path length cell for the near UV and a 0.1 cm path 

length cell for the far UV spectra.

The results of ITC experiments for DNA binding by the H49 FwTBP mutant are shown 

in Table 3.5.1. Figure 3.5.3 shows the binding constant ATobs as a function o f pH. The 

H49A mutant is clearly different for the wild type complex having approximately no 

change in Kobs at the high and low pH extremes. These data strongly supports the 

hypothesis that the pH dependence o f the FwTBP-DNA interaction is mediated by H49. 

Additionally the affinity of the H49A complex at high salt concentration is less than the 

affinity o f the wild type complex indicating some local unfavourable structural change 

in the protein that was not discernable in the CD spectra (Figure 3.5.2).
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Form pH [Protein]
(pM)

[DNA]
(pM)

n K
( X  10  ̂M ‘)

AH 
(kJ mol ')

AG
(kJm ol')

T.AS 
(kJ mol ')

H49A 5.0 11 106 1.3 5.3±0.3 93.34±1.3 318 127
H49A 6.8 16 152 1.2 6.3±0.2 80.67±0.7 34.2 115
H49A 8.15 16 146 1.1 4.1±0.3 104.4±1.7 33.1 138

H49R 5.0 10 99 1.1 19.7±1.0 106.0±0.8 37.1 143
H49R 6.8 10 99 1.2 21.6±1.5 101.4±1.0 37.4 139
H49R 8.15 14 125 1.1 19.4±1.0 105.4±0.6 37.1 143

Table 3.5.1 The pH dependence of DNA binding by two H 49 mutant versions of the PwTBP 

measured by ITC. Data were fit using a model based on a single set of identical binding sites 

after heats of DNA dilution had been subtracted. The errors shown correspond to the deviation 

of the non-linear least squares fit to the data points on the titration curve, n is the stoichiometry 

of the interaction as determined by the fitting of the ITC binding isotherm (Wiseman et al, 

1989f

o
X

1 6 M

12  -

8 - WT
H49A
H49R

M.

pH

Figure 3.5.3 Âobs versus pH for the wild type PwTBP-DNA complex (Black squares) and the 

H49A (blue circles) and H49R (green triangles) mutant complexes. Values were determined 

from ITC experiments using the triple buffer (1.3 M NaCl, 25 mM NaOAc, 25 mM MES, 50 

mM Tris, at 35 °C. The line through the wild type data is the best fit to a sigmoidal curve using 

the ORIGIN program (Microcal, Inc.).
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To investigate further the importance of H49 in the wild type PwTBP as second 

mutation of the residue was made. In the H49R mutant histidine was replaced by 

arginine, which is found in all the remaining TBP proteins in the SwissProt and 

TreEMBL databases, except in the Pyrococcus furiosus protein which is identical to the 

PwTBP (see Figure 4.2.2). Since the ScTBP, has been shown to exhibit a high affinity 

interaction with DNA independent of pH (Petri et a l ,  1995). It was hypothesised that 

the H49R mutant PwTBP complex would exhibit an affinity for the DNA  

approximately equal to the affinity o f the wild type PwTBP at low pH. This is because 

at low pH the H49 residue is positively charged from protonation of its imidazole group 

and is therefore expected to behave in a similar way to arginine, which also carries a 

single positive charge.

Figure 3.5.3 shows that the H49R mutant binds DNA with an affinity approximately 

equal to that of the wild type PwTBP-DNA complex at high pH, where it would be un- 

protonated in the free form. At low pH the affinity of the wild type complex is greater 

than the affinity of the H49R PwTBP-DNA complex. This is possibly potentially be due 

to an unfavourable structural change induced in the mutant protein by the increased side 

chain length of arginine relative to histidine since the PwTBP may be potentially less 

able to accommodate the larger arginine residue due to its more compact structure 

relative to the iScTBP (DeDecker, et a l ,  1996). However this hypothesis cannot account 

for the presence of R49 in TBP proteins from other hyperthermophiles which are 

assumed to have a compact structure similar to the PwTBP.
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3.6 Investigation of the sait dependence of the TBP-DNA 

interaction
Pyroccocus woesei survives in conditions of high temperature and salinity. 

Consequently the PwTBP has an extremely high thermal stability and exhibits its DNA  

binding property at high salt concentration. The central aim of this study is to 

understand at the molecular level the mechanism for the adaptation of the PwTBP for 

DNA binding at high salt concentration. Prior to this investigation the effect of different 

salt types (sodium acetate, potassium acetate, potassium phosphate and potassium 

chloride) on the PwTBP-DNA interaction had been reported by O’Brien et a i ,  (1998).

In this study the characteristics of the PwTBP-DNA interaction are analysed in NaCl, 

allowing direct comparison with studies on the 5cTBP-DNA interaction (Petri et a i ,  

1995). Such investigations have been used as a basis for mutation studies carried out 

with the aim of engineering the PwTBP to DNA binding at low salt concentration 

(Chapter 4). Table 3.6.1 summarises the thermodynamic characteristics for the PwTBP- 

DNA interaction determined as a function of NaCl. At any given [NaCl], in the range 

of 0.4-1.9 M, the PwTBP-DNA interaction has a favourable ASobs and an unfavourable 

AHobs contributing to the observed free energy change of binding (AGobs)-
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Form [salt]
M

[Protein]
(pM)

[DNA]
(pM)

n K
( X 10  ̂M'*)

AH 
(kJ mol'*)

AG
(kJmor*)

T.AS 
(kJ mol ')

WT 0.4 20 200 1.1 1.2±0.5 110±1.2 -30.0 140
WT 0.55 32 365 1.0 3.6±0.8 107±1.0 -32.8 140
WT 0.7 20 200 1.0 6.4±0.8 10810.8 -34.3 143
WT 1.0 10 100 0.9 17±1 11111.6 -36.7 149
WT 1.3 11 114 1.0 62±3 11010.4 -40.1 150
WT 1.6 8 80 0.8 141±8 11110.4 -42.3 153
WT 1.9 3.9 43 0.9 300±34 11110.8 -43.9 155

Table 3.6.1 Thermodynamic characteristics for the wild type PwTBP-DNA complex 

determined as a function of [NaCl] over the range 0.4-1.9 M, in 10 mM MOPS, pH 7.0. Data 

were fit using a model based on a single set of identical binding sites after heats of DNA 

dilution had been subtracted. The errors shown correspond to the deviation of the non-linear 

least squares fit to the data points on the titration curve, n is the stoichiometry of the interaction 

as determined by the fitting of the ITC binding isotherm (Wiseman et a l,  1989).

Figure 3.6.1 shows log ^obs as a function of log [NaCl] for the PwTBP-DNA complex. 

From this graph it is clear that there is a positive dependence of ATobs on [NaCl]. This is a 

strong indication of ion uptake coupled to DNA binding rather than release, which is 

normal for protein-DNA interactions (see Section 1.15). The NaCl concentration range 

in this investigation (0.4-1.9 M) is wider than the range of 0.8-1.6 M previously 

reported by O’Brien et a l ,  (1998) for KCl and highlights the non-linear salt dependence 

of Æ̂obs, for PwTBP binding to DNA (Figure 3.6.1). The non-linear dependence is due to 

the release of water, from the interacting surfaces of the protein and the DNA, which 

becomes significant at high [NaCl] (see Section 3.8).
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Figure 3.6.1 log î obs versus log [NaC] for the wild type PwTBP-DNA complex. Binding data 

were determined by ITC over the [NaCl] range of 0.4-1.9 M, 10 mM MOPS, pH 7.0 at 35 °C. 

The solid line represents the output from fitting Equation 3.6.1 to the data using the non-linear 

fitting function of the ORIGIN software (Microcal. Inc.) where A, B and ^ref were variables.

The contribution of the effects of ion uptake and water release to the PwTBP-DNA  

interaction can be estimated from Equation 3.6.1 (repeated from Section 1.15).

^ogK^bs’Mx = log -A log[M X ] + 0.016(P)[M%] Equation 3.6.1

Where A is the overall change in stoichiometry of ions (cations + anions) released 

(positive number) or taken up (negative number) and B is the change in stoichiometry of 

water molecules. Kref is the hypothetical binding constant in the reference state where 

the salt concentration [MX] = 1 M in the absence of the effect of water release.
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Equation 3.6.1 can be applied to the binding data shown in Figure 3.6.2 using the non

linear fitting algorithm of the ORIGIN software (Microcal Inc.) by varying the 

parameters A, B and /Cref* Fitting Equation 3.6.1 to the binding data as described above 

generated the curved line shown in Figure 3.6.1. The parameters from the output of this 

fitting procedure are listed in Table 3.6.2. The net change in the stoichiometry of ions 

(A) is found to be -2 ions (-2.1 ± 0.3), where the minus sign indicates uptake. Due to 

the negative polyelectrolyte nature of the DNA (Manning et al., 1969) the incorporated 

ions were assumed to be cations. The net change in stoichiometry of water was 

estimated to amount to the release of about 40 molecules (39 ± 9) (discussed in Section 

3.10).

Ions (A) Water (B) log ^REF f  xlO^

PwTBP -2.1±0.3 39±9 5.70±0.2 1.7

ScTBP 3.5±0.04 71±88 5.00±0.6 5.7

5cTBP* 3.1±0.1 0 5.5±0.1 5.0

Table 3.6.2 Parameters from fitting Equation 3.6.1 to the salt dependence binding data for the 

5cTBP and the PwTBP-DNA complexes. The three parameters A, B and ^ ref were varied in the 

fitting procedure for both complexes. * Parameter B was also fixed as zero for the ScTBP data 

to show that water release has little effect on the output for the fitting at low salt concentration. 

The error in B for the 5cTBP-DNA complex is large due to the insignificant curvature of this 

salt dependence data. This results from the minimal effect of increasing [NaCl] on water release 

below 0.5 M NaCl.
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Figure 3.6.2 AHobs, (open squares) and TASobs (solid squares) at (35 °C) against [NaCl] for the 

wild type PwTBP-DNA interaction. The broken line is the linear regression for AH and the solid 

line is a polynomial function fit to TAS.

The DNA binding behaviour for the PwTBP can partially be explained by considering 

how the AS components for ion uptake and water release (from the interacting 

macromolecular surfaces) vary with increasing [NaCl]. At low [NaCl] the favourable 

AS for water release is offset by an unfavourable AS associated with ion uptake by the 

complex. As the [NaCl] is increased AS for water reiease becomes more favourable 

because the chemical potential of water in the solution is increasing (see Section 1.4.2) 

and the unfavourable AS for cation uptake is reduced. This explanation of the observed 

DNA binding behaviour is consistent with the thermodynamic parameters (AHobs and 

TASobs) for the PwTBP-DNA complex, shown in Figure 3.6.2. The AHobs is constant,
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within the experimental error, over the entire [NaCl] range. As explained above, TASobs 

increases rapidly with increase in [NaCl] due the combined effects on ion uptake and 

water release.

3.7 Comparison of the binding characteristics of the PwTBP 

and the ScTBP to DNA
To investigate the difference in DNA binding behaviour between the halophilic PwTBP 

and other mesophilic TBP proteins, the ScTBP-DNA interaction was chosen as a case 

study. The ScTBP was particularly suited to this purpose for several reasons. Firstly, the 

high resolution X-ray crystal structure was available for the free protein (Chasman et 

a l ,  1993) and for the protein-DNA complex (Kim et a l ,  1993; Geiger et a l ,  1996, Tan 

et a l ,  1996). The ScTBP shares extensive homology with the PwTBP (See Section 1.8). 

Secondly, thermodynamic characteristics of the DNA binding, including the salt 

dependence, had been reported for this interaction (Petri et a l ,  1995).

Figure 1.16.1 shows the salt dependence curve for the ScTBP-DNA interaction. There 

are two main differences between these data and the PwTBP binding data. Firstly, the 

slope of the salt dependence is negative indicating a net release of ions on complex 

formation. Secondly, the trend is linear for the ScTBP salt dependence. This is because 

the effect of water release is not significant at the relatively low salt concentrations 

(<0.5 M, Kozlov et a l ,  1998) used in the ScTBP investigation. The line through the 

data is again the best fit generated from Equation 3.6.1 and the output from fitting is 

again listed in Table 3.6.1. The net ion release was determined from the binding data in 

two separate ways (water release fixed as zero or varied). The reason for this is to show 

that this method of estimating water release is only sensitive enough to accurately probe
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water release when the salt concentration used is well in excess of 0.5 M, as is the case 

for the PwTBP-DNA complex, where water release becomes thermodynamically 

significant. Both methods give an approximate release of 3 ions (See Table 3.6.1 legend 

for further details). Due to the minor groove mode of DNA binding by TBP one 

probable location of ions displaced during binding is the minor groove of the DNA. 

This is supported by structural studies of a regular B-DNA structure which show that 

the minor groove of the DNA is populated by a spine of water and sodium ions (Shui et 

a l ,  1998a, Shui et a l ,  1998b).

3.8 Investigation of water release by osmotic stress
In Section 3.6 the binding data for the wild type PwTBP-DNA interaction was fit to 

Equation 3.6.1 with the number of ions and water molecules included, or released as 

independent variables. The estimated number of water molecules released by this 

method is subject to a relatively large error (approximately 25%). This error results 

from scatter in the binding data for the complex, which is significant given the limited 

data set available for analysis. To confirm that the number of water molecules released 

derived from fitting Equation 3.6.1 to the binding data was appropriate, it was necessary 

to estimate the effect of water release by an independent method.

To independently assess the water release, the affinity of complex formation was 

determined under different conditions of osmotic stress. Known quantities of neutral 

solutes (or osmolytes) were added to the solvent. Assuming that these solutes are 

excluded from water associated with the interacting macromolecular surfaces, the 

difference in solute concentration between this surface and the bulk solution effectively
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provides an osmotic pressure that favours the release of water molecules from the 

interacting surfaces (Parsegain et a l ,  1995; Robinson et a l ,  1995; Parsegain et a l ,  

2000). The number of water molecules can be determined from the relationship between 

^obs and the concentration of osmolyte shown in Equation 3.8.1 (Gamer et a l ,  1995; 

Parsegain et a l ,  1995).

dlog(K ob 3 ) _  2.303An* E q u a tio n  3 .8 .1
d[solute] QgjjjQjg] 55.5

Where A«w is the change in stoichiometry of water molecules on going from the 

unbound to the bound state (i.e. number of water molecules released), .̂ obs values were 

determined using TTC experiments performed at a fixed concentration of NaCl (0.7 M), 

with increasing amounts of osmolyte (either sucrose or betaine) as shown in Table 3.8.1. 

Experiments performed using both glycerol and triethylene glycol as osmolytes did not 

produce significant changes in A'obs-
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[salt]
M

Osmolyte [osmolyte]
M

Total
osmolality

[Protein]
(IaM)

[DNA]
(piM)

n K
( X  10^M‘)

AH
(kJmor*)

AG
(kJmor*)

T.AS
(kJmor*)

0.7 1.20 20 206 1.0 7.2±0.8 10810.8 -34.6 143
0.7 betaine 0.15 1.35 10 100 1.3 11.6±1.4 10810.8 -35.8 144
0.7 betaine 0.32 1.53 10 116 1.1 16.6±2.0 10712.0 -36.7 144
0.7 betaine 0.53 1.77 10 107 1.1 28.5±2.0 10710.8 -38.1 145
0.7 betaine 0.75 2.00 10 100 1.1 50.6±4.0 10210.8 -39.5 142
0.7 betaine 0.88 2.10 10 97 1.0 65.7±9.0 95.811.2 -40.2 135
0.7 betaine 1.00 2.32 10 100 1.1 96.1±5.0 93.710.8 -41.2 135
0.7 betaine 1.14 2.55 12 100 1.1 128±17 95.810.4 -41.8 140

0.7 _ _ 1.20 20 200 1.0 7.2±0.8 10810.8 -34.6 143
0.7 sucrose 0.20 1.41 18 180 1.1 8.3±0.6 10711.2 -34.9 142
0.7 sucrose 0.38 1.61 10 100 1.2 11.1±0.7 10411.2 -35.6 140
0.7 sucrose 0.60 1.77 10 100 1.2 14.1±1.4 10111.2 -36.3 138
0.7 sucrose 0.65 1.90 10 100 1.0 18.5±1.2 96.211.2 -40.0 133
0.7 sucrose 0.80 2.05 10 100 1.1 21.611.8 97.910.8 -37.4 135
0.7 sucrose 0.90 2.19 10 100 1.0 26.312.0 99.210.8 -37.9 137
0.7 sucrose 1.00 2.33 10 100 1.1 36.912.6 96.710.8 -38.7 136

Table 3.8.1 Calorimetrically derived thermodynamic characteristics for the WT PwTBP- DNA interaction at different osmolyte concentrations. Data 

were fit using a model based on a single set of identical binding sites after heats of DNA dilution had been subtracted. The errors shown correspond to 

the deviation of the non-linear least squares fit to the data points on the titration curve, n is the stoichiometry of the interaction as determined by the 

fitting of the ITC binding isotherm (Wiseman et al,  1989).
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type PwTBP binding to DNA. The gradient for the betaine data was found to be 0.98 ± 0.03, 

corresponding to a net release of 24 ± 2 water molecules, with an intercept at 4.7 ± 0.6 

shown by the blue line. Similarly the gradient for the sucrose data was found to be 0.67 ± 

0.02, equivalent to 16 ± 1 water molecules, with an intercept at 5.0 ± 0.04 (red line).

A plot of log Kobs against concentration of osmolyte (osmolal) is shown in Figure 

3.8.1. From the linear regression of the data, the total water release from the complex 

was estimated from Equation 3.6.1 for sucrose and betaine. There is a discrepancy 

between the water release estimated in sucrose (16 ± 1) and betaine (24 ± 2). Such 

differences in water release, estimated from experiments using different osmolytes, 

have been observed in previous studies where a wide range of osmolytes have been 

investigated (Gamer & Rau 1995, Vossen et a i ,  1997, Spink & Chaires, 1999). For 

example, the DNA interaction of the Escherichia coli gal repressor was found to
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release a total of 100, 130 and 180 water molecules using betaine, sucrose and 

triethylene glycol as osmolytes respectively (Gamer & Rau et a l ,  1995).

The difference in the estimated water release for the different solutes is due to the 

incomplete exclusion of the osmolytes from the interacting surfaces of protein and 

DNA molecules. A recent investigation of the hydration of small proteins showed 

that, of the sample of different osmolytes tested, betaine was the most, whilst 

glycerol was the least excluded (Courtenay et a l ,  2000). The experiments reported 

here are in agreement with this order of osmolytes in their ability to determine the 

number of water molecules released from the protein-DNA surface. Also consistent 

with the data presented here was the finding that even betaine was not completely 

excluded from the protein surface, resulting in an underestimate of the number of 

hydrating water molecules (Courtenay et a l ,  2000). This finding is consistent with 

the observation here that the osmotic stress experiments give a slightly lower number 

of released water molecules on complex formation than determined from the fitting 

of salt dependence binding data to Equation 3.6.1 (i.e. 39 ± 9).
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Chapter 4 

The role of ions in the /̂ mTBP 
DNA interaction

4.1 Introduction
In Chapter Three, thermodynamic analysis of the PwTBP-DNA interaction showed it to 

be halophilic with high salt favouring binding. Analysing the salt dependence data 

showed a net uptake of 2 ions on binding DNA. Due to the negative polyelectrolytic 

nature of the DNA, the ions incorporated into the PwTBP-DNA complex were assumed 

to be cations. In contrast to this, a net release of ions was found to accompany the 

mesophilic ScTBT* interaction with DNA (Petri et a i ,  1995). This chapter investigates 

which residues on the surface of the PwTBP provide cation binding sites, which account 

for its halophilic DNA binding behaviour.

Even in very high-resolution X-ray crystal structures (<1.5 A), small monovalent ions 

are difficult to distinguish from water molecules (Hud et a l ,  2001, Denisov et a l ,  

2000). Sodium ions (Na"̂ ) are particularly difficult to identify since Na"̂  has an identical 

number of electrons, and is similar in size to a water molecule. Thus, from the X-ray 

crystal structure of the PwTBP-DNA complex (Kosa et a l ,  1997) it is impossible to 

identify the Na"*" from amongst the 300 water molecules assigned in the structure. The 

surface electrostatic charge distribution of the PwTBP is more neutral than the ScTBP
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due to the greater abundance of acidic residues (mainly glutamate) in PwTBP. Based on 

this observation the following hypothesis to explain the different DNA binding 

behaviour was made. The difference in cation incorporation between the PwTBP and 

the 5cTBP is due to the presence of acidic residues on the surface of the PwTBP, which 

provide sites for the incorporation of cations on complex formation with DNA. This 

hypothesis was tested by a mutation strategy with the aim of making the DNA binding 

of the PwTBP more like the 5cTBP. At each stage the effects of the mutations were 

quantified as for the wild type in Section 3.8.

4.2 Identifying im portant am ino acids for ion incorporation in 

the P iyTBP-DNA  com plex

To identify sites for potential cation incorporation in the PwTBP-DNA complex two 

main criteria were used. Firstly, the X-ray crystal structure of the complex was utilised 

to identify acidic amino acids on the surface of the protein close enough to the DNA to 

potentially affect DNA binding. Secondly, the conservation of these residues in TBP 

proteins, from a wide range or organisms was compared to the natural growth 

conditions of each species.

The contact map for the PwTBP-DNA complex shown in Figure 4.2.1 (adapted from

Kosa et a l ,  1997) highlights the intramolecular two fold rotational symmetry of the

TBP protein. The central region of the map shows an abundance of hydrophobic and

uncharged residues that interact with the minor groove of the DNA. The vertical edges

of the map contain a string of basic residues (3 lysine residues (K) and histidine (H) on

the left and 3 Ks and an arginine residue (R) on the right). The X-ray crystal structure of

the PwTBP-DNA complex (Kosa et a l ,  1997) shows that these residues interact either

directly or through water molecules with the phosphate groups of the DNA. Also close
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to the phosphate groups of the DNA are two acidic glutamate, (E), residues (E l2 and 

E42) on the left side o f the map and two polar glutamine (Q) residues (Q103 and Q133) 

on the right o f the map. Due to the symmetry o f the TBP protein residues E12 & Q103 

and E42 & Q133 are in approximately identical positions relative to the DNA  

respectively (see Figure 4.2.1). Based on proximity to the DNA alone both the E12 and 

E42 residues could potentially be involved in ion uptake by the PwTBP-DNA complex.

P44E42
A3

F43 F60 S62
G69

K64V66
H49 T5

Q103 K162V15T68
K54 A56 A6 T6

K145N104
K71 V147

E12 S159 R140

V157 G160
K155

F151 7  F134S153
Q133110 ’

Two fold rotational axis

Figure 4.2.1 Schematic to show the PwTBP residues identified as making contact with the 

DNA from the X-ray crystal structure of the complex (adapted from Kosa et al., 1997). The 

distribution of contacts highlights the intramolecular two fold rotational symmetry of the 

PwTBP. Residues are colour coded according to their predicted charges at pH 7.0, where blue 

indicates a positive charge (basic residues), red indicates at negative charge (acidic residues) 

and green represents no net charge.
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An alignment of the 180 residue conserved region for the 50 most closely related 

sequences to the PwTBP protein sequence are shown in Figure 4.2.2. A grey 

background in the alignment highlights residues identified in Figure 4.2.1 as making 

direct contact with the DNA. The list can be divided approximately into two halves. The 

first 23 TBP sequences are from the archaea and the remaining 32 are eukaryotic in 

origin. The species halobacterium (strain NRCl/Salinarium) is unusual because it has 

several entries corresponding to more than one TBP (designated B, C, D, E and F) 

(Soppa and Link, 1997).

The alignment data show a clear trend for the conservation of the E l2 residue. In the 

majority of the archaeal species, which include a large proportion of halophilic 

organisms E12 is highly conserved. In the eukaryotic TBP proteins E12 is replaced with 

Q, except in the case of the Brine shrimp (ARTSF in Figure 4.2.2), which is one of the 

few eukaryotic species to survive in hypersaline lakes of up to 25 % salinity (Cuellar, 

1992). These observations of the conservation of E12 together with its proximity to the 

backbone of the DNA (4.8 Â) indicate that it is potentially involved in ion co

ordination.

For the second acidic residue, E42, identified from the contact pattern of the interface 

(Figure 4.2.1), two transitions appear in its conservation pattern (Figure 4.2.2). In the 

halophilic archaea, which populate the very top of the alignment E42 is highly 

conserved. One exception is the TBP from Methanosarcina mazeii (Mm), a mesophilic 

archaeal species (Thomsen et a l ,  2001), where E42 is replaced by lysine, K. In the 

mesophilic TBPs, which populate the lower half of the alignment (Figure 4.2.1) K42 is
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conserved. As with the E12 conservation data the E42 conservation data supports its 

potential involvement in ion uptake by the FwTBP-DNA complex.

The FwTBP residues K54, K71, K64, K140, K145, K155 and K162 are conserved as 

basic residues with the exception of the halobacterium TBP proteins where K54, K71 

K145 and K162 are replaced by neutral residues in some forms of the protein. The 

conservation pattern of these residues in the halophiles suggests that some adaptation to 

extreme salinity (>2 M NaCl) is gained from these changes. This is possibly brought 

about by the more negative surface electrostatic potential, which would result from the 

removal of basic residues, or by the removal of anion binding sites in the free form of 

the protein (see Section 4.9). Such observations suggest that TBP proteins from extreme 

halophiles would exhibit an even more positive salt dependence of binding than the 

FwTBP.
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Figure 4.2.2 

Repeat 1
HI S2 S3 S4 85 H2

1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  90
PYRWO MVDMSKVKLRIENIVASVDLFAQLDLEKVLDL PNSKYNPEEFPGII HLDDPKVALLlfSSGKLWTGAKSVQDIERAVAKLAQKLKSIG
PYRFU 100%  MVDMSKVKLRIENIVASVDLFAQLDLEKVLDL PNSKYNPEEFPGII HLDDPKVAL|»lfSSGKLWT<aAKSVQDIERAVAKLAQKLKSIG 
PYRHO 9 2 . 7 %  MVDTSNVKLRIENIVASVDLFAQLDLEKVLDI PNSKYNPEEFPGII RFDDPKVALXiIFSSGKLWTGAKSIQDIERAVAKLIQKLKGIG  
PYRAR 9 0 . 7 %  MVDTNNVKLRIENIVASVDLFAQLDLEKVLDI PNSKYNPEEFPGII RFDDPKVALLIFSSGKLWTOAKSIHDIERAVAKLIEKLKGIG  
PYRKO 8 4 . 1 %  MVDMSNVKLRIENIVASVDLFTDLNLEKVIEI PSSKYNPEEFPGII RFDDPKVALLIFSSGKLWTGAKSVDDIKRAVYKLIEMLKKIG
THECE 84.0%  MSNVKLRIENIVASVDLFTQLNLERVIEM PHSKYNPEEFPGII RFDEPKVALLIFSSGKLWTGAKSVEDIERAVNKLIQMLKKIG
METTL 4 8 . 9 % ---------------EIKIVNWVSTQIGTDIDLEYAADILDNAEYEPEQFPGLV RLSDPKVltLLlFRSGKLNCTGAKSKEDAEIAIKKIIKELKDAG
THEAC 4 9 . 2 % --------------- KITIENIVASTSLAEHLDLSRIALALDGSEYEPEQFPGLIYRLQEPKTAVLIFRSGKVNCTGAKNIEDVKRTIKIIIDKLKAAD
THEVO 4 9 . 2 % --------------- KITIENIVASTSLAEHLDLSRIALALDGSEYEPEQFPGLIYRLQDPKTAVtlFRSGKVNCTGAKNIEDVKRTIKIIIDKLKAAN
METMA 47 . 0 %  MSESSIKIENWASTKLAEEFDLTVIESEFEGAEYNKQKFPGLVYRVSDPKAjkFliVFTSGKWCTGTiNVADVHTWGNLAKKLNSIG
METJA 4 8 . 8 % --------------- EIKIVNVWSTKIGDNIDLEEVAMILENAEYEPEQFPGLV RLSVPKVALLIFRSGKVNCTGAKSKEEAEIAIKKIIKELKDAG
ARCFU 44 . 8 %  MQDYKIKIENWASTQIGENIDLNKISREIKDSEYKPKQFPGLVLRTKEPKAjlALVFRSGKV^CTGSifeSVEDARRAVKQIVKMLKEIG
SULSH 4 8 . 1 % ----------------- VNIENIVATVTLEQSLDLYAMERSIPNIEYDPDQFPGLIFRLEQPKVTALIFKSGKMWT?^AKSTEELIKAVKRIIKTLKKYG
SULSO 4 8 . 1 % ----------------- VNIENIVATVTLEQSLDLYAMERSIPNIEYDPDQFPGLIFRLEQPKVTALIFKSGKMWTOAKSTEELIKAVKRIIKTLKKYG
EHALN145 . 9% MTD-PKETINIENWASTGIGQELDLQSVMDL-EGADYDPEQFPGLVYRTQDPgSAALIFRSGKIVCTGAKSTDDVHESLRIVFDKLRELS
METTH 4 8 . 3 %  MTDVDIKIENIVASATLGKSIDLQTVAEALENVDFNREQFPGLVYKLKEPKTAALIFGSGKLVCTGAKSIEDSKRAIKLTVDMMRTMD
PYROC 4 8 . 6 %  KPTANIENIVATVSLDQTLDLNLIERSILTVEYNPEQFPGLVYRLDSPKVTAjEilFKSGKMiVTGAKSTRDLIEAVKKIVRNLKKHG
SULAC 4 8 . 1 %  KAWNIBNlVATVTLDQTLDLYAMERSVPNVEYDPDQFPGLIFRLESPilTSLIFKSGKMiVTGAKSTDELIKAVKRIIKTLKKYG
DHALN145 . 2 % ----------------- IQIENVVASTDLSQELALEQLATDLPGAEYNPGDFPGVIYRLDDPKS%TLIFE#GKAVCT#AgSVDDVHDAISIWEDLRDLG
AERPE 44 .9%  MEGLPKPEVKIENlVATVILENQLDLNLIETKIQDVDYNPDQFPGLVYRLESPRVTV^IFKSGKMf ITGpÜKSINQLIHWKKLLKAFADQG
BHALN142 . 4 % ----------------- IHIENWASSDLGQELALDQLSTDLPGAEYNPEDFPGWYRLQEPKSAHüIpRÿGRVgCTGAKSVDDVHEALGIVFGDIRELG
FHALN143 . 5 % ----------------- IHIBNWASSDLGQELALDQLATDLDGAEYNPEDFPGWYRLQEPKSATLIFRSGKWCTGAKSVDAVHDALEIVFDDLRELG
SULKO 4 9 . 0 % ------------------------------------------------------------------------- PNVEYDPDQFPGLIFRLEAPKVTSilFKRGKMWTGAKSTDELIKAVKRIIKTLKRYG
NOSIiO 39.8% MYRKSDILPALQEWATVNLNCKLDLKAIALRARNAEYNPKRFAAVIMSlRDPKTTALIFASGKMyVTGAKSEQTSKLAAQKFSRIIHKLG
DROME 4 0 . 1 % --------------------QLQHlVSTVNLCCKLDLKKIALHARNAEYNPKRFAAVIMRlREPRTTALIFSSGiOyiVCTGAKSEDDSRLAARKYARIIQKLG
GUITH 38.9% -VRANEITPNIQHWSTVSLGIQLDLKRIALKARNAEYNPRRFAAVIMRlRDPKTÿAlilfSSGîa^fVTGAKSEDSARVACKKYARIIQRLG  
CANAL 4 2 . 4 % ----------------------LQMIVATVNLDCRLDLKTIALHARNAEYNPKRFAAVIMRlRDPKTTALliASGKMWTCUtKSEDDSKLASRKYARIIQKLG
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Repeat 1

ACECL 37 
ARTSF 41 
YEAST 42 
MAIZE238 
SPOFR 41 
BOMMO 41 
ACACA 39 
TETTH 41 
CAEEL 41 
SOYBN 40 
PNECA 41 
MAIZE138 
TOBAC 39 
PNECA 41 
EMENI 42 
ARATH 39 
HUMAN 39 
MESAU 39 
MOUSE 39 
CHICK 39 
XENLA 39 
MESCR 39 
WHEAT 38

SI .  HI S2 S3 S4 S5 H2

10 20 30 40 50 60 70 80 90
4 % ----------------------L|^vySTVNLGCTLELKEIAMQARNAEYNPKE§|AAVIMHIRDP]RTTALIFGSGKMVCTaA$SEQDSRTAARKYAKIVQKLG
2 % ----------------------L%I$tSTVNLGCRLDLKKIALQARNAEYNPH%AAVIMRIREP#T$A#I#S$G$MVC#0A0SEEDSRLAARKYARIVQKLG
9 TSATSGIVPTL0kiyATVTLGCRLDLKTVALHARNAEYNP^0AAVIM RIREP#T^ALlFAS(^[M VV#|A#SEDDSKLASRKYARIIQKIG  
4%
6 % --------------------QL^iySTVNLNCKLDLKKIALHARNAEYNP»gÜ|AAVIMRIREPli'
6 % -----------------
2 % ----------------------L#NlVSTVNLGCKLDLKNIALHARNAEYNPRB#AAVIMRlREP#T$A#I#A$G#M#Cg^A#SEEASRLAARKYARIIQKLG
3%
9%
8 % -------------------U
8% --------------------- I^ iyA T W L D C R LD LK TIA LH A R N A EY N Pp|iA A V IM R lR EP|tT«A ;^I*A SG fM »V |||A |{SED D SK LA SR K Y A R I IQKLG
4% -VDLSkIVPTL^lVSTVNLDCKLDLKAIALQARNAEYNP^pAAVIM RlREP|!TèAtliA$GpM |fC?i^;M |SEQQSKLAARKYARIIQKLG  
4% -V D LSkIV PTL^I^ST V N L D C K L D L K A IA L Q A R N A E Y N P^pA A V IM R lR E PpT èA 4ljA iG ^M |c|j|A j|sE Q SSK L A A R K Y A R IIQ K L G
S % ----------------------L ^ ltA T V N L D C R L D L K T IA L Q R R N A E Y N P |^A A V IM Î|lR E piT iA I,l|A |G |tM fvM A |SE D D SK L A SR K Y A R IIQ K L G
5 % ----------------------L ^iyA T V N L D C R L D L K T IA L H A R N A E Y N P^|A A V IM |^IR E PiT ÏA ÎilèA |G |(M jîvi(;^SE D D SK L A SR K Y A R IIQ K L G
3% PVDLTKIVPTL#I%tSTVNLDCKLDLKAIALQARNAEYNPl%0AAVIM#IREP#T$A&lÈA#G#M0C#A#SEHLSKLAARKYARIVQKLG  
0% A S E S S G IV P Q lÆ liS T W L G C K L D L K T IA L R A R N A E Y N P iW A A V IM ilR E P iT |iA il|s|G iM ^cfiA iSE E Q S R L A A R K Y A R V V Q K L G  
0% -  - E S S G I Y P Q u S l f  STVNLGCKLDLKTIALRARNAEYNPÉWAAVIMf IR E p |T ^ A |l|s iG lM ic m ^ S E E Q S R L A A R K Y A R W Q K L G  
0% --ESSGIVPQL#I#STVNLGCKLDLKTIALRARNAEYNP^@ AAVI]v^IREP^T&A0I#S#G#M #CgmAÊSEEQSRLAARKYARVVQKLG  
0% - -ESSGIVPQLmi^STVNLGCKLDLKTIALRARNAEYNP^gAAVIM^IREP^T^AÿimSmGmMgCmÊAgSEEQSRLAARKYARVVQKLG  

, 0% - -ESSGIVPOLglësTVNLGCKLDLKTIALRARNAEYNP^gAAVIM ÈlREP^T&A&imsgGËM mcM AmSEEOSRLAARKYARVVOKLG
8 % ----------------------L SlfST V N L D C K L D L K A IA L Q A R N A E Y N PfM A A V IM |lR E P |'I#A j|l|A ||G lM icH A isE Q Q SK L A A R K Y A R IIQ K L G
1 % ----------------------L0Bl#STVNLDCKLDLKAIALQARNAEYNP^0AAVIM $IREP0T#A#I#A8G#M §C@ A#SEQQSKLAARKYARIIQKLG
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s r  ^  HI’ S2’ S3’  ̂ S4’  ̂ S5’  ̂ H2’
gggg 000^

1 0 0  1 1 0  1 2 0  1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  1 9 0
PYRWO VKFKRAPQIDVQNMVFSGDIGREFNLDWALTLPN EYEPEQFPGVIYRVKEP»SVlIiLFSSGKIV SOAiSSEADAWEAVRKLLRELDKYGLLEEEEEEL
PYRFU 100%  VKFKRAPQIDVQNMVFSGDIGREFNLDWALTLPN EYEPEQFPGVIYRVKEP#S$I%,I4@SSGKIV SGAJÏSEADAWEAVRKLLRELDKYGLLEEEEEEL
PYRHO 9 2 . 7 %  VKFKRAPLIDVQNMVFSGDIGREFNLDNVALTLPN EYEPEQFPGVIYRVKEPRA#I^U!SSGKIV SOAKSEADAWEAVRKLLRELEKYGLIEEEEEEL
PYRAR 9 0 . 7 %  VKFKRAPLIDIQNM^FSGDIGREFNLDNVALTLPN EYEPEQFPGVIYRVKDPRAŸIfeljSSSGKIV SGAJÉSEADAWEAVRKLLRELEKYGLIEEEEEEL
PYRKO 8 4 . 1 %  AKFTREPQIDIQNMVFSGDIGMEFNLDAVALILPN EYEPEQFPGVIYRVKEPRA$I#L#SSGRlV SGAKSEQDAWEAVKKLLRELEKYGLIEEEEE--
THECE 8 4 . 0 %  AKFSRAPQIDIQNMVFSGDIGMEFNLDAVALSLPN EYEPEQFPGVIYRVKEPRAVltLfSSGKIV SSAKSEHDAWEAVRKLLRELEKYDLIGEGEEE-
METTL 4 8 . 9 %  MDIIDNPEVNVQNM|?ATADLGIEPNLDDIS-TLEGTEYEPEQFPGLVYRLSDP|tVfV|il|(GSGKVVIT!GLKKKDDAYLALDKILSTLKE LEEE-------
THEAC 4 9 . 2 %  IEVYDDPQIIVgJ|I|?AVYDLESELNLTDIAM SLENVEYEPEQPPGLVYRVEEPirvfLil^GSGKW  TQAKEESEIEQAVIKVKKELQKVGLI--------------
THEVO 4 9 . 2 %  IEVYDDPDIIVQNlÿAVYDLESELNLTDIAMSLENVEYEPEQFPGLVYRVEEPRV|fLÉI^GSGEW TGA^EESEIEQAVIKVKKELQKVGLI--------------
METMA 4 7  . 0% IKTIEDPQITVQNIVASADLHTILNLNAIALGLENIEYEPEQFPGLVYRIDEPRV$V$lFSSGKLW AGGgSPEDCERSVEW RQQLDSMGLL--------------
METJA 4 8 . 8 %  IDVIENPEIKIQNM#ATADLGIEPNLDDIALMVEGTEYEPEQFPGLVYRLDDP#V#V$I#GSGKWI9#LË§SEEDAKRALKKIL--------------------------------
ARCFU 4 4 . 8 %
SULSH 4 8 . 1 %
SULSO 4 8 . 1 %  IKIVGKPKIQl|^lfASANLHVNVNLDKAAFLLENNM YEPEQPPGLIFlM DDPfVfL|lpSSGKM VljrGAi<REDEVSKAVKRIlAELDCVKPIEEEEE--
EH A LN 145.9%  IKVEDDPEIW Qi[l|?TSADLGRQLNLNAIAlGLENIEYEPEQFPGLVYRLDDP]fV||A|iI^GSGRLVlT0(^EPKDAEHAVDKITSRLEELGLLD------------
METTH 4 8 . 3 %  PDIPEEFEIKI§#I#ASANLGKPLNLEAVALGLENTEYEPEQFPGLVY#LDDP0VgL§L0GSGKVV TfiARSAEDAKLGVEKTLAELD-----------------------
PYROC 4 8 . 6 %  IQIYGRPKVQlQNIVASANLNVCVDLERAALTLENSMYEPEQFPGLIHrrviDEPirvfl4l||SSGp[VlTGAfREEEVYEAVNKIYEKLKK-----------------------
SULAC 4 8 . 1 %  MQLTGKPKIQI0^I#ASANLHVIVNLDKAAFLLENNMYEPEQFPGLIYklMDEPRWL^I#SS(^MVI%pV$REDEVHKAVKKILVELDCVKPVEEEELE-
DH ALN145.2%  IDIPPSPPVHVQNlVCSGSLDQDLNLNAIAlGLEDVEYEPEQFPGLVYT.LNDPDWVIiLFGSGèLVIÏ^GitNPDDAHHALEIIHERLTDLGLLE------------
AERPE 4 4 . 9 %  IPISG K PQ IQ I^I||A SA N L K V Y ID L E K A A L E FE N SL Y E PE (^PG L IY  MDEPRWM^l|SSG5KMVIîeiA|tMENEVYDAVKKVARKL-------------------------
BHALN142 . 4% ID V TSN PPIEV #I#SSA SLEQ SLN LN A IA lG LEQ IEY EPEQ FPG LV Y  LDDPDVVVgLgGSG^LVI^G^NPDEAEQALAHVQDRLTELGLLD------------
FHALN143 .5% IDVDSTPPVKVQNiySSASLEQSLNLNAIAlGLEQIEYEPEQFPGLVY±:LDDPDVVV#LFGSG#LVlWA#ESADAQHALAHVNDRLTELGLLE------------
SULKO 4 9 . 0 %  MNLTGKPKIQIQNIVASANLHVIVNLDKAAFLLENNMYEPEQFPGLIY ayiEDPRVyi^liSSG^MVigSÛAKREEEVHKAVKKILVELDCVKPFEEEELE-
NOSLO 3 9 . 8 %  FNTK FA-DFK lïm i||SSCDTQ FSIRLEG LAFAH SN SYEPELFPGLIYi<MVKPX«IVLLl||VSG|?IVL®ftAKMRDEIYEAFDNIYPVLTQY---------------------
DROME 4 0 . 1 %  FPAKFL-DFKli^NMyGSCDVKFPIRLEGLVLTHCNSSYEPELFPGLIYiMVRPRiyLLlivSGKVVLT0A^VRQEIYDAFDKIFPILKKF---------------------
GUITH 3 8 . 9 %  YGHAKFIDFRIQNIVASCDVRFPIRLESLAHAHNQ SYEPELFPGLIY#MITPX'CVyL;g,I#VSGRLVL$GAmQRMDIFQAFSNIYSVLCLY---------------------
CANAL 4 2 . 4 %  FN A K FC -D FK I^l||G STD V K FA IR LEG LA FA H G TSSY EPELFPG LIY |tM V K P|lfI^lf^SG tlV LTO A EK R ED A FESIY PV LN EFR K -----------------------
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s r   ̂ HI’ S2’ S3’ S4’  ̂ S5’ H2’

1 0 0  1 1 0  1 2 0  1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  1 9 0
ACECL 37.4% FPAKFT-EFKI<gjlVGSCDVKFPIRMEPLAYQHQQ SYEPELftGLIYRM LQPKIVLLipVSGKW LTGAKERTEIYRAFEQIYPVLTQF---------------------
ARTS F 4 1 . 2 %  FSAKFL-DFKlQNMVGSCDVKFPIRLEGLVLTHGGSSYEPELFPGLIYltMVKPRIVLilfVSGEW LTGAiVRQDAFENIYPILKGFKK-----------------------
YEAST 4 2  . 9% FAAKFT-DFKIQNlVGSCDVKFPIRLEGLAFSHGtSSYEPELFPGLIYRM VKPiI|TL|feIfVSGEIVLTaAiQREEAFEAIYPVLSEFRKM---------------------
MAI Z E 2 3 8 . 4 % AKFK DFKIQNI#GSCDVKFPIRLEGLAYSHGASSYEPELFPGLIYRMKQP#I#LLI#VSGKIVLTGA#VREETYTAFENIYPVLSEFRKIQQ----------
SPOFR 4 1 . 6 %  FTAKFL-DFKlQNMVGSCDVKFPIRLEGLVLTHGQSSYEPELFPGLIYHMVKPRlfLilivSGirvVLTGAIIVREEIYEA-------------------------------------------
BOMMO 4 1 . 6 %  FTAKFL-DFKI(#M%GSCDVKFPIRLEGLVLTHGQSSYEPELFPGLIYRMVKPRlÿL|Bl#VSG#rvVLTQA#VREEIYEA-------------------------------------------
ACACA 3 9 . 2 %  FAAKFL-DFKlQNIVGSCDVRFPIRLEGLAFAHNHOSYEPELFPGLIYRM VQP$I$L#I#VSG#IVLTGA$VREEIYEAFENIYPVLTEY---------------------
TETTH 4 1 . 3 %  VQFK DFKIQNIVGSTDVKFPINLDHLEQDHKKVQYEPEIFPGKIYREFNT#iyL#I#VSGKIVLTGA#TRENINKAFQKIYWVLYNY---------------------
CAEEL 4 1 . 9 %  FQAKFT-EFMVQNMVGSCDVRFPIQLEGLCITHSQFSYEPELFPGLIYRMVKPRWLLIFVSG^WITGAKTKRDIDEA-------------------------------------------
SOYBN 4 0 . 8 %  AKFK DFKl|^I% GSCDVKFPIRLEGLAYSHGASSYEPELFPGLIYRMKQP#I#LLI#VSG#IVLTGAKVRDETYTAFENIYPVLTEF---------------------
PNECA 4 1 . 8 %  FNAKFT-DFKl|^l|fGSCDVKFPIRLEGLAYSHGTSSYEPELFPGLIYRM VKPKIVLLlfVSGKIVLTGAKVREEAFEAIYPVLSEFRK-----------------------
MA I Z E 1 3 8 . 4 % AKFK DFKIQNIVGSCDVKFPIRLEGLAYSHGASSYEPELFPGLIY#MKQP#I#L#I#VSGKIVLTGAKVREETYTAFENIYPVLAEFRKVQQ----------
TOBAC 3 9 . 4 %  AKFK DFKIQNIVGSCDVKFPIRLEGLAYSHGASSYEPELFPGLIYRMKQP#I#L#IpVSG#IVLTGA#VRDETYTAFENIYPVLTEF---------------------
PNECA 4 1 . 8 %  FNAKFT-DFKIQNIÎ^GSCDVKFPIRLEGLAYSHGTSSYEPELFPGLIY|ïMVKPiliLLlj|VSGKIVLTGAKVREEAFEAIYPVLNEFRK-----------------------
EMENI 4 2  .5%  FNAKFT-DFKli#I#GSCDIKFPIRLEGLASRHHNSSYEPELFPGLIYRMMKPKIVLLI#^VSG#IVLTGA#VREEIYQA-------------------------------------------
ARATH 3 9 . 3 %  AKFK DFKIQNIVGSCDVKFPIRLEGLAYSHSASSYEPELFPGLIYRMKLPKIfI^lH^SGKlVIÎ^^AKMREEAFENIYPVLREFRKVQQ----------------
HUMAN 3 9  . 0% FPAKFL-DFKlQNM #GSCDVKFPIRLEGLVLTHQQSSYEPELFPGLIYgM IKPRI#I^I#VSG#W LTGAKVRAEIYEAFENI-------------------------------------
MESAU 3 9 . 0 %  FPAKFL-DFKlQNb#GSCDVKFPIRLEGLVLTHQQSSYEPELFPGLIY#M iKPRiyLLI#VSG^W LTGAKVRAEIYEAFENI-------------------------------------
MOUSE 3 9 . 0 %  FPAKFL-DFKig0M #GSCDVKFPIRLEGLVLTHQQSSYEPELFPGLIY#M IKPRIVL#I§VSGgW LTgAgVRAEIYEAFENI-------------------------------------
CHICK 3 9 . 0 %  FPA K FL-D FK lW ^G SC D V K FPIR L EG LV LTH Q Q SSY EPELFPG LIY ^IK PR lV LglgV SG EW LTG A K V R A EIY EA FEN I-------------------------------------
XENLA 3 9 . 0 %  FPAK FL-DFK ig##G SC D V K FPIR LEG LV LTH Q Q SSY EPELFPG LIY gM IK P#I0L#I#V SG K W LTQ A #V R A EIY EA FEN I-------------------------------------
MESCR 3 9 . 8 %  AKFK DFKI^I#GSCDVKFPIRLEGLAYSHGASSYEPELFPGLIYRM KQPKI#LLI#VSG#IVLT4#AKVREETYTAFENIYPVLTEF---------------------
WHEAT 3 8 . 1 %  AKFK DFKI^liASCDVKFPIRLEGLAYSHGASSYEPELFPGLIYHM RQPRlfliHlfVSGKIVLTGAKVREETYSAFENIYPVLTEFRKVQQ----------
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Figure 4.2.2 Sequence alignment of TBP sequences for the 50 closest relatives of the PwTBP. Alignment was carried out using WU-Blast2 and created using the M- 

view software (EMBL) with slight adjustments made manually. Numbering and secondary structure (S = Beta sheet, H = alpha helix) are labelled according to the 

PwTBP structure (Kabsch and Sander, 1983). Residues highlighted in grey were identified as making contact with the DNA in the PwTBP-DNA complex from the X-ray 

crystal structure (Kosa et al, 1997) The naming scheme is as follows:

PYRWO Pyrococcus woesei, TBP OR PF1295, Q57050. PYRFU Pyrococcus furiosus, TBP OR PF1295, Q57050. PYRHO Pyrococcus horikoshii, TBP OR PH1009, 
058737. PYRAB Pyrococcus abyssi, TBP OR PAB1726, Q9V024. PYRKO Pyrococcus kodakaraensis, TBP, Q52366. THECE Thermococcus celer, TBP, Q56253. 
METTL Methanococcus thermolithotrophicus, TBP, Q9P9I9. THEAC Thermoplasma acidophilum, TBP OR TA0199, Q9HLM8. THEVO Thermoplasma volcanium, 
TVG1467237, Q978J5. METMA Methanosarcina mazei (Methanosarcina frisia), TBP, CAC42920. METJA Methanococcus jannaschii, TBP OR MJ0507, Q57930. 
ARCFU Archaeoglobus fiilgidus, TBP OR AF0373, 029874 SULSH Sulfolobus shibatae, TBP, Q55031. SULSO Sulfolobus solfataricus, TBP OR TFHD OR 
SSO0951, P58178. EHALNl Halobacterium sp. (strain NRC-1), TBPE OR Q9HN56. METTH Methanobacterium thermoautotrophicum, TBP OR MTH1627, 027664. 
PYROC Pyrodictium occultum, TBP, P58177. SULAC Sulfolobus acidocaldarius, TBP, Q9UWN7, Q53648. DHALNl Halobacterium sp. (strain NRC-1), TBPD OR 
VNG5163G, 052018. AERPE Aeropyrum pemix, TBP OR APE1862, Q9YAT1. BHALNl Halobacterium sp. (strain NRC-1 )/Halobacterium salinarium, (TBPBl OR 
VNG5052G) AND (TBPB2 OR VNG5245G) AND (TBPB3 OR VNG6050G) AND (TBPB4 OR VNG6476G), Q48325. FHALNl Halobacterium sp. (strain NRC-1), 
TBPF OR VNG6438G, Q9HHE9. SULKO Sulfolobus tokodaii, ST1275, BAB66317. NOSLO Nosema locustae, TBP, Q9U7A4. DROME Drosophila melanogaster 
(Fruit fly), TBP OR TFUD OR BTFl OR CG9874, P20227, Q9W2D8. GUITH GuiUardia theta (Cryptomonas phi), TFUD, Q9XG30. CANAL Candida albicans 
(Yeast), TBPl OR TBP, 043133. ACECL Acetabularia cliftonii, TBP, P46272. ARTSF Artemia sanfranciscana (Brine shrinp) (Artemia franciscana), TBP, 017488. 
YEAST Saccharomyces cerevisiae (Baker’s yeast), SPT15 OR BTFl OR YER148W, P13393. MAIZE2 Zea mays (Maize), TBP2, P50159. SPOFR Spodoptera 
ftiigiperda (FaU armyworm), TBP, P53361. BOMMO Bombyx mori (Silk moth), TBP, 045211. ACACA Acanthamoeba castellanii (Amoeba), TFUD, P26354. TETTH 
Tetrahymena thermophila, TBP, Q27850. CAEEL Caenorhabditis elegans, TBP-1 OR TBP OR T20B12.2, P32085. SOYBN Glycine max (Soybean), TBPl, Q42808. 
PNECA Pneumocystis carimi, TBP, Q12651. MAIZEl Zea mays (Maize), TBPl, P50158, (^3865. TOBAC Nicotiana tabacum (Common tobacco), TBP, P93348. 
PNECA Pneumocystis carinii, TBP, Q12652. EMENI Emericella nidulans (Aspergillus nidulans), TBP, Q12731. ARATH, Arabidopsis thaliana (mouse ear cress). 
Transcription initiation factor TFllD-1, P28147. HUMAN Homo sapiens (Human), TBP OR TFUD OR TF2D, P20226, Q16845. MESAU Mesocricetus auratus (Golden 
hamster), TBP OR TFIID, P53360. MOUSE Mus musculus (Mouse), TBP OR TFUD, P29037, 009169. CHICK Gallus gallus (Chicken), TBP, 013270. XENLA 
Xenopus laevis (African clawed (fog), TBP OR TFUD, P27633. MESCR Mesembryanthemum crystallinum (Common ice plant), TBP, P48511. WHEAT Triticum 
aestivum (Wheat), TBP2 OR TFUD, Q02879.
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Chapter 4. The role of ions in the / ’wTBP-DNA interaction

4.3 Effect of E12A and D101A mutations on the PivTBP-DNA 

complex
The first potential cation-binding site selected from the considerations described in 

Section 4.2 was the E12 residue. This residue was chosen firstly because it is an acidic 

residue in close proximity to the DNA in the complex, and secondly because it is found 

predominantly in TBP proteins from halophiles, but replaced by a neutral residue in 

TBP proteins from non-halophiles (see Section 4.2 for more detail). The E l2 residue is 

located in strand 1 of the P-sheet region of the PwTBP protein (DeDecker et ah, 1996) 

and was mutated to the nonpolar residue alanine to preclude charge based interactions.

Form [salt]
M

[Protein]
(l^M)

[DNA]
(pM)

n
( x I O "  IVI') (kJ mol'b

AGoba
(kJm of)

T.AS_ 
(kJ mol ’)

E12A 0.2 12 120 1.3 3.0±.0.5 110±0.8 -32.3 142
E12A 0.4 18 200 1.0 6.2±0.2 111±0.8 -34.2 145
E12A 0.7 12 120 1.0 23.4±2 112±0.8 -37.6 150
E12A 1.0 10 100 1.1 43.9±2 113±0.8 -39.2 152
E12A 1.6 8 80 1.0 135±23 113±1.6 -42.3 155
E12A 1.9 5 76 1.0 311±36 111±0.8 -44.4 156

D lO lA 0.4 18 200 1.1 1.2±0.4 105±2 -31.5 135
D lO lA 0.7 20 200 1.1 6.1±0.3 110±0.8 -34.1 145
D lO lA 1.0 12 120 1.0 21±2 117±1.6 -37.3 154
D lO lA 1.6 8 80 1.1 77±9 115±1.2 -40.6 156
D lO lA 1.9 5 43 0.8 288±40 113+1.2 -43.9 157

Table 4.3.1 Thermodynamic characteristics for the E12A and DIOIA mutant PwTBP-DNA 

complexes against [NaCl], over the range 0.2-1.9 M, in 10 mM MOPS, pH 7.0 at 35 °C. Data 

were fitted using a model based on a single set of identical binding sites after heats of DNA 

dilution had been subtracted. The errors shown correspond to the deviation of the non-linear 

least squares fit to the data points on the titration curve, n is the stoichiometry of the interaction 

as determined by the fitting of the ITC binding isotherm (Wiseman et a l ,  1989).
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Figure 4.3.1 log Kobs against log [NaCl] for the wild type (WT, black squares), E12A (red 

circles) and DlOlA (green down-triangles) PhTBP proteins binding to DNA. The solid line 

represents the simulated output from fitting Equation 3.6.1 to the data using the non-linear 

fitting function of the ORIGIN software (Microcal. Inc.) where A, B and /Cref were variables.

The thermodynamic characteristics from ITC binding experiments carried out on the 

EI2A  complex are summarised in Table 4.3.1. The binding data are displayed against 

salt concentration in Figure 4.3.1, which shows that the salt dependence for the EI2A  

complex is different from the wild type PwTBP-DNA complex in two main respects. 

Firstly, the salt dependence curve o f the E l2A complex has a less positive gradient 

relative to the wild type. Secondly, the EI2A  complex has a higher affinity relative to 

the wild type at low salt concentration. Experiments were not performed below 0.2 M 

NaCl for the E12A mutant complex due to aggregation o f the E12A protein. At high salt 

concentration (1.9 M NaCl) the wild type and the E12A wild type complexes have 

approximately the same affinity. The shallower salt dependence curve o f the E12A
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Chapter 4. The role of ions in the PwTBP-DNA interaction

PwTBP-DNA complex relative to the wild type indicates a reduction in net uptake of 

ions. The salt dependence can be quantified by applying the same fitting procedure used 

for the wild type in Section 3.7. The output from fitting the experimental data to 

Equation 3.6.1 is summarised in Table 4.11.1. This shows that E12A PwTBP-DNA  

complex, incorporates approximately one less ion (-1.2 ± 0.3 ions), relative to the wild 

type complex (-2.1 ± 0.3 ions). An estimate of the water release was also obtained, 

however, this method is not sensitive enough to detect small changes (at the level of 

single water molecules) in water release. The difference in water release between the 

wild type (39 ± 9) and the E12A complex (33 ± 10) are within the error associated with 

this method.

The thermodynamic characteristics for the E12A and the wild type PwTBP-DNA

complex are shown in Figure 4.3.2 and Table 4.3.1. The general trend in the AHobs and

the ASobs for the E12A mutant is similar to the wild type. Over the range of salt

concentrations studied the binding is characterised by an unfavourable AHobs and an

increasingly favourable ASobs (with increasing salt). The trend in the AHobs for the E12A

mutant and the wild type is approximately equal within the experimental error.

However, TASobs for the E12A mutant complex, is more favourable relative to the wild

type complex at low salt concentration. At high salt concentration the TASobs for each

complex are approximately equal. The difference in ASobs can be explained in terms of

the AS associated with cation binding in the wild type PwTBP-DNA complex. At low

salt concentration there is an AS associated with each ion that combines with the

complex. In the E12A mutant the incorporation of one less cation in the complex results

in a less unfavourable ASobs component due to ion uptake at low salt concentration. This

makes the overall ASobs, at low salt concentration, more favourable for the E12A
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Chapter 4. The role of Ions in the PhTBP-DNA interaction

complex. As the salt concentration is increased, the AS for ion incorporation by the 

complex becomes less unfavourable. At very high salt concentration (1.9 M NaCl), the 

AS of ion localisation in the complex becomes small compared to the AS for water 

release. This results in the almost identical affinities o f the wild type and E12A complex 

at high salt concentration.
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Figure 4 .3 .2  Variation in AHobs, (broken line) and TASobs, at 308K (solid line) against [NaCl] 

for the wild type (black) and E12A  (red) Pw TBP-DNA complexes.

To further investigate how close a residue must be to the DNA, for it to have an effect 

on ion uptake by the PwTBP-DNA complex, a control mutant was designed. The DlO l 

residue was selected for this purpose. D lO l fulfils the conservation criteria used to 

select E l2, being replaced by a basic residue in non-halophilic TBP proteins. D lO l is 

however, approximately 8.3 Â from the nearest phosphate group o f the DNA, nearly 

twice the distance for E12 in the complex (4.8 A). It was hypothesised that, even though
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Chapter 4. The role of ions in the /^nTBP-DNA interaction

the D lO l A mutant would have similar effect on the net surface charge and the pi of the 

TBP protein, it would not affect the net ion uptake because of its distance from the 

DNA in the complex.

The thermodynamic characteristics, from ITC binding experiments on the 

DlOlAPvvTBP-DNA complex are summarised in Table 4.3.1. The binding data are 

displayed as a salt dependence curve Figure 4.3.1 along with the wild type and E12A 

salt dependence curves. The salt dependence curve for the D lO l A mutant PwTBP-DNA  

complex is almost identical to the salt dependence curve for the wild type complex. 

Fitting Equation 3.6.1 to the experimental data shows that the net ion uptake by the 

D lO lA  (-2.1 ± 1.1 ions) and wild type (-2.1 ± 0.3 ions) PwTBP-DNA complexes are 

equal within experimental error (see Table 4.11.1). This finding supports the hypothesis 

that the D lO l A residue is too far from the DNA backbone to be involved in ion uptake 

by the PwTBP-DNA complex suggesting that a distance cut-off used in the selection of 

future potential ion binding sites should be less than 8.3 Â.
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Chapter 4. The role of ions in the AvTBP-DNA interaction

4.4 Investigation of the effect of the E42A, E12AE42A and 

E42AD101A mutations
The second residue identified as a potential cation-binding region in the PwTBP-DNA  

complex was the E42, located in one of the flexible loops of the TBP protein. This 

residue was also replaced with A. The E12AE42A and E42AD101A double mutants 

were also made to investigate the effect of combining these mutations. The 

thermodynamic characteristics from ITC binding experiments summarised in Table 

4.4.1. As for the wild type and the mutant complexes AHobs is unfavourable and ASobs is 

favourable, increasing with increased salt concentration.

Form [salt]
M

[Protein]
(mM)

[DNA]
(mM)

n ^obs
( X 10^ M ')

AHobs 
(kJ m o l')

AGobs
(kJm ol')

TASobs
(kJ m o l')

E42A 0.4 22 200 1.2 1.6±0.5 105±2.4 -31.2 136
E42A 0.7 12 120 1.1 4.4±2 10611.2 -33.3 139
E42A 1.0 15 150 1.2 11.3±0.7 10811.2 -35.7 144
E42A 1.6 8 80 1.1 67.6±6 10012 -40.3 140
E42A 1.9 5 43 1.0 147±12 11010.8 -42.3 153

E12AE42A 0.4 18 200 1.1 7.1±0.4 11310.8 -34.5 147
E12AE42A 0.7 12 120 1.1 18.5±1 11311.2 -37.0 150
E12AE42A 1.0 12 120 1.0 44.9±2 11310.4 -39.2 152
E12AE42A 1.6 12 120 1.0 168±1 11310.4 -42.7 156
E12AE42A 1.9 5 41 0.9 243±2 11510.8 -43.5 159

E42AD101A 0.7 19 200 1.1 3.6±0.4 11012.4 -32.8 143
E42AD101A 1.0 12 120 1.0 18.4±1 10810.8 -37.8 146
E42AD101A 1.6 12 120 0.9 83.9±4 10910.4 -40.8 150
E42AD101A 1.9 5 42 0.9 132±20 11612 -41.8 158

Table 4.4.1 Thermodynamic characteristics for the E42A, E12AE42A and E42AD101A 

mutant PwTBP-DNA complexes against [NaCl], over the range 0.4-1.9 M, in 10 mM MOPS, 

pH 7.0 at 35 ”C. Data were fitted using a model based on a single set of identical binding sites 

after heats of DNA dilution had been subtracted. The errors shown correspond to the deviation 

of the non-linear least squares fitted to the data points on the titration curve, n is the 

stoichiometry of the interaction as determined by the fitting of the ITC binding isotherm 

(Wiseman et a l, 1989).
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F igure 4.4.1 log A'obs against log [NaCl] for the wild type (W T, black squares), E12A (red 

circles), E42A  (green up-triangles) and E12A E42A  (blue down-triangles) PwTBP-DNA 

complexes. The solid line represents the simulated output from fitting Equation 3.6.1 to the data 

using the non-linear fitting function of the O RIGIN software (M icrocal. Inc.) where A, B and 

ATref were variables.

The salt dependence curve for the formation on the E42A PwTBP-DNA complex is 

shown in Figure 4.4.1. This shows that the E42APwTBP-DNA complex differs from the 

wild type in two main respects. Firstly, as for the E12A complex, the E42A PwTBP- 

DNA complex has a reduced gradient relative to the wild type, indicating a reduction in 

the net ion uptake of the E42A PwTBP-DNA complex. Quantifying this result by fitting 

the data to Equation 3.6.1 reveals that the change in the gradient is again consistent with 

uptake of one less ion (-0.9 ± 0.8 ions) relative to the wild type (-2.1 ± 0.3) complex 

(see Table 4 .1 1.1). Secondly, the E42A salt dependence curve is shifted to a lower level 

o f binding (i.e. Kobs is decreased) relative to the wild type, over the entire [NaCl] range.
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Chapter 4. The role of ions in the AyJBP-DNA interaction

This is reflected in the lower ATref (see Section 1.15) value for the E42A salt 

dependence relative to the wild type complex. One possible explanation of the effect of 

the E42A mutation on ATref is that alanine is causing an unfavourable structural change 

to the flexible loop of the TBP protein.

The salt dependence curve for the double mutant PwTBP containing both the E12A and 

E42A mutations is also shown in Figure 4.4.1. These data show the affinity of the 

double mutant complex for the DNA at low salt concentration is only slightly increased 

relative to the E12A complex. Quantifying the salt dependence curve for the double 

mutant, by Equation 3.6.1, shows no significant difference in ion uptake of the double 

mutant (-0.8 ± 0.2 ions) relative to the single E12A complex (-1.2 ± 0.3 ions) (see Table

4.11.1). This suggests that the effect of the two mutations on changing ion uptake by the 

complex is not additive. Its is unlikely that the ion incorporation events have a co

operative effect due to the large separation in the molecule. This is further investigated 

in Section 4.10. The thermodynamic parameters from the TTC binding experiments of 

the E42AD101A are comparable to those of the E42A mutant. Again this shows that 

D lO l has no direct involvement on DNA binding and does not effect the net uptake of 

cations into the binding site.
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Chapter 4. The role of ions in the AiTBP-DNA interaction

4.5 The effect of two glutam ine to alanine m utations on the 

PwTBP sait dependence of DNA binding

The conserved region of 180 residues of the TBP contains two sequence repeats (see 

Section 1.2) of high homology. This results in the approximate two fold rotational 

symmetry of the TBP protein. This symmetry is maintained to some extent in the 

protein DNA complex as shown by the pattern of contacting residues (Figure 4.2.1). 

The outcome of this is that the two polar, but uncharged glutamine residues Q103 and 

Q133 are in almost identical positions as E12 and E42 respectively, with respect to the 

protein and the DNA in the complex (Figure 4.2.1). Both residues were therefore 

replaced with A as was done for E12 and E42 residues (Sections 4.1. and 4.2 

respectively). These Q to A mutations provide controls for two separate factors; firstly, 

to determine the effect the polar to non-polar mutations on ion uptake by the complex 

and secondly, assuming that the Q to A mutations have no effect on ion uptake, they 

serve as controls for the E12A and E42A mutations to compare their effect on ^ref- 

^REF is a parameter independent of salt concentration (see Section 1.15), and is affected 

by factors such as structural changes to the protein and changes in the electrostatics of 

the surface of the protein (Record et a l ,  1978, Ha et a l ,  1992).

The thermodynamic characteristics from ITC binding experiments on the Q103A and 

Q133A mutants binding DNA are summarised in Table 4.5.1. As for the wild type and 

the mutant complexes previously discussed (Sections 3.7, 4.1 and 4.2), the 

thermodynamic trend is of an unfavourable AHobs and a favourable ASobs that increases 

with increasing salt concentration. The salt dependence curves for the Q103A and 

Q133A PwTBP-DNA complexes are shown in Figure 4.5.1, which reveals that both 

their gradients are unchanged relative to the wild type salt dependence curve. The
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Chapter 4. The role of ions in the /W BP-DNA interaction

output from fitting the salt dependence data to equation 1.4.2 (see Table 4.11.1) shows 

no significant change in net ion uptake for the Q103A (-2.3 ± 0.5 ions) and Q133A (-2.2 

± 0.5 ions) PwTBP-DNA complexes, relative to the wild type complex (-2.1 ± 0.3 ions) 

within experimental error. These data support the hypothesis that the polar uncharged 

glutamine residues Q103 and Q133 have no direct involvement in ion uptake by the 

PwTBP-DNA complex.

Form [salt]
M

[Protein]
(mM)

[DNA]
(UM)

n ■^obs

(  X 10̂  M‘‘)
A H o b s  

(kJ mol'*)
A G o b s

(kJmof*)
T . A S o b s  

(kJ mol'*)

Q103A 0.4 11 117 1.1 5.1±0.3 11611.6 -33.7 150
Q103A 0.7 12 133 1.1 20.0+0.9 11411.2 -37.2 151
Q103A 1.0 12 115 1.0 41.5±3.0 10510.8 -39.0 144
Q103A 1.0 12 95 1.1 51.4±5.0 95.810.7 -39.6 135
Q103A 1.0 10 104 1.0 76.5±6.0 11611.2 -40.6 157
Q103A 1.6 9 99 0.9 342±33 11610.8 -44.4 160
Q103A 1.9 5 72 1.1 645±52 11710.4 -46.0 163

Q133A 0.4 20 188 1.1 0.9±0.4 1161 -29.3 145
Q133A 0.7 18 180 1.0 5.2+0.3 1161 -33.7 150
Q133A 1.0 7.0 65 1.1 16.3±0.7 10510.9 -36.6 142
Q133A 1.6 10 94 0.9 81.9±4.0 97.51 -40.8 138
Q133A 1.9 7.0 68 0.9 225126 97.41 -43.4 141

Table 4.5,1 Thermodynamic characteristics for the Q103A and Q133A mutant PwTBP-DNA 

complexes against [NaCl], over the range 0.4-1.9 M, in 10 mM MOPS, pH 7.0 at 35 °C. Data 

were fitted using a model based on a single set of identical binding sites after heats of DNA 

dilution had been subtracted. The errors shown correspond to the deviation of the non-linear 

least squares fitted to the data points on the titration curve, n is the stoichiometry of the 

interaction as determined by the fitting of the ITC binding isotherm (Wiseman, 1989).
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Figure 4.5.1 log /Cobs against log [NaCl] for the wild type (WT, black squares), Q103A 

(magenta circles) and Q133A (purple diamonds) AvTBP proteins binding to DNA. The solid 

line represents the simulated output from fitting equation 1.2 to the data using the non-linear 

fitting function of the ORIGIN software (Microcal. Inc.) where A, B and /Cref were variables.

The salt dependence curves for the Q I03A and the Q I33A  PwTBP-DNA complexes 

show that the mutations have different effects on the parameter /Cref- Assuming that 

substitution of a charged residue and a polar residue for alanine, have a similar effect on 

Kref. The Q I03A and Q I33A results can be used to compare the effect o f the EI2A  

(Section 4.3) and the E42A (Section 4.4) mutations on / C r e f - The E12A and the QI03A  

DNA interactions have a log ATref value (6.1 ± 0.2 and 6.5 ± 0.3 respectively) that is 

greater than that for the wild type complex (5.7 ± 0.2, Table 3.6.2). The increase in ATref 

indicates some change in the complex independent o f ion uptake, which favours DNA  

binding at I M NaCl. The EI2 and Q I03 residues are located in the p-sheet region of
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the PwTBP and the increase in ATref could be explained if the additional alanine 

residues in the mutants increase the non-polar surface area of the of the protein that 

binds to the minor groove of the DNA, since these would affect the local electrostatic 

potential.

The Q133A and the E42A mutations are located in the flexible loop regions of the TBP. 

However, only the E42A mutation has a significant affect on log ATref (5.7 ± 0.3 and 5.3 

± 0.4 respectively) relative to the wild type (5.7 ± 0.2), which indicates a change in 

DNA binding at 1 M NaCl. The difference can be explained if the change in ATref is due 

to electrostatics, since only the E42A mutation is expected to significantly change 

electrostatic potential of the protein, by removal of a negative charge from the surface. 

A second possible explanation is that the PwTBP-DNA complex is not completely 

symmetrical and therefore the Q133 and E42 residues are not in the same environment 

in the protein DNA complex.

4.6 Can the Q103E mutation introduce an additionai cation- 
binding site in the PwTBP-DNA complex?

If as hypothesised, the repeat in the TBP protein sequence is due to a gene duplication 

of an ancestral dimer early in its evolutionary history, then at some time point residues 

12 and 103 must have been identical. This means that there was a selection pressure on 

the PwTBP ancestor to either change a glutamate residue at position 103 or gain one at 

position 12. It was hypothesised that if both residues were glutamate then the DNA  

binding behaviour of the protein would become more halophilic than the wild type. To 

test this hypothesis the Q103E mutant PwTBP was constructed.
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[salt]
M

[Protein]
(UM)

[DNA]
(UM)

n ^obs
( X 10  ̂M-‘)

AHobs 
(kJ mol ')

AGobs
(kJm ol')

T .ASobs 
(kJ mol ')

0.7 20 174 1.2 1.8±0.1 102±1.2 -31.0 133
0.85 20 179 1.1 3.7±0.2 103±1.1 -32.8 136
1.0 12 91 1.1 6.6±0.3 104±1.0 -34.3 138
1.0 12 115 1.2 4.8+0.3 113±1.8 -33.5 147
1.0 10 100 1.1 l l . l t l .O 104±1.2 -35.7 140
1.3 12 100 1.0 21.8±1.2 98.7±0.7 -37.4 136
1.6 10 107 1.0 65.6±5.4 98.7±0.8 -40.2 141
1.9 6.0 50.0 1.0 201±17 95.2±0.6 -43.1 138

Table 4.6.1 Thermodynamic characteristics for the Q103E mutant PwTBP-DNA complex, 

determined as a function of [NaCl], over the range 0.7-1.9 M, in 10 mM MOPS, pH 7.0 at 35 

“C. Data were fitted using a model based on a single set of identical binding sites after heats of 

DNA dilution had been subtracted. The errors shown correspond to the deviation of the non

linear least squares fit to the data points on the titration curve, n is the stoichiometry of the 

interaction as determined by the fitting of the ITC binding isotherm (Wiseman et a l, 1989).

The thermodynamic characteristics for the Q103E PwTBP-DNA complex are shown in 

Figure 4.6.1. As for the wild type and the mutant complexes previously discussed the 

thermodynamic trend is of an unfavourable AHobs and a favourable ASobs, which 

increases with increasing salt concentration. The salt dependence curve for the Q103E 

complex is shown in Figure 4.6.1. The gradient of the Q103E salt dependence curve is 

steeper than for the wild type PwTBP-DNA complex, implying an increase in ion 

incorporation by the Q103E complex. Quantifying the salt dependence for the Q103E 

data by fitting to Equation 1.4.2 confirmed (see Table 4.11.1) that there is an increase in 

ion incorporation for the Q103E complex (-2.7 ± 1 .0  ions) relative to the wild type (-2.1 

± 0.3). However, the error in the fitting output for the Q103E complex is of the order of 

a single ion. The Q103E PwTBP-DNA complex therefore requires further investigation 

to unambiguously determine whether this complex incorporates an additional cation.
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Figure 4.6.1 log /Cobs against log [NaCl] for the wild type (WT, black squares), E12A (red 

circles) and Q103E (yellow diamonds) f’wTBP proteins binding to DNA. The solid line 

represents the simulated output from fitting equation 1.2 to the data using the non-linear fitting 

function of the ORIGIN software (Microcal. Inc.) where A, B and /Cref were variables.

The salt dependence curve for the QI03E complex clearly shows that this mutation has 

an effect on DNA binding (Figure 4.6.1). The difference between the QI03E and the 

wild type salt dependence curves (Figure 4.6.1) is possibly due to the change in the 

parameter /Cref, which is independent of ion uptake. For the Q103E complex ATref (log 

ATref = 5.1 ± 0.4) is reduced relative to the wild type complex (log ATref = 5.7 ± 0.2). 

This could be the result of a structural change, or a change in the hydrophobic surface 

area of the interface. However, unlike the E 12A and Q103A examples ATref is reduced, 

representing an unfavourable structural change, which is potentially due to the effect of 

the negatively charged glutamate residue close to the hydrophobic minor groove of the 

DNA in the complex.
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4.7 Identifying further potentiai cation binding sites in the 

PivTBP-DNA complex
Experiments described in Sections 4.3 to 4.6 identified two possible cation-binding sites 

in the FwTBP-DNA complex (E l2 and E42) and showed that an additional cation 

incorporation site could potentially be introduced (Q103E). Sites for the mutation 

studies were identified by comparing conserved residues in sequence alignments of TBP 

proteins from different organisms and comparing them to optimal growth conditions of 

the species, and also from contacts identified by the X-ray crystal o f the PwTBP-DNA  

complex. The following section describes improvements to the way interacting residues 

were identified using the X-ray crystal structure data. This improved approach of 

identifying possible ion binding sites was required to identify additional sites that could 

be responsible for the observed difference in DNA binding behaviour between Pw  and 

5cTBP proteins.

Due to the long-range nature of electrostatic interactions (Nicolls & Honig, 1995), the

distance cut off of approximately 5 Â used for selecting the E12 and E42 residues is

possibly too short to identify all the residues involved in creating ion binding surfaces in

the complex. Two different selection criteria were therefore used to pick additional

interacting TBP residues from the comparison of the Pw  and 5cTBP sequences. Firstly,

residues that have a reduction in solvent accessible surface area (SASA) were identified

from the X-ray crystal structure of the PwTBP-DNA complex. An arbitrary cut off

value of 1 was used to select interacting residues. Figure 4.7.1 shows an alignment

comprising eight TBP sequences which are representative of the TBP proteins from a

wide range of species. PwTBP residues that have a reduced SASA upon DNA binding

are marked on Figure 4.7.1 (triangles). The second criterion used to select additional

interacting PwTBP residues was based on the calculation of electrostatic interaction
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energies (EIE) (McCoy et a l ,  1997) of the PwTBP surface residues with the DNA. An 

arbitrary cut off of 1 kX was used to select interacting residues based on EIE with the 

DNA. This value is comparable in magnitude to the molecular thermal energy. A side 

chain moiety with an interaction energy above this level is likely to have a significantly 

long residence time on the surface of the DNA. PwTBP residues identified as 

interacting with the DNA based on EIE are marked on Figure 4.7.1 (squares).

Figure 4.7.1 shows that both the SASA and EIE are in good agreement with each other. 

In general the method based on SASA identifies more, potentially interacting residues 

that the EIE method. However the EIE method identifies some residues that are not 

identified by the SASA estimations, due to the relatively long-range nature of the 

electrostatic interactions involved (Sharp & Honig, 1990). The E12, E42 and Q103 

residues previously shown to be involved in DNA binding (Sections 4.3-4.6) are 

identified by both selection methods. Hence the SASA and EIE criteria are in general 

agreement with the experimental evidence previously obtained. Q133 is only identified 

as interacting based on SASA.

The purpose of these additional selection criteria was to select potential cation-binding 

sites in the PwTBP-DNA complex that could not simply be identified based on their 

proximity to the DNA alone. The success of the approach is demonstrated since an 

additional residue (E l28) was identified based on the SASA and EIE criteria and which 

is conserved in the halophilic species (top sequences in Figure 4.7.1) and replaced by a 

neutral residue in the mesophilic species (bottom of Figure 4.7.1). The results of 

mutating the E128 residue on DNA binding are described in the next section.
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Figure 4.7.1 Alignment of the 180 amino acid conserved region of TBP. Amino acid residues marked with ▲ are defined as interacting with the DNA in the 

complex based on reduction in their solvent accessible surface area (SASA) an arbitrary cut off of lÂ^ was used for the selection. Residues marked with ■ are 

defined as interacting with the DNA in the conçlex based on their electrostatic interaction energy (EIE) with the DNA. An arbitrary cut off IkT was used since 

this is approximately the thermal energy of a molecule. The sequences are a representative subset from Figure 4.2.2 to show the trend in conservation of acidic 

residues (red) and basic residues (blue). PYRWO {Pyrococcus woesei) and THECE (Thermococcus celer) are moderately halophilic archaeal species (~1M NaCl), 

DHALN (Halobacterium salinarium, TBP-D) and BHALN (Halobacterium salinarium, TBP-B) are from a true halophilic archaea (~4-5M NaCl), ARCFU 

(Archaeoglobus fulgidus) and METMA (Methanosarcina mazei) are from mesophilic archaea and YEAST (Saccharomyces cerevisiae) and HUMAN (Homo 

Sapiens) are from mesophilic eukaryotic species. There is some correlation between the predicted isoelectric point (pi) of the TBP and its mesophihc/halophilic 

nature. In general, halophilic TBP proteins have low predicted pis due to an excess of acidic residues over basic residues. On exception in the above alignment is 

METMA, which has a low pi even though it is from a mesophilic species. This is due to a low number of basic residues (17 compared to 25 in PYRWO) relative 

rather than an excess of acidic residues (25 compared to 31 in PYRWO) as for PYRWO compared to other mesophilic TBPs.
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4.8 Effect of E128A and E12AE128A mutation on PwTBP DNA 

binding
In the previous section an approach for identifying additional PwTBP residues 

important for DNA binding was introduced. This approach was to identify residues 

interacting with the DNA based on reduction of their solvent accessible surface area 

(SASA) and their electrostatic interaction energy (EIE) with the DNA (see Section 4.7). 

One of the residues identified by both approaches was EI28 (Figure 4.7.1). This residue 

was selected as a potential ion-binding site because, in addition to interacting with the 

DNA in the complex, the high degree o f conservation of residue 128 in halophilic and 

mesophilic organisms suggested it was important for the halophilic DNA binding 

character of the PwTBP. In the halophilic species E l28 is well conserved whereas in 

mesophiles, serine is almost exclusively present at position 128 (see Figures 4.2.1 and

4.7.1).

Figure 4.8.1 Surface electrostatic surface potential diagram for the wild type PwTBP to show 

the effect of charged residues on the surface electrostatic potential of the protein. Molecular 

surfaces and electrostatic potentials were rendered in GRASP (Nicolls et a i, 1993).
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Circumstantial evidence for the involvement of E l28 in ion binding also came from the 

observation that both E l2, which had already been shown to be involved in ion uptake 

(Section 4.3), and E l28 are found near to regions of positive charge on the surface of 

the protein. This is apparent in the electrostatic surface potential prediction (Kosa et a l ,  

1997) for the wild type PwTBP (Figure 4.8.1). To test the predicted involvement of 

E l28 in ion uptake by the PwTBP-DNA complex the E l28A mutant was produced to 

compare the salt dependence of the complex formation to that of the wild type.

Form [salt]
M

[Protein]
(UM)

[DNA]
(mM )

n ^ o b s  

(  X  10  ̂M-‘)
A H o b s  

(kJ mol*)
A G o b s  

(kJ mol'*)
T . A S o b s  

(kJ mol'*)

E128A 0.28 20 175 1.1 1.4±0.9 98.3±2.2 -29.8 128
E128A 0.4 20 200 1.2 2.8±0.1 100+1.2 -32.2 132
E128A 0.7 14 119 1.1 9.8±0.3 101±0.4 -35.4 136
E128A 1.0 10 100 1.0 28.6±2.6 99.0±1.2 -38.1 137
E128A 1.6 10 107 1.0 105±13 95.7±1.0 -41.4 137
E128A 1.9 6.0 50.0 1.0 260±32 94.3±0.8 -43.7 138

E12AE128A 0.1 20 202 1.1 5.3±0.2 110±0.6 -33.8 144
E12AE128A 0.1 20 186 1.2 4.0±0.1 11010.6 -33.0 143
E12AE128A 0.2 20 200 1.0 10.3±0.4 10910.6 -35.5 144
E12AE128A 0.2 20 190 1.1 7.8±0.3 10610.7 -34.7 141
E12AE128A 0.4 20 195 1.3 10.6±0.4 10910.5 -35.5 145
E12AE128A 0.7 18 163 0.9 22.6+1.6 11011.0 -37.5 147
E12AE128A 1.0 12 107 1.0 45.3±2.8 95.012.8 -39.3 134
E12AE128A 1.6 10 98 1.0 116±10 96.510.7 -41.7 138
E12AE128A 1.9 8 83 0.9 220±17 88.710.6 -43.3 132

Table 4.8.1 Thermodynamic characteristics for the E l28A and E12AE128A mutant PwTBP- 

DNA complexes against [NaCl], over the range 0.1-1.9 M, in 10 mM MOPS, pH 7.0 at 35 °C 

Data were fitted using a model based on a single set of identical binding sites after heats of 

DNA dilution had been subtracted. The errors shown correspond to the deviation of the non

linear least squares fit to the data points on the titration curve, n is the stoichiometry of the 

interaction as determined by the fitting of the ITC binding isotherm (Wiseman 1989).
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The trend in the thermodynamic characteristics for the E128A FwTBP-DNA complex is 

summarised in Table 4.8.1. AHobs is unfavourable and ASobs is favourable and increases 

with increasing salt concentration. The salt dependence curve is shown in Figure 4.8.2. 

This indicates that the salt dependence for the E l28A PwTBP complex has a lesser 

gradient relative to the wild type complex. Quantifying the E l28A salt dependence 

curve by fitting the data to equation 1.4.2 shows a change in DNA binding behaviour 

consistent with the removal of a cation from the E128A PwTBP-DNA complex. The net 

ion uptake for the E128A PwTBP-DNA complex (see Table 4.11.1) is 1.5 ± 0.3 

compared to 2.1 ± 0.3 for the wild type complex. Like the E12A mutation (Section 4.3) 

the E l28A mutation does not reduce the .̂ Tref parameter relative to the wild type 

complex indicating no significant unfavourable structural or hydrophobic surface area 

change in the E l28A complex. Consequently the E l28A complex displays tighter 

binding at low salt concentration relative to the wild type PwTBP-DNA complex.
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Figure 4.8.2 log ATobs against log [NaCl] for the wild type (black squares), E12A (red circles), 

E l28A (orange up-triangles), E12AE128A (purple down-triangles) and Q103E (yellow 

diamonds) PwTBP proteins binding to DNA. The solid line represents the simulated output 

from the data to Equation 3.6.1 using the non-linear fitting function of the ORIGIN software 

(Microcal. Inc.) where A, B and A'ref were variables.

To investigate whether the effects of the EI2A and E l28A mutations on ion uptake 

were additive, the EI2AEI28A complex containing both glutamate ‘knock-out’ 

mutations was constructed. The data for this double mutant is also shown in Table 4.8.1 

and the salt dependence of binding is shown in Figure 4.8.2. The salt dependence curve 

for the EI2AEI28A double mutant shows that the combined effect of both mutations on 

the salt dependence of binding is greater than either of the single mutations alone 

relative to the wild type. Quantifying the salt dependence data by Equation 3.6.1 shows 

that the effects of the two mutations are approximately additive. The net ion uptake for 

the EI2AEI28A complex is approximately zero (-0.3 ± 0.2) indicating a net removal of
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2 ions from the E12AE128A complex relative to the wild type (-2.1 ± 0.3 ions). The 

zero net cation movement for the E12AE128A PwTBP-DNA complex means that at 

low salt concentration (<0.5 M) where the effects of water release are negligible, the 

affinity of the complex is almost independent of salt concentration. Due to this effect, 

DNA binding by the E12AE128A PwTBP could be measured at a salt concentration of 

0.1 M NaCl which was not possible for the other forms of PwTBPso far investigated. 

The NaCl concentration could not be lowered any further than 0.1 M because the 

protein aggregated at the concentrations required for the binding experiments (-1 0  p,M 

protein).

4.9 The effect of the E12K charge reversing mutation on the 

PwTBP-DNA compiex
In previous sections (4.S-4.5) mutations based on the replacement of an acidic residue 

with a neutral one or vice versa (Section 4.6) have been described. This approach 

identified three residues (E l2, E42 and E l28) that form regions in the PwTBP-DNA 

complex where a cation is incorporated. The effect of two of these residues (E l2 and 

E l28) was additive leading to a net exchange of zero ions on forming the complex. 

This is equivalent to the uptake of two ions less than the wild type complex. However 

this remains a net uptake of more ions than the ScTBP-DNA complex, which has a net 

release of ions (see Section 3.7).

A new approach to engineer the release of ions into the properties o f complex formation 

was therefore investigated. This approach was based on replacement of acidic residues 

on the PwTBP surface with basic residues. This has the potential for inducing a greater 

effect on ion uptake of the PwTBP-DNA complex, than the acidic residue substitutions
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previously employed. This is because the introduction of a basic residue into the TBP 

protein possibly introduces an anion-binding site on the surface of the free protein. 

Upon DNA binding this anion would have to be ejected from the surface of the protein, 

due to its mutual repulsion with the backbone of the DNA, thus providing a favourable 

contribution to ASobs for complex formation.

In the previous mutation studies the residue that led to the greatest influence on the salt 

dependence of DNA binding was E l2. Replacement of the E12 residue with alanine was 

shown to remove a cation from the complex with DNA (Section 4.2). However, removal 

of the cation co-ordination site in the E12A complex leaves an unsatisfied negative 

charge on the DNA and a cavity, which in the wild type complex was occupied by the 

acidic side chain of E12 and a cation. The E12K mutant was therefore constructed with 

the aim of the positive charge of the e-amine of the lysine to interact directly with a 

negatively charged phosphate group of the DNA, negating the need for a cation. The 

K12 residue was also expected to bind an anion in the free form of the TBP protein, 

which would be released on binding to the DNA. The thermodynamic characteristics for 

the E12K PwTBP-DNA interaction as a function of sodium chloride concentration are 

summarised in Table 4.9.1 and the binding data are plotted in Figure 4.9.1.
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Form [salt]
M

[Protein]
(pM)

[DNA]
(pM)

n ôbs
(  X 10  ̂M ')

AHobs 
(kJ mol ')

AGobs
(kJm ol')

T. ASobs 
(kJ mol ')

E12K 0.6 19 173 1.1 1.810.6 11912.4 -31.0 150
E12K 0.7 12 133 1.1 3.210.7 11910.8 -32.5 151
E12K 1.0 10 104 1.0 8.310.2 11810.8 -34.9 153
E12K 1.6 9.5 99 0.9 36.112 11711.2 -38.7 156
E12K 1.9 5 70 0.9 72.815 11811.2 -40.5 158

Table 4.9.1 Thermodynamic characteristics for the E12K mutant PwTBP-DNA complex, 

determined as a function of [NaCl], over the range 0.6-1.9 M, in 10 mM MOPS, pH 7.0 at 35 °C. 

Data were fitted using a model based on a single set of identical binding sites after heats of DNA 

dilution had been subtracted. The errors shown correspond to the deviation of the non-linear 

least squares fit to the data points on the titration curve, n is the stoichiometry of the interaction 

as determined by the fitting of the ITC binding isotherm (Wiseman et a i, 1989).
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Figure 4.9.1 log A'obs against log [NaCl] for the wild type (black squares), E12A (red circles), 

and E12K (navy up-triangles) PwTBP proteins binding to DNA. The solid line represents the 

simulated output from fitting equation 1.4.2 to the data using the non-linear fitting function of 

the ORIGIN software (Microcal. Inc.) where A, B and A'ref were variables.
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The E12K salt dependence curve in shows two significant differences relative to the 

wild type data. Firstly the E12K salt dependence curve has a lesser gradient relative to 

the wild type PwTBP-DNA complex. Secondly the E12K there is no apparent increase 

in the affinity of the E12K complex at low salt concentration and there is a decrease in 

affinity at high salt concentration.

Analysis of the E12K salt dependence curve using Equation 1.4.2 reveals a net uptake 

of approximately one ion for the E12K complex (-1.2 ± 0.2 ions). As for the E12A  

complex (Section 4.3) this represents the uptake of one less ion relative to the wild type 

complex (-2.1 ± 0.3 ions) and not the expected net removal of 2 ions. This result is 

consistent with two different scenarios, which are depicted in Figure 4.9.2 (Schemes 3 

& 4). This Figure also shows models for the wild type complex (Scheme 1) and the 

hypothesised outcome of the E12K mutant (Scheme 2). Scheme 3 assumes that E12K 

does not bind an anion in the free protein and in Scheme 4 E12K binds an anion, which 

is not released when the DNA is bound. Both schemes are consistent with the observed 

net ion uptake of 4-1 ion. However scheme 4 is unlikely due to the electrostatic 

repulsion between the bound anion and the DNA, which are both negatively charged.
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Schem e 1

Schem e 2
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Figure 4.9.2 Schematic to show a simplified representation of the ion exchange processes 

associated with the formation of the f*wTBP-DNA complex. Scheme 1 represents the wild type 

interaction, which results in a net uptake of two cations (blue spheres). Scheme 2 represents the 

predicted effect of the E12K residue on ion binding assuming it binds an anion (red sphere) in 

the free protein. Schemes 3 and 4 represent the possible scenarios that are consistent with the 

net ion uptake of +1 observed experimentally for the E12K PwTBP-DNA complex.

The unfavourable shift Kobs observed in the salt dependence curve of the E12K complex 

was also quantified using Equation 1.4.2. This showed a significant decrease in ATref 

for the E12K (log Kref = 5.2 ± 0.1) relative to the wild type complex (log Kref = 5.7 ± 

0.2). As previously described (see Section 3.7) Kref is affected by structural changes, 

or changes in the hydrophobic surface area of the protein. The less favourable Kref for 

the E12K relative to the wild type complex could possibly be due to the increased 

carbon chain length of the lysine side chain size relative to the glutamate side chain 

found in the wild type PwTBP. However, it is difficult to explain the observed
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difference solely in terms of the increased carbon chain length since a cavity must exist 

in the E12K complex where a cation was sited in the wild type complex. This cavity 

could be sufficient to accommodate the increased side chain length an the ammonium 

group of lysine as shown in Figure 4.9.3. It is therefore likely that K12 in the mutant 

complex exists in an unfavourable conformation, which is possibly due to the repulsive 

effects of nearby basic residues such as K71 and K155 (see Figure 4.2.1).
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Figure 4.9.3 Schematic to show the effect of replacing the 3 carbon side chain glutamate 

found in the wild type PwTBP-DNA complex (Top) with 4 carbon side chain lysine in the 

F14K mutant complex (Bottom). In the F12K complex the e-amine moiety of the lysine side 

chain is possible able to fill the cavity left by the cation and satisfy the negative charge on the 

phosphate group of the DNA.
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Figure 4.9.4 Variation in AHobs (broken line) and TASobs at (solid line) against [NaCl]. 

The E l2k  PwTBP data is shown in blue and the wild type shown in black.

The overall decrease in DNA binding by E12K can be interpreted by comparing the 

AHobs and the TASobs data for the wild type and the E12K PwTBP-DNA complexes, 

plotted against [NaCl] in Figure 4.9.4. The trend in TASobs for the E12K complex is 

approximately the same as the E I2A  complex (Figure 4.3.2). At low [NaCl] TASobs is 

more favourable relative to the wild type complex. However AECbs for the E12K 

complex is now significantly more unfavourable than AHobs for the wild type complex. 

This has the effect of cancelling out the more favourable TASobs for the E12K mutant 

complex at low [NaCl] making Â obs, for the E12K complex at low [NaCl], 

approximately the same as Âobs for the wild type complex at the same [NaCl]. At high 

[NaCl] where TASobs for the E12K complex and the wild type complex are 

approximately equal, ATobs is significantly lower for the E12K complex relative to the 

wild type (Figure 4.9.4). These data are consistent with the F12K mutation resulting in
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an unfavourable structural or electrostatic change in the mutant PwTBP. The effect is 

not likely to be due to a change in the hydrophobic surface area of the mutant PwTBP 

because the hydrophobic effect is known to have a AH close to zero at room 

temperature (Baldwin, 1986, Makhatadze & Privalov, 1993).

4.10 Effect of the E41K and E42K charge reversing mutations 

on PwTBP DNA binding
This Section reports on the investigation of further mutations based on the principle of 

charge reversal mutations (See Section 4.9). This approach has the greatest potential for 

reversing the halophilic nature of the DNA binding behaviour of the PwTBP by the 

combined possibility of removing bound cations from the complex with DNA and 

releasing anions from the surface of the free protein on complex formation (see Section 

4.9). In this Section the process for selecting potential sites for mutation was narrowed 

to include only acidic residues that are replaced by basic residues in the mesophilic 

ScTBP.

Pw  Residue Sc Residue
E27 K 8 3
K 3 7 * E 9 3
E41 K 9 7
E42 R 98
D51 # R 107
E77 K 133
D lO l K 156
E143 K 199
E164 R 220
K172 E228
K 180 E 236

Table 4.10.1 Charge residue comparison between Pyrococcus woesei TBP and Saccharornyces 

cerevisae TBP. Acidic residues are coded in red and basic residues in blue. * Residues 

identified based on reduction in their solvent accessible surface area and their electrostatic 

interaction energies (see Section 4.7). # Residues identified as interacting with the DNA based 

on electrostatic interaction energies.
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Table 4.10.1 lists all the FwTBP residues that are reversed (i.e. replaced by an 

oppositely charged residue at neutral pH) in the mesophilic 5cTBP protein. Two of the 

residues listed in Table 4.10.1, K37 and E42 are predicted to interact with the DNA in 

the complex by the criteria introduced in Section 4.7 i.e. those residues that have a 

reduction in solvent accessible surface area (SASA) and a significant electrostatic 

interaction energy (EIE) with the DNA in the complex (see Section 4.7). Charge 

reversal of K37, which fulfils both the above criteria, was expected to have the 

undesirable effect of making DNA binding by the PwTBP more halophilic in nature. 

This is because the replacement of lysine by glutamate would possibly introduce an 

additional cation binding site into the complex.

The second residue that fulfils all the selection criteria, E42, had previously been shown 

to be involved in cation binding in the complex (See Section 4.4). Additionally the 

E42A mutation was shown to have an unfavourable effect on Kref- This effect was 

possibly due to a cavity left by removal of the glutamate side chain and concomitant 

loss of a cation from the complex. This made the E42 residue a good candidate for the 

charge reversal experiment since the positively charged side chain of a lysine or 

arginine residue could now fill the cavity left be the glutamate side chain. The 

E12AE128AE42K triple mutant was constructed to investigate whether lysine would be 

capable of filling the cavity and balancing the negative charge on the DNA. For the 

same reasons, the E12AE128AE41KE42K quadruple mutant was also constructed to 

investigate the effect of the E41K charge reversal. The E41 and E42 residues are 

adjacent in the TBP protein and both are reversed in the mesophilic 5cTBP relative to 

PwTBP (see Figure 4.7.1), suggesting that both could be important for halophilic DNA  

binding character of PwTBP. Even though E41 is more distal from the DNA in the
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PwTBP-DNA complex it was hypothesised that it could have an indirect effect on DNA  

binding by interacting with the E42 residue

Form [salt]
M

[Protein]
(MM)

[DNA]
(MM)

n ôbs
(  X  10̂  M ')

AHobs 
(kJ moT‘)

AGobs
(kJmoT*)

T.ASobs 
(kJ mof’)

triple 0.1 10 84 0.9 53.3±3.5 98.910.7 -39.7 139
triple 0.2 14 126 1.0 24.4±0.9 10310.5 -37.7 140
triple 0.4 12 104 1.0 24.5±1.1 99.110.7 -37.7 137
triple 0.7 12 103 1.0 22.4±1.5 10411.0 -37.5 141
triple 1.0 10 99 1.0 32.8±2.3 10711.0 -38.4 145
triple 1.6 10 100 1.1 73.2±8.4 10311.2 -40.5 143
triple 1.9 10 94 0.9 112±10 94.110.7 -41.6 136

quadruple 0.05 5 45 0.7 419±90 75.511.1 -45.0 120
quadruple 0.1 11 84 0.7 232±28 82.610.6 -43.4 126
quadruple 0.2 14 126 0.7 55.1±3.5 90.110.5 -39.8 130
quadruple 0.4 12 104 1.0 29.4±2.0 94.710.7 -38.2 133
quadruple 0.7 12 102 1.1 38.613.1 77.210.7 -38.9 116
quadruple 1.0 12 95.0 0.8 31.513.0 98.111.2 -38.3 136
quadruple 1.0 12 106 1.1 43.813.5 90.310.8 -39.2 129
quadruple 1.3 12 107 1.1 57.415.1 87.710.8 -39.9 128
quadruple 1.6 10 100 0.9 78.616.1 98.410.7 -40.7 139
quadruple 1.9 10 94 0.9 139112 91.510.6 -42.1 134

Table 4.10.2 Thermodynamic characteristics for the E l28A and E12AE128A mutant PwTBP- 

DNA complexes against [NaCl], over the range 0.05-1.9 M, in 10 mM MOPS, pH 7.0 at 35 °C. 

Data were fitted using a model based on a single set of identical binding sites after heats of 

DNA dilution had been subtracted. The errors shown correspond to the deviation of the non

linear least squares fit to the data points on the titration curve, n is the stoichiometry of the 

interaction as determined by the fitting of the ITC binding isotherm (Wiseman, 1989).
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The thermodynamic characteristics for DNA binding experiments on the 

E12AE128AE42K (triple mutant) and the E12AE128AE41KE42K (quadruple mutant) 

PwTBP proteins are summarised in Table 4.10.2. As for the wild type complex the 

thermodynamic trend is of an unfavourable AHobs and a favourable ASobs change that 

increases with increasing salt concentration. The salt dependence curves for both 

mutants are shown in Figure 4.10.1 along with the wild type, E12A and E12AE128A  

salt dependence curves. The results show that up to a salt concentration of 

approximately 0.5 M NaCl the triple and quadruple mutant complexes display a 

decrease in affinity (i ôbs) with increasing [NaCl], which is characteristic of mesophilic 

DNA binding proteins. Both the triple and quadruple mutant complexes bind the DNA  

tighter than the wild type at low salt concentration. Quantifying the salt dependence data 

for the triple and quadruple mutants using Equation 3.6.1 shows that there is release of 

approximately one ion for the triple mutant complex ( 1.1 ± 0 .1) and approximately two 

ions for the quadruple mutant complex (1.7 ± 0.1). As was the case for the E12K, the 

K41 and the K42 in the mutant complexes each appear to remove only a single 

additional cation from the complex relative to the wild type PwTBP-DNA complex.
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F igure 4.10.1 log /Cobs against log [NaCl] for the wild type (WT, black squares), E12A (red 

circles), E12AE128A (purple squares), E12AE128AE42K (green circles) and 

E12AE128AE41KE42K (blue down-triangles) PwTBP proteins binding to DNA. The solid line 

represents the simulated output from fitting equation 1.2 to the data using the non-linear fitting 

function of the ORIGIN software (Microcal. Inc.) where A, B and /Cref were variables.

There are two possible explanations why the E4IK and E42K mutations each appear to 

remove only a single cation relative to the wild type complex. Firstly, in the wild type 

PwTBP-DNA complex both the E4I and E42 residues each incorporate a single cation, 

which are not present in the mutant complexes. If this hypothesis is correct then both 

residues appear to be independent of each other in their cation binding ability. This is 

because in the triple mutant complex reversal of E4I to K results in the removal of a 

single cation. Reversal of E42 to K in the quadruple mutant complex results in the 

removal of a further single cation (see fitting data. Table 4.11.1). The above hypothesis
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assumes that neither the E41 or E42 residues in the wild type bind a cation in the free 

form of the protein, which would be released in the complex by the mutual repulsion of 

the DNA. This interpretation is consistent with the E12K data (see Section 4.9), which 

showed that lysine introduced at position 12 was not associated with an anion in the free 

form of the protein. A second, alternative explanation of the triple and quadruple mutant 

results is that only the E42 residue binds a cation in the wild type fV TBP-D NA  

complex. In the triple mutant complex (E12AE42KE128A) this cation is no longer 

incorporated into the complex resulting in a net release of 4-1 ion. In the quadruple 

mutant (E12AE41KE42KE128A) the K41 residue potentially binds an anion in the free 

form of the protein, which is released on complex formation producing the release of an 

additional ion and a net release of 4-2 ions.

Both the above explanations are consistent with the above binding data for the triple and 

quadruple mutant complexes. Since it is not possible to fit the salt dependence data 

separately for the effects of anions and cations it is not possible to distinguish the above 

hypothesised processes using the current approach.
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Figure 4 .10 .2  Variation in AHobs (filled symbols) and ASobs at 35 °C (open symbols) 

against [NaCl] for the E12AE128AE42K mutant and wild type PwTBP-DNA 

complexes. The triple mutant PwTBP data is shown in green and the wild type shown in 

black.

The thermodynamic characteristics for the triple mutant salt dependence of DNA 

binding are compared to the wild type in Figure 4.10.2. In the wild type complex the 

AHobs is relatively constant and the trend in AS is of an increasing ASobs with increasing 

[NaCl]. This is because AS for both ion uptake and water releases becomes more 

favourable as the salt concentration in increased. However, for the triple mutant 

complex AS for ion release becomes less favourable as AS for water release becomes 

more favourable with increasing salt concentration. The effect of water release becomes 

dominant at high salt concentration resulting in the positive slope of the salt dependence 

curve at high salt concentration. The trend in AHobs for the triple mutant complex is not

139



Chapter 4. The role of ions in the AyJBP-DNA interaction

clear in Figure 4.10.2 but overall the AHobs is less unfavourable than for the wild type 

PwTBP-DNA complex. This is consistent with the K42 residue filling the cavity left by 

removing a glutamate side chain and a cation in the E42A mutant complex and 

satisfying the negative charge left on the phosphate group of the DNA.

4.11 Overview of fitting data for the PwTBP-DNA compiex sait 
dependence curves

Throughout this investigation a limited mutation strategy has been used to investigate 

ion uptake by the PwTBP-DNA complex. This approach involved mutation of acidic 

and polar residues to determine the effect these residues have on the salt dependence of 

DNA binding. Salt dependence curves were quantified by the approach of Record and 

colleagues (Record and Lohman, 1976; Record et a l ,  1978, Record et a l ,  1998). The 

output from fitting the salt dependence curves for the wild type and mutant PwTBP- 

DNA complexes to equation 1.4.2 (see Section 1.1) are summarised in Table 4.11.1. 

The average number of released water molecules determined by the fitting procedure is 

43 ± 13 water molecules. The locations of all the residues from this mutation study are 

summarised in Figure 4.11.1.

140



Chapter 4. The role of ions In the / ’tvTBP-DNA interaction

IONS (A) WATER (B) logKREF XIO ^
WT -2.1±0.3 3919 5.7010.2 1.7
E12A -1.210.3 33110 6.1110.2 5.3
DIOIA -2.111.1 35131 5.7110.6 17.0
E42A -0.910.8 54121 5.2510.39 8.0
E12AE42A -0.810.2 4218 5.9310.16 3.3
Q103A -2.310.5 24114 6.4510.3 3.4
Q133A -2.210.5 34114 5.6610.3 3.5
Q103E -2.711.0 47122 5.0910.4 2.3
E128A -1.510.3 3819 5.8010.2 2.4
E12AE128A -0.2910.2 4317 5.9310.1 4.3
E12K -1.210.2 4214 5.210.1 0.1
E12AE128AE42K + 1.110.1 6015 5.5410.1 2.8I I  E12AE128AE41KE42K +1.710.1 7217 5.4210.1 8.1

Table 4.11.1. Fitting o f log A'obsTNaCl] data to Equation 3.6.1 using a non-linear least squares 

method. A is the change in stoichiometry of ions, B the number o f waters released and Kref is 

log Kobs at 1 M NaCl. Errors shown are based on the cum ulative standard deviation o f the fit.

Figure 4.11.1 Stereo diagram  rendered in RasM ol (Sayle, 1992) to show the locations of the 

residues involved in the mutations sum m arised in table 4.11.1. Residues are colour coded as 

follows: E12 (red), D lO l (green), E42 (dark blue), Q103 (magenta), Q103 (violet), E128 

(orange) and E41 (cyan).
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Chapter 5 

Temperature dependence of the 
/̂ m/TBP-DNA interaction

5.1 Introduction

This chapter reports on an investigation of the temperature dependence of formation of 

the FwTBP complex with DNA. In particular the effect of ion co-ordination on the 

temperature dependence of complex formation was investigated. As previously 

discussed (see Section 1.13) the temperature dependence of an interaction at constant 

pressure is proportional to the heat capacity change (ACp), where AC? = AH/AT, at 

constant pressure. The AC? of the PwTBP-DNA interaction can therefore be used to 

compare the temperature dependence of binding in the various mutated PwTBP-DNA  

complexes and other protein-DNA complexes.

5.2 The effect of tem perature on the wild type PwTBP-DNA  

interaction

The AHobs for the interaction of the wild type PwTBP with DNA is highly temperature 

dependent as shown in Table 5.2.1 and Figure 5.2.1. The linearity of the plot indicates 

that there are no other temperature dependent equilibria, with a significant AH, 

occurring on complex formation. At a salt concentration of 1.0 M NaCl the ACpobs was
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found to be -3.4 ± 0.2 kJ mol'  ̂ K‘* from the gradient of the plot in Figure 5.2.1. A large 

negative ACpobs is consistent with other highly complementary specific DNA-protein 

interactions (Ha et a l ,  1989; Spolar et a l ,  1989; Ladbury et a l  1994; Lundback et a l ,  

1996; Spolar & Record, 1994, Hyre & Spicer, 1995; O’Brien et a l ,  1998; Privalov, et 

a l  1999; Jen-Jacobson et a l ,  2000). The ACpobs is also consistent with the value of - 

3.31 kJ mol'^ K * previously reported for the PwTBP-DNA interaction in 1.3 M 

potassium phosphate (O’Brien et a l ,  1998).

Temp/
°c

[NaCl]
M

[Protein]
(pM)

[DNA]
(pM)

n K obs 

(  X 10̂  M b
^ H o b s  

(kJ mol'b
A G o b s

(kJmol'b
T .A S o b s  

(kJ mol'b

35 1.0 10 100 0.9 16.7±1.0 111+1.6 -36.7 149
40 1.0 10 103 1.1 22.6±1.8 94.5±0.8 -38.4 133
45 1.0 10 103 1.0 42.1±6.2 82.3±1.3 -40.3 123
50 1.0 10 103 1.1 75.7+5.5 61.7±0.4 -42.5 104
55 1.0 10 103 1.3 95.8±18.6 43.4+0.8 -43.8 87.2

Table 5.2.1 Summary of the thermodynamic characteristics for WT PwTBP-DNA complex, 

determined as a function of temperature in 1 M NaCl, 10 mM MOPS, pH 7.0. Data were fit 

using a model based on a single set of identical binding sites after heats of DNA dilution had 

been subtracted. The errors shown correspond to the deviation of the non-linear least squares fit 

to the data points on the titration curve, n is the stoichiometry of the interaction as determined 

by the fitting of the ITC binding isotherm (Wiseman, 1989).
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Figure 5.2.1 AHobs against temperature for the wild type PwTBP-DNA interaction. The direct 

measurements of AHobs» from ITC experiments, are listed in Table 5.2.1. The line represents the 

linear least squares regression to the experimental data.

The ACp associated with the transfer of simple non-polar organic molecules from the 

aqueous phase to the pure liquid phase and to the renaturation o f proteins (Gill et a l ,  

1985; Privalov & Gill, 1988; Spolar et a l ,  1989; Livingstone, et a l  1991) has been 

correlated to the reduction (or burial) of solvent accessible surface area. In these studies 

a ACp reduction of approximately 92 J mol^ K'̂  was found per of non-polar surface 

area removed from the solvent, Anp. This empirical relationship was advanced by Spolar 

and co-workers (Spolar et a l ,  1992) to include the effect o f change in polar surface 

area, Ap as shown by Equation 5.2.1.

AC° = (1.34 ± 0.17)AA„p- (0.59 ±  0.17)AAp kJ mol ' K ' Equation 5.2.1
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It has been proposed that a large negative ACp is a characteristic of protein-DNA 

interactions because they are often accompanied by the removal of large amounts of 

non-polar surface area from water on complex formation (Ha et a l ,  1989) and the effect 

this has on water structure (Sharp & Madan, 1997). However, in some cases it was 

apparent that that the amounts of nonpolar surface area involved were too large to be 

accounted for using a simple rigid body approach. Therefore additional surface area 

burial could be accounted for assuming local conformational change (Ha et a l ,  1989; 

Spolar gr aZ., 1994).

Using the published X-ray crystal structure for the PwTBP-DNA complex (Kosa et a l ,  

1997) the surface area burial was calculated on formation of the complex. The 

calculations were based on the assumption that the interaction could be modelled by 

docking the rigid protein and DNA structures taken from the structure of the complex. 

The change in polar surface area (AAp) was found to be -1830 where as the change 

in non-polar surface area (AAnp) was found to be -1200 giving a total surface area 

burial of 3030 on complex formation (see Section 2.11). This value is in good 

agreement with the previously reported value of 3200 for the interaction (Kosa et 

a l ,  1997). Approximately 67% of AAnp is due to burial of the protein surface 

illustrating the highly hydrophobic nature of the protein DNA binding interface. Using 

these values for AAnp and AAp a AC? of -1.7 kJ mol'^ K'  ̂ was calculated for the this 

interaction.

It was apparent that there was a discrepancy between the calculated (ACpcaic) and ACpobs 

of approximately 50% for the PwTBP-DNA complex. Discrepancies such as this have
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previously been reported in studies where water molecules are found in the interface. In 

the case of the trp repressor a discrepancy between (ACpcaic) and ACpobs was attributed 

to the large number of water molecules (Ladbury et a l ,  1994), which were evident in 

the high resolution X-ray crystal structure (Otwinowski et a l ,  1988; Luisi & Sigler, 

1990), mediating the protein-DNA interaction. This was also found to be the case for 

the interaction of the met repressor with DNA (Morton & Ladbury, et a l ,  1996) 

although in this case the number of mediating water molecules was smaller than in the 

case of the trp repressor (Phillips et a l ,  1989; Somers & Phillips, 1992; Phillips & 

Stockley, 1994). In these examples the excess heat capacity was attributed to the 

reduction of the soft vibrational modes of water molecules by their restriction in the 

complex (Sturtevant, 1977; Morton & Ladbury, 1996).

It was previously hypothesised by O’Brien et a l ,  (1998) that the restriction of ions in 

the PwTBP-DNA interface may be at least partially responsible for the discrepancy in 

the ACpcaic and ACpobs- Evidence existed to support this hypothesis based on the results 

of Guinto and DiCera, (1996), who observed an unexpectedly large negative ACpobs of - 

1.1 ± 0.1 kcal mol^ K'̂  and a small dependence on ionic strength for binding of Na'  ̂to 

thrombin. It was proposed that the discrepancy in ACpcaic and ACpobs in this case was 

due to the burial of a large cluster of waters in the Na"̂  binding pocket, of thrombin, 

upon Na"̂  binding. The water molecules sequestered in the interior of the binding pocket 

were assumed to have a lower ACpobs relative to bulk solvent water molecules due to 

their high ordering reduced mobility and hence reduced vibrational modes as described 

by Ladbury et a l ,  (1994).

146



Chapter 5. Temperature dependence of the AiTBP-DNA interaction

5.3 Investigation of the effect of the incorporation of ions on 

ACp for the PwTBP-DNA interaction
In the previous section the ACpobs for the fVTBP-DNA  interaction was found to be 

more negative than ACpcaic using Equation 5.2.1. and it was hypothesised that this 

discrepancy could be due to the incorporation of ions by the complex. To investigate 

this, the temperature dependence of DNA binding by mutant PwTBP forms, which were 

previously shown to reduce ion uptake (Chapter 4) were investigated.

The thermodynamic characteristics from TTC experiments as a function of temperature 

are shown in Table 5.3.1 for four mutant complexes (quadruple, E12AE128A, E128A 

and E12A). For all of the above complexes the net ion uptake has been shown to be less 

than the wild type complex. The AHobs for the interaction with DNA is plotted as a 

function of temperature in Figure 5.3.1. For each complex AHobs appears linear 

indicating a constant ACp over the temperature range investigated. From the linear 

regression analysis of the data the ACpobs was found to be -2.0 ± 0.1 kJ mol‘* K \  2.1 ± 

0.1 kJ mol'^K'\ 3.2 ± 0.5 kJ mol'^K'^and 1.9 ± 0.2 kJ mol'^K'* for the quadruple, 

E12AE128A, E128A and E12A complexes, respectively. The mutant complexes can be 

split into two populations based on their ACpobs- The E l28A complex has a ACpobs 

approximately equal to the ACpobs for the wild type complex (-3.4 ± 0.2 kJ mol'  ̂ K' )̂ 

whereas the ACpobs for the remaining complexes, which all contain the E12A mutation, 

are significantly less negative than the wild type complex. This result shows that only 

the E l2 residue is has a significant effect on the ACpobs between of the wild type and the 

mutant complexes. From the previous results (Chapter 4), which showed that the effects 

of the above mutations on the ion binding by the complex were additive, it is assumed
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that the effect of these mutations on ACpobs would also be additive. The difference in 

ACpobs can therefore not be easily explained by the incorporation of cations in the wild 

type complex. An explanation for the effect of the E12A mutation on ACpobs for 

complex formation is therefore required which does not involve cation uptake by the 

complex.

Form Temp
/°C

[NaCl]
M

[Protein]
pM

[DNA]
pM

n ^obs
X 10̂  M '

AHobs 
kJ m ol’

AGobs
kJmor’

T.ASobs 
kJ m ol’

quadruple 25 1.0 10 102 1.1 9.6±0.6 11511.5 -34.1 149
quadruple 30 1.0 10 102 1.0 28.011.4 10110.7 -37.4 138
quadruple 35 1.0 12 106 1.1 43.813.5 90.310.8 -39.2 129
quadruple 40 1.0 10 102 0.9 76.016.0 84.810.6 -41.2 126
quadruple 45 1.0 10 102 1.0 135117 72.710.7 -43.4 116

E12AE128A 25 1.0 12 107 1.2 9.115.1 11511.1 -41.0 156
E12AE128A 30 1.0 12 107 1.1 24.611.1 10410.8 -37.1 141
E12AE128A 35 1.0 12 107 1.0 45.312.8 95.012.8 -39.3 134
E12AE128A 40 1.0 12 107 1.0 62.115.5 86.510.7 -40.1 127
E12AE128A 45 1.0 12 107 1.0 115121 71.610.9 -41.7 113

E12A 35 1.0 12 104 1.0 46.711.9 92.310.4 -39.3 132
E12A 40 1.0 12 104 1.0 104110 81.110.6 -41.4 122
E12A 45 1.0 12 104 1.0 126117 73.110.7 -41.9 115

E128A 30 1.0 12 100 1.0 8.110.5 11311.1 -34.8 148
E128A 35 1.0 10 100 1.0 28.612.6 99.011.2 -38.1 137
E128A 40 1.0 12 102 1.0 39.813.1 87.010.8 -38.9 126
E128A 45 1.0 12 102 1.0 67.813.7 70.810.4 -40.3 111
E128A 50 1.0 12 102 1.0 77.411.2 55.510.8 -40.6 96.1

Table 5.3.1 Thermodynamic characteristics for the E12E128A, E12A, and E l28A PwTBP- 

DNA complexes, determined as a function of temperature in 1 M NaCl, 10 mM MOPS, pH 7.0. 

Data were fit using a model based on a single set of identical binding sites after heats of DNA 

dilution had been subtracted. The errors shown correspond to the deviation of the non-linear 

least squares fit to the data points on the titration curve, n is the stoichiometry of the interaction 

as determined by the fitting of the ITC binding isotherm (Wiseman, 1989).
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Figure 5.3.1 AHobs against temperature for the wild type (black line), quadruple (blue line), 

E12AE128A (green line), E12A (orange line) and E l28A (magenta line) mutant PwTBP-DNA 

interactions. The direct measurements of AHobs are from ITC experiments listed in Table 

5.4.1. The line represents the linear least squares regression to the experimental data.

5.4 Investigation of the effect of water molecules on ACpobs for 
PivTBP-DNA complex

In section 5.3 it was shown that the difference in ACpobs and ACpcai for the wild type 

complex could not be explained by the uptake of ions by the wild type PwTBP-DNA 

complex. A new interpretation o f the discrepancy was therefore required. Such 

discrepancies have previously been explained by the restriction o f the soft vibrational 

modes of water molecules in the interface of protein-DNA complexes (see Section 5.4). 

The TBP-DNA interface has been reported as being devoid o f water molecules 

(Privalov et a l ,  1999) based X-ray crystal structure data. However, Figure 5.5.1 shows
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a number of water molecules close to the E l2 residue, which is located in a group of 

charged residues comprising K71, RIO, K8 DUO and K155. Together with the highly 

negative phosphate groups of the DNA, these residues possibly form a cleft in the 

surface of the complex, which could contain a network of hydrogen bonded water 

molecules. It was hypothesised that the replacement of the E12 residue with alanine in 

the E12A mutant disrupts this network of water molecules, by making the cleft more 

hydrophobic in character.

To test the above hypothesis the temperature dependence of DNA binding by the 

Q103A mutant was investigated. This mutation was chosen because of its symmetry 

with the E l2 residue in the PwTBP-DNA complex (previously discussed in Section 

4.2). Figure 5.4.1 shows that Q103, which is found in an almost identical cleft of 

conserved charged or polar residues (K162, D lO l, Q99, D19 and K64) which form an 

almost identical cavity to that around E l2. Even though the amide group of the side 

chain of Q103 does not carry a full negative charge, it is possible that the Q103A 

mutation would have a similar effect as the E12A mutation by its effect on the 

hydrophobicity of the cleft. It was hypothesised that this mutation too would have a 

similar effect to the E12A mutation on the ACpobs for DNA binding. The Q103A 

mutation had previously been shown to have no effect on ion uptake by the complex 

and therefore involvement of ions could be ruled out from any effect this mutation has 

on ACpobs*
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K155

B

Figure 5.4.1 Possible locations of tightly bound water molecules in the PwTBP-DNA 

complex. A & B represent the two faces of the complex. A shows a group of five water 

molecules (light blue) in a polar cleft formed by the residue E12 and other charged residues. B 

is an almost identical cleft formed by Q103 and other polar and charged residues. Basic residues 

are shown in blue, acidic residues are in red and glutamines in magenta. The space filling model 

was rendered in RasMol (Sayle 1992) using the 2.1 À X-ray crystal structure for the PwTFB- 

TBP-DNA complex (lAIS).
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The thermodynamic characteristics for the formation o f the Q103A FwTBP-DNA  

complex as a function of temperature are summarised in Table 5.4.1. AHobs for the 

Q103A mutant complex is shown against temperature in Figure 5.4.1. The ACpobs is 

significantly less negative for the Q103A complex (2.3 ± 0.1 kJ mo'^K'*) than ACpobs for 

the wild type complex (-3.4 ± 0.2 kJ mol'  ̂ K'^). This result supports the hypothesis that 

the Q103 amino acid side chain is involved in maintaining a hydrogen bonded network 

of waters which is disrupted by replacing Q103 with the non-polar alanine residue. The 

involvement of ion binding at the protein-DNA interface could be ruled out because the 

Q103 mutation had been shown not to be involved in ion binding by the complex (see 

Section 4.5). In addition to the Q103A mutant the temperature dependence of formation 

of the Q103E complex was also investigated (see Table 5.3.1 and Figure 5.3.1). The 

ACpobs for this complex was found to be 3.4 ± 0.1 kJ mo'^K’* again representing no 

significant change relative to the wild type complex. Thus, either a negatively charged 

or polar residue is able to support the network of waters formed in the complex.
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Form Temp
/° c

[NaCl]
M

[Protein]
(pM)

[DNA]
(pM)

n ôbs
X 10̂  M ’

AHobs 
kJ m ol'

AGobs
kJmol'

T.ASobs 
kJ m ol'

Q103E 35 1.0 12 91 1.1 6.6±0.3 104±1.0 -34.3 138
Q103E 35 1.0 12 115 1.2 4.8±0.3 113±1.8 -33.5 147
Q103E 35 1.0 10 100 1.1 l l . l t l . O 104±1.2 -35.7 140
Q103E 40 1.0 12 100 1.1 15.6±2.0 93.6±2.0 -36.5 130
Q103E 45 1.0 12 100 1.0 39.7±5.6 79.8±1.3 -38.9 119
Q103E 50 1.0 12 115 1.1 43.6±8.1 60.5±1.1 -39.2 99.7
Q103E 55 1.0 12 115 1.2 47.3±5.7 44.6±0.5 -39.4 84.0

Q103A 30 1.0 12 117 1.1 20.2±0.9 116±0.8 -36.6 153
Q103A 35 1.0 12 115 1.0 41.5±3.0 10510.8 -39.0 144
Q103A 35 1.0 12 95 1.1 51.4±1.8 95.810.7 -39.6 135
Q103A 35 1.0 10 104 1.0 76.5±6.0 11611.2 -40.6 157
Q103A 40 1.0 12 115 1.0 80.2+10 96.411.0 -40.7 137
Q103A 45 1.0 12 115 1.0 101±9.6 84.810.6 -41.3 126
Q103A 50 1.0 12 115 1.1 106±13 69.610.6 -41.4 111

E12AQ103A 25 1.0 12 112 1.1 15.0±0.4 12610.6 -35.2 161
E12AQ103A 30 1.0 12 112 1.0 34.7±3.4 12211.4 -37.9 160
E12AQ103A 35 1.0 12 112 1.0 68.4±4.0 11010.6 -40.3 150
E12AQ103A 40 1.0 12 112 1.0 106±8.2 10310.6 -42.1 145
E12AQ103A 45 1.0 12 112 0.9 110±9.1 98.310.6 -42.9 141

Table 5.4.1 Thermodynamic characteristics for the Q103E, Q103A and E12AQ103A mutant 

PwTBP-DNA complexes, determined as a function of temperature in 1 M NaCl, 10 mM MOPS, 

pH 7.0. Data were fit using a model based on a single set of identical binding sites after heats of 

DNA dilution had been subtracted. The errors shown correspond to the deviation of the non

linear least squares fit to the data points on the titration curve, n is the stoichiometry of the 

interaction as determined by the fitting of the ITC binding isotherm (Wiseman 1989).
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Figure 5.4.2 AHobs against temperature for the wild type (black line), Q103A (purple line), 

Q103E (yellow line) and E12AQ103E (violet line) mutant f*wTBP-DNA interactions. The 

direct measurements of AHobs are from ITC experiments listed in Table 5.4.1. The line 

represents the linear least squares regression to the experimental data.

To investigate whether the effect on the E12A and Q103A mutations on the ACpobs is 

additive the E12AQI03A double mutant was constructed. Temperature dependence data 

for this double mutant complex are shown in Table 5.4.1 and AHobs is plotted in Figure 

5.4.2 as a function of temperature. The change in the ACpobs relative to the wild type is 

increased by a further 26% in the E12AQ103A double mutant, which has a ACpobs of - 

1.4 ± 0.1 kJ mol 'K''. This shows that the combined effect of the E12A and Q103A 

single mutants on ACpobs is greater than the effect of either mutant alone but that the 

effect is not completely additive.
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The ACpobs for the E12AQ103A complex is in much closer agreement (approximately 

18% less negative) with the ACpcaic based on removal of SASA for the formation of the 

complex (-1.7 kJ mol'  ̂ K'*). This evidence shows that the discrepancy between ACpcaic 

and ACpobs for the wild type PwTBP-DNA complex is linked to the E12A and Q103A 

residues. It has been argued that the effect may be due to the formation of a hydrogen 

bonded network of water molecules formed in a cleft between a group of charged and 

polar residues and the phosphate groups of the DNA. There is some evidence to support 

this from the X-ray crystal structure of the complex as shown in Figure 5.5.1. However 

at the 2.1 Â resolution of the only X-ray crystal structure available it is difficult to 

assign unambiguously such water molecules and the hydrogen bonding network they 

form. To further investigate this study a higher resolution X-ray crystal structure is 

therefore required. Alternatively it may be possible to investigate the presence of such 

waters by the use of nuclear magnetic resonance (NMR) spectroscopy. For example, 

nuclear Overhauser effect has been used in high resolution NMR spectroscopy to detect 

and localise water molecules hydrating protein and DNA molecules (Otting, 1997).
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5.5 Extrapolation of the thermodynamic characteristics of the 

PwTBP-DNA interaction
To compare the effect of mutations on the temperature dependence of the formation of 

the PwTBP-DNA complex, binding experiments would ideally have been carried out at 

the optimal growth temperature of Pw. In practice this was not possible due to the 

extremely high optimal growth temperature of Pw (-100  °C). Binding experiments were 

limited to a maximum temperature of about 55 °C due to partial melting of the DNA at 

higher temperatures. However, it was possible to extrapolate the thermodynamic 

characteristics for the temperature dependence of binding using an equation derived 

from the Gibss-Helmholtz relation shown below:

AG° bind (TO) = AH(To)-To[[AH(T)-AG°(T)]/T + ACpln(T(/T] Equation 5.5.1

Where AH is the enthalpy change, AG° bind is the free energy change of binding. To = 

298K, and T is the absolute temperature in K.

Figure 5.6.1 shows the thermodynamic characteristics AGobs and AHobs for the 

temperature dependence of the wild type (Section 5.2) and the E12AQ103A double 

mutant complex (Section 5.4) along with the extrapolation of these characteristics by 

Equation 5.5.1. It should be noted that extrapolation of the thermodynamic 

characteristics in this way over such a wide temperature range is only valid if  ACpobs 

remains constant over the entire temperature range. It has been suggested that this 

approximation is only true within the temperature range of 20-80°C for typical proteins 

(Privalov, 1990) and that this range is even narrower for thermophilic proteins (Kumar
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et a l ,  2001), with a temperature dependent decrease in ACp being observed outside this 

temperature. The results of such extrapolations should therefore be treated with caution.
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Figure 5.5.1 Extrapolation of the thermodynamic characteristics for the wild type (blue) and 

E12AQ103A double mutant (purple) PwTBP-DNA complex using the Equation 5.3.1 over the 

temperature range at which water exists as a liquid at normal atmospheric pressure. Data for 

AGobs (circles) and AHobs (squares) were determined at IM NaCl (see Table 5.3.1).

The extrapolation of the wild type data (Figure 5.3.2) shows that the complex has a 

maximum stability (the point at which AGobs is most negative, where TAS = 0) at 

approximately 80 °C. Due to the less negative ACpobs for the mutant, the trend in AGobs 

with temperature is even flatter than for the wild type interaction, resulting in a greater 

stability over a wider temperature range, and an estimated temperature of maximum 

stability above the optimal growth temperature of the organism (-100 °C).
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5.6 Effect of salt concentration on the temperature dependence 

of DNA binding by the quadruple mutant form of PivTBP
To understand the role of ion uptake by the PwTBP-DNA complex it is important to 

establish if there is any link to the optimal temperature for formation of the protein- 

DNA complex. However, in Section 5.3 it was shown that only the E12 residues has a 

significant affect on the temperature dependence of binding and in Section 5.4 it was 

subsequently shown that this effect is possibly linked to formation of a water network 

rather than ion binding. These points probably rule out a direct involvement of ion 

uptake in increasing the temperature of maximum stability o f the protein-DNA 

complex. However it is still possible that an indirect link exists. This may be brought 

about by an increase in the thermal stability of the protein or through the effect of high 

tolerated salt concentration on the temperature of maximum stability of the protein- 

DNA complex. It is also possible that maintaining a high intracellular salt concentration 

enhances the high temperature properties of many other systems essential to the 

viability of the organism as a whole.

The effect of salt concentration on the temperature dependence of protein-nucleic acids 

systems has not been thoroughly investigated due to the inhibition of DNA binding at 

salt concentrations expected to have significant effect. In the case of the PwTBP-DNA  

interaction the opposite is true, with the inhibition of binding occurring at low salt 

concentration. In both cases it is not possible to study binding over a wide concentration 

range since binding becomes weak at one extreme of salt concentration. The quadruple 

mutant form of the PwTBP gives a rare chance to investigate this effect, since it binds 

to the DNA with high affinity over more than a ten-fold range in salt concentration (0.1- 

1.0 M NaCl). The thermodynamic characteristics from ITC experiments on the
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quadruple mutant complex at 0.1 M NaCl are summarised in Table 5.6.1. The AHobs is 

plotted as a function of temperature in Figure 5.6.1 along with the data previously 

obtained at 1.0 M NaCl (Section 5.3.1). Figure 5.6.1 shows no significant difference 

between ACpobs for the formation of the quadruple mutant complex with DNA at 0.1 M 

NaCl (-2.0 ±  0.2 kJ mol ' K ') and at l.OM NaCl (-2.0 ± 0 .1  kJ mol ' K '). Since AGobs 

for binding at high and low [NaCl] is approximately equivalent no significant advantage 

in terms of the temperature of maximum stability of the complex is expected. This is 

shown in Figure 5.6.2, which shows the extrapolation of the thermodynamic parameters 

over a wider temperature range, as described in the previous section.

Temp
/° c

[NaCl]
M

[Protein]
(UM)

[DNA]
(UM)

n ôbs 
( X  10̂  M b

Ĥobs 
(kJ mol'b

AGok
(klmol'b

T.ASobs 
(kJ m ol')

15 0.1 12 102 0.8 13.0±0.4 118±0.6 -33.7 152
20 0.1 12 102 0.8 28.5±1.6 113±0.2 -36.2 149
25 0.1 12 102 0.8 69.8±6.9 98.210.9 -39.0 137
30 0.1 12 102 0.7 154±14 86.110.6 -41.7 128
35 0.1 12 102 0.7 232±28 82.610.6 -43.4 126

Table 5.6.1 Thermodynamic characteristics for quadruple mutant PwTBP-DNA complexes, 

determined as a function of temperature at 0.1 M NaCl, 10 mM MOPS, pH 7.0. Data were fit 

using a model based on a single set of identical binding sites after heats of DNA dilution had 

been subtracted. The errors shown correspond to the deviation of the non-linear least squares fit 

to the data points on the titration curve, n is the stoichiometry of the interaction as determined 

by the fitting of the ITC binding isotherm (Wiseman, 1989).
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Figure 5.6.1 AHobs against temperature for the quadruple mutant PwTBP-DNA interaction at 

O.IM NaCl (red line) and l.OM NaCl (blue line). The direct measurements of AHobs are from 

ITC experiments listed in Table 5.3.1. The line represents the linear least squares regression to 

the experimental data.

It is expected that the effect of increasing salt concentration on the temperature of 

maximum stability of protein-DNA complexes will be similar to the effect on protein 

folding, since the hydrophobic effect plays a major role in both types of interaction (Ha 

et a i ,  1989, Pace, 1992). For many common salts this effect is to increase the stability 

of the folded form of the protein. However, the effect of different salts depends on their 

position in the Hofmeister series (see Section 1.17). The chaotropic or kosmotropic 

nature of Hofmeister ions is thought to be due to the effect of ions on the ordering of 

water molecules in solution. This same ordering of water molecules on the hydrophobic 

surfaces of interacting molecules is also the source of the large negative ACp therefore 

this is also expected to be dependent on salt type and concentration. Na"̂  is a weak
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kosmotrope and Cl' a weak chaotrope thus, NaCl falls at the transition between 

kosmotropic and chaotropic behaviour (see Collins & Washabaugh, 1985; Baldwin, 

1986; Jaenikie & Bohm, 1998). It is therefore expected that ACpobs should not change 

significantly for the PwTBP-DNA complex when NaCl concentration is varied as in 

Figure 5.6.2.
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F igure 5 .6 .2  Extrapolation of the thermodynamic characteristics for the quadruple mutant 

Pw TBP-D N A  complex. D ata for AGobs (circles) and AHobs (squares) were determined at 0.1 M 

(green) and 1.0 M (red) NaCl.
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5.7 Interpretation of the large unfavourable AHobs for the 

PwTBP-DNA Interaction
It is difficult to explain the molecular basis for the highly unfavourable AHobs for the 

PwTBP-DNA interaction except that is likely the result o f strain induced in the DNA on 

complex formation. However, it is possible that some insight into the effect of 

electrostatics can be gained from the results of the increase in salt concentration on the 

thermodynamic characteristics for complex formation discussed in the previous section. 

Interpretation of the thermodynamic characteristics for the quadruple mutant complex at 

high and low salt concentration is complicated by the different mechanisms that 

dominate binding at the two salt concentration extremes. At low salt concentration net 

ion release form the complex results in a favourable ASobs which dominates the 

unfavourable AHobs- At high salt concentration it is the favourable ASobs associated with 

this water release that dominates the unfavourable AHobs (see Section 3.7). However, the 

effects of ion release and water release are expected to have a significant effect only on 

ASobs,, and any difference in AHobs between high and low salt concentration may 

provide insight to the origin of the highly unfavourable AHobs for the PwTBP-DNA  

interaction.

In the previous section. Figure 5.6.2 showed that the more favourable AGobs for the 

quadruple mutant complex at low salt concentration results from a less unfavourable 

AHobs relative to high salt concentration. Since the hydrophobic interaction is known to 

have a AH close to zero at room temperature (Baldwin, 1986, Makhatadze & Privalov, 

1993) this cannot explain the large positive AHobs of TBP or the difference between its 

value at high and low salt concentration. It was suggested by Privalov et a l  (1999) that
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formation of polar interactions also cannot explain the positive AHobs for the TBP DNA  

interaction. This was based on the observation that the enthalpy o f polar interactions is 

slightly negative at room temperature (Makhatadze & privalov, 1995). The enthalpy 

change was explained by the extensive dehydration o f the polar groups at the interface, 

but without the formation of tight van de Waals contacts. Evidence from the crystal 

structure does not support this argument. Figure 5.7.1 shows the temperature factors for 

the residues on the surface o f the protein and the DNA, which give an indication of the 

degree of mobility of groups in the crystal form of the complex. The blue colouring of 

the surface residues at the interface of the complex indicate a low degree o f mobility 

indicating the formation of a tight interface between the protein and the DNA.

S u r f a c e  P o t e n t i a l KsBOO 3 0 . 0 0 0  4 5 .1

Figure 5.7.1 Tem perature factors for the interacting surfaces o f the Pw TBP-D N A  interface 

rendered in G RA SP (Nicolls et a i ,  1993).
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To explain the origin of the unfavourable AH observed for the PwTBP-DNA complex 

several possible contributing components must be considered. Firstly, there is the 

contribution from the loss of favourable hydrophobic interactions with the partial de- 

stacking of the aromatic bases of the DNA helix. As previously mentioned this is not 

expected to be significant since the hydrophobic effect has a minimal contribution to 

AHobs at room temperature. Second, the loss of hydrogen bonds between the DNA bases 

are expected to contribute to the unfavourable AHobs of unwinding the DNA. Thirdly, 

electrostatic interactions between the negatively charged phosphate groups of the DNA  

may be significant. The contribution from the first two of the above components is not 

expected to be significantly effected by the salt concentration and only the third 

component is likely to change.

If the helix of the free DNA molecule is stabilised by a favourable electrostatic 

interaction, mediated by cations bound in the minor groove, separation of the DNA  

strands is likely to result in a contribution to the unfavourable AHobs- In recent studies 

using a nuclear magnetic resonance technique called magnetic relaxation dispersion 

(MRD), ^^Na relaxation data have confirmed the existence of such a spine of Na^ ions 

in the minor groove of a DNA sequence similar to the TATA box DNA (Denisov and 

Halle, 2000, Hud and Polak, 2001). This provides a possible explanation for the more 

unfavourable AHobs at high [NaCl] because the concentration of ions in the minor 

groove is expected to increase at higher salt concentrations leading to a greater 

stabilisation of the minor groove of the DNA helix. This potentially explains the less 

favourable AHobs at high NaCl concentration, which is more than compensated by the 

AS associated with the release of the same ions during binding.
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5.8 Temperature dependent enthalpy-entropy compensation in 

the wiid type and mutant Pm/TBP-DNA complexes
Enthalpy-entropy compensation is the name given to the empirical relationship between 

AHobs and ASobs for a given system. As the temperature of a system varies AHobs and 

ASobs have a tendency to oppose and compensate each other leading to a small change in 

AGobs- An expression to describe this effect can be obtained by consideration of the 

effect of ACp on AH and AS (Equation 5.8.1 and 5.8.2 respectively).

AH = ACp ( T - T h) 5.8.1

TAS = ACpT In (T/Ts) 5.8.2

The characteristics T h (Th = T when AH = 0) and Ts (Tg = T when AS = 0) can be 

obtained for a given system by the vant Hoff analysis discussed in Section 1.13 or from 

calorimetrically derived data as in Section 5.5. A Taylor expansion of Equation 5.8.2 

ignoring higher terms gives Equation 5.8.3, and if T is in the same range as Tg Equation 

5.8.3 simplifies to Equation 5.8.4 (see Lee, 1994, Jen-Jacobson et a l ,  2000^).

T AS — ACp (T - Tg )+ — Tg ACp
T -T g "'

Ts
5.8.3

TAS =ACp (T-Tg) 5.8.4

Combining Equations 5.8.1 and 5.8.4 thus gives Equation 5.8.5, where the second term 

is a characteristic for a given equilibria.

AH = TAS + ACp (Tg - Th) 5.8.5

For many biological systems Tg falls within physiological temperatures and therefore a

plot of AH against TAS will be approximately linear if  ACp remains constant over the

temperature range investigated.
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Temperature dependent enthalpy-entropy compensation plots for the wild type, 

E12AQ103A, quadruple mutant and E12AE128A FwTBP-DNA complexes are shown 

in Figure 5.8.1. All four compensation plots are in general agreement with the above 

theory and both the wild type and E12AQ103A data have a gradient approximately 

equal to 1. Additionally the ACp(Ts-Th) of -43.7 kJ mol'^ obtained from the intercept of 

the wild type plot is in good agreement with the value of -45.3 kJ moF  ̂ calculated using 

the Ts (354 K) and Th (341 K) obtained from the extrapolation based on the Gibbs- 

Helmholtz relationship (Figure 5.5.1). This shows that for the wild type data the 

approximation represented by Equation 5.8.1 is reasonable.

However, the agreement with the model is not as good for the E12AQ103A and 

quadmple mutant data. The linear regression analysis of these plots gives a gradient of 

approximately 1.3. There are several possible explanations for this deviation. Deviation 

such as this could be explained in this case by the extremely high value for Ts for the 

PwTBP-DNA complex. In deriving Equation 5.8.1 it is assumed that Ts is 

approximately equal to the experimental temperature (T). However, for the PwTBP- 

DNA complex Ts is approximately 50 degree above T. This point highlights the fact 

that Equation 5.8.1 is an approximation, which is valid only for a narrow window of 

conditions. The fact that it is commonly observed for biological interactions is a 

consequence of Tg falling within the range the physiological temperature range. One 

final possibility is that the deviation is attributable to covariance in errors that arise in 

the calculation of ASobs from AGobs and AHobs- Over the limited temperature range 

accessible experimentally it is possible that such an effect can lead to an apparently 

linear relationship (Sharp, 2001).
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Figure 5.8.1 Temperature dependent compensation plots for the wild type (A), E12AQ103A 

(B), quadruple (C) and E12AE128A (D) PwTBP-DNA complexes at l.OM NaCl. 

Thermodynamic characteristics used are listed in Tables 5.2.1 for the wild type. Table 5.4.1 for 

the E12AQ103A and Table 5.4.1 for the quadruple and E12AE128A complexes. The line 

through the data points is the linear regression to the data. The out put from the linear regression 

(Y = A + B * C) is as follows. Wild type: A = -43.7, B= 1.0; E12AQ103A: A = -90.1, B= 1.3; 

quadruple mutant: A = -76.4, B = 1.3; E12AE128A: A = -43.9, B = 1.03. In all four data set the 

'R'-factor was above 0.995.
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5.9 Isotherm al enthalpy-entropy com pensation In the w ild type 

and mutant PwTBP-DNA com plexes

As described previously (Section 5.8) one of the main contributing factors to the 

unfavourable AHobs for the PwTBP-DNA interaction is strain imparted on the DNA. 

The main source of this strain is not from the protein but from the deformation induced 

in the DNA upon binding to the protein. The extreme deformation o f the DNA in the 

case of the PwTBP-DNA complex accounts for the most unfavourable AHobs values 

known for a protein-DNA interaction. This effect is compensated for by a large 

favourable ASobs» which is a characteristic of such strained complexes. A recent survey 

of a range of thermodynamically characterised protein-DNA complexes (Jen-Jacobson 

et a l ,  2000 )̂ shows that at the same temperature a plot of AHobs against TASobs falls on 

a straight line, with the most strained complexes at one end and the least strained at the 

other. This phenomenon is one form of what is known as isothermal enthalpy-entropy 

compensation. It has been suggested that this form of compensation arises because the 

range of AG’s that are observed for biological interactions o f similar function, in this 

case DNA binding, are small (Lumry, 1995; Searle et a l ,  1995; Sharp, 2001).

A second class of isothermal enthalpy-entropy compensation is commonly observed in 

examples of homologous series. Examples of this kind are well known in examples of 

host-guest chemistry (Lemineux et a l ,  1991) and have recently been studied in several 

biologically important systems. A recent example compares the effect of changing the 

flanking DNA sequence around the recognition sequence of the restriction endonuclease 

BamHI on AHobs and TASobs (Jen-Jacobson et a l ,  2000^; Engler et a l,  2001). In this 

case it was concluded that the linear relationship between AHobs and TASobs was the

168



Chapter 5. Temperature dependence of the /̂ mTBP-DNA interaction

result of compensation. To investigate if a similar relationship would exist in the 

thermodynamic characteristics for the mutant PwTBP-DNA complexes an analysis of 

the data available from the previous sections has been carried out.

A plot of AHobs against TASobs for the PwTBP-DNA complexes at 1.0 M NaCl is shown 

in Figure 5.9.1, (A). In the plot for the 1.0 M NaCl and the similar plots for 0.4 M and 

1.6 M NaCl (Figure 5.9.1, B and C) a linear relationship is observed with a gradient of 

approximately unity. The data for 0.4 M NaCl are more scattered than the higher salt 

conditions due to the greater eiTor associated with their determination. Although the 

data presented resemble that typically observed for compensation behaviour it is 

possible that the trend is the result of experimental artefact. Such a possibility exists 

because AHobs is significantly larger than AGobs and therefore errors in determined AHobs 

are carried over to TASobs when it is calculated from subtraction of AHobs and AGobs- In 

order to verify true enthalpy-entropy compensation a statistical analysis such as. the one 

originally discussed by Lumry and Rajender (1970) must be employed. In recent 

reviews by Bxner (2000) and Sharp (2001) it is suggested that in examples where a 

straight line plot of AHobs against ASobs are obtained the correlations have no 

thermodynamic significance. It is also suggested that in examples where the 

experimentally observed range in AG is narrow (-1 0  kJ mol'^) as is this case for the data 

presented here, covariance of errors can not be ruled out without a thorough statistical 

analysis of the correlation.
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Figure 5.9.1 Isothermal compensation in the PwTBP-DNA wild type and mutant complexes at 

1.0 M (A) 0.4 M (B) and 1.6 M NaCl (B) and 35 °C (B and C are shown over the page). The 

gradient for the 1.0 M, 0.4 M and 1.6 M NaCl data are 1.04, 1.03 and 0.933 respectively. The R 

factors for the 1.0 M, 0.4 M and 1.6 M NaCl data are 0.977, 0.898 and 0.987 respectively. 

Complexes numbered according to the their affinity 1 has the highest and 16 has the lowest 

affinity and are named as follows: WT (1), E12A (2), DlOl A (3), E42A (4), E12AE42A (5), 

E42AD101A (6), Q103A (7), Q133A (8), Q103E (9), E128A (10), E12AE128A (11), E12K 

(12), triple (13), quadruple (14), H49R (16), E12AQ103A (17).
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To investigate compensation in the thermodynamic characteristics of the mutants two 

criteria used in the example of BamYïl (Jen-Jacobson et a l ,  2000^; Engler et a l ,  2001) 

were applied. These criteria for compensation were that the gradient of the plot of AHobs 

against ASobs, which is known as the compensation temperature should be significantly 

dissimilar to the experimental temperature. Secondly, for a regularly repeating series a 

correlation between AGobs and AHobs should be apparent. Figure 5.9.2, (A) shows that 

the compensation temperature for the 1.0 M NaCl data (18 °C) is close to the 

experimental temperature (35 °C) and Figure 5.9.2, (B) shows that AGobs against AHobs 

is scattered showing no apparent correlation. A similar result is observed for the data 

obtained at 1.6 M NaCl (Figure 5.9.2 C & D). This suggests that the mutant PwTBP- 

DNA complexes do not form the sort o f homologous series shown in examples of host- 

guest chemistry or the example of BarnHl. Essentially this confirms what is known from 

previous sections that the mutations that have been studied do not exert their effects on 

binding by identical mechanisms. The usefulness of this type of analysis of isothermal 

compensation is probably no more than to demonstrate that such apparent correlation 

can arise where range of AG’s measured is small and where AH is large in comparison 

to AG. Even where such correlation can be confirmed its usefulness probably extends 

no further than to confirm that there is a common source of additivity in the series 

studied (Lumry, 1995).
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Figure 5.9.2 Thermodynamic characteristics for the wild type and mutant PwTBP-DNA 

complexes, at l.OM NaCl and 35 °C, to analyse the statistical significance of the plots in Figure 

5.9.1. From the slope of AHobs against ASobs in part ‘A’ the compensation temperature was found 

to be 18 °C. In part ‘B’ the scattering of AGobs against AHobs shows no apparent correlation 

between the two parameters. The same trend is observed for the 1.6M NaCl data with a 

compensation temperature of 15 °C obtained in C and no correlation being observed between 

AGobs and AHobs-
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Discussion

6.1 Structural and Thermodynamic implications

The aim of this investigation has been to identify that there are residues important for 

the observed halophilic character of the PwTBP-DNA interaction, and to establish the 

importance of cation uptake by the complex. Even though bound ions could not be 

identified from the X-ray crystal structure data, binding sites, formed by acidic residues 

on the protein surface and the DNA backbone, were identified by a limited mutation 

strategy. In total four glutamate residues mediating cation uptake by the complex were 

identified. The combined effect of mutating these four residues in a single form of the 

protein was to produce the net release of ions upon formation of the complex, leading to 

the reversal of its halophilic character.

A clearer picture for the incorporation of ions into protein-DNA complexes has recently 

come from modelling of ion binding sites in the PwTBP-DNA system. This was 

founded upon recent studies of DNA showing that Na"̂  ions localised in the most 

electronegative parts of DNA, particularly the minor groove, are not immobile and that 

each site is only partially occupied (Hud & Polak, 2001). Since crystallography is 

unable to see mobile ligands due to averaging of the electron density, NMR relaxation 

dispersion experiments, were required to show a reduction in mobility of Na"̂  in the 

presence of DNA (Denisov & Halle, 2000).
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Figure 6.1.1, illustrates all surface, cleft and buried sites on the complex o f a size 

sufficient to accommodate a dehydrated ion and having relatively large electrostatic 

contribution to binding. The model gives rise to the view of a large number of 

thermodynamically equivalent sites where ion mobility is low compared to the bulk 

solvent. At any given time only a fraction of these sites will be occupied due to the 

mutual repulsion of the ions, with sites of lower potential being more likely to be 

occupied and all remaining space being filled by water. In Figure 6.1.1. it can be seen 

that the result of the mutations is to disrupt a significant number of these sites. The 

number of ions released or taken up by the complex inferred from the binding 

experiments, therefore represents a time averaged and spatially aggregated view of 

thermodynamic equivalents of single tightly bound ions.

Comparison of models for wild-type and quadruple mutant proteins and their complexes 

shows many detailed local differences, including the modulation of anion binding 

around residues 41 and 42 that were previously hypothesised. The dominant net effect 

of each of the four mutations, however, is a reduction in the cation binding affinity of 

the complex in a substantial region surrounding each of the residues. As specific 

binding pockets are not needed to explain the effects of the mutations, the reversal of 

the halophilic nature of the PwTBP-DNA complex in only four mutations can be 

rationalised. Thus, the adaptation of proteins to high salinity is potentially much simpler 

and rapid than had the progressive evolution of such pockets been required.
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fltoM P o t e n t i a l s -6,000 0.000

A

E12 E128

E41, E42

D101

12A

D

128 A

41K, 42K

Figure 6.1.1 Modelled ion binding sites* in the wild type and E12AE41KE42KE128A 

quadruple mutant PwTBP/DNA complexes showing sites with an absolute potential >6 kT/e 

and colour-code by electrostatic potential. A, wild-type highlighting residues E l2 and DlOl, B, 

the other side of the wild-type complex highlighting residues 41,42 & 128, C, and D, the same 

views for the quadruple mutant. Note that DlOl has no nearby cation sites and was found to 

have no effect salt dependence of binding. * Modelling was carried out in collaboration with 

Mark Williams, Department of Biochemistry, University College London.
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6.2 Biological Implications

This investigation has yielded information about the residues responsible for the 

halophilic DNA binding property of the PwTBP. At the present time no similar data has 

been reported for protein-DNA complexes from other thermophilic or halophilic 

organisms. However, it is clear from the alignment of TBP protein sequences in Figure 

4.7.1 that the proteins from Thermococcus celer (Tc) and Halobacterium halobium 

should show similar characteristics. This is because both proteins contain the same four 

residues shown to contribute to the halophilic character of the PwTBP-DNA complex 

(Sections 3 and 4).

While the advantage of such a halophilic character is clear to understand in the 

halophilic species, in thermophiles such as Tc and Pw  this characteristic is less straight 

forward to explain. This is apparent in Figure 4.10.1 which shows that the quadruple 

mutant FwTBP-DNA complex has a more than ten fold greater affinity than the wild 

type complex at the salt concentration optimal for growth of Pw  (0.5 M NaCl). To 

explain this observation many different factors must be taken into consideration. Firstly, 

in this investigation only the affinity of the binary PwTBP-DNA complex has been 

investigated. Further information on the thermodynamic characteristics of the ternary 

PwTFB-TBP-DNA, which forms the basis of the PIC in archaea is also required for a 

more complete assessment of the biological implication of the mutation studies. Second, 

the steep salt dependence of the wild type FwTBP complex formation may function as a 

switch to favour growth of Pw  only under conditions of optimal salt concentration. This 

could equally apply to the apparently uncharacteristic sensitivity of the PwTBP-DNA  

complex to pH discussed in Section 3.2 and sensitivity to temperature discussed in 

Section 1.16 and 5.1. Third, the evolutionary relationship between organisms must be
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considered. For example, if the halophilic species predate the thermophiles then it is 

possible that in thermophiles such a halophilic character has survived at the expense of 

high affinity if  it confers the thermal stability important for survival of the species. 

Although the residues shown to confer halophilic character on the PwTBP were shown 

in Section 5 not to increase the temperature for maximal stability of the complex, it is 

possible that these residues increase the Tm of the free protein. To test this hypothesis 

requires further investigation of the thermal dénaturation of the wild type and mutant 

PwTBP proteins. Finally, this investigation o f the /V TBP-D NA  complex has focused 

on determination of the effect of particular residues on DNA binding in vitro. However, 

in vivo, it is arguably the specificity and not the overall affinity of the interaction that is 

important.

This final point leads to consideration of the possible importance of cation uptake, by 

protein-DNA complexes in halophilic and thermophilic species, for target sequence 

location on the DNA. Without some form of facilitated target location the process of 

recognising a specific target sequence against the background of the entire genome of 

an organism is expected to be much slower than required to account for observed rates 

of gene function (see von Hippel and Berg, 1989). Various different mechanisms based 

on jumping or sliding of the protein along the DNA have been proposed, but all require 

some form of weak long range interaction with the DNA, characteristic of non-specific 

binding. Non-specific protein-DNA complexes are formed by long range electrostatic 

interactions between basic residues of the protein and the acidic backbone of the DNA. 

Characteristically the protein surface remains highly hydrated potentially allowing the 

complex to slide freely along the DNA. However, due to their electrostatic nature non

specific complexes are highly sensitive to salt concentration and at the concentrations
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commonly observed in thermophilic and halophilic species non-specific binding has 

been shown to be abolished. In halophilic species it is therefore possible that cation 

uptake allows non-specific complex formation at the elevated salt concentrations, 

facilitating jumping or sliding along the DNA. A similar function was proposed for the 

sodium ions identified by Pelletier et al. (1996) in the human DNA polymerase 

complex. These ions were envisaged to act as ‘magnetic beads’ which slide along the 

DNA.

The investigation of protein-DNA complexes from thermophilic and halophilic 

organism will no doubt become more common as the number of such systems identified 

increases in the future. This is highlighted by bioinformatics studies of halophilic 

organisms which reveal the high abundance of acidic proteins by the low average pi 

found for their translated genomes (see for example Kennedy et a l ,  2001). This is 

exemplified in the recent identification by Pavlov et a l  (2002) o f a three novel DNA  

binding proteins from the hyperthermophilic methanogen Methanopyrus kandleri, 

which bound with high affinity to DNA only at high salt concentration (1 M potassium 

glutamate).
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ABSTRACT: Pyrococcus woesei (Pw) is a hypertherm ophilic archaeal organism  that ex ists under conditions 
o f  high salt and elevated temperature. In a previous study [O ’Brien, R., D eD ecker, B ., F lem ing, K., Sigler,
P. B ., and Ladbury, J. E., (1998) J. Mol. Biol. 279, 117—125], w e  show ed  that, desp ite the sim ilarity o f  
primary and secondary structure, the T A T A  box binding protein (TB P) from  Pw binds therm odynam ically  
in a fundam entally different w ay to its m esoph ilic counterparts. The affin ity o f  the interaction increases  
as the salt concentration is increased. The formation o f  the p r o te in -D N A  com plex in v o lv es the release  
o f  water and the uptake o f  ions, w hich w ere hypothesized  to be cations. H ere w e test this hypothesis by 
se lecting  potential cation binding sites at negatively charged, acidic residues in the com plex interface. 
These w ere substituted using site-directed m utagenesis o f  specific residues. C hanges in the therm odynam ic 
parameters on formation o f  the mutant p r o te in -D N A  com plex w ere determ ined using isotherm al titration 
calorim etry and com pared to the w ild  type interaction. Rem oval o f  a glutam ate residue from the binding  
site resulted in the uptake o f  one less cation on formation o f  the com plex. T h is glutam ate ( E l2) is directly  
involved  in the binding o f  cations in the com plex interface. Substitution o f  another acidic residue proximal 
to the D N A  binding site (D lO l)  had no effect on cation uptake, suggesting  that the location o f  the am ino  
acid on the protein surface is important in dictating the potential to coordinate cations. R em oval o f  the 
cation binding site provided a more favorable entropy o f  binding; how ever, this e ffect is sign ificantly  
reduced at h igher salt concentrations. The rem oval o f  the cation binding site led  to an increase in affinity  
with respect to the w ild-type TB P at low  salt concentrations.

The hyperthermophilic archaeon Pyrococcus woesei {Pw)' 
survives in conditions o f  elevated salt concentration and 
temperatures in excess o f  100 °C ( / ) .  Despite this extreme 
environment, many o f  the proteins derived from this organ
ism have high sequence and structural hom ology to m eso
philic counterparts. Thus, survival in vastly different con
ditions is based on subtle adaptation o f  basic protein 
structure. This suggests an evolutionary advantage in main
taining a given protein structure and adapting it to be able 
to function in a dramatically different environment rather 
than evolve a protein de novo.

The TATA box-binding protein (TBP) is required as an 
initiator o f the transcription machinery (2) in both archaeal 
and eukaryotic species (J, 4). The Pw archaeal form binds 
upstream o f transcription sites at promoters containing “box 
A m otifs’’ possessing the consensus sequence TTTA(T or 
A )A N N  (where N is any nucleotide) (5). This sequence is 
analogous to the eukaryotic TATA box (6). The structural 
hom ology o f  the PwTBP (7) is high with respect to similar 
proteins from the mesophilic organisms Arabidopsis thaliana 
and Saccharomyces cerevisiae {8—10). Structural detail o f  
the TBP from both archaeal and mesophilic organisms show

* T o whom correspondence should be  addressed at D epartm ent o f 
B iochem istry and M olecular Biology, U niversity  C ollege London, 
G ow er Street, London, W C IE  6BT, U.K. Tel: (44) 020 7679 7012; 
fax: (44) 020 7679 7193; e-m ail: j.ladbury@ biochem .ucl.ac.uk  or 
r.obrien@ biochem .ucl.ac.uk .

' A bbreviations: TB P, TA TA  box binding protein; Pw, Pyrococcus  
woesei; ITC. iso thennal titration calorim etry.

that interaction with D N A  occurs through binding in the 
minor groove {11 — 16). This effects a m assive distortion o f  
the oligonucleotide, resulting in the untwisting o f  the duplex 
by approximately a third o f  a helical turn {17).

Despite the similarities o f  structure o f  both free and bound 
forms o f  the Pw protein with m esophilic TBPs, the elevated 
salt concentrations in which the archaeal organism exists 
suggest that com plex formation with DN A  must be based 
on distinctly different criteria. The correlation between the 
observed binding constant (/fobs) for the interaction and the 
salt concentration can be modeled using the approach 
developed by Record and colleagues {18—20) shown in the 
integrated form o f  the equation defined by Ha et al. (27):

'oĝ obs,MX —
'og^REF.MX -  7 llog[M X ] 4- 0 .016 fi[M X ] (1)

where /Cref is the observed binding constant at 1 M NaCl; 
A is the net number o f  ions released (a positive number) or 
taken up (a negative number) on forming the complex; [MX] 
is the univalent salt concentration; and B is the total number 
of water m olecules released (a positive number) on forming 
the com plex. From this equation, the change in numbers o f  
cations and water m olecules involved in binding can be 
estimated by determining the change in /fobs with varying 
salt concentration (22). In a previous study, w e demonstrated 
that the dependence o f  /fobs on salt concentration for the 
PwTBP—DN A  interaction was opposite to that previously 
reported for other p rote in -D N A  interactions {23), i.e..
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increasing the salt concentration led to tighter binding. This 
suggested a very different mechanism o f binding than 
previously observed in these types o f  interactions (24, 25). 
Fitting binding data at different salt concentrations to the 
above equation led to the hypothesis that this effect could  
be attributed to a combination o f  the release o f  surface bound 
water m olecules into bulk solvent and the net uptake o f  ions 
to mediate the protein—D N A  interface (23). Because o f  the 
highly electronegative nature o f the D NA, it was assumed 
that the ions were likely to be cations.

To test the above hypothesis, we attempted to determine 
the position(s) o f  ion integration in the protein—D N A  
interface. From structural determination, these cations are 
difficult to unequivocally assign; therefore, to identify 
potential sites o f cation incorporation we adopted an approach 
based on site-directed mutagenesis. Since the coordination 
o f  cations in the interface would require interaction with 
negatively charged amino acids, we replaced selected acid 
residues in the TB P—D N A  element interface. The effect o f  
these TBP mutations could be observed by the change in 
salt dependence o f  binding when data were fit to eq 1. Since  
in eq 1 the effect o f water release and cation binding have 
to be distinguished, we used osm otic stress experiments to 
verify the number o f water m olecules released on com plex  
formation (ref 26 and references therein).

MATERIALS AND METHODS

PwTBP Expression and Purification. Full-length PwTBP  
was expressed and purified as previously described. Protein 
concentrations were determined using an extinction coef
ficient o f  11.05 m M "‘ cm"' at 280 nm, calculated from the 
individual extinction coefficients o f  aromatic residues and 
disulfides in the protein. Site-directed mutagenesis o f the wild 
type (WT) PwTBP was carried out using the QuikChange 
Site Directed M utagenesis kit (Stratagene) according to the 
manufacturer’s instructions. Plasmids were sequenced (Oswel 
Sequencing Service) to verify the presence correct mutations 
and absence o f  random point mutations.

DNA Preparation. Binding experiments were carried out 
using 20mer DNA duplex synthesized by standard solid- 
phase methods (Oswel DNA Service). Concentrations o f  each 
strand were estimated using a calculated ^200 o f  201.1 mM"' 
for strand A (binding site underlined; CTGCAC l'lT A A A A A - 
GACGTC) and 197.1 mM"' for strand B (GACGTCTTTT- 
T A A A GTCCAG). An equimolar mixture was annealed by 
slow  cooling to room temperature. UV melting experiments 
showed that the DNA duplex had a single cooperative 
m elting transition with a Pm o f  63 °C in 100 mM NaCl, 20  
mM NaH 2P0 4 , pH 7.0, suggesting in the isothermal titration 
calorimetry (ITC) experiments carried out at 35 °C and over 
the range o f  conditions used that only a single species was 
present.

Isothermal Titration Calorimetry (ITC). A ll experiments 
were conducted on a VP ITC or an MCS ITC (Microcal Inc., 
Northampton, M A). Titrations were performed as described  
elsewhere (27, 28). In a typical experiment 19, 15 juL 
injections o f  DN A  ( lOO^aM) were made into protein solution 
(10 ;UM) in the cell. The heats o f  dilution o f  the D N A  into 
buffer and buffer into protein were determined in separate 
experiments and subtracted from the titration prior to the 
analysis. The data were analyzed using the ORIGIN software

supplied with the calorimeter. Protein and D N A  samples 
were dialyzed against the appropriate buffers prior to the 
experiments using 3500 MWCO dialysis membrane (Spectra/ 
por. Spectrum Laboratories, Inc.). Titrations were performed 
in 10 mM MOPS (3-[/V-morpholino]propanesulfonic acid), 
pH 7.0, and NaCl in the range 0 .4  to 1.9 M. The pH o f the 
interaction was checked before and after titrations since at 
the high salt concentrations used buffer p^a values can be 
affected.

Osmotic Stress Experiments. Protein and D N A  samples 
for the osm otic stress experiments were dialyzed using the 
same dialysis membrane into solutions containing 10 mM 
M OPS, pH 7.0, 0.7 M NaCl, and either betaine (SIGMA  
Chemicals) or sucrose (BD H  Chem icals) added to the 
designated concentration (0 ,0 .1 5 ,0 .3 2 ,0 .5 3 ,0 .7 5 ,0 .8 8 , 1.00,
1.14 molal and 0 ,0 .2 ,0 ,3 8 ,0 .6 0 ,0 .6 5 ,0 .8 0 ,0 .9 0 ,1  .(X) molal, 
respectively). The total osm otic potential for solutions were 
calculated using data provided by D. Rau (http:// 
dir.nichd.nih.gov/Lpsb/docs/osmdata/osmdata.html). All ex
periments using osm olytes were performed using the MCS 
ITC (see above) with the temperature difference between 
the calorimetric cells and the water bath at 10 °C. Additional 
experiments were performed using the osm olytes triethylene 
glycol and glycerol; however, these showed no significant 
increase in Kobs- Poly(ethylene g lycol) MW 400  (SIGMA  
Chem icals) was found to be unsuitable for osm otic stress 
experiments due to the very large heats o f  dilution and the 
resulting unstable calorimetric baseline. The osm otic data 
were analyzed as previously described (29) to estimate the 
number o f water molecules released upon com plex formation 
from the slope for the graph o f  the /fobs against osm olyte 
concentration (see below).

RESULTS AND DISCUSSION
ITC has been used to investigate the binding at 35 °C o f  

PwTBP to a 20mer DNA duplex, which contained the box-A  
recognition motif. The ITC data were fit using a model for 
a single site interaction. N o effects due to nonspecific binding 
were observed, and in all cases the stoichiometry o f the 
interaction was unity (mean for all experiments is 1.0 ±  0.1).

Cations are Incorporated into the Wild-Type PwTBP— 
DNA Interface. The effect o f  different salt types on the 
observed binding constant o f  w ild-type TBP has previously 
been reported (23). Here titrations were performed using 
NaCl, since sodium ions had previously been shown to 
enhance high affinity com plex formation. This meant that 
determination o f /fobs for the Pw T BP—DNA interaction was 
possible over a wider range o f salt concentration than 
previously reported.

Binding data for the wild-type PwTBP over a range o f  
NaCl concentrations are shown in Table 1. The data were 
fit to eq 1 using a nonlinear least squares algorithm with A, 
B, and /fREP as independent variables (Figure 1). From eq 1, 
it can be seen that the contribution to dependence o f /fobs on 
salt concentration is nonlinear for the release o f water 
m olecules and linear for the incorporation o f  ions (23). For 
the wild-type interaction, the number o f  liberated water 
m olecules derived from the fit is 39 ±  9; however, the fitting 
is rather insensitive to this variable. The net change in 
stoichiometry o f  ions upon com plex formation o f  the wild- 
type TBP is —2.1 ± 0 .1 ,  corresponding to a net uptake o f  2 
ions on com plex formation.
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Table 1: Summary o f Them iodynam ic Parameters from ITC Experiments for the PM TBP-d[CTGCACTTTAAAAAGACGTC/ 
G A CG TCTTFTTA A AG TG CA G] Interaction at pH 7.0 and 35 °C"

protein [salt] M [protein] (/tM) [DNA] (/rM) Af(x H P M -')  A W (k J m o r ')  A G (kJ m o C )  TA 5(kJ m o l ')

WT
WT
WT
WT
WT
WT
WT
EI2A
EI2A
EI2A
EI2A
EI2A
EI2A
DIOIA
DIOIA
DIOIA
DIOIA
DIOIA
EI2K
EI2K
EI2K
EI2K
EI2K
Q103A
QI03A
Q10.3 A
QI03A
QI03A

0.4
0.55
0.7
1.0
1.3
1.6
1.9 
0.2 
0.4 
0.7 
1.0 
1.6
1.9 
0.4 
0.7 
1.0 
1.6
1.9 
0.6 
0.7 
1.0 
1.6
1.9 
0.4 
0.7 
1.0 
1.6
1.9

20
32
20
10
11 
8
3.9
12 
18 
12 
10
8
5

18
20

5
19
12
10
9.5
5

200 1.1 1.21 ± 0 .5 IIO ±  1.2 - 3 0 0 140
365 1.0 3.56 ±  0.8 107 ±  1.0 -32 .8 140
200 1.0 6.41 ± 0 .8 108 ± 0 .8 -34 .3 143
100 0.86 16.7 ±  1 III  ±  1.6 -36 .7 149
114 0.99 61.5 ± 3 n o  ± 0 .4 -40.1 150
80 0.77 141 ±  8 111 ±  0.4 -42 .3 153
43 0.86 299 ±  34 I I I  ± 0 .8 -4 3 .9 155

120 1.3 2.99 ±  0.5 n o  ± 0.8 —32.3 142
200 1.0 6.16 ± 0 .2 I I 1 ±  0.8 -3 4 .2 145
120 1.0 23.4 ±  2 112 ± 0 .8 -3 7 .6 150
100 l . l 43.9 ±  2 113 ± 0 .8 -3 9 .2 152
80 1.0 135 ± 2 3 113 ±  1.6 -42 .3 155
76 0.96 311 ±  36 111 ±  0.8 -4 4 .4 156

200 l . l I . I5 ± 0 .4 105 ±  2 -31 .5 136
200 l . l 6.13 ± 0 .3 n o  ± 0.8 -34.1 145
120 0.96 20.9 ±  2 117 ±  1.6 -37 .3 154
80 l . l 76.8 ±  9 115 ±  1.2 -4 0 .6 156
43 0.79 288 ±  40 113 ±  1.2 -4 3 .9 157

173 l . l 1.82 ± 0 .6 119 ± 2 .4 -3 1 .0 150
133 l . l 3.20 ±  0.7 119 ± 0 .8 -32 .5 151
104 0.95 8.27 ± 0 .2 118 ± 0 .8 -3 4 .9 153
99 0.87 36.1 ±  2 117±  1.2 -38 .7 156
70 0.88 72.8 ±  5 118±  1.2 -40 .5 158

117 l. l 5.09 ±  0.3 116±  1.6 -33 .7 150
133 l . l 20.0 ±  0.9 114±  1.2 -.37.2 151
104 0.97 76.5 ±  6 116±  1.2 -4 0 .6 157
99 0.89 342 ±  33 116 ± 0 .8 - 4 4 .4 160
72 l . l 645 ±  52 117 ± 0 .4 -4 6 .0 163

" Data were fit using a model based on a single set o f identical binding sites after heats o f DNA dilution had been subtracted. The errors shown 
correspond to the deviation o f the nonlinear least-squares fit to the data points on the titration curve. N is the stoichiometry o f the interaction as 
detennined by the fitting o f the ITC binding isothemi (27, 28).

E12A  DIOIA E12KWT

— 1—  
-02

— r — 00 — t—  
02

iog[NBa]
F igure I; Plot o f  log against log[N aC I] for w ild-type (WT) 
and m utant form s o f  Pw TBP, T he data w ere fit to eq I using  a 
non linear least squares a lgorithm  w here the net change in ions (in 
this case assum ed  to be ca tions). A, the net change in w ate r 
m olecu les in com plex  form ation , B, and  K ref  w ere fit as in d ep en 
dent variables.

Iden tifica tion  o f  C ation  B inding S ites  by  S ite -D ire c ted  
M utagene.sis. Having determined that the interaction o f wild- 
type PwTBP involves the uptake of two ions into the binding 
site, we attempted to establish whether these could be 
attributed to specific cation binding sites in the interface. 
An approach based on site-directed mutagenesis o f cation 
coordination sites was adopted. We assumed that uptake of 
cations into the complex binding site would involve interac
tion o f the positive charge with both protein and DNA. The 
highly electronegative phosphate backbone of the oligo-

( F60 '

Q103

G1S0

0133

F igure 2: S chem atic  rep roduced  from  re f  16 show ing  interactions 
in the P v tT B P -boxA /T A T A  elem en t com plex . R esidues involved 
in van der W aals in teractions are show n proxim al to  the region o f 
contact DNA nucleotides. Solid  lines indicate hydrogen  bonds or 
salt bridge in teractions. Basic residues are show n in blue, acidic 
residues are show n in red, and all o ther residues are show n in green. 
T he in terface possesses the pseudo 2 -fo ld  ax is o f  sym m etry.

nucleotide potentially provides multiple sites for cation 
coordination; however, for mediation of the interaction with 
the TBP suitable negatively charged sites integral to protein 
binding had to be identified. Recent crystallographic detail 
on the complex between BamWX and DNA showed calcium  
ions interacting with aspartate or glutamate residues and the 
phosphate backbone of the DNA {30 , 31). X-ray crystal
lographic structural data (7, 16) and comparison of Pw  with 
mesophilic TBP primary sequences were used to select acidic 
residues close to the DNA backbone in different regions of 
the protein binding site. The E l2 and Dl Ol  surface acid
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F igure 3: Surface potentia l d iagram s to  show  the effec t o f  poin t m utations E12A  and D IO IA  relative to the WT. M olecu lar surfaces and 
elec trosta tic  potentia ls w ere rendered  w ith G R A S P  (32) and  ca lcula ted  using  1 M salt and  full charges.

residues were substituted for alanine (see Figure 2). The 
program GRASP (32) was used to model the effect of 
replacing acidic residues on the predicted electrostatic surface 
potential of the protein (see Figure 3). The change in potential 
for the E12A mutant TBP is localized to a position directly 
in the ^-sheet “saddle” region (8) o f the DNA binding site. 
The DIOIA mutation, however, is somewhat more distal 
from the site o f DNA interaction (Figure 3). ITC binding 
experiments on mutant forms o f PwTBP and DNA were 
performed over a range o f salt concentrations in an identical 
manner to those for the wild-type protein.

The /Cobs—salt concentration dependence data for each 
mutant are shown in Figure 1 along with a nonlinear fit to 
eq 1. The data shows that for the E12A mutant there is a net 
ion uptake [A (eq 1) =  - 1 .2  ±  0.3; Table 2]. The substitution 
of this negative residue in the mutant proteins results in 
approximately one less cation being taken up in the complex 
with DNA with respect to wild-type PwTBP indicating the 
involvement o f E l2 in cation coordination. The binding data 
for the E12A interaction shows a dramatic difference to that 
o f the wild type at low salt concentration (discussed below). 
Although the dependence o f /Cobs on salt concentration varies 
from wild type for the E12A mutant protein, for the DIOIA  
mutation the binding data are essentially identical with 
respect to water expulsion and cation uptake (see Table 2).

Table 2: Table Shows the output from Fitting log A(obs-(NaCl] 
Data to Eq I Using a N onlinear Least Squares Method"

ions (A) water (fl) P re f X 1 0 " ^

WT - 2 . 1  ± 0 . 1 39 ± 9 5.7 ± 0 .2 1.7
E12A - 1 . 2 ± 0 . 3 33 ±  10 6 .1  ± 0 . 2 5.3
DIOIA - 2 . 1  ±  l. l 35 ± 3 1 5.7 ±  0.6 17.1
E12K - 1 .2  ± 0 .2 42 ± 4 5.2 ± 0 .1 0 .1

Q 10.3 A - 2 .3  ±  0.5 24 ±  14 6.5 ± 0 .3 3.4

" /I is the net change in the number o f ions associated with the protein 
and DNA on going from unbound to com plex states, B is the number 
o f waters released, and /C r e f  is log /fobs at 1 M NaCl. Errors shown are 
based on the cum ulative standard deviation o f the fit.

The replacement o f this negative charge has no effect on 
cation binding, and hence clearly this residue is not a 
coordination site for ions.

A B asic A m ino  A c id  S ide Chain in P lace  o f  the Cation  
R edu ces A ffin ity  a t H igh S a lt C oncen tration . Removal o f a 
cation coordination site by site-directed mutagenesis of 
glutamate for alanine potentially leaves an unsatisfied 
negative charge on the DNA and a cavity, which in the wild- 
type protein complex was occupied by the carboxyl group 
of the acid and the cation. To reduce the effect o f this, the 
E12K mutant was made, which substituted a positively 
charged lysine side chain to replace the cation. The positive
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Figure 4: Plot o f  log Kihs aga inst log[N aCI] fo r W T and Q103A 
m utant form  o f Pw T B P. The data w ere fit to eq 1 using a non linear 
least squares a lgorithm  w here the net change in ions (in th is case 
assum ed  to be ca tions). A, the net change in w ater m olecules in 
com plex  form ation. B. and w ere fit as independen t variables.

charge of the e-amine was provided to interact directly in 
place o f the incorporated cation. The lysine side chain could 
extend to interact with the DNA, thus filling the cavity 
formed in the presence o f the E12A mutation. Fitting the 
binding data from Table 1 to eq 1 demonstrates that the 
mutant protein incorporates one less cation than wild type 
(A =  1.2 ±  0.2; Table 2). This is consistent with the data 
for the E12A mutant and confirms the role o f the E l2 in 
cation coordination. At high salt concentration, the Kobs for 
the E12K protein is significantly weaker than that for wild 
type (Table 1 and Figure 1 ). Furthermore, although the fitted 
data of the E12K mutant TBP has a similar slope and 
curvature to that o f the E12A mutant, the binding is 
consistently weaker over the entire range of salt concentra
tions studied (discussed below).

Incorporntion  o f  A lan in e into the C om plex In terface  
In creases the Affinity. The EI2A data at all salt concentra
tions shows a consistently tighter binding than E12K protein 
despite having similar numbers o f cations and similar 
numbers of water molecules involved in binding. This is 
re fleeted in the lower value o f /Cref (which is a fitted vaiiable 
representing the binding constant at 1 M salt; Table 2) for 
E12K as compared to E12A. To isolate this from the effects 
of cation binding a mutant protein, which produced a similar 
effect in the absence o f the change in cation content o f  the 
complex, was required. The binding site o f TBP has an axis 
o f 2-fold symmetry (Figure 2) such that the glutamine 
residue, Q103, is situated in a similar position with respect 
to the DNA bases as E l2. Since Q103 is not negatively 
charged, and hence not involved in cation coordination, it 
provides a site for mutagenesis studies to assess the effect 
E12 mutations in the absence o f the effects o f cation removal/ 
binding. Binding data at different salt concentrations for the 
Q103A mutant show similar involvement o f water molecules 
and cations in forming the complex with DNA as the wild- 
type protein (Table 2). Therefore, the observed consistently 
higher binding of the Q103A mutant (Figure 4) can be 
attributed to the replacement of the polar glutamine side chain 
for the hydrophobic alanine in the absence o f solvent effects. 
This is mirrored in the comparison o f the E12A and E12K 
mutants. Interestingly, therefore, the substitution of an alanine

WT T<ffi 
E12AT^S 
E12KT̂

WT M  
E12A/M 
E12K/5M

F igure 5: Plot to show  the variation o f  therm odynam ic param eters 
w ith N aCl concen tra tion  fo r w ild type (b lack), E12A  (red), and 
E 12K  (cyan) form s o f  Pw T B P. A H  is show n by broken lines w ith 
open  m arkers and TA S  is show n by so lid  lines w ith filled  m arkers.

residue for a polar or charged side chain in the 12, or 
analogous 103, position has a significantly favorable effect 
on binding. This is likely to be the result o f changes in the 
steric properties o f the substituted side chains.

C ation C oord in a tion  is E n trop ica lly  U n favorab le  a t Low  
Salt C oncen tration . In all cases, the thermodynamic param
eters for the various TBP interactions (shown in Table 1 ) 
are characterized by an unfavorable enthalpy and a favorable 
entropy term. The binding of EI2A is tighter than the wild- 
type interaction over almost the entire range o f salt concen
trations studied. However, the difference in Kobs gets less as 
the salt concentration is increased. This effect can be largely 
attributed to the T A S  which is significantly more favorable 
for the E12A mutant at low salt concentration but equivalent 
to wild type at high salt concentration (the A H  for the both 
E12A and wild type are approximately equivalent throughout; 
Figure 5). This is consistent with the finding that the E12A 
mutant incorporates less cations into the interface which 
would have a significant entropie advantage in binding only 
at low salt concentrations. Comparing the thermodynamic 
parameters for the interactions o f E12K and wild-type TBP 
shows that the mutant protein has a more favorable TAS, 
which is less emphatic at high salt (Figure 5). This is 
consistent with the mutant protein not restricting an additional 
cation in the complex interface as described for E12A. E12K, 
however, has a much less favorable A H  as compared to wild 
type and E12A. This is observed over the entire salt 
concentration range studied suggesting that it is not depend
ent on cation effects. This is likely to reflect that the lysine 
is sterically inept at replacing the glutamate in the binding 
site, an effect that would be independent o f salt concentration.

The N um ber o f  W ater M olecu les R elea sed  on Com plex  
F orm ation D e r iv e d  fro m  F itting  A re  C on sisten t w ith Those 
D eten n in ed  by  O sm otic  S tress  E xperim ents. Table 2 shows 
the ITC binding data fit using eq 1 with the number of cations 
and water molecules included, or released, as independent 
variables. The number of water molecules released as derived 
from these fitted data are similar for the wild-type and mutant 
forms of PwTBP. The average error on fitted value for the 
number of water molecules released is approximately 40%, 
and thus the fits are not highly sensitive to this variable.
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Table 3: Summary o f Therm odynam ic Parameters from ITC Experiments for the W T P u T B P —DNA Interaction at D ifferent Concentrations of 
Osm olyte at pH 7.0. 35 ”C, and 0.7 M NaCl"

osmolyte
[osmolyte]

M
total

osmolality
[protein]

(/rM)
[DNA]
(//M)

K
(X  10-'M - ')

AH  
(kJ m o r ‘)

AG  
(kJ m o C )

TAS 
(kJ m o l"‘)

1.20 20 206 1.0 7.24 ± 0 .8 108 ± 0 .8 -3 4 .6 143
betaine 0.15 1.35 10 100 1.3 11.6 ±  1.4 108 ± 0 .8 -3 5 .8 144
betaine 0  32 1.53 10 1 16 1.1 16.6 ± 2 .0 107 ±  2.0 -3 6 .7 144
betaine 0.53 1.77 10 107 1.1 28.5 ±  2.0 107 ± 0 .8 -3 8 .1 145
betaine 0.75 2.00 10 100 1.1 50.6 ±  4.0 102 ± 0 .8 -3 9 .5 142
betaine 0.88 2.10 10 97.0 0.99 65.7 ±  9.0 95.8 ±  1.2 -4 0 .2 135
betaine 1.00 2.32 10 100 1.1 96.1 ±  5 93.7 ±  0.8 -4 1 .2 135
betaine 1.14 2.55 12 100 1.1 128 ±  17 95.8 ±  0.4 -4 1 .8 140

1.20 20 200 1.0 7.24 ± 0 .8 108 ± 0 .8 -3 4 .6 143
sucrose 0.20 1.41 18 180 1.1 8.32 ±  0.6 107 ±  1.2 -3 4 .9 142
sucrose 0.38 1.61 10 100 1.2 11.1 ± 0 .7 104 ±  1.2 -3 5 .6 140
sucrose 0.60 1.77 10 100 1.2 14.1 ±  1.4 101 ±  1.2 -3 6 .3 138
sucrose 0.65 1.90 10 100 0.97 18.5 ±  1.2 96.2 ±  1.2 -4 0 .0 133
sucrose 0.80 2.05 10 100 1.1 21.6 ±  1.8 97.9 ±  0.8 -3 7 .4 135
sucrose 0.90 2.19 10 100 0.97 26.3 ±  2.0 99.2 ±  0.8 -3 7 .9 137
sucrose 1.00 2.33 10 100 1.1 36.9 ±  2.6 96.7 ±  0.8 -3 8 .7 136

" The errors shown correspond to the deviation o f the nonlinear least-squares fit to the data points on the titration curve. N is the stoichiometry 
of the interaction as detennined by the fitting o f the ITC binding isotherm (27. 2S).

To confirrn that the number o f water molecules released 
derived from data fitting to eq 1 was appropriate, it was 
necessary to independently estimate this number. To do this, 
the affinity o f complex formation was determined under 
different conditions o f osmotic stress. Known quantities of 
neutral solutes (or osmolytes), which are not directly involved 
in the binding interaction, were added to increase the 
chemical potential o f water in the solution, thus favoring 
the release o f associated water molecules (26, .U , 34). The 
number of water molecules can be determined from the 
relationship between the Afobs and the concentration of 
osmolyte (29, 33) (see eq 2). where B is the change in

 ̂l»g(̂ ohs) 
d[solute],„„,,

2.303/?
55.5

(2 )

number of water molecules on going from the unbound to 
the bound state (i.e., number of water molecules released; a 
positive number), /fobs values were determined using ITC 
experiments performed at a fixed concentration of NaCl (0.7 
M), with increasing amounts of osmolyte (either sucrose or 
betaine) as shown in Table 3. A plot o f log /fobs against 
concentration of osmolyte (osmolal) is shown in Figure 6. 
From these data, we estimate the net number of water 
molecules released upon complex formation in sucrose and 
betaine is 16 ±  1 and 24 ±  2, respectively. Experiments 
performed using both glycerol and triethylene glycol as 
osm olytes did not produce significant changes in /fobs- In 
previously studies involving a wide range of osmolytes, 
varying numbers of released waters from interactions were 
reported depending on the osmolyte used (29, .?.5, 36). This 
is likely to result from none of the osmolytes used being 
completely excluded from the interacting molecular surfaces. 
A recent investigation of the hydration of small proteins 
showed that, o f the small sample o f different osm olytes 
tested, betaine was the most and glycerol was the least 
excluded (37). Our experiments are in agreement with this 
order o f osmolytes in their ability to determine the number 
of water molecules released from the protein-D N A  surface. 
Furthermore, it was found that even betaine was not 
completely excluded from the protein surface, resulting in

7.4

7.0

SJ

1.0 M  ^A  \J t 2J0 Z2 2A 2j6 TJt

[solute], osmolal

F i g u r e  6: Plot o f  log /fob, against [solute]„sn„iai for w ild-typc 
P u T B P . T he betaine data  (show n in b lue) co rresponds to a net 
release o f 24 w aters upon com plex  form ation . T he data for sucrose 
(show n in red ) co rresponds to a net re lease o f  16 w aters.

an underestimate of the number of hydrating water molecules. 
This is also consistent with the observation in this work that 
the osmotic stress experiments give a slightly lower number 
of released water molecules on complex formation than 
determined from the fitting o f our binding data to eq 1.

CO NCLUSIO N

Given the drastically different effects o f variation in salt 
concentration on formation of the P u T B P -D N A  complex 
as compared to mesophilic counterparts, our aim has been 
to provide thermodynamic data to test the hypothesis that 
mediation of this interaction is, at least in part, through cation 
bridges. To this effect, we used site-directed mutagenesis to 
change the salt dependence o f the interaction by selectively 
removing cation binding sites. In so doing, we demonstrated 
that some of these mutants are able convert the behavior of 
Pu TBP toward that o f their mesophilic counterparts. Re
placement o f glutamate residue at position 12 in the protein 
shows changes in the slope of the dependence of Kobs on 
salt concentration, consistent with the reduction in the net
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uptake o f  cations as compared to wild type. Moreover, 
mutations at the E12 position result in tighter binding at low  
salt concentrations, making this protein more m esophile-like 
than wild-type PwTBP. The importance o f  the E 12 mutation 
can be shown in primary sequence alignment o f  halophilic 
and thermophilic species. These species all have a highly  
conserved glutamate residue in the 12 position; however, this 
is not found in m esophilic protein where it is generally 
replaced by glutamine. Thus, although there is continued  
debate on this issue {38), assuming that both archaeal and 
m esophilic species evolved from an extremophiUc last 
common ancestor, a major step in the adaptation o f  a TBP  
protein to ambient conditions would require the substitution 
o f  acid groups such as E l2. Mutations that change the cation 
binding behavior o f  the com plex are insufficient to convert 
the PwTBP to a com pletely mesophilic nature. This is 
because mesophilic behavior requires the expulsion o f  ions 
from the interface to give it the negative dependence o f  fTok 
on salt concentration. This would involve a com pletely 
different mutation strategy.
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Summary

Comparison of the genes of functionally homologous 
proteins in organisms existing in different environ
ments show s that adaptation is m ost often accom- 
piished by mutation of an existing protein. However, 
from such comparisons, the significance of individuai 
residues to  the particular environmental adaptation is 
not generally discernable among the m ass of changes 
that occur over evolutionary time. This can be exempli
fied by the general transcription factor found in eu
karyotes and archaea, the TATA binding protein (TBP). 
TBP from Pyrococcus woesoi Is adapted for optimal 
binding to DNA a t high salt and high tem perature, with 
34% of the amino acids altered in comparison to its 
nearest known mesophilic counterpart We demon
strate that the halophilic nature of this protein can be 
attributed to only three mutations, revealing that the 
important phenotype of halophilicity could be rapidly 
acquired in evolutionary time.

introduction

Many of the most Important features for maintaining 
cellular function In a  changed environment are the adap
tations made In order to maintain sufficient affinity and 
selectivity In binding of the molecular components of 
the cell. Halophilicity Is a property of proteins from or
ganisms existing In hypersaline and hyperthermal envi
ronments. High salt Is, however, highly effective In weak
ening interactions between many "normal" mesophilic 
proteins and their binding partners. The polyelectrolye 
nature of DNA means that protein-DNA Interactions are 
particularly sensitive to such variations In salt concen
tration.

The dependence of the equilibrium binding constant 
Kob. on the concentration of a  monovalent salt, [MX], 
can be determined using the relationship:

logKob. = logK,w -  AloglMX] + 0.016B[MX] (1)

where A Is the net number of Ions released (a positive 
number) or taken up (a negative number) on forming 
the complex, B Is the total number of water molecules 
released (a positive number) on forming the complex, 
and Kn( Is a  hypothetical binding constant a t 1 M salt 
In the absence of any contribution from release or uptake

'Correspondence: j.ladbury@blochem.ucl.ac.uk

of water (I.e., B = 0) [1]. In considering the values of A 
and B In an Ideal case, an Ion (or water molecule) would 
occupy a  tight binding site on the Isolated protein (or 
DNA) 1 (X)% of the time and t>ecome completely disasso
ciated (or bound) upon formation of the protein-DNA 
complex; however, several Ions (or water molecules) 
that partially occupy protein (or DN/^ binding sites can 
be thermodynamically equivalent to one such Ideal case.

The affinities of the Interactions of DNA and proteins 
from mesophilic organisms have been shown to become 
progressively weaker as the salt concentration Is In
creased [1]. This effect prevails In the general transcrip
tion factor from eukaryotes and archaea [2], the TATA 
binding protein (TBP). Atypical example of this behavior 
Is demonstrated by the TBP from Saccharomyces cere- 
visiae (ScTBP) (see Figure 1 A) [3]. This salt dependence 
has been rationalized by considering the rearrangement 
of solvent Ions on complex formation. The formation of 
the complex results In the burial of charged groups on 
both the protein and the DNA [4-6]. Solvent Ions that 
were Involved In charge-charge Interactions with the 
macromolecular surfaces In the unbound state are re
leased on formation of the complex Interface. This re
lease of Ions Into bulk solvent provides a  favorable con
tribution to the free energy of binding (usually thought 
to be dominated by entropy change). This gain In entropy 
of the system Is reduced as the concentration of Ions 
In bulk solvent Is Increased [7]. In conditions of high 
salt, this effect becomes negligible; therefore, halophilic 
organisms do not adopt this "Ion release” strategy to 
enhance DNA binding and recognition. As a  result, the 
slope of the curve of logKob. against log[MX] In the low 
salt range provides a  way of defining mesophilic and 
halophilic Interactions. The fit of the experimental data 
from ScTBP to Equation 1 shows that there Is a  net release 
of three to four Ions on forming a  complex with DNA

Binding studies on wild-type Pyrococcus woesel TBP 
(PwTBP) (Table 1) show the opposite effect to those on 
Sc and other mesophilic counterparts (Figure 1B), I.e., 
there Is an Increase of with Increasing salt concen
tration [Q. From fitting to Equation 1, these data describe 
a  binding event Involving a net uptake of two Ions on 
formation of the complex (Table 2). The net uptake of 
Ions In protein-DNA Interactions had not been previously 
described and, a s  such, represents a novel model for 
binding. In a previous study, mutation of a  glutamate 
residue (El 2) In the PwTBP-DNA Interface to an alanine 
was found to reduce the salt dependence of the Interac
tion compared to that of wild-type [9] (Figure 3 ^ . Using 
Equation 1, we demonstrated that there was a  net up
take of only one Ion Into the complex, compared to two 
for the wild-type protein. As DNA Is a  highly negatively 
charged polyelectrolyte and the replacement of a  nega
tively charged protein side chain with alanine caused 
the loss of a bound Ion, we concluded that the lost Ion

Key words: isothennal titration calorimetry; metal binding; protein 
recognition; TATA binding protein; salt dependence of affinity; haio- 
phlllclty
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aspects of the structure was used to identify key resi
dues for ion incorporation in the PwTBP system. A lim
ited mutation strategy was adopted to completely re
verse the characteristics of PwTBP binding to DNA. We 
have found that we can reverse the salt dependence 
of the binding constant in only three mutations. Four 
mutations give an enhanced binding effect at low sa lt 
The data demonstrate that the halophilic nature of this 
protein can be attributed to only three mutations. This 
reveals that the important phenotype of halophilicity 
could be rapidly acquired in evolutionary time. In addi
tion, the study reveals a  way in which protein engi
neering can change protein recognition that could have 
implications in biotechnological applications.

Results and Discussion

8.0

7.5
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Figure 1. Salt Dependence of Binding Data Showing LogK,*, against 
Log[NaCi] for the ScTBP DNA and the PwTBP-DNA Complex
(A) The salt dependence of binding for the ScTBP DNA interaction 
determined using quantitative DNase i footprinting [3]. The slope is 
negative, indicating net release of ions, which becomes less favor
able as the salt concentration is increased. The net change in ions 
was found to be between 3 and 4 (where a positive number indicates 
release) by fitting the data to Equation 1 using the nonlinear curve- 
fitting algorithm of the Origin software. The net change in water 
moiecuies (B) artd K ,̂ were also obtained, but the error in B is large, 
since the salt concentration regime used is well below 1 M, at which 
concentration water release becomes significant.
(B) Binding studies on the PwTBP-DNA interaction, performed at 
high salt concentrations using ITC, reveal the role of water molecule 
release form the binding site on complex formation. This is mani
fested in curvature resulting in tighter binding at higher salt ccncen- 
tratlons. The net change in ions (A) was found to be - 2  (uptake), 
and the number of waters (B) and K,̂  were 39 and 5.7, respectively. 
Osmotic stress experiments on the wiid-type PwTBP have also been 
used to verify the number of water moiecuies released on forming 
the complex [9].

was a  cation (since experiments were done with varying 
NaCl concentration, this was assumed to be Na+). Quan
tification of ion release/uptake for the ScTBP and 
PwTBP complexes and previous mutagenesis sug
gested that, despite the large number of sequence dif
ferences between PwTBP and its mesophilic counter
parts, a  relatively small number of residues might be 
involved in dictating whether the binding behavior is 
mesophilic or halophilic.

Insight from both sequence alignment and physical

Selection of Residues for Mutagenesis 
To reduce the opportunity for the uptake of cations In 
the PwTBP-DNA Interface, we attempted to Identify neg
atively charged side chains that might support ion bind
ing and would be suitable for substitution via site- 
directed mutagenesis. Comparison of the sequences 
of TBP from several halophilic and mesophilic species 
reveals several negatively charged residues that are 
present in PwTBP but replaced by uncharged or positive 
residues In the mesophilic species (Figure 2). Consider
ation of contacts and electrostatic effects of these resi
dues in the crystal structure of wild-type PwTBP re
vealed that only a  small number of these are sufficiently 
close to the DNA to be likely to modify the Ion binding 
capacity of the complex. In addition to reducing the 
cation binding capacity of the complex, mutation of an 
acidic to a  basic residue also potentially provides an 
anion binding surface in the unbound state. On complex
ation with the oligonucleotide, this site could be buried 
or strongly affected by the electrostatic field of the DNA, 
resulting in the release of anions, thereby enhancing the 
AG of binding at low salt concentrations [1].

Effect of Mutations on Salt D ependence 
of DNA Binding
The binding data that reveal the salt dependence of the 
binding constants for the interaction of mutant forms of 
PwTBP are shown in Table 1 and plotted In Figure 3A. 
In a  similar manner to the previously studied El 2A muta
tion, E128A resulted In Increased binding affinity at low 
salt concentration. The reduction in the slope of the salt 
dependence Is consistent with incorporation of approxi
mately one less cation in the complex relative to the 
wild-type. The combined effect of the double mutation 
E12AE128A is additive (Figure 3A), consistent with the 
idea that they each form Independent binding regions. 
The net ion uptake by the E12AE128A complex Is ap
proximately zero (Table 2). At low salt concentrations 
(<0.5 M), K*. of the El 2AE128A complex is largely unaf
fected by the salt concentration. At higher salt concen
trations (>0.5 M), Koto begins to increase a s  the effect 
of water release becomes more significant At very high 
salt concentrations (^^2 M), the effect of water release 
begins to dominate, and the E12AE128A complex has 
a  Koto almost equivalent to that of the wild-type complex.
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Table 1. Summary of Observed Thermodynamic Parameters from ITC Experiments for the PwTBP-DNA Interaction at 35°C

[Salt] (M) [Protein] (jiM) [DNA] OiM) N K(x10»M' ) AH (kJ/mol) AG (kJ/tnol) TAS (kJAnol)

WT 0.4 20 200 1.1 1.21 ± 0.5 110 ± 1.2 -30.0 140
WT 0.55 32 365 1.0 3.56 ± 0.5 107 ± 1.0 -32.8 140
WT 0.7 20 200 1.0 6.41 ± 0.8 108 ± 0.8 -34.3 143
WT 1.0 10 100 0.9 16.7 ± 1 111 ± 1.6 -36.7 149
WT 1.3 11 114 1.0 61.5 ± 3 100 ± 0.4 -40.1 150
WT 1.6 8 80 0.8 141 ± 8 111 ± 0.4 -42.3 153
WT 1.9 3.9 43 0.9 299 ± 34 111 ± 0.8 -43.9 155
E12A 0.2 12 120 1.3 2.99 ± 0.5 110 ± 0.8 -32.3 142
E12A 0.4 18 200 1.0 6.16 ± 0.2 111 ± 0.8 -34.2 145
E12A 0.7 12 120 1.0 23.4 ± 2 112 ± 0.8 -37.6 150
E12A 1.0 10 100 1.1 43.9 ± 2 113 ± 0.8 -39.2 152
E12A 1.6 8 80 1.0 135 ± 23 113 ± 1.6 -42.3 155
E12A 1.9 5 76 1.0 311 ± 36 111 ± 0.8 -44.4 156
E128A 0.28 20 175 1.1 1.44 ± 0.9 98.3 ± 2.2 -30.4 129
E128A 0.4 20 200 1.2 2.82 ± 0.1 100 ± 1.2 -32.2 132
E128A 0.7 14 119 1.1 9.80 ± 0.3 101 ± 0.4 -35.4 136
E128A 1.0 10 100 1.0 28.6 ± 2.6 99.0 ± 1.2 -38.1 137
E128A 1.6 10 107 1.0 105 ± 13 95.7 ± 1.0 -41.4 137
E128A 1.9 6.0 50.0 1.0 260 ± 32 94.3 ± 0.8 -43.7 138
E12AE128A 0.1 20 202 1.1 5.27 ± 0.2 110 ± 0.6 -33.8 144
E12AE128A 0.1 20 186 1.2 4.00 ± 0.1 110 ± 0.6 -33.0 143
E12AE128A 0.2 20 200 1.0 10.3 ± 0.4 109 ± 0.6 -35.5 144
E12AE128A 0.2 20 190 1.1 7.75 ± 0.3 106 ± 0.7 -34.7 141
E12AE128A 0.4 20 195 1.3 10.6 ± 0.4 109 ± 0.5 -35.5 145
E12AE128A 0.7 18 163 0.9 22.6 ± 1.6 110 ± 1.0 -37.5 147
E12AE128A 1.0 12 107 1.0 45.3 ± 2.8 95.0 ± 2.8 -39.3 134
E12AE128A 1.6 10 98 1.0 116 ± 10 96.5 ± 0.7 -41.7 138
E12AE128A 1.9 8 83 0.9 220 ± 17 88.7 ± 0.6 -43.3 132
E12AE41KE128A 0.1 10 84 0.9 53.3 ± 3.5 98.93 ± 0.7 -39.7 139
E12AE41KE128A 0.2 14 126 1.0 24.4 ± 0.9 102.2 ± 0.5 -37.7 140
E12AE41KE128A 0.4 12 104 1.0 24.5 ± 1.1 99.1 ± 0.7 -37.7 137
E12AE41KE128A 0.7 12 103 1.0 22.4 ± 1.5 103.9 ±1.0 -37.5 141
E12AE41KE128A 1.0 10 99 1.0 32.76 ± 2.3 106.8 ± 1.0 -38.4 145
E12AE41KE128A 1.6 10 100 1.1 73.21 ± 8.4 102.6 ± 1.2 -40.5 143
E12AE41KE128A 1.9 10 94 0.9 112 ± 10 94.1 ± 0.7 -41.6 136
E12AE41KE42KE128A 0.05 5 45 0.7 419 ± 90 75.5 ± 1.1 -45.0 120
E12AE41KE42KE128A 0.1 11 84 0.7 232 ± 28 82.6 ± 0.6 -43.4 126
E12AE41KE42KE128A 0.2 14 126 0.7 55.1 ± 3.5 90.1 ± 0.5 -39.8 130
E12AE41KE42KE128A 0.4 12 104 1.0 29.4 ± 2.0 94.7 ± 0.7 -38.2 133
E12AE41KE42KE128A 0.7 12 102 1.1 38.6 + 3.1 77.2 ± 0.7 -38.9 116
E12AE41KE42KE128A 1.0 12 95.0 0.8 31.45 ± 3.0 98.1 ± 1.2 -38.3 136
E12AE41KE42KE128A 1.0 12 106 1.1 43.8 ± 3.5 90.3 ± 0.8 -39.2 129
E12AE41KE42KE128A 1.3 12 107 1.1 57.4 ± 5.1 87.7 ± 0.8 -39.9 128
E12AE41KE42KE128A 1.6 10 100 0.9 78.6 ± 6.1 98.4 ± 0.7 -40.7 139
E12AE41KE42KE128A 1.9 10 94 0.9 139 ± 12 91.5 ± 0.6 -42.1 134

Data were fit using a model based on a single set of Identical binding sites after heats of DNA dilution had been subtracted. The errors shown 
correspond to the deviation of the nonlinear least squares fit to the data points on the titration curve. N Is the stoichiometry of the Interaction 
as determined by the fitting of the ITC binding isotherm.

In the mesophilic ScTBP the residues in positions 41 
and 42 are iysine and arginine, respectively. However, 
in order to simplify the interpretation of their effects on 
ion binding, we made mutations of both the PwTBP 
glutamates to iysine. The effects of ion interactions were 
found to be additive (see Table 2). The triple mutant 
E12AE41KE128A releases one ion, and the quadruple 
mutant E12AE41KE42KE128A releases approximately 
two Ions. The triple and quadruple mutants both exhibit 
the characteristic mesophilic decrease in binding affinity 
with increasing salt concentration up to 0.5 M. At high 
salt concentrations the effect of water release again 
becomes the dominant factor, emd the slope of the salt 
dependence changes sign. This behavior has been pre
dicted [1] for mesophilic systems but, to the knowledge

of the authors, has not been previously observed be
cause mesophilic DNA binding proteins are usually In
soluble at such high salt concentrations.

Effect of Mutation on Thermostability 
of the Complex
To determine whether the mutations of the PwTBP com
promised complex stability, we measured the binding 
constant and change in enthalpy for the wild-type pro
tein and the quadruple mutant at a  range of tempera
tures (Table 3). Using the Gibbs-Helmholtz relation, we 
could extrapolate thermodynamic data to the growth 
temperature range to which Pw is adapted (MOO°C). 
Rather than reduce the temperature at which the com
plex has maximum stability, we find that the mutations
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Table 2. Summary of Net Uptake or Release of Ions and Water 
in tfie PwTBP-DNA Interaction

Form Ions (A) Water (B) LogK.,

ScTBP
WT
E12A
E128A
E12AE128A
E12AE128AE42K

71 ± 88 
39 i  9 
33 ± 10

3.45 ± 04 
-2 .1 2  ± 0.3 
-1 .1 9  ± 0.3 
-1 .4 8  ± 0.3 38 ± 9 
-0 .2 9  ± 0.2 43 ± 7 
1.06 ± 0.1

El 2AE128AE41KE42K 1.69 ± 0.1
60 ± 5  
72 + 7

5.00 ± 0.6 
5.70 ± 0.2 
6.11 ±  0.2 
5.80 ± 0.2 
5.93 ± 0.1 
5.54 ± 0.1 
5.42 ± 0.1

A summary of the output from fitting Equation 1 [1] to the logKow -  
[NaCl] data for each complex using the nonlinear curve-fitting algo
rithm of the Origin software. A is the change in stoichiometry of ions 
(when A is positive, there is a net release of ions and vice versa), B 
is the change in stoichiometry of waters (positive number indicates 
release). K«, is the hypothetical binding constant at 1M [MX], where 
[MX] is the monovalent salt concentration in the absence of a contri
bution from release or uptake of water (i.e., B = 0) and the polyelec
trolyte effect alone determines the effect of [MX] on K^». Errors 
shown are based on the cumulative standard deviation of the fit.

further enhance the optimal temperature for binding to 
the DNA (Figure 3B). This reveals that the wild-type resi
dues identified in this work appear only to affect the 
halophilic binding behavior rather than increase the sta- 
biiity of the protein-DNA compiex.

Ion binding in the Formation of the 
Protein-DNA Complex
Presently, rather little is definitively established about 
monovalent ion binding in protein-DNA complexes, and 
much must be inferred from a few examples and model
ing studies. Small monovalent ions are difficult to distin
guish from water molecules in X-ray structures, e.g., 
Na+ has an identical number of electrons and is very 
similar in size to a water molecule. Monovalent ions also 
do not have specific geometric coordination require
ments and, therefore, cannot be readily identified by a 
structural motif of the biomolecule. Indeed, many water 
binding sites in crystal structures are at least partially 
occupied by small ions that escape definitive identifica
tion. The only protein-DNA complex for which monova
lent ion binding sites have been irrefutably identified is 
that of human DNA polymerase B [10]. In that study, 
experiments involving soaking with monovalent ions of 
increasing electron density (Na^, K \  and Cs+) identified 
a localized cation at the interface between the protein 
and DNA. This well-defined, cation-specific binding site 
is formed by the phosphate backbone of the DNA and 
a number of electronegative side chain and backbone 
groups from the protein.

Given that there is likely to be an invariant background 
component to our calculated numbers of ions associ
ated from those highly charged parts of TBP and DNA
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Figure 2. Sequence Alignment of Eight Representative S equences of the Conserved 0  Termini of the Archaeal and Eukaryotic TBPs 
Multiple alignments were carried out using the program ClustalW, and minor adjustments were made manually. Numbering of the PwTBP is 
shown above the sequences along with the secondary structural elements. Acidic residues are highlighted in red, and basic residues are 
highlighted in blue. Residues were identified as being involved in binding based independently on two different criteria, accessib le surface 
area (ASA) and electrostatic interaction energy (EIE), using GRASP [13]. Residues w hose ASA decreases by more than 1 Â' on complexation 
are labeled with triangles. Residues with an EIE with the DNA of more than 1 kT are labeled with squares. Isoelectric points for the conserved 
region were calculated using the ExPASy ProtParam tool. All sequences were taken from the SwissProt and the TreEMBL databases. 
Abbreviations used for the species are as follows: Pw, Pyrococcus woesei/Pyrococcus furiosus (Q57050); Tc, Thermococcusceler (056253); 
HID, Halobacterium salinarium (NRC-1) TBP-D (048325); HIB, Halobacterium saJinarium {NRC-1) TBP-B (052004); Af, Archaeoglobus fulgidus 
(029874); Mm, Methanosarcina maze! (GAG42920); Sc, Saccharomyces cerevisiae (PI 3393); Hs, Homo sapiens (P20226).



Reversai of Protein Halophilicity In DNA Binding
633

that become completely buried on formation of the com
plex, our final net release of Ions could be explained as 
a  result of the disruption of the electronegative binding 
surface of several such structurally well-defined, inde
pendent, and tight binding cation binding sites In the 
PwTBP complex proximal to each glutamate. Certainly, 
it Is possible that, over evolutionary time, the sequence 
and structure of PwTBP has evolved to create many 
such well-defined cation binding pockets near the DNA 
in order to enhance binding at high salt. However, in the 
absence of any definite experimental evidence for such 
discrete sites in PwTBP, it wouid seem to be highiy 
fortuitous if we had managed to locate four such sites 
and mutate the residues critical to the binding capacity 
of each such site, compietely eliminating their binding 
capacity in every case. A iess literal interpretation of the 
results from fitting to Equation 1 and more fluid view of 
monovaient ion binding seem s a more likely explanation 
for our success.

Structural Implications of Ion Interactions 
Recent studies of DNA itself are establishing the idea 
that Na+ ions are localized to the most eiectronegative 
parts of DNA, particularly the minor groove; yet, they are 
not immobilized, and any particular site Is only partially 
occupied [11]. Since crystallography is unable to see 
mobile ligands due to averaging of the electron density, 
much of the experimental evidence is coming from NMR 
relaxation dispersion experiments, which show a  reduc
tion in mobility of Na+ in the presence of DNA [12]. Such 
a  reduction In movement can be regarded as a  classical 
source of reduction in entropy on binding at an enthalpl- 
cally favored site. Our modeiing studies of TBP-DNA 
complexes suggest that extending this view of ions of 
restricted mobility partially occupying many sites to pro- 
teln-DNA complexes can explain our results.

Both Pw and Sc TBP-DNA complexes have a highly 
electronegative surface at the center of the complex 
created by the narrowing of the gap between the phos
phate backbones at the bend in the DNA and the dieiec- 
tric focusing effect on the DNA's fieid of the low dielec
tric protein. In wild-type PwTBP, but not In Sc or the 
quadruple mutant, this electronegativity is further en
hanced by the contribution of the protein's own field. 
Figure 4 illustrates all sites on the complex of a size 
sufficient to accommodate a  dehydrated ion and having 
a  relatively large electrostatic contribution to binding. 
This model suggests that there may be very many ener
getically similar ion binding sites near the DNA, and that 
only in a  few cases are these sites structuraily isolated. 
This would suggest that most Ions In the binding site 
could readily exchange positions. Of course, mutual re
pulsion means that only a  small number of such sites 
may be occupied by ions at any one time, with sites of 
lower potential being more likely to be occupied and all 
remaining space being filled by water. Recalling that 
many partially occupied sites are thermodynamicaiiy in
distinguishable from a single fully occupied site, we see 
that such a modei can explain our results. Comparison 
of models for wild-type and quadruple mutant proteins 
and their complexes shows many detailed local differ
ences, Including modulation of anion binding around

residues 41 and 42, that we previously hypothesized. 
The dominant net effect of each of the four mutations, 
however, is a  reduction in the cation binding affinity of 
the compiex in a  substantial region surrounding each 
of the residues. As specific binding pockets are not 
needed to explain the effects of mutations, our success 
In reversing the halophiiicity of PwTBP-DNA binding 
seem s more reasonable. The adaptation of proteins to 
salt concentration is revealed to be much simpler and 
potentially more rapid than the concerted evoiution of 
such pockets, i.e.. In our model any Individual mutation 
affecting the electrostatic field near the DNA has an 
Incremental and additive effect on binding.

Biological Implications

When facing a  change in its environment, an organism's 
existing proteins must be adapted by mutation of amino 
acids in order to maintain function under the prevailing 
conditions. The significance of individual residues to 
the particular environmental adaptation is not obvious 
among the mass of changes that occur over evolutionary 
time. Here we Investigated this effect with respect to 
haiophilic binding of a  general transcription factor found 
in both eukaryotes and archaea. TBP from Pyrococcus 
woesei (Pm  ̂ Is adapted for optimal binding to DNA at 
high salt and high temperature. Thirty-four percent of 
the amino acids In this protein are altered in comparison 
to Its nearest known mesophilic counterpart To Identify 
the residues directly Involved In providing the capability 
to specifically bind to DNA under extreme salt concen
trations, we made mutations of amino acids at selected 
sites and meaisured the thermodynamic parameters as
sociated with binding. The mutation of three acidic resi
dues in the binding site changed the binding character 
to that of a  mesophilic protein similar to that observed 
for the yeast form of the TBP. Four mutations gave 
an even more enhanced reversal of halophilic nature. 
Mutation of the residues to change halophilic behavior 
did not compromise the protein-DNA complex stability.

The potential to reverse the halophilic nature of 
PwTBP in three mutations has significant Impiications in 
the biological understanding of the interaction of TATA 
binding protein. It is perhaps surprising that the recogni
tion of Its cognate DNA by a  protein such as TBP, which 
plays a  fundamental role In gene transcription, can be 
radically adapted by the interactions of so few residues. 
In addition, the significant differences between the pri
mary sequences of the PwTBP and mesophilic counter
parts can only be explained limitedly by the reversal 
of halophilicity. The large difference In optimal growth 
temperatures between Pw and Sc are undoubtedly ma
jor factors In defining the remaining differences between 
their TBP proteins. However, the simplicity of the fea
tures governing haiophiiic versus mesophilic binding 
may be generaliy important in blotechnoiogical attempts 
to modify proteins to function under different conditions.

Experimental Proceduree 

PwTBP Expreaeion and Purification
Full-length PwTBP was expressed and purified using a  17 polymer
ase-based expression system (Novogen) In E. coil and a  two-oolumn
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Figure 3. Sait Dependence Data and Extrapolated Thermodynamic Parameters for the Wild-Type and Mutated PwTBP Complexes
(A) LogK^M against log[NaCI] for the wild-type and mutated forms of the TBP-DNA interaction determined by ITC. Equation 1 [1] has been fit 
to the logKobi against log[NaCI] data in an identical manner to the wild-type complex (black) to quantitate the effect of charged residue 
mutations on the binding behavior. The effect of the El 2A mutation (red line) was to reduce the cation uptake by the complex from two to 
one ion, as previously described [9]. The orange line show s that mutation El 28A also reduces the net number of ions taken up by forming 
the complex. The effect of combining the El 2A and E128A mutations (purple line) is additive, and the approximate net uptake of ions by the 
double mutant complex is 0. The for the combined mutant El 2AE128A is almost independent of salt concentration up to about 0.5M 
NaCl. At higher Nad concentrations the increase in binding is entirely due to the entropie effect of released waters (see legend to Figure 1). 
Shown in green are data for the triple mutant form of PwTBP containing the charge reversal E42K plus the E12AE128A charge removal mutations. 
The combined effect Is to produce a net release of ions (where A = +1) on forming the complex and reversing the direction of the slope of the 
salt dependence profile to that of the mesophilic species Sc (see Figure 1). Finally, the blue line shows data for the quadruple mutant
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Table 3. Summary of Observed Thermodynamic Parameters from ITC Experiments for the PwTBP-DNA Interaction at 1 M NaCl

Form Temp (°C) [Protein] (^M) [DNA] (jjlM) N K(X10*M-') AH (kJ/mol) AG (kJ/mol) TAS (kJ/mol)

WT 35 10 100 0.86 16.7 ± 1.0 111 ± 1.6 -3 6 .7 149
WT 40 10 103 1.11 22.6 ± 1.8 94.5 ± 0.8 -3 8 .4 133
WT 45 10 103 1.02 42.1 ± 6.2 82.3 ± 1.3 -4 0 .3 123
WT 50 10 103 1.10 75.7 ± 5.5 61.7 ± 0.4 -4 2 .5 104
WT 55 10 103 1.32 95.8 ± 18.6 43.4 ± 0.8 -4 3 .8 87.2

E12AE41KE42KE128A 25 10 102 1.05 9.56 ± 0.60 115 ± 1.5 -34 .1 149
E12AE41KE42KE128A 30 10 102 0.98 28.0 ± 1.4 101 ± 0.7 -3 7 .4 138
E12AE41KE42KE128A 35 12 106 1.07 43.8 i 3.5 90.3 ± 0.8 -3 9 .2 129
E12AE41KE42KE128A 40 10 102 0.91 76.0 ± 6.0 84.8 ± 0.6 -4 1 .2 126
E12AE41KE42KE128A 45 10 102 0.97 135 ± 17 72.7 ± 0.7 -4 3 .4 116

Data were fit using a model based on a single set of identical binding sites after heats of DNA dilution had been subtracted. The errors shown 
correspond to the deviation of the nonlinear least squares fit to the data points on the tiration curve. N is the stoichiometry of the interaction 
as determined by the fitting of the ITC binding isotherm.

Atom potentials -B.nnn n.nnn K.ono *

F41. F 4 ?

Figure 4. Modeled Ion Binding Sites in the 
Wild-Type and El 2AE41KE42KE128A Qua
druple Mutant PwTBP-DNA Complexes 
Showing Sites with an Absolute Potential 
Greater than 6 kT/e and Color Coded by Elec
trostatic Potential (See Experimental Proce
dures)
(A) Wild-type highlighting residues El 2 and 
D101.
(B) The other side of the wild-type complex 
higWighbng residues 41, 42. and 128.
(C and D) The sam e views for the quadruple 
mutant. Note that D101 has no nearby cation 
sites and has been previously found to have 
no effect salt dependence of binding.

41K, 42K

form of the PwTBP containing two charge reversals (E41K and E42K) and the two charge replacement mutations (El 2A and El 28A) previously 
described. Overall, the net change in stoichiometry of ions for the quadruple mutant is the release of two ions compared to uptake of two 
ions in the wild-type complex (i.e., a net difference of four Ions). The output from the fitting is summarized in Table 3.
(B) Extrapolation of AG for the wild-type PwTBP and the quadruple mutant complex to predict the effect the mutations have on the stability 
of the complex with DNA at the optimum growth temperature of the Pyrococcus woesei (~100°C). ITC experiments were carried out over a 
range of temperatures (25°C-55°C), and extrapolation of the thermodynamic parameters based on the temperature dependence of the enthalpy 
of the interaction (ACp) w as carried out using the Gibbs-Helmholtz relation in the form; AG° bind (TJ = AH(TJ -  T„[[AH(T) -  AG°(T)J/T + 
ACplnOryT)], where AH is the enthalpy change, AG" bind is the AG" of binding, T. = 298 K, and T is the absolute temperature. The extrapolation 
shows that the El 2AE41KE42KE128A quadruple mutant complex has an even higher temperature of minimum AG° bind, i.e., the temperature 
at which the complex is most stable.
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ion exchange technique as previously described [9]. Heating the 
cell lysate to 85°C for 20 min precipitated the majority of the cell 
proteins. The soluble fraction containing the TBP was then precipi
tated by 70% ammonium sulfate solution and fractionated on a 
hydroxyapatlte (HA-Uitrogel; Sigma) foliowed by a  Q Sepharose 
(Pharmacia) column. The wild-type pwTBP was eluted from the hy
droxyapatlte column at 150 mM KHfO^ (pH 6.8) using a 1-250 mM 
KH2PO4 gradient and from the Mono Q column at 250 mM KCL and 
20mM TrIs-HCL (pH 7.5) using a 50 mM-1.0 M KCI gradient. The 
hydroxyapatite and the Q Sepharose coiumns were run at pH 7.5 
and 8.0 for the triple, and at pH 8.0 and 8.5 for the quadruple, mutant, 
respectively, due to their Increased Pi, 5.62 and 6.62, respectively, 
relative to the wlld-type. Protein concentrations were determined 
using an of 11.05 mM~’ cm"', calculated from the Individual 
extinction coefficients of aromatic residues and disulphides In the 
protein. Site-directed mutagenesis of the wIid-type (WT) PwTBP 
was carried out using the QuikChange Site-Directed Mutagenesis 
Kit (Stratagene) according to the manufacturer’s Instructions. Plas
mids were sequerrced (Oswel Sequencing Service) to verify the pres
ence of correct mutations and the absence of random point muta
tions.

DNA Preparation
Binding experiments were carried out using 20-mer DNA duplex 
synthesized by standard solid phase methods (Oswel DNA Service). 
Concentrations of each strand were estimated using a calculated 
e»o of 201.1 mM ' cm ' for strand A (CTGCACTTTAAAAAGACGTC, 
where the binding site Is underlined) and 197.1 mM"' cm"' for strand 
B (GACGTC1 r r t tAAAGTCCAG). An equimolar mixture was an
nealed by slow cooling from 100°C to room temperature. UV melting 
experiments showed that the DNA duplex had a  single cooperative 
melting transition with a T„ well above the temperature used in the 
subsequent binding experiments.

Isothermal Titration Calorimetry (ITC)
rrc  experiments were conducted on a VP ITC (Microcal, Northamp
ton, MA) as previously described [8]. Experiments were performed 
at 35°C. Data for Figure 3B were collected In 1 M NaCl in the tempera
ture ranges 35°C-55°C (wlld-type) and 25°C-45°C (quadruple mu
tant). The data were analyzed using the ORIGIN software supplied 
with the calorimeter. Titrations were performed In 10 mM MOPS 
(3-[N-morpholirto]propanesulphonlc add) (pH 7.0) and Nad within 
the range 0.05-1.9 M. Experiments were carried out in the absence 
of divalent Ions, which, although they are also known to bind, have 
a significant effect at corxrentrations of salt below the physiological 
range used in this study [3].

Visualization of Possible Ion Binding Sites 
Structural images were created using the GRASP package [13]. In 
order to create a better representation of the local electrostatics of 
the structure, we Implemented the AMBER partial atomic charges 
[14] as GRASP format CRG files for both protein and DNA (httpV/ 
WWW. biochem. ucl.ac. uk/~ williams/grasp_enhancements/grasp. 
htmi). These “second generation” charges are an all atom set; con
sequently, it was necessary to build hydrogen atoms on to the 
crystallographic structures of Pw (Protein Data Bank entry 1 als [15]) 
with tfte 5-ldouracll remodeled by hand as thymine and Yeast TBP 
(Protein Data Bank entry lytf [16D In order to use them. Hydrogens 
were built onto the structures using the standard addhydrogens 
script In CNS version 1.0 [17], with the protonation state of histidine 
being determined from hydrogen bonding pattems in the original 
structures. The electrostatic potentials were calculated using the 
standard biomolecular dielectric of 2.0, solvent protre radius of 1.4, 
and dielectric of 80.0. The salt concentration was 1 M. Since our 
objective was to identify possible Ion binding sites on the blomolec- 
ules, we specifically excluded salt from the surface of the protein 
and DNA In the Polsson-Boitzmann calculation by increasing the 
Ion probe radius to 6 A (approximately the radius of an Ion and its 
first solvation shell). This has the effect of including the Important 
Debye screening effect of the high salt concentration while not 
masking the local electrostatics of possible Ion binding sites.

Almost all space on and within biomolecules Is filled with water 
[18]. When an Ion binds to a biomolecule, at least one water molecule

is displaced, and the Ion utilizes the local polar groups to compen
sate for the (partial) loss of Its tightly bound hydration shell. We 
have filled the biomolecular surface, clefts, and cavities with spheres 
representing water molecules/ions In order to visualize the spaces 
into which Ions may bind. The methodology for water/ion placement 
has been previously described In detail [18] and differs here only in 
that the minimum acceptable radius for a local pocket to be consid
ered as a  possible binding site Is Increased to 1.2 A to take account 
of the slightly larger size of the ions compared to water moiecuies.
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