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PDB Protein Data Bank

PGK Phosphoglycerate kinase
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SsALD Sulfolobus solfataricus KDG-aldolase

TIM Triosephosphate isomerase

TmTIM Thermotoga maritima TIM

TtxTIM Thermoproteus tenax TIM

VmTIM Vibrio marinus TIM

YeTIM Yeast TIM



ABSTRACT

Comparative structure studies of hyperthermophilic proteins and mesophilic

counterparts are beginning to shed light on the mechanisms of protein

thermoadaptation. To date these have focussed on proteins isolated from

organisms with growth optima ranging from 15 to 80°C, but a few studies have

included a family member stable at 100°C and above. Triosephosphate

isomerase (TIM) is a usually homodimeric enzyme which has been

extensively characterised, and having a central metabolic role, is a good

candidate for such a comparative study. This thesis describes the first

structures of Archaeal TIMs, from the hyperthermophiles Pyrococcus woesei

(growth optimum at 100°C) and Thermoproteus tenax (growth optimum at

85°C), both of which are tetrameric. PwTIM was solved by MAD-phasing and

TtxTIM was solved by molecular replacement using the refined PwTIM

structure as the phasing model. The extreme thermostability of PwTIM and

TtxTIM seems to be achieved through the formation of a tetramer where two

classical TIM dimers interact via an extensive hydrophobic interface. The

TtxTIM has some features in common with the less thermostable TIMs and

some in common with the PwTIM, but there is no role for ion-pair networks in

the thermoadaptation of this family.

A third protein was studied, the 2-keto-3-deoxygluconate aldolase from

Sulfolobus solfataricus (growth optimum at 80°C), which catalyses C-C bond

formation using non-phosphorylated substrates. The SsALD structure was

solved by MAD-phasing and confirmed the previous prediction that it was a

member of the N-acetylneuraminate lyase subfamily of the Type 1 aldolases,



allowing a limited comparative analysis with other members of the NAL

subfamily to identify features of thermoadaptation.
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Chapter 1. Introduction

1.1 Overview

Hyperthermophilic organisms inhabit environments of extreme temperatures,

sometimes in excess of 100°C. The proteins produced by these organisms

typically have much higher intrinsic thermal stabilities than their mesophilic

counterparts and yet retain the same protein fold characteristic to a particular

family of proteins (Jaenicke & Bohm, 1998). The research undertaken in these

studies is aimed at identifying the structural features that may confer protein

thermostability. The elucidation of hyperthermophilic protein structures by X-ray

crystallography, and subsequent comparative analyses of proteins from

organisms that thrive at different temperatures, form the basis of the study.

There are obvious biotechnological applications of the understanding of the

mechanisms involved in protein thermostability. Thermophilic proteins are

intrinsically stable and active at high temperatures, and once expressed in a

mesophilic host, they are easy to purify by heat treatment. They are also often

resistant to chemical denaturants, and reactions occurring at high temperatures

allow for higher substrate concentrations, reduced risk of microbial

contamination, and in some cases, higher reaction rates (Chang et at., 1999,

Adams & Kelly, 1998). Thermostable proteins are already used commercially,

particularly in molecular biology (Berquist & Morgan, 1992). Taq polymerase,

used in PCR, was isolated from the thermophilic bacterium Thermus aquaticus

(Lawyer et ai, 1989) and thermostable DNA ligases are also utilised in molecular

biology techniques. The processing of starch involves thermostable a-amylases

(Niehaus et al., 1999), and there are many uses for thermostable enzymes in
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paper bleaching and cellulose degradation (Bok et al., 1998, Ruttersmith &

Daniel, 1991). To date, only one chemical synthesis process uses a

thermostable enzyme industrially, and that is thermolysin in the production of the

dipeptide aspartame (Katchalski-Katzir, 1993). However, there are many other

potential processes in which thermostable proteins could be exploited (Vieille &

Zeikus, 2001, Hartley et al., 2000). Therefore, it may be desirable to engineer

highly thermostable enzymes with higher optimum reaction temperatures. The

understanding of thermostability is also of great interest fundamentally as in

order to have optimum stability at extreme temperatures, enzymes must also

fold, assemble, and function at these temperatures. Determining the underlying

mechanisms of protein thermostability may shed some light on the possible

processes involved in the assembly of proteins. In addition to the direct

application of thermostable enzymes in industrial processes, there are also the

developments in directed evolution to consider. A powerful tool in protein

engineering, this method is often used to produce more thermostable proteins

(Schmidt-Dannert & Arnold, 1999), or to develop thermostable proteins with high

activities at lower temperature (Giver et al., 1998, Zhao & Arnold, 1999).

This particular study focuses on the structures of hyperthermophilic alpha/beta

barrel proteins, which is one of the most common folds in Nature, encompassing

approximately 10% of all structurally determined proteins, and catalysing a

myriad of reactions (Reardon & Farber, 1995). There have already been

reasonably successful examples of directed evolution experiments using

alpha/beta barrel proteins to evolve 'new' substrate specificities and catalytic

sites (Altamirano et al., 2000; Fong et al., 2000, Wymer et al., 2001). The
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versatility of this particular scaffold coupled with stability at extreme temperatures

opens up new avenues in the drive to create novel catalysts.

This research will focus on the X-ray crystallographic analysis of the central

metabolic enzyme triosephosphate isomerase (TIM) from two hyperthermophilic

Archaea - Pyrococcus woesei (PwTIM), which is a strictly anaerobic,

heterotrophic euryarchaeote growing optimally at 100°C and neutral pH (Zillig et

al., 1987), and Thermoproteus tenax, (TtxTIM), a crenarchaeote with a growth

optimum of 85°C (Zillig et al., 1981), and the enzyme 2-keto-3-deoxygluconate-

aldolase from Sulfolobus solfataricus (SsALD), a crenarchaeote which grows

optimally at 80-85°C (Grogan, 1989). All three enzymes are examples of

hyperthermophilic alpha/beta barrels.
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1.2 Comparative Structure Studies

In order to determine features that may be important in conferring protein

thermostability, the crystallographic approach involves comparative structure

studies. The crystal structures of equivalent enzymes from organisms that exist

across a range of temperatures are compared, and differences that may affect

thermostability are highlighted. There are four categories of organisms that are

used in these studies: (i) psychrophiles, which have optimum growth

temperatures in the range of 0 -15°C; so far only three structures of proteins from

psychrophilic organisms have been reported (Russell eta/., 1998, Aghajari etai,

1998; Alvarez et al., 1998), (ii) mesophiles, which have an optimum growth

temperature of 37°C; (iii) moderate thermophiles, which include many bacterial

species, and thrive in the range of 55 - 80°C; (iv) hyperthermophiles, which

include some bacteria and many Archaeal species, exhibiting optimum growth at

temperatures above 80°C. More recently the expanding database of mesophilic,

thermophilic and hyperthermophilic protein structures has been subject to a

systematic statistical analysis to elucidate 'rules' involved in conferring thermal

stability (Szilagyi & Zavodszky, 2000), but for this approach to be successful,

more proteins from hyperthermophilic organisms (optimal growth temp > 80°C)

need to be determined.

There are limitations to this comparative approach in that often it is assumed that

the thermal stability of the protein corresponds directly with the growth

temperature of the organism from which it came, but this is not always the case

(Vihinen, 1987, Chang et al., 1999). Secondly, much of the structural data

available for comparisons were obtained before current refinement libraries were
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widely used (Engh & Huber, 1991), and it will be some time before these

structures are re-evaluated using the same criteria, allowing the comparison of

like with like. In addition to this, different researchers have different strategies for

structure determination and model refinement, all of which can lead to variability

in the final model. Another consideration is that the study of crystal structures

limits the researcher to the interactions involved in maintaining the structural and

functional integrity of the folded protein and not necessarily those involved in the

folding processes themselves (Usher et al., 1998). Lastly, we have limited

information on the proteins in vivo. Crystal structures are often not obtained

under physiological conditions, with the crystals grown at a pH very different to

the physiological pH, and data are collected at low temperatures, ranging from -

180°C to room temperature. Packing within the crystal is also a non-

physiological phenomenon, which may be misleading. Although proteins from

hyperthermophilic organisms are usually more stable than those from mesophilic

organisms, other factors such as stabilisation by the substrate (Wilquet et al.,

1998), external pressure (Michels & Clark, 1997, Vieille & Zeikus, 2001), and

high concentrations of metabolites including inositol (Scholz et al., 1992) and

cyclic 2,3-diphosphoglycerate (Shima et al., 1998) may also play a role in

stabilising proteins in thermophiles.
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1.3 The Archaea

All living organisms are believed to have evolved from an ancient, unicellular

ancestor. There are three domains that are accepted as representing all

organisms; the Archaea, Bacteria and Eukarya. Originally, the Archaea were

termed archaebacteria because they resemble bacteria in size, and contain a

single circular chromosome (Keeling & Doolittle, 1995). However, Archaea lack

peptidoglycan, a feature used to define prokaryotes. There are other features

that suggest a special relationship between the Archaea and Eukarya including

shared resistance or sensitivity to various antibiotics, the presence of transfer

RNA introns, and some similarity in transcription.

The domain Archaea was recognised as a domain of life in 1977, largely through

the work of Carl Woese (Woese & Fox, 1977), who characterised the Archaea as

a distinct group on the basis of 16S and 18S ribosomal RNA comparisons

(Figure 1.1). The method for determining phylogenetic position is through

comparisons of small subunit ribosomal RNA, a molecule that is encoded by all

genomes. It is conservative in function and rate of change, and was thought

unlikely to be exchanged between lineages by horizontal gene transfer because

its function is so fundamental (Doolittle, 1996). As Woese and Fox put it 'to

determine relationships covering the entire spectrum of life, one needs a

molecule of appropriately broad distribution - ribosomal RNA.' However, the

currently accepted universal tree of life has recently been questioned after the

discovery that each domain appeared to be a mosaic of the others in terms of

gene content, and is a hotly-debated issue amongst evolutionary biologists

(Doolittle, 1999, Forterre & Philippe, 1999, Aravind et a!., 1999, Kyprides &
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Olsen, 1999).

Figure 1.1. Rooted universal phylogenetic tree based on 16S ribosomal RNA data (Woese,

1987).

Most extremophilic organisms such as extreme halophiles, extreme thermophiles

and methanogens belong to the Archaeal domain, although this picture is

changing through the use of nucleic-acid sequencing techniques (DeLong, 1997).

Fewer than 0.1% of the microorganisms in a soil sample can be cultivated, which

means that the phylogenetic trees constructed from rRNA sequence

comparisons are not representative of the possible diversity of the Archaea.

However, instead of cultivating the organisms in a sample, direct comparisons

can be made of nucleic acids extracted from mixed microbial populations. These

comparisons have uncovered considerable diversity in the domain Archaea.

Previously the Archaea were thought to thrive solely in extreme habitats, but the

discovery of freshwater mesophilic Archaea (Schleper et a!., 1997, DeLong,
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1998) has demonstrated that the Archaea may not be limited to such specialised

environments. Interest in the Archaea is mostly due to their ability to occupy

extreme environments, which may offer some clues about early evolutionary

divergence. The extreme conditions in which many of the Archaea do thrive

make them well suited to the type of environment thought to exist during early life

on earth. The similarities between some of the cellular processes of Eukaryal

and Archaeal organisms make the Archaea useful models for studying non-

complex biochemical and cellular processes. As well as the phylogenetic

reasons, the Archaea are of interest because of their biotechnological potential.

The possible applications of thermostable proteins have been discussed here

and elsewhere (Cowan, 1992, Herbert, 1992, Adams & Kelly, 1998, Vieille &

Zeikus, 2001). Finally, there is sustained interest in the Archaea because the

study of their proteins can provide information on the structural basis of

adaptation to extreme environments such as high temperature, high salt

concentration, pressure and extreme pH.
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1.4 Triosephosphate Isomerase (TIM)

1.4.1 Introduction

One of the proteins used as a model in this research is the glycolytic enzyme,

triosephosphate isomerase (TIM). Enzymes of central metabolism make good

candidates for comparative studies owing to their ubiquity across the three

domains of life, and specificity for the same substrate. The enzymatic

mechanism of TIM has been chemically and structurally studied in detail, and

there are currently ten TIM crystal structures available from psychrophilic,

mesophilic, thermophilic, and hyperthermophilic organisms, although to date no

Archaeal hyperthermophilic TIM structure has been reported. The following

mesophilic TIM structures are available (EC 5.3.1.1): chicken (ChTIM - (Banner

et al., 1975)), yeast (YeTIM - (Lolis et al., 1990)), Trypanosoma brucei (TbTIM -

(Wierenga et al., 1991b)) and recently T. cruzi (Maldonado et al., 1998),

Escherichia coli (EcTIM - (Noble et al., 1993)), human (HuTIM - (Mande et al.,

1994)), Plasmodium falciparum (PfTIM - (Velanker et al., 1997)), and

Leishmania mexicana (LmTIM - (Williams et al., 1999)). There are three

extremophilic TIM structures reported, each from bacterial hosts: the

psychrophile Vibrio marinus which has a growth optimum at 15 °C (VmTIM -

(Alvarez et al., 1998)), the thermophile Bacillus stearothermophilus with an

optimum at 65 °C (BsTIM - (Delboni et al., 1995)), and most recently the

hyperthermophilic bacterium Thermotoga maritima, which is a strictly anaerobic

bacterium with an optimum growth at 80 °C (TmTIM - (Maes et al., 1999)). The

amount of structural information available on TIMs from a variety of sources

makes the enzyme a good model for comparative analysis.
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1.4.2 Metabolic Role

TIM is a ubiquitous usually homodimeric enzyme that catalyses the

interconversion of dihydroxyacetone phosphate (DHAP 1) and D-

glyceraldehyde3-phosphate (D-GAP 3) during glycolysis (Figure 1.2). The

reaction proceeds via an enediol intermediate (2).

Figure 1.2. The reversible isomerisation reaction catalysed by TIM with Glu 144 being the

catalytic base, and His 96 the catalytic acid. Reproduced from Joseph-McCarthy et al., 1994.

The negative charge on His 96 in the stabilisation of the intermediate is questioned.

TIM is an extremely efficient enzyme, with the rate of reaction limited by the rate

of diffusion; the TIM-catalysed isomerisation occurring 1010 fold faster than the

non-enzymatic base catalysed conversion (Lodi & Knowles, 1991).

1.4.3 Structure

TIM is usually a dimeric enzyme, and its structure is highly conserved across the

domains of Bacteria and Eukarya. Each TIM monomer consists of approximately

250 amino acids forming an eightfold repeat of a [p-strand, loop, a-helix, loop]

motif. The pa-units fold in such a way that the p-strands (p 1 -p8) form an eight-

2 3
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stranded p-barrel, surrounded by eight a-helices (a1-a8) on the outside (Figure

1.3). This folding motif is also referred to as the TIM barrel motif.

All known eukaryal TIMs are homodimers, as are all the bacterial TIMs with the

exception of Thermotoga maritima TIM, which exists as a bifunctional fusion

protein within the organism itself, with the N-terminus of TmTIM covalently linked

to the C-terminus of phosphoglycerate kinase (PGK) (Schurig et al., 1995). The

wild-type protein is a tetramer consisting of four PGK-TIM chains. The TmTIM

structure described by Maes (Maes et al., 1999) is derived from an engineered

TmTIM that exists separately from PGK, still retaining high intrinsic

thermostability, but with slightly lower catalytic efficiency at elevated

temperatures (Beaucamp et al., 1997). The crystal structure of this TIM has

recently been reported (Maes et al., 1999), and found to be tetrameric, with

disulfide bonds linking 2 classical TIM dimers.

Within the TIM-barrel, most of the active site residues and catalytic residues are

found in the loop regions connecting the C-termini of the p-strands to the N-

termini of the a-helices (Figure 1.3). The catalytic acid His 96 is found on loop 4

(where loop n is the loop connecting pn to an), while the catalytic base (Glu 144)

is located on loop 6. The phosphate binding sites (Lys 14, and main chain NH

groups) are situated on loops 1, 6 and 7, and helix 8 (Lolis & Petsko, 1990, Noble

et al., 1991, Davenport et al., 1991, Wierenga et al., 1991a).
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Figure 1.3. Stereo diagram of a TIM monomer. Catalytic residues are shown and labelled

according to the Pyrococcus woesei sequence.

The subunit interface of the TIM dimer is formed mainly by loops 1, 2, 3 and 4

(Figure 1.3). The protruding loop 3 of one subunit docks into a deep hydrophobic

pocket between loop 1 and loop 4 of the other monomer near the active site

(Schliebs et at., 1996).

As mentioned previously (1.1), the TIM-barrel fold represents a stable framework

able to tolerate large sequence variations, and as well as being exploited in

directed evolution experiments, it has also been used as a scaffold to design

loops (Borchert et at., 1993, Thanki et at., 1997).

1.4.4 Reaction Mechanism

The kinetics and energetics of the TIM-catalysed isomerisation are well

established (Albery & Knowles, 1976) with Glu 144 removing the pro-R proton

from C1 of DHAP, and the neutral His 96 polarizing the carbonyl group of the

substrate (Nickbarg et at., 1988, Nickbarg & Knowles, 1988, Lodi & Knowles,
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1991). Other residues in the active site have also been implicated in catalysis,

including Lys 14 which provides the positive charge required for substrate

binding (Lodi et al., 1994). Another feature of the reaction mechanism is the

"flexible" loop. Upon binding of the substrate, an 8-11 residue loop (loop 6)

region undergoes a conformational change, whereby it moves 7A as a rigid "lid"

to close over the active site. This closed conformation stabilises the charged

intermediate (Joseph-McCarthy etal., 1994, Derreumaux & Schlick, 1998).

1.4.5 P. woesei TIM and T. tenax TIM

TIM from the hyperthermophilic Archaea Pyrococcus woesei and Thermoproteus

tenax differ from the other TIMs already mentioned in that they have a much

shorter monomeric sequence length of 228 and 226 amino acids respectively

(Kohlhoff et al., 1996, Schramm, 1999) which is 20 residues shorter than any of

the structurally determined TIMs. Other hyperthermophilic Archaeal TIMs also

have short monomeric lengths, but it is unsure whether this is an Archaeal

feature, or a feature of thermostability, or both (Kohlhoff et al., 1996). In addition

to the short monomeric sequence length, ultracentrifugation and gel filtration

experiments have suggested that PwTIM exists as a homo-tetramer (Kohlhoff et

al., 1996). The experiments were carried out on purified PwTIM that had

undergone a substantial heat-step as part of the purification (90°C for 30

minutes), but it is unknown whether PwTIM exists as a tetramer at its

environmental temperature of 100°C. The bacterial and eukaryal TIMs (with the

exception of Thermotoga maritima PGK/TIM fusion protein) exist as homodimers,

and it has been proposed that a higher oligomeric state could be a feature of

thermostability, due to a reduction in exposed surface area and increased
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intersubunit contact (Jaenicke & Bohm, 1998, Villeret et al., 1998, Vieille &

Zeikus, 2001). The same molecular mass-determining experiments were also

performed on TIM from the mesophilic Archaeon Methanobacterium bryantii and

indicated a homodimer, providing some evidence that the tetrameric association

of PwTIM is not simply an Archaeal feature (Kohlhoff etai, 1996).

The bacterial and eukaryal TIMs that have been structurally determined all share

significant homology, with an average sequence identity of -40 % (including the

TmTIM). PwTIM, however, has rather low sequence homology with other known

TIMs. Pairwise comparisons with the structurally determined TIMs range from

21% identity (B. stearothermophilus) to 27% (T. brucei). Even with the tetrameric

TmTIM, sequence identity is only 22% (Figure 1.4). In contrast, the identity

between the TtxTIM and PwTIM is 52%. The two Archaeal TIMs have a large

apparent deletion (Figure 1.4) compared to the bacterial and eukaryal TIMs

occurring in the region containing a large part of helix 5 and the following loop

(Figure 1.3). This region may be involved in the formation of the tetramer; helix 5

is the location of interactions in the tetramer association of TmTIM (Maes et al.,

1999).

Pyrococcus woesei grows optimally at 100°C, and Thermoproteus tenax at 85°C.

As mentioned previously, proteins from hyperthermophilic organisms do not

always function optimally at the growth temperature of the organism. However,

both PwTIM and TtxTIM are very thermostable, with PwTIM having a half-life of

inactivation of 1775 min at 100°C (Schramm et al., 2001), and TtxTIM has a half-

life of inactivation of 30 min at 95°C (Schramm, 1999), 10 degrees above the
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optimum growth temperature of the organism. This is compared to a half-life of

11.5 min at 94°C for TmTIM (Alvarez et al., 1999). The optimum temperatures

for catalytic activity of the enzymes are difficult to determine due to the

susceptibility of the substrate (dihydroxyacetone phosphate) to heat-degradation.
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1.5 KDG-Aldolase

1.5.1 /V-acetylneuraminate Lyase (NAL) subfamily

The 2-keto-3-deoxygluconate aldolase from Sulfolobus solfataricus is a member

of the A/-acetylneuraminate lyase subfamily of proteins (Buchanan et al., 1999).

Aldolases can be classified as type I aldolases in which a Schiff base is formed

with the donor substrate and an active-site lysine, or type II aldolases which

require a metal-ion cofactor. The A/-acetylneuraminate lyases are a subfamily of

the type I aldolases. The NAL subfamily of proteins share a common catalytic

step but perform catalysis in different biochemical pathways (Babbit & Gerlt,

1997). Each NAL subfamily member forms a Schiff base between a strictly

conserved lysine and the C2 carbon of the common a-keto acid moiety of the

substrate (Lawrence et al., 1997, Blickling et al., 1997), and they also possess

other strictly conserved residues involved in stabilising the intermediate enzyme-

substrate complex. To date there have been 6 distinct subfamily members

identified; the archetype NAL, dihydrodipicolinate synthetase (DHDPS), D-5-keto-

4-deoxyglucarate dehydratase, frans-o-hydroxybenzylidenepyruvate hydrolase-

aldolase, fra/7s-2'-carboxybenzalpyruvate hydratase-aldolase (Iwabuchi &

Harayama, 1998), and KDG-aldolase (Buchanan et al., 1999). Of these distinct

members, there are currently three structurally determined enzymes; E. coli NAL

(EcNAL (Izard et al., 1994)), Haemophilus influenzae NAL (HiNAL (Barbosa et

al., 2000)), and E. coli DHDPS (Mirwaldt et al., 1995).
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1.5.2 Structure

Each structurally determined NAL subfamily member exists as a homotetramer,

with monomeric sequence lengths of -290 residues. The monomers are all

(p/a)8-barrels, with an additional 3 a-helices at the C-terminus (Figure 1.5). The

conserved lysine is situated on (3-strand 6, additional residues involved in

coordinating the substituent groups of the substrate are located on loop 2 and

loop 7, and Tyr 130, another secondary substrate-binding residue is located on

p-strand 5 (Barbosa et al., 2000). Tetramer interface residues are found on

loops 2, 4 and 5, and on helices 2, 3, 6 and 7 (Barbosa et al., 2000, Blickling et

al., 1997). There is also a strictly conserved salt bridge anchoring the C-terminal

helices to the rest of the barrel, between Glu 54 and Arg 261.

a4 a4

■X3J 1 «5 jT V i-» <J w ..

-gMsl - 3c Jtesr
< Hifk ■' *3 cST »6wK\ *3
e rs > m cj fs :>■m
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v^ir x \JBr , ,>
^ , gf"''

Figure 1.5. Stereo diagram of a KDG-aldolase monomer, with all secondary structure elements

labelled. The conserved lysine that forms a Schiff base with the substrate is shown, as is the

conserved salt-bridge tethering the C-terminal a-helices to the rest of the barrel.
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1.5.3 Reaction mechanism

NAL itself catalyses the aldol cleavage of /V-acetylrieuraminate to form N-

acetylmannosamine and pyruvate (Figure 1.6a), DHDPS catalyses the

condensation of pyruvate with L-aspartate p-semialdehyde to form

dihydrodipicolinate (Figure 1.6b), and KDG-aldolase catalyses the cleavage of 2-

keto-3-deoxygluconate to form pyruvate and glyceraldehyde (Figure 1.6c). Each

reaction is reversible, and proceeds via a Schiff base intermediate formed

between the conserved lysine and the common a-keto acid moiety of the

substrate (or product in the case of DHDPS).

Mechanistic studies have been carried out with the NALs from E. coli and H.

influenzae, and the E.coli DHDPS. Complexes of EcNAL and DHDPS with

pyruvate, and HiNAL with substrate analogs, have shown the existence of a

highly conserved structural motif associated with Schiff base formation (GxxGE).

In both the complexed structures a covalent link is seen between the C2 of

pyruvate and the amine nitrogen of the strictly conserved lysine residue (Blickling

et al., 1997, Lawrence et al., 1997). The active sites of the members of the NAL

subfamily are divided into 2 groups: a primary conserved group of amino acids

that are involved in the binding of the a-keto acid moiety of the substrate and the

aldol cleavage/condensation reaction step, and a secondary group of residues

associated with binding the rest of the substrate (Barbosa et al., 2000).
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Figure 1.6. Reactions catalysed by a) NAL, b) DHDPS, and c) KDG-aldolase.
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1.5.4 S. solfataricus KDG-aldolase (SsALD)

Sulfolobus solfataricus is a thermoacidophilic Archaeon, which utilises a modified

pathway of glucose metabolism, an outline of which is given in figure 1.7. There

is no net yield of ATP, and most of the intermediates of the pathway are not

phosphorylated (De Rosa et at., 1984). This modified Entner-Doudoroff pathway

has also been found in Thermoplasma acidophilum (Budgen & Danson, 1986),

and also to a small extent in Thermoproteus tenax (Siebers et al., 1997). The

KDG-aldolase is able to synthesise C-C bonds in the reverse of the aldol

cleavage and is equally active with both D- and L-glyceraldehyde (Buchanan et

al., 1999). In addition, its specificity for non-phosphorylated substrates, coupled

with its extreme thermostability make it a potential target for industrial and

chemical exploitation. A related enzyme, 2-keto-3-deoxy-6-phosphogluconate

aldolase has recently been solved to 2.17 A (Wymer et al., 2001), and is specific

for phosphorylated D-sugars. Attempts have already been made to evolve this

enzyme to utilise both D- and L-sugars (Fong et al., 2000) and to have some

activity with non-phosphorylated substrates. Comparisons of the structure of

KDPG-aldolase with that of KDG-aldolase may further understanding of the

influence of the phosphate group on substrate specificity and allow rational

protein engineering. In this study however, the traits conferring thermostability

on the KDG-aldolase are the focus.
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Figure 1.7. The non-phosphorylated Entner-Doudoroff pathway in Sulfolobus solfataricus

(Buchanan etal., 1999).

To date there are no thermostability data available for HiNAL or DHDPS from E.

coli, but the EcNAL has an apparent optimum activity at 80°C (Aisaka et at.,

1991), making it a very thermostable enzyme. The KDG-aldolase is active over a

wide range of temperatures with a 2-fold increase in activity with every 10°C rise

in temperature between 30 and 80°C. It also exhibits a half-life of inactivation of

2.5 h at 100°C, and 7.8 h at 95°C (Buchanan et al., 1999).

The structurally determined members of the NAL subfamily share significant

homology, with EcNAL and HiNAL sharing 37% sequence identity (Figure 1.8).

DHDPS has 27% identity with EcNAL and 25% identity with HiNAL, and KDG-
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aldolase has 26% 28% and 27% identity with EcNAL, HiNAL and DHDPS

respectively. Sequence similarity across the family members ranges from 46 %

to 60%. There are no large deletions or insertions in the KDG-aldolase

sequence compared with the other 3, and most of the highlighted primary and

secondary residues identified by Barbosa and colleagues (Barbosa et al., 2000)

are conserved. It is hoped that the crystal structure of the aldolase will give

some idea as to the mechanisms underlying the extreme thermostability of the

enzyme as well as clues to its mechanism of catalysis.
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Figure 1.8. Sequence alignment of the four structurally determined members of the NAL

subfamily. 'Catalytic' residues are shown in cyan, and a conserved salt bridge in pink.
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1.6 Current thinking on thermoadaptation

1.6.1 Introduction

Comparative structure studies of thermophilic and mesophilic protein crystal

structures are the basis of this study of protein thermostability. Site-directed

mutagenesis experiments can also be used to remove or introduce potentially

stabilising residues/regions from thermostable proteins, with the ultimate aim to

engineer thermostability into mesophilic proteins without decreasing catalytic

activity. In recent years, experimental evidence from sequence comparisons,

mutagenesis experiments, thermodynamic analyses and comparative structural

studies has been accumulated and led to the conclusion that thermoadaptation

appears to be achieved through an amalgamation of small, varied forces and

interactions, which have been extensively reviewed (Vieille & Zeikus, 2001,

Jaenicke & Bohm, 1998; Ladenstein & Antranikian, 1998, Russell & Taylor, 1995;

Goldman, 1995; Vieille et al., 1996; Jaenicke et a!., 1996, Rees & Adams, 1995).

Many of the possible features that have been observed are concerned with

improvement of packing of the hydrophobic core, or increasing the chain rigidity.

It is apparent that a balance must be obtained between the increased

compactness or rigidity necessary for increased thermostability and the flexibility

required for in vivo function. One of the general observations in this type of study

is that hyperthermophilic enzymes at room temperature show anomalously high

rigidity compared to their mesophilic counterparts (Fitzpatrick et at., 2001, Dams

et al., 2000, Vihinen, 1987). Whether this conformational rigidity is reflected at

functional temperatures is unknown, although a recent study has suggested that

enhanced conformational rigidity may not be a contributing factor to

thermostability (Hernandez et al., 2000).
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The features already highlighted include a decrease in solvent-accessible

surface area (Chan et al., 1995) and increased packing density which effectively

reduces cavities in the hydrophobic core (Diez et a!., 2001, Chang et at., 1999;

Russell et a!., 1994; Britton et at., 1995), although the actual contribution of

packing density to thermostability is disputed (Karshikoff & Ladenstein, 1998). In

hyperthermophilic proteins, an increase in electrostatic interactions is emerging

as the most common mechanism by which proteins achieve thermostability

(Vieille & Zeikus, 2001, Szilagyi & Zavodszky, 2000, Vogt et at., 1997, Jaenicke

& Bohm, 1998, Bell, 1999).

1.6.2 Amino acid content

The primary sequence of proteins can give some information on the differences

involved in thermostability as differences in the amino acids will give rise to

differences in the tertiary structure. Many of the differences observed between

amino acid sequences of equivalent proteins from organisms varying in their

optimum growth temperature seem to result in decreased flexibility and increased

hydrophobicity, particularly in helices and at subunit interfaces (Menendez-Arias

& Argos, 1989). There is a general decrease in the number of thermolabile

residues as the temperature optimum increases, mainly due to the susceptibility

of asparagine and glutamine to deamidation and cysteine and methionine to

oxidation at high temperatures (Declerck et al., 2000, Chang et at., 1999, Daniel

et al., 1996, Russell & Taylor, 1995, Bell, 1999). The recent explosion in the

number of fully sequenced genomes of organisms from hyperthermophilic

Archaea as well as mesophilic organisms has prompted wholesale genomic

sequence analyses. A recent study (Cambillau & Claverie, 2000) comparing 30
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complete genome sequences from the three kingdoms has found that a large

difference between the proportions of charged residues compared to polar,

uncharged amino acids is a signature common to all hyperthermophilic

organisms. Another study (Fukuchi & Nishikawa, 2001) analysing the amino acid

composition of the surfaces of thermophilic enzymes found that there was a

significant increase in the number of charged residues on the surface of

thermophilic proteins compared to mesophilic proteins, again at the expense of

polar residues. An exchange of polar residues in mesophilic enzymes for

hydrophobic and charged residues in thermophiles had previously been

observed (Zuber, 1988). Each possible feature will now be discussed in turn.

1.6.3 Alpha-helix stabilisation

There is a general increase in alanine content in alpha helices of thermophilic

proteins (Kelly et a/., 1993), and it is thought that alanines stabilise alpha helices

by increasing rigidity and hydrophobic contacts (Russell et at., 1994). As well as

alanines, other amino acids adopt different intra-helical positions (Menendez-

Arias & Argos, 1989; O'Neil & DeGrado, 1990; Horovitz et al., 1992), and some

residues are preferred helix 'capping' residues, particularly where stabilising

charge-dipole interactions are present (Forood et al., 1993; Serrano & Fersht,

1989). However, Facchiano and colleagues (Facchiano et al., 1998) observed

that across different protein families, only one trend was conserved in the helices

of thermophilic proteins, which was the absence of beta-branched residues at an

intra-helical position due to the unfavourable torsion angles, which they

introduce.
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1.6.4 Packing efficiency

Some proteins do not vary significantly in their number of internal cavities

between mesophile and thermophile (Wallon et at., 1997), and Karshikoff and

Ladenstein (Karshikoff & Ladenstein, 1998) compared cavity volumes in 80

nonhomologous mesophilic, 20 thermophilic and 4 hyperthermophilic proteins,

and concluded that a decrease in number and volume could not be considered a

common mechanism of thermoadaptation. However, A decrease in the number

and volume of inter-subunit cavities has been reported for many

hyperthermophilic proteins, (Yamagata et a/., 2001; Chang eta/., 1999; Jaenicke

& Bohm, 1998), and serves to increase the overall compactness of the protein,

with fewer solvent exposed residues and internal cavities. In addition, shortening

of loop regions is another feature commonly observed in thermophilic proteins

(Yamagata et at., 2001, Dams et at., 2000, Chang et at., 1999, Russell et at.,

1994, Russell et at., 1997, Bell, 1999). Loop regions have higher mobility than

secondary structure elements, and molecular dynamic simulations have

suggested that loop regions may be initiation sites for protein unfolding (Daggett

& Levitt, 1993). Therefore, shorter loops may afford proteins some resistance to

thermal unfolding.

1.6.5 Hydrophobicity

An increase in the number of aromatic interactions has been observed in some

thermophilic crystal structures (Kannan & Vishveshwara, 2000, Kellis et at., 1988,

Yip et at., 1995, Maes et at., 1999). The importance of aromatic-aromatic

interactions in protein stabilisation was first proposed by Burley and Petsko

(Burley & Petsko, 1985), and several site-directed mutagenesis experiments
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indicated a role for hydrophobocity in thermostability (Teplyakov et al., 1990,

Ishikawa et al., 1993). The location of the increased hydrophobic interactions

also seems to be important - an increase in isoleucine content in the form of

clusters at the subunit interface was observed in the glutamate dehydrogenase

from Pyrococcus furiosus (Yip et al., 1995). These interactions may allow more

efficient packing in the protein core.

1.6.6 Hydrogen bonding

The strength of a hydrogen bond increases if either donor or acceptor is charged

(Fersht et al., 1985). Hydrogen bonding may not play a role in overall protein

thermostability as there is likely to be little difference in the total energies of

protein-water hydrogen bonds in the unfolded state compared to protein-protein

interactions in the native state. However, hydrogen bonding does impose

directional constraints on the structure (Dill, 1990). Vogt and colleagues (Vogt &

Argos, 1997) studied hydrogen bonding in thermophilic proteins and observed an

increase when compared to their mesophilic counterparts, and several other

studies have highlighted the importance of hydrogen-bonding in the

thermostability of other structures (Hennig et al., 1997, Tanner et al., 1996,

Borders et al., 1994). As the identification of hydrogen bonds is dependent on

the cutoff used for distance, and because many hyperthermophilic protein

structures are refined to medium resolution, the role of hydrogen bonds in

thermoadaptation is not clear.
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1.6.7 Disulfide bridges

The covalent crosslinking between two sulfhydryl groups has been observed in

thermophilic proteins (Maes et al., 1999; DeDecker et ai, 1996), and may

contribute to stability by reducing the entropy of the unfolded state, and

consequently increasing the entropy of the folded state (Matsumura et al., 1989).

Site-directed mutagenesis studies to engineer in cysteine residues to form

disulfide bonds has been shown to increase stability in several proteins (Van den

Burg et al., 1998), but also noted is that an engineered disulfide linkage can

introduce unfavourable strain energy , and the reduced protein-water hydrogen

bonding of a bridged protein can reduce the entropy gain due to exclusion of

water upon folding of the protein (Goldman, 1995).

1.6.8 Electrostatic interactions

One of the most common trends in hyperthermophilic proteins is an increase in

ionic interactions at specific positions, although not necessarily an overall

increase. Ion-pair networks, both intra-subunit and inter-subunit, are emerging

as a possible determinant of protein thermostability (Yamagata et al., 2001,

Dams et al., 2000, Chang et al., 1999, Maes et al., 1999, Bell, 1999, Russell et

al., 1997; Yip et al., 1998, Yip et al., 1995). At hyperthermophilic temperatures,

the strength of a surface ion pair is effectively greater than in mesophiles owing

to the lower dielectric constant of water at elevated temperatures (de Bakker et

al., 1999, Elcock, 1998, Pace, 2000). However, as charged groups are

commonly exposed to the aqueous solvent, intramolecular coulombic interactions

are unlikely to be responsible for increased stability, unless they form networks
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which are energetically more favourable than ion pairs (Strop & Mayo, 2000).

Ion-pair networks, particularly at interface regions, appear in many

hyperthermophilic proteins. Recently, thermostability of glutamate

dehydrogenase from Thermotoga maritima was increased by the engineering of

a 16- residue ionic network (Lebbink et al., 1999), and there are a number of

studies that support the significance of ionic interactions (Xiao & Honig, 1999). In

addition to ion-pairs and ionic networks, surface-exposed charged residues may

also play an important role in protein thermostability. A recent study (Cambillau

& Claverie, 2000) comparing genomes from hyperthermophilic and mesophilic

organisms found that at the sequence level, there was an exchange of polar

(noncharged) residues for charged residues; an exchange which was reflected in

an analysis of the water accessible surfaces of 189 protein structures from

mesophiles and hyperthermophiles in that there was an increase in the

proportion of solvent accessible charged residues at the expense of polar

residues in the hyperthermophilic proteins.

1.6.9 Oligomerisation

There are several examples of hyperthermophilic proteins that have a higher

oligomeric state than their mesophilic counterparts (Dams et al., 2000, Grabarse

et al., 1999, Villeret et al., 1998, Hess et al., 1995), but there is only direct

experimental evidence for the stabilising effects of higher oligomerisation from

two studies to date, one involving the dimerisation of T. maritima

phoshoribosylanthranilate isomerase (Thoma et al., 2000). Thoma and

colleagues engineered monomers of the enzyme that were as active as the wild-

type enzyme, but exhibited a decrease in kinetic stability from a half-life of
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inactivation of 310 min at 85°C for the wild type to 3 to 5 min for the variants.

Shima and colleagues (Shima et ai, 2000) took the formyltransferase from the

hyperthermophile Methanopyrus kandleri, which is known to exist in a1

monomer/dimer/tetramer association equilibrium in which formation of the

tetramer is preceeded by the formation of the dimer, and the whole association is

affected by lyotropic salts (Shima et ai, 1998). Mutation of a key residue in the

dimer/dimer interface resulted in no effect on the catalytic activity of the enzyme,

but a significant decrease in its thermostability. It is thought that the stabilisation

of oligomeric proteins is achieved through extra intersubunit interactions.
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1.7 Aims

The aims of this project are to elucidate the crystal structures of 3 tetrameric p/a-

barrel proteins from hyperthermophilic Archaea; TIM from Thermoproteus tenix
and Pyrococcus woesei, and 2-keto-3-deoxygluconate aldolase from Sulfolobus

solfataricus. The structures can then be used for comparative analyses with the

wealth of structural information available on lower temperature TIMs, and other

thermostable proteins, the aim being to try to determine the structural factors

involved in protein thermostability.
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Chapter 2. P. woesei TIM experimental work

2.1 Introduction

Prior to my involvement in the project, preliminary crystallographic studies of P.

woesei TIM had been carried out by Graeme Bell (Bell, 1999; Bell et al., 1998).

Native data had been collected to 2.7 A from a monoclinic crystal form (a=79.0A,

b=89.lA, c=145.2A, a=y=90°, p=92.8°) at 100K. An isomorphous platinochloride

derivative had also been obtained. Much of the work detailed in Bell's thesis

describes numerous attempts at both molecular replacement and single

isomorphous replacement, all of which were ultimately unsuccessful. He also

reported the crystallisation attempts of a selenomethionine-labelled preparation

of the protein, which failed to crystallise.
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2.2 Preparation of a selenomethionine derivative

2.2.1 Overexpression of SeMet PwTIM

Reinhard Hensel and Bettina Siebers at the University of Essen had successfully

transformed the methionine auxotrophic E. coli B834(DE3) strain with the

pET15b-TIM expression plasmid which confers ampicillin-resistance. Initially, the

clone was grown in a complex medium complete with an amino acid mix plus L-

selenomethionine (see appendix for recipe). However, the purified protein from

this particular preparation failed to crystallise. Bell's SeMet PwTIM crystallisation

experiments were carried out with protein that had been overexpressed in cells

growing in the above media. Following the unsuccessful attempt, the same clone

was grown in basic media containing L-selenomethionine (Budisa et al., 1997)

(appendix for recipe) and 20 mg/l ampicillin. Cells were grown at 37°C to an

optical density of A600 nm = 0.5, induced with 1 mM isopropyl-D-

thiogalactopyranoside (IPTG) and grown at 37°C and shaken at 250 rpm for a

further 24 h. The medium was then spun at 10,000 x g for 10 min and the

supernatant was discarded. There was typically 1g of wet cell paste per litre - a

reflection of both the minimalist nature of the medium and the cytotoxicity of the

selenomethionine - which was then resuspended to a concentration of

approximately 0.25 g/ml in 10 mM KH2P04 pH 7.0 and 5 mM dithiothreitol (DTT).

The DTT is added in an attempt to keep the selenium in a reduced state.
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2.2.2 Purification

The cells were lysed by sonication and then centrifuged at 20,000 x g for 30 min

at 4°C. The supernatant was then transferred to glass tubes in a water bath

heated to 90°C. At intervals of 5 min, more DTT was added to the tubes to an

approximate concentration of 5 mM in order to maintain the reduced state of the

selenium, as DTT is susceptible to degradation by heat. After 30 min heat

treatment, the sample was centrifuged again at 20,000 x g for a further 30 min at

4°C. The heat step caused most of the host cell proteins to denature and

precipitate, leaving an almost pure preparation. Anion-exchange

chromatography and size-exclusion chromatography were then employed to

separate the remaining impurities. For the anion-exchange chromatography, the

sample was dialysed against 50 mM HEPES pH 7.5, 5 mM DTT, and the column

was equilibrated with 4 column volumes of the same buffer. The protein sample

was then syringed through a 0.2 pM filter and loaded onto the column. 5 column

volumes of the buffer containing 75 mM KCL was then applied to the column in

order to wash off any unbound protein. For the elution of the PwTIM, the salt

concentration was increased to 150 mM and fractions were collected and

assayed for TIM activity. The active fractions were pooled and concentrated to a

volume of 1 ml for size-exclusion chromatography. A gel-filtration column was

equilibrated with 2 column volumes of 50 mM HEPES, pH 7.5, 150 mM KCI and

5 mM DTT. The protein sample was again filtered and loaded onto the column.

Two more column volumes of buffer were applied to elute the protein, fractions

were collected and analysed by assaying for TIM activity, and sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to analyse purity (Figure

2.1). Active fractions were pooled and concentrated for crystallisation.
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Figure 2.1. SDS-PAGE analysis of each step of the SeMet PwTIM purification. L-R, cell extract

(CE), heat-step (HS), anion-exchange (AE), gel-filtration (GF), molecular weight markers.

2.2.3 Assay of TIM activity

The assay for PwTIM activity was carried out at 70°C due to the susceptibility of

one of the substrates, dihydroxyacetone phosphate, to heat degradation. The

buffer used in the assay was 100 mM Tris/HCI, pH 7.0 at 70°C, and into each

cuvette was added 820 pi Tris buffer, 100 pi of a 100 mM stock solution of NAD+

which gives a final reaction concentration of 10 mM; 20 pi of the auxiliary

enzyme, a nonphosphorylating GAPDH from the hyperthermophilic Archaeon

Thermoproteus tenax (GAPN - (Brunner et al., 1998, Brunner & Hensel, 2001))

which produces the second substrate, glyceraldehyde-3-phosphate; 20 pi of the

protein sample and 40 pi of a 100 mM stock solution of dihydroxyacetone

phosphate (4 mM in reaction). DHAP was added last as it was the most heat-

labile ingredient.
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In order to ensure that the amount of GAPN was not limiting the measured

activity, the TIM samples were diluted until the level of activity was directly

proportional to the dilution. Activity was assayed by measuring the increase in

production of NADH at 340 nM wavelength, thus monitoring the conversion of

DHAP to D-GAP.

Protein concentration was estimated using the Bradford method (Bradford, 1976)

with bovine serum albumin as the standard (see appendix for details). A typical

yield of SeMet-labelled PwTIM was 1 mg of pure protein (Figure 2.1) from 1 litre

of cells.

2.2.4 Crystallisation

Bell (Bell et a/., 1998) had reported conditions for the native protein co-

crystallised with a substrate analogue, 2-carboxyethylphosphonic acid (2-CP),

which were 0.1 M sodium acetate, pH 4.6, 7 % PEG 4000, using a stock solution

of 10 mg/ml protein incubated with 20 mM 2-CP. 2 pi of protein sample and 2 pi

of precipitant were used in the hanging drop vapour diffusion experiment over a 1

ml reservoir. The SeMet version of the protein did not crystallise under these

conditions, so the conditions for the native were screened around in order to find

suitable crystallisation conditions for the SeMet protein. Prior to crystallisation

experiments, 10 mg/ml protein sample was incubated with 20 mM 2-CP for 1 min

at 70°C. Volumes of protein and precipitant were reduced to 1 pi each, reservoir

volume to 0.5 ml and the pH of the buffer and concentration of the precipitant

PEG 4000 were varied. Crystals that diffracted were grown in 0.1 M sodium

acetate, pH 5.0 containing 10 % PEG 4000 (Figure 2.2). All crystals were

obtained at 20°C.

38



Figure 2.2. An example of a SeMet-labelled PwTIM crystal, grown in 0.1 M sodium acetate, pH

5.0, 10 % PEG 4000.

Although Bell had reported both monoclinic and orthorhombic forms of the native

PwTIM crystals, the SeMet preparation yielded only orthorhombic crystals with

quite a different unit cell from the previous orthorhombic form.
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2.3 Data collection and processing

2.3.1 Data collection

Before data collection could begin, the crystals had to be cryoprotected and

frozen in order to minimise radiation damage. This is particularly important in the

case of Multi-wavelength Anomalous Dispersion (MAD) experiments as data are

collected at three separate wavelengths, trebling the exposure of the crystal to

the X-ray beam. Cryoprotection of the crystals was achieved through

equilibration against mother liquor containing 25 % glycerol to give a glassy

appearance when flash-frozen in a stream of nitrogen at 100K. After finding a

crystal that diffracted to sufficient resolution (should be better than 4 A for SeMet

solution), the crystal was subjected to a fluorescence scan (Figure 2.3) in order

to determine the wavelengths corresponding to the maximum f (peak) and the

minimum f (edge) (see appendix for principles of MAD). The program DENZO

(Otwinowski & Minor, 1997) was then used to index the first image to determine

the unit cell and spacegroup of the crystal (see appendix for details).
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Figure 2.3. Graph showing the fluorescence spectrum of Selenium incorporated in PwTIM. Peak

(f) and inflection (f) points are labelled.

Data were collected from a single crystal that diffracted to 3 A resolution. It

belonged to the spacegroup P2i2i2i, and had cell dimensions a=78.8A,

b=88.lA, c=145.0A. The MAD data were collected on a MAR-CCD detector at

three wavelengths around the Se K-edge at the Deutsche Elektronen

Synchrotron (DESY) in Hamburg, station BW7A.

2.3.2 Data processing

Each data set was successfully processed using DENZO and scaled using

SCALEPACK (see appendix for details). Details of the data collection statistics

are presented in Table 2.1. An ice-ring visible in the diffraction image affected

the processing of the data. In the program DENZO it is possible to discount

reflections that adversely affect the rest of the data by selecting an area not to be

included in the integration process. This was performed successfully in this

case. Another important element in MAD data collection is high redundancy i.e.
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how many times each reflection is recorded. In this case, the overall redundancy

was 4.5, with 4 being the mode.

2.3.3 Solvent content

The solvent content of the crystal was estimated using the following equation:

Volume of unit cell (a x b x c) A3
Vm =

Mr of 1 asymmetric unit x no. a.s.u. Da

solvent fraction = 1 - (1.23A/m)

The estimation of the solvent content indicated the presence of one tetramer in

the asymmetric unit, leading to a Matthews number (Vm) of 2.6 A3 Da"1, solvent

content of 53% (Matthews, 1968).
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Table 2.1.

Summary of multiple-wavelength anomalous diffraction data

Inflection Peak Remote

Wavelength (A) 0.9796 0.9795 0.9537

Resolution (A) 3.0 3.0 3.0

No. observations 386,175 386,571 382,566

No. unique reflections 25,644 25,811 25,340

f / f' -3.0/4.4 -6.2/6.4 -10.0/3.0

Mosaicity 0.92 0.91 0.92

Completeness (%)

overall 89.4 90.1 88.4

last shell (3.2-3.0A) 88.9 89.7 87.8

Rmerge (%) ^
Overall 6.1 7.6 5.9

last shell 10.8 11.2 9.2

Average l/al

Overall 16.3 14.7 20.3

last shell (3.2-3.0 A) 7.9 8.8 10.1

;

Rmerge = £ I l(k) - [I] I / ^k(k), where l(k) is the value of the /cth measurement of

the intensity of a reflection, [I] is the mean value of the intensity of that reflection,

and the summation is of all the measurements.
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2.4 Selenomethionine PwTIM structure solution

2.4.1 Solution

The positions of the selenium atoms were determined by the MAD method using

version 1.15 of the program SOLVE (Terwilliger & Berendzen, 1999) - see

appendix for details. From the estimate of the solvent content of the crystal,

there was one tetramer present in the asymmetric unit, and the published original

amino acid sequence of the Pyrococcus woesei TIM given below (Kohlhoff et at.,

1996) revealed 6 methionines per monomer, including the N-terminal methionine,

which is cleaved on production of the mature protein.

MAKLKEPIIA INFKTYIEAT GKRALEIAKA AEKVYKETGV TIWAPQLVD
LRMIAESVEI PVFAQHIDPI KPGSHTGHVL PEAVKEAGAV GTLLNHSENR
MILADLEAAI RRAEEVGLMT MVCSNNPAVS AAVAALNPDY VAVEPPELIG
TGIPVSKAKP EVITNTVELV KKVNPEVKVL CGAGISTGED VKKAIELGTV

GVLLASGVTK QRSREGDMGS CFGNN

Therefore, 20 selenium atoms were expected in the SeMet derivative. The

Patterson analysis found all 20 of the selenium sites. The successful selenium

solution had a figure of merit of 0.55 to 3 A and a Z-score of 87. 16 of the Se

sites had peak height of approximately 20 o (Table 2.2) while the last 4 were 6 o.
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Table 2.2.

Solution of the selenium positions showing fractional x, y, z coordinates,

occupancy, temperature (B) factors and peak height.

X y z occupancy B (A2) height (a)

0.752 0.686 0.179 0.746 21.7 20.7

0.054 0.616 0.206 0.807 34.2 21.0

0.373 0.224 0.163 0.597 31.1 18.1

0.101 0.242 0.113 0.962 40.2 15.2

0.078 0.194 0.226 0.625 42.2 15.2

0.402 0.947 1.000 0.715 28.5 20.4

0.136 0.456 0.069 0.743 57.0 14.3

0.339 0.354 0.190 1.074 60.0 16.7

0.649 0.803 0.165 0.902 35.2 22.2

0.187 0.582 0.050 0.782 60.0 15.4

0.264 0.571 0.200 0.728 33.1 19.0

0.890 0.624 0.107 0.601 34.9 16.8

0.212 0.660 0.191 0.731 22.7 22.3

0.549 0.753 0.182 0.602 31.4 16.5

0.868 0.505 0.053 0.547 27.1 15.2

0.114 0.151 0.141 0.673 29.2 18.0

0.845 0.518 0.095 0.301 33.1 6.6

0.097 0.113 0.181 0.292 44.8 8.6

0.140 0.693 0.197 0.281 42.9 6.0

0.728 0.790 0.157 0.198 19.4 6.3
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2.4.2 Finding the non-crystallographic symmetry

The phase estimates from SOLVE were used to calculate a solvent-flattened

electron density map with the program DM (Cowtan & Main, 1996) as

implemented in the CCP4 program suite (CCP4, 1994) (see appendix for details).

The map was clearly interpretable with distinct solvent boundaries and

discernible secondary structure elements (Figure 2.4).

Figure 2.4. Snapshot of a solvent-flattened map showing solvent boundaries and secondary

strucluie elements.

In addition to the crystallographic symmetry within the crystal, there are also non-

crystallographic symmetry (NCS) axes defining local symmetry within the

asymmetric unit. Bell (Bell et a!., 1998) had previously identified the PwTIM

tetramer as having 222 symmetry from the self-rotation function of the native

46



data. The program FINDNCS (Lu, 1999) was used to calculate all possible Se

sites within the maximum cell, and the NCS operators between the four

monomers were determined by estimating symmetry-related Se sites assuming

the 222-relationship. A mask was then generated from the experimental bones

of the solvent flattened map, and full NCS averaging across the tetramer was

performed in DM. The initial correlation between the monomers was about 0.51

and improved to 0.83 after 50 cycles of DM including solvent flattening,

histogram matching and averaging across the monomers. The figure of merit

(FOM) was 0.69 in the top shell to 3 A. A new map was calculated using the

improved phases, and bones were calculated from the map using MAPMAN.

The bones clearly showed secondary structure, and obvious TIM-barrel

structures (Figure 2.5).

Figure 2.5. Snapshot of the bones calculated after 50 cycles of DM with NCS averaging. The

characteristic TIM-barrel is clearly identifiable.
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2.5 Solution of the monoclinic PwTIM data

2.5.1 Solution

With the SeMet PwTIM data successfully solved, it was decided to build and

refine the molecular model using the higher resolution 2.7 A monoclinic data

collected by Graeme Bell. These data had 2 tetramers in the asymmetric unit

related by a pseudosymmetry of x+1/2, y+1/4, z+1/2. In order to solve the

monoclinic data a spherical mask was created around one tetramer cented on

the centre of mass of the Se sites. The spherically-masked map was then

extended to cover a P1 cell and the resulting map back-transformed in SFALL to

calculate 'model' structure factors. These structure factors were then normalised

before being used as a phasing model for molecular replacement using the

program AMoRe (Navaza, 1994) (see appendix for details). A resolution range

of 15 to 4 A was used to search for rotation and translation function solutions,

searching for one tetramer in the first instance. The first solution was fixed and a

translation function solution for the second tetramer was found. Below are both

of the solutions showing rotation and translation function solutions, correlation

coefficients and R-factors, and the pseudo-symmetry relationship of x+1/2, y+1/4,

z+1/2, is clear.

r1 r2 r3 t1 t2 t3 CC Rf

181.09 20.58 -1.50 0.1324 0.0000 0.2667 32.5 61.1

181.09 20.58 -1.50 0.6358 0.2538 0.7669 67.5 44.6

The solutions were then subjected to rigid-body refinement and refined to an R-

factor of 40 % and a correlation coefficient of 70 %.
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2.5.2 Cross-crystal averaging

Crystal 1, the SeMet crystal belonging to spacegroup P2i2i2i, had 4 identical

monomers in the asymmetric unit, while crystal 2, the P21 native data, had 2

tetramers in the asymmetric unit. The NCS operators relating monomer A in

crystal 1 to all the other monomers in both crystals were calculated, and using

the powerful technique of cross-crystal averaging, 12-fold averaging was

performed in DMMULTI and the phases were extended to 2.7 A. After 200

hundred cycles of averaging in DMMULTI, the correlation coefficients for all 12

monomers were over 0.93, and the figure of merit was 0.9. The free-R factor

across each crystal decreased significantly, with both crystals having a free-R

factor of 74 % to begin with, resulting in 29 % for crystal 1 and 40 % for crystal 2

(Figure 2.6).

85
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Cycle

Figure 2.6. Graph showing the decrease in free-R factor of crystal 1 and crystal 2 over 200 cycles

of cross-crystal averaging.
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2.6 Model building and refinement

A polyalanine model was constructed with the program O (Jones et at., 1991)

usng the 2.7 A native data, and the maps calculated after 12-fold averaging.

Once most of one monomer had been built, the NCS operators were applied to

generate the other 7 monomers in the asymmetric unit, and the structure was

refined using strict NCS restraints. Unequivocal sequence assignment began

with Met119 and Met121 as they were easily identifiable from the selenium

positions, and from there approximately 60 % of the sequence was assigned,

including Met53 and Met101. However, the final methionine residue (Met218)

could not be reconciled with the model and position in the sequence. The PwTIM

amino acid sequence was then aligned with the TIM sequence from the closely-

related organism Pyrococcus horikoshii (Kawarabayasi et at., 1998) and the 2

sequences were found to be almost identical apart from the C-terminal 18

residues (Figure 2.7).

Pw 3 KLKEPIIAINFKTYIEATGKRALEIAKAAEKVYKETGVTIVVAPQLVDLR 52
I I - I I I I I I I I I I II I I I I I I I I I I I I I I I : I I I I I I I I I II I I I I I I I I

Ph 5 KLDEPIIAINFKTYIEATGKRALEIAKAAERVYKETGVTIVVAPQLVDLR 54

53 MIAESVEIPVFAQHIDPIKPGSHTGHVLPEAVKEAGAVGTLLNHSENRMI 102
I I I I . I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I i I I I I I I I II I I I

55 MIAENVEIPVFAQHIDPIKPGSHTGHVLPEAVKEAGAVGTLLNHSENRMI 104

103 LADLEAAIRRAEEVGLMTMVCSNNPAVSAAVAALNPDYVAVEPPELIGTG 152
I I I I I I I I . I I . I I I I : I I I I II I II I I I I I I I I : I I I I I I I I I I I I I I I

105 LADLEAAISRAKEVGLITMVCSNNPAVSAAVAALEPDYVAVEPPELIGTG 154

153 IPVSKAKPEVITNTVELVKKVNPEVKVLCGAGISTGEDVKKAIELGTVGV 202
I I I I I I I I I I I I I I I I I I : I I I I • I I I I I I I I I I I I I I I : I I I I I I I I I I

155 IPVSKAKPEVITNTVELVRKVNPKVKVLCGAGISTGEDVRKAIELGTVGV 204

203 LLASGVTKQRSREG...DMGSCFGNN 225
I I I I II I I • : • • I I : . I ■ :

205 LLA3GVTKAKDPEKAIRDLVSGIIGK 230

Figure 2.7. Alignment of P. woesei and P. horkoshii TIM sequences, created using the BESTFIT

option in the GCG package (Devereux et al., 1984). A solid line indicates an identical residue, :

indicates a conservative substitution and . a semi-conservative substitution. Alignment of the

corrected P. woesei sequence is shown below.
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Pw 3 KLKEP1IAINFKTYIEATGKRALEIAKAAEKVYKETGVTIWAPQLVDLR 52
I I - I I I I I I I I I I I I I I I I I I I I I I I I I I I : I I II I I I I I I I I I I I II I I

Ph 5 KLDEP11AINFKTYIEATGKRALEIAKAAERVYKETGVTIWAPQLVDLR 54

53 MIAESVEIPVFAQHIDPIKPGSHTGHVLPEAVKEAGAVGTLLNHSENRMI 102
I I I I ■ I I I I II I I II I II I I II I I I I I I II I I I I I I I II I I I II I I I I II

55 MIAENVEIPVFAQHIDPIKPGSHTGHVLPEAVKEAGAVGTLLNHSENRMI 104

103 LADLEAAIRRAEEVGLMTMVCSNNPAVSAAVAALNPDYVAVEPPELIGTG 152

II I I I I I I ■ I I ■ I I I I : I I I I I I I I I I I II I I I I : I I I I I I I I I II I I I I
105 LADLEAAISRAKEVGLITMVCSNNPAVSAAVAALEPDYVAVEPPELIGTG 154

153 IPVSKAKPEVITNTVELVKKVNPEVKVLCGAGISTGEDVKKAIELGTVGV 202

I I II I I I I I I I II I I I I I = I I I I • I I I I I I I I I I I I I I h I I I II I I I I I
155 IPVSKAKPEVITNTVELVRKVNPKVKVLCGAGISTGEDVRKAIELGTVGV 204

203 LLASGVTKAKDPEKAIWDLVSGIIKE 228

I I I I I I II I I I I I II h II I I I I I ■

205 LLASGVTKAKDPEKAIRDLVSGIIGK 230

Subsequent resequencing of the P. woesei tim gene carried out by Reinhard

Hensel in Essen revealed that there were only 4 methionine residues per

monomer (excluding the N-terminal methionine), and the extra 4 'Se' sites

located corresponded to the sulfur atom in a cysteine residue. The correct

sequence is 228 residues long and is given below:

MAKLKEPIIA INFKTYIEAT GKRALEIAKA AEKVYKETGV TIWAPQLVD
LRMIAESVEI PVFAQHIDPI KPGSHTGHVL PEAVKEAGAV GTLLNHSENR
MILADLEAAI RRAEEVGLMT MVCSNNPAVS AAVAALNPDY VAVEPPELIG

TGIPVSKAKP EVITNTVELV KKVNPEVKVL CGAGISTGED VKKAIELGTV

GVLLASGVTK AKDPEKAIWD LVSGIIKE

Once the correct sequence was obtained, the rest of the traceable density was

assigned sequence. There was clear density for all 8 (3-strands, and 6 of the a-

helices, but the density was not clear for helices 7 and 8. This near-complete

model was then refined, with tight NCS restraints applied to all 8 monomers in

the asymmetric unit, using the Crystallography and NMR System (CNS) (Brunger

et ai, 1998) suite of programs (see appendix for refinement theory and

description of programs used). All data from 30 - 2.7 A were used in refinement

with a random subset of data (10 %) which were omitted from all refinement

calculations for cross-validation. Refinement consisted of several rounds of

simulated annealing, followed by manual rebuilding in O, resulting in the free-R
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factor dropping from 58 % to 38 % after 3 rounds. SIGMAA weighted 2Fo-Fc

maps were then generated and the rest of the model was built. Further rounds of

energy minimisation and B-factor refinement with NCS restraints maintained

resulted in a final R-factor of 25.4 % and R-free of 28.6 %. Figure 2.8 shows the

quality of the electron density map after refinement. The final model still lacks

the C-terminal 2 residues, Lys227 and Glu228, as there was no defined density

in this region. Validation by PROCHECK (Laskowski et al., 1993) revealed good

stereochemistry with the Ramachandran plot showing 98.5 % of residues in the

core and allowed regions, and 1.5 % in generously allowed regions. These 1.5

% correspond to the catalytic Lys14 of each subunit, which are in a strained

conformation in each TIM structure. See Table 2.3 for phasing, refinement and

model statistics.
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Table 2.3.

Phasing, refinement and model statistics.

Phasing

FOM before solvent flattening 0.55

FOM after solvent flattening (no averaging) 0.61

FOM after solvent flattening (4-fold averaging) 0.69

FOM after solvent flattening (12-fold averaging) 0.91

Refinement

Resolution (A) 30.0-2.7

Number of reflections in working set 49,927

Number of reflections in test set 5,062

Number of atoms (average B value (A2))
protein 13,232(29.0)

water 345 (24.9)

ligand 72 (25.7)

R-factor (%) 25.4

R-free (%) 28.6

Ramachandran
Residues in core and additionally allowed regions 98.5
(%)

generously allowed regions 1.5
(%)

disallowed regions 0.0
(%)
Rms deviation from ideal geometry

Bonds (A) 0.008

Angles (°) 1.410

FOM, figure of merit
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2.7 Analysis

The PwTIM structure was then compared with all the other structurally known

TIMs, in order to highlight differences that may affect thermostability. All the

programs used in analysis are described in the appendix. Secondary structure

content, size and number of cavities, ion-pairs and networks, number of

hydrogen bonds, molecular volumes, and subunit interactions were all calculated

and compared.

Figure 2.8. Stereo image of PwTIM helix 5 from monomers A and C, with density from the final

2fo-fc map.
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2.8 Solution of the platinochloride derivative

After the PwTIM structure had been solved, I went back to solve the heavy-atom

derivative data, for reasons of curiosity, in order to find out where the platinum

had bound. As the native data used to construct the molecular model and the

platinochloride derivative were isomorphous, the 2 reflection sets were combined

and structure factors calculated using SFALL. A map was then calculated and

contoured at 6 a to identify the heavy-atom binding positions (Figure 2.9), which

were found to be at His78 of each monomer, in the middle of the tetramer.

Figure 2.9. Snapshot of the PwTIM tetramer with an fo-fc map contoured at 6 a indicating the

positions of the heavy atoms.
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Chapter 3. T. tenax TIM experimental work

3.1 Introduction

At the same time as SeMet PwTIM crystals had been obtained, Hensel's group in

Essen, in collaboration with Ehmke Pohl, a staff scientist at DESY, had collected

native data to 2.6 A from a hexagonal crystal of TIM from the hyperthermophile

Thermoproteus tenax. This TIM had approximately 50 % identity with the PwTIM

sequence, and was thought to be tetrameric. However, Hensel also had some

evidence from ultracentrifugation and gel-filtration experiments to suggest that

the TtxTIM fluctuates between a dimeric and a tetrameric state of

oligomerisation.

The hexagonal crystals were grown in one of the Hampton crystal screen 1

conditions (condition 35, 0.1 M HEPES, pH 7.5 containing 0.8 M mono-sodium

dihydrogen phosphate, 0.8 M mono-potassium dihydrogen phosphate) without

ligands. Attempts were made to solve the hexagonal data by molecular

replacement using the refined PwTIM tetramer as a phasing model (and also a

dimer) but proved unsuccessful. This was probably for 2 main reasons, the first

of which was the size of the unit cell. The hexagonal data had a unit cell of

a=b=186.89 A, c=287.81A, a=p=90°, y=120°. These dimensions lead to the

estimation of the Matthews number as 8.4 if there is one tetramer in the

asymmetric unit, 4.1 if there are two, and 2 if there are three. Original MR

attempts were made using a tetramer as a phasing model, resorting to dimers

when no success was had. All of the rotation and translation function solutions

were very similar in magnitude, with no signal higher than background, and this

could be due to the high number of copies of the dimer or tetramer within the
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asymmetric unit. A second possibility for the lack of a MR solution is that the

hexagonal crystals were grown in the absence of ligand. As mentioned in

chapter 1, upon substrate-binding the flexible loop in each TIM monomer

undergoes a 7 A swing as a 'lid-closure' mechanism in catalysis. The PwTIM

model was in the closed conformation, and the extent of this swing could be

sufficient to make the MR of the hexagonal data difficult. A further problem was

that the crystal belonged to spacegroup P622, but no h 0 0, 0 k 0 or 0 0 I

reflections had been recorded so it was impossible to determine whether there

was a screw axis, and what that axis might be, making molecular replacement

very laborious as each possible spacegroup had to be tried. Another

consideration was that the tetramer interface might be different in the TtxTIM,

supported by the evidence of a dimer/tetramer exchange. This possible

alteration in the tetrameric interface could also cause problems with molecular

replacement. With all of these considerations, it was decided to try to get a

different crystal form of the TtxTIM, in complex with the ligand 2-CP.
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3.2 Crystallisation

Pure T. tenax TIM was kindly provided by Reinhard Hensel. It was originally at a

concentration of 0.5 mg/ml in 50 mM HEPES, pH 7.0 containing 0.3 M KCI and 2

mM DTT. This preparation was subjected to N-terminal sequencing and analysis

by silver-stained SDS-PAGE to verify that it was T. tenax TIM. The sample was

then concentrated to 10 mg/ml, incubated with 20 mM 2-CP, and Hampton

Screen 1 was used to identify lead crystallisation conditions. The protein

crystallised in several of the Hampton 1 conditions, and those showing non-

hexagonal morphology were isolated for optimisation. Reproducible

orthorhombic crystals (Figure 3.1) were obtained in 0.1 M sodium acetate pH 4.6

containing 0.2 M ammonium sulfate with the precipitant being PEG 4000 at any

concentration between 20 and 30 %. Crystals grew within 48 h at 20°C.

Figure 3.1. An example of a TtxTIM crystal grown in 0.1 M sodium acetate, pH 4.6, 0.2 M AmS04,

25 % PEG 4000.
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3.3 Data collection and processing

3.3.1 Data collection

Prior to data collection, freezing conditions for the crystal had to be established.

In the case of TtxTIM crystals, cryoprotection was achieved by the addition of 15

% glycerol to the mother liquor. The crystals were then flash-frozen at 100K in a

stream of nitrogen, and X-rays were passed through the crystal. The crystals

diffracted well to 2.3 A, and DENZO was used to index the first image to

determine the unit cell and spacegroup. The autoindexing indicated that the

crystal belonged to an orthorhombic spacegroup and had cell dimensions

a=154.07 A, b=90.97 A, c=141.20 A. The data were collected on a MAR-CCD

detector at DESY in Hamburg, station BW7A.

3.3.2 Data processing

The data were successfully integrated and scaled using DENZO and

SCALEPACK. The final data collection statistics are given in Table 3.1. The

data were originally scaled in spacegroup P222, and the h 0 0, 0 k 0 and 0 0 I

reflections were recorded, and the systematic absences indicated that there were

2 screw axes. The indices were reordered to agree with the convention of

spacegroup P2-|2-|2.
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Table 3.1.

Summary of the diffraction data collected from a TtxTIM crystal.

Wavelength (A) 0.95

Resolution (A) 16.2-2.3

No. observations 582,128

No. unique reflections 86,753

Mosaicity 0.18

Completeness (%)

overall 97.9

last shell (2.38-2.3A) 99.2

Rmerge (%)

Overall 10.4

last shell (2.38-2.3A) 23.1

Average l/al

Overall 6.8

last shell (2.38-2.3A) 2.6

3.3.3 Solvent content

The estimation of the solvent content of the crystal indicated that there were

probably 2 tetramers in the asymmetric unit. This estimation had a Matthews

number of 2.5 A3 Da"1, and a solvent content of 50 %.
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3.4 Structure solution

3.4.1 Self-rotation function

It was hoped that the new crystal form and co-crystallisation with the ligand, 2-CP

would make molecular replacement more successful with the TtxTIM data. A

self-rotation function search was carried out on the data using the program

POLARRFN in order to try to identify any non-crystallographic pseudo symmetry

that might relate the 2 predicted tetramers to each other. As can be seen in

figure 3.2, there were no obvious symmetry axes other than the 2-folds defining

the crystallographic symmetry axes.

90.0

lao.o

-90.0

Figure 3.2. The k=180 section of the self-rotation function for the orthorhombic TtxTIM data

using data from 8 to 3 A.
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3.4.2 Search model

The refined model of the PwTIM was used as a search model for molecular

replacement. However, as the 2 proteins have more than 50 % identity to each

other, the residues in the PwTIM model were mutated to the sequence of the

TtxTIM. This was carried out using the mutator command in O. Dimers and

tetramers of this mutated model were then used for molecular replacement in the

program AMoRe, but with no success. Again, this could have been due to the

presence of 2 tetramers in the asymmetric unit or because there may be a

slightly different tetramer interface.

3.4.3 CNS Molecular Replacement

As attempts at molecular replacement with the program AMoRe had been

unsuccessful, the rotation and translation function calculation programs as

implemented in the CNS suite for macromolecular crystallography were used.

Structure factors were calculated from a mutated PwTIM dimer, and a Patterson

map was calculated from these Fcalcs. A Patterson map was also calculated

from the structure factor amplitudes of the TtxTIM data from 15 to 4 A resolution.

The 126 peaks from the rotation function were then used to search for a

translation function solution. One of the solutions had a higher monitor value

than the others, being twice the average monitor value, and seven times greater

than the standard deviation (see Table 3.2 for solution details). The rotation and

translation function solutions were applied to the original model coordinates, and

this transformed molecule was then fixed, and a second translation function

solution was searched for. The position of the second dimer could only be

determined subsequent to pre-translational Patterson correlation refinement, as
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implemented in CNS, in this case treating each monomer as a rigid body in order

to refine the rotation function peaks prior to translation. All domains were

subjected to post-translational rigid-body refinement. The same procedure was

repeated when searching for the third and fourth dimers. Table 3.2 shows each

solution as it was found, with an increase in the monitor value with each fixed

translation solution.

Table 3.2.

Rotation and translation function solutions for each of the 4 dimers in the

asymmetric unit.

r1 r2 r3 tx ty tz monitor packing

1 201.4 70.8 157.4 15.7 28.6 32.7 0.149 0.138

2 328.4 81.4 290.2 -31.0 -29.6 99.5 0.255 0.270

3 156.4 49.4 92.3 -61.8 -2.1 56.9 0.350 0.407

4 171.6 84.5 87.5 -34.3 4.9 85.3 0.376 0.537

Each of the solutions was then visualised in O in order to assess the packing of

the molecules (Figure 3.3a). Symmetry-related molecules were calculated and

drawn to make sure the packing extended throughout the unit cell, and when

generated, clear tetrameric structures were seen (Figure 3.3b).
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a b

Figure 3.3. a) Snapshot of the four dimers as found by molecular replacement, b) Snapshot of the

symmetry-related dimers, clearly showing tetramer formation.

However, although the solutions for the 4 dimers looked convincing, when rigid-

body refinement was carried out on the 2 tetramers in the asymmetric unit, the

free-R factor increased. Closer inspection of the tetramers showed that one of

them was not correct, in that there was a minor clash between the 2 dimers. The

other tetramer was correct, so it was used as a search model for the second

tetramer, which had a monitor value of 0.658, and packing value of 0.532.
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3.5 Structure refinement

Initially, simulated annealing was used to refine the asymmetric unit of the

TtxTIM data, with the R-factor dropping to 31.3 %. A 10 % subset of the data

was omitted from the refinement calculations for validation, and the free-R factor

dropped to 36.7 % after simulated annealing. From that point on, no NCS

restraints were applied during refinement. Further rounds of energy minimisation

and individual B-factor refinement, and addition of waters to the 2Fo-Fc map

resulted in a final R-factor of 21.5 % and free-R of 25.9 % at 2.3 A resolution.

The final model is almost complete, with monomers A and B lacking the C-

terminal 3 residues, Glu224, Leu225 and Arg226, as there was no defined

density in this region. However, monomers D and E are both complete, and the

other monomers are lacking only one or two C-terminal residues. Figure 3.4

shows the quality of the electron density map after refinement. The overall

stereochemistry of the model is good with the Ramachandran plot showing 98.2

% of residues in the core and allowed regions, and 1.3 % in generously allowed

regions. However, 0.5 % of the residues are in disallowed regions, and these

correspond to Ala180 of each monomer. The density for this residue is well-

defined, and any attempts to refine the position to within the Ramachandran plot

result in the residue sitting in negative density. The residue is part of a p-strand

adjacent to the active site so it may be significant in the stabilisation of the

enzyme-ligand complex. See Table 3.3 for refinement and model statistics.
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Figure 3.4. Stereo image of the active site from TtxTIM. The ligand, 2-carboxyethylphosphonic

acid is shown with density from the final 2fo-fc map.
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Table 3.3.

Refinement and model statistics.

Refinement

Resolution (A) 16.2-2.3

Number of reflections in working set 78,154

Number of reflections in test set 8,599

Number of atoms (average B value (A2))

protein 13,005(19.5)

water 459(19.2)

ligand 72(18.4)

R-factor (%) 21.5

R-free (%) 25.9

Ramachandran

Residues in core and additionally allowed

regions (%) 98.2

generously allowed regions (%) 1.3

disallowed regions (%) 0.5

Rms deviation from ideal geometry

Bonds(A) 0.005

Angles (°) 1.282

The refined TtxTIM model was then subjected to the same analyses as the other

TIMs and compared with them.
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Chapter 4. S. solfataricus aldolase experimental work

4.1 Introduction

The 2-keto-3-deoxygluconate aldolase from S. solfataricus was cloned and

expressed in E. coli by Catriona Buchanan at the University of Bath (Buchanan et

al., 1999). Crystallisation trials of the purified protein at 12 mg/ml were laid down

using several of the Hampton screens, including 1 and 2, and the ammonium

sulfate grid screen. The protein crystallised in several conditions and several

forms, and x-ray data were collected and reported (Hendry et al., 2000).

Orthorhombic and monoclinic crystals grew in 0.1 M citrate pH 4.0, 1.6 M

ammonium sulfate, and had similar tetragonal bipyramidal morphology. Cubic

crystals were also grown in 0.1 M citrate pH 4.5, 10 % PEG 4000. The

orthorhombic crystals diffracted to 2.15 A, and the monoclinic crystals to 2.2 A.

The cubic crystals only diffracted to a limit of 3.4 A. Estimates of the solvent

fraction of each crystal suggested that there were 2 tetramers in the

orthorhombic asymmetric unit, one tetramer in the cubic asu, and one monomer

in the monoclinic asu. Numerous attempts at molecular replacement were made

with each of the data sets using NAL and DHDPS as phasing models, but no

solution was obtained.

68



4.2 Preparation of a selenomethionine derivative

4.2.1 Overexpression of SeMet SsALD

JM109 cells containing the pREC7-SsALD expression vector were kindly

provided by Professor M. Danson at the University of Bath. This vector was

incompatible with the methionine auxotrophic E coli strain, B834. Helen

Connaris at the University of St Andrews then successfully inserted the gene into

a pET3a expression plasmid, which confers resistance to ampicillin and contains

the lacZ promoter, and transformed B834(DE3) cells. The transformed cells

were then grown in basic media containing L-selenomethionine and 20 mg/l

ampicillin at 37°C. Once the optical density of the cells had reached 0.5 at 600

nm, they were induced with 1 mM IPTG, and grown for a further 24 h at 250 rpm,

37°C. The medium was then spun at 10,000 x g for10 min and the supernatant

was discarded. As with the SeMet PwTIM, typical yield from a litre of cells was

1g wet cell paste. This paste was resuspended to a concentration of 0.2 g/ml in

20 mM Tris/HCI pH 8.5, containing 1 mM PMSF, 1 mM EDTA, 0.1 % w/v

TritonX-100, 100 pg/ml lysozyme. The resuspended cells were incubated on ice

for 1 h with occasional shaking. DTT was also added to a concentration of 5 mM

to keep the selenium reduced.

4.2.2 Purification

According to the protocol detailed by Buchanan (Buchanan et al., 1999), the cells

were lysed by five 30 s bursts of sonication at 4°C, and then centrifuged at

11,000 x g for 30 min. The supernatant was transferred to a water bath heated

to 78°C for 30 min, with DTT added at 5 min intervals to an approximate

concentration of 5 mM. The sample was centrifuged again at 11,000 x g for 20
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min at 4°C. The sample was sterile filtered, and loaded onto an anion-exchange

column equilibrated with several column volumes of 20 mM Tris/HCI pH 8.5, 5

mM DTT. The sample was loaded onto the column and further column volumes

of the same buffer were applied in order to wash off any unbound proteins. The

bound protein was then eluted using a gradient of 0-2 M NaCI in 20 mM Tris/HCI,

pH 8. and 5 mM DTT. The aldolase eluted at approximately 100 mM NaCI. The

fractions containing the correct molecular weight (33 kDa) (Figure 4.1) were then

pooled and concentrated to 12 mg/ml.

M CE HS AE

Figure 4.1. SDS-PAGE analysis of each SeMet SsALD purification step. L-R, molecular weight

markers, cell extract, heat-step, anion-exchange.

4.2.3 Crystallisation

Despite the apparent ease with which the native KDG-aldolase crystallised, this

was not repeated for the SeMet derivative. A grid screen around the conditions

that had led to both orthorhombic and monoclinic crystals of the native protein

(0.1 M citrate pH 4.0, 1.6 M ammonium sulfate) yielded no crystals, even after

varying the protein concentration. Crystal screens 1, 2, the crystal lite screen
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and the ammonium sulfate grid screen were all then used to try to find lead

crystallisation conditions. Several conditions containing lithium sulfate or

ammonium sulfate gave very small, thin needles, and these conditions were

optimised in order to obtain bigger crystals, but none of these crystals diffracted

beyond 7 A. A new preparation of SeMet SsALD was made and the crystal

screens were repeated. On this occasion, condition 41 in crystal screen 1 (0.1 M

HEPES-Na pH 7.5, 10 % v/v iso-propanol, 20 % PEG 4000) yielded very small,

thin plate-like crystals, which were diamond in shape. Optimisation of this

condition resulted in the reproducible growth of plate-like triangular crystals

(Figure 4.2) in 0.1 M HEPES, pH 6.0, 8 % iso-propanol, 13 % PEG 4000. These

crystals diffracted to -3.5 A in-house.

c

Figure 4.2. An example of a SeMet-labelled SsALD crystal, grown in 0.1 M HEPES, pH 6.0, 8 %

iso-propanol, 13 % PEG 4000.

The pH optimum for the enzyme is 6.0, and therefore the crystal form for the

SeMet SsALD derivative is at a more physiologically-relevant pH, compared to

the acidic pH 4.0 conditions under which the native crystals were obtained.
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4.3 Data collection and processing

4.3.1 Data collection

Cryoprotection of the SeMet SsALD crystals was achieved through equilibration

against mother liquor containing 25 % glycerol, and they were then flash-frozen

in a stream of liquid nitrogen at 100K. One of the crystals diffracted to 2.5 A on

station ID14.4 at the European Synchontron Radiation Facility (ESRF) in

Grenoble. The crystal was subjected to a fluorescence scan (Figure 4.3) in order

to determine the wavelengths corresponding to the maximum f and the minimum

f. It was clear from the broad nature of the fluorescence peak that the seleniums

had been partially oxidised, but care was taken to select a wavelength that

reflected the broad peak. DENZO was used to index the first image (Figure 4.4)

to determine cell dimensions and spacegroup of the crystal, which appeared to

be tetragonal, with cell dimensions of a=b=131 A, c=84 A, a=p=y=900. In order

to collect a highly redundant tetragonal data set, 75° of data were collected, with

exposure times of 10 s per frame.
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Figure 4.3. Graph showing the fluorescence spectrum of Selenium incorporated in SsALD. Peak

(f") and inflection (f) points are labelled.

RSI

Figure 4.4. A diffraction image from a flash-frozen SsALD crystal. Crystal-to-detector distance

was 235 mm giving 2.5 A resolution at the edge.
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4.3.2 Data processing

Having collected only 75° of data at each of the three wavelengths, it became

apparent that the crystal was not tetragonal. Attempts at processing the data in a

tetragonal spacegroup (P422) were wholly unsuccessful, indicating an error in

the initial autoindexing. Subsequent scaling resulted in an R-merge of 40 %. The

two cell lengths (a and b) that appeared to be identical were in fact an Angstrom

different in length (a=131.5 A, b=132.5 A) meaning that the crystal belonged to

an orthorhombic spacegroup. The data were succesfully processed and scaled

in P222 using DENZO and SCALEPACK. There were systematic absences

along the h 0 0 plane when h=2n and along the 0 k 0 and 0 0 I planes as well,

indicating that the crystal belonged to spacegroup P2-|2-|2-|. Details of the data

collection statistics are given in Table 4.1. The overall redundancy was 3.5, with

4 being the mode. Owing to a fortunate orientation of the crystal during data

collection, complete and redundant orthorhombic datasets were collected.

4.3.3 Solvent content

The solvent content of the crystal was estimated as 55 % (Vm = 2.74A3Da"1)

assuming one tetramer in the asymmetric unit.
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Table 4.1.

Summary of multiple-wavelength anomalous diffraction data

Inflection Peak Remote

Wavelength (A) 0.980 0.979 0.939

Resolution (A) 2.5 2.5 2.5

No. observations 269,334 268,882 273,640

No. unique reflections 52,193 52,011 52,196

rir -3.4/4.6 -6.2/6.0 -10.2 / 3.1

Mosaicity 0.41 0.45 0.40

Completeness (%)

overall 98.0 97.7 98.7

last shell (2.59-2.5 A) 89.4 89.1 96.0

Rmerge (%)

Overall 6.6 6.8 9.3

last shell (2.59-2.5 A) 26.1 22.9 41.6

Average l/al

Overall 9.1 12.0 7.5

last shell (2.59-2.5 A) 2.5 4.6 1.8



4.4 Selenomethionine SsALD structure solution

4.4.1 Solution

The positions of the selenium atoms were determined by MAD phasing using

version 1.15 of SOLVE. The amino acid sequence of the Sulfolobus solfataricus

KDG-aldolase given below (Buchanan et al., 1999) revealed 5 methionines per

monomer, including the N-terminal methionine, which is cleaved on production of

the mature protein.

MPEIITPIIT PFTKDNRIDK EKLKIHAENL IRKGIDKLFV NGTTGLGPSL

SPEEKLENLK AVYDVTNKII FQVGGLNLDD AIRLAKLSKD FDIVGIASYA
PYYYPRMSEK HLVKYFKTLC EVSPHPVYLY NYPTATGKDI DAKVAKEIGC
FTGVKDTIEN IIHTLDYKRL NPNMLVYSGS DMLIATVAST GLDGNVAAGS

NYLPEVTVTI KKLAMERKID EALKLQFLHD EVIEASRIFG SLSSNYVLTK
YFQGYDLGYP RPPIFPLDDE EERQLIKKVE GIRAKLVELK ILKE

All the expected selenium atoms were identified by the Patterson analysis,

resulting in a figure of merit of 0.27 to 2.5 A and a Z-score of 76. The Se sites

had peak heights of approximately 15 o (Table 4.2).

4.4.2 Finding the non-crystallographic symmetry

The phase estimates from SOLVE were used to calculate a solvent-flattened

map in DM, which had distinct solvent boundaries, and evident regions of

secondary structure (Figure 4.5). The program FINDNCS was used to calculate

all possible Se sites within the maximum cell, and the NCS operators between

the four monomers were determined by identifying symmetry-related Se sites.
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Figure 4.5. Snapshot of a solvent-flattened electron density map showing solvent boundaries and

regions of secondary structure.

A mask was generated from the experimental bones of the solvent-flattened

map, and full NCS averaging was performed in DM. The initial correlation

between the monomers was 0.70, and this improved to 0.91 after 50 cycles of

averaging, solvent flattening and histogram matching. The final FOM in the top

resolution shell was 0.79. The improved phases were used to calculate a new

map from which bones were calculated, which showed clear TIM-barrel

structures (Figure 4.6).
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Figure 4.6. Snapshot of SsALD bones calculated after 50 cycles of DM with NCS averaging.

The TIM-barrel structure is evident.
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Table 4.2.

Solution of the selenium positions showing fractional x, y, z coordinates,

occupancy, temperature (B) factors and peak height.

X y z occupancy B (A2) height (ct)

0.150 0.440 0.207 0.825 31.2 19.8

0.290 0.396 0.127 1.056 60.0 20.7

0.534 0.402 0.130 0.698 60.0 15.6

0.493 0.705 0.206 0.809 37.7 20.7

0.597 0.620 0.132 0.764 53.4 16.9

0.217 0.543 0.067 0.744 48.0 16.5

0.282 0.642 0.172 0.682 46.8 16.4

0.454 0.042 0.226 0.730 60.0 15.4

0.669 0.136 0.002 0.961 60.0 13.7

0.813 0.604 0.203 0.583 37.6 14.1

0.816 0.019 0.027 0.565 15.0 20.0

0.697 0.033 0.223 0.869 56.8 16.3

0.531 0.518 0.029 0.623 29.6 18.8

0.685 0.472 0.218 0.505 16.1 16.7

0.008 0.461 0.082 0.391 38.8 11.8

0.348 0.178 0.182 0.497 60.0 9.8
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4.5 Model-building and refinement

A polyalanine model was constructed manually using the bones as a guide, and

the averaged map shown in figure 4.5. One monomer was built, and the other 3

monomers of the tetramer were generated using the NCS operators between the

monomers. Sequence assignment started at the clearest part of the model,

which was the stretch of 3 tyrosines at positions 102, 103 and 104. The first

selenium position was at Met107, making this section relatively easy to assign.

From there, the majority of the residues were assigned sequence. Manual

model-building was followed by refinement by simulated annealing as

implemented in CNS, with a 10 % subset of reflections being omitted from the

refinement calculations. 200 cycles of simulated annealing resulted in the R-

factor dropping from 48.0 % to 34.0 %, and the free-R went from 47.6 % to 35.9

%. Subsequent refinement was through manual adjustment of side-chains,

followed by energy minimisation and individual B-factor refinement with no NCS

restraints. Water molecules were then added. The final model was complete in

all monomers, with every residue clearly seen in the density from Pro2 (the N-

terminal methionine was cleaved on production of the mature protein) to Glu294.

The final R-factor was 19.7 % and free-R factor was 24.1 %. Figure 4.7 shows

the quality of the electron density map after refinement. Validation with

PROCHECK revealed good stereochemistry, with the Ramachandran plot

showing 99.2 % of residues in the core, 0.5 % in generously allowed regions, and

0.3 % in disallowed regions. The 0.3 % represents Tyr103 from each monomer,

which forms a bend in a loop following p4, in the vicinity of the active site. Table

4.3 gives details of the refinement and model statistics.
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Table 4.3

Refinement and model statistics.

Refinement

Resolution (A) 30-2.5

Number of reflections in working set 44,039

Number of reflections in test set 4,952

Number of atoms (average B value (A2))

protein 9,304 (28.9)

water 324 (32.5)

R-factor (%) 19.7

R-free (%) 24.1

Ramachandran

Residues in core and additionally allowed

regions (%) 99.2

generously allowed regions (%) 0.5

disallowed regions (%) 0.3

Rms deviation from ideal geometry

Bonds(A) 0.005

Angles (°) 1.413

The SsALD and the other structurally-determined members of the NAL subfamily

were then compared using similar analyses to those undertaken for the TIMs.
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Figure 4.7. Stereo image of loop 4 from SsALD with density from the final 2fo-fc map.



4.6 Alternative data sets

After solving the 2.5 A SsALD dataset, attempts were made to solve the 2.15 A

orthorhombic data that had been collected at DESY, with the intention to then

build and refine the initial SsALD model with the higher resolution data.

Molecular replacement was used to solve the data after back-transforming the

NCS-averaged map to calculate structure factors. The DESY data had been

scaled in spacegroups P2i2i2i and P21212 due to some ambiguity in the

intensities of the systematic absences, but the general consensus was that the

crystal belonged to spacegroup P2-|2-|2i. AMoRe was used for the molecular

replacement, and although a rotation function and translation function solutions

were obtained, rigid-body refinement resulted in an increase in the R-factorto 62

%. Therefore the model was constructed to 2.5 A resolution (see section 4.5).

Upon further inspection of the 2.15 A data it was observed that two of the odd 0 0

I reflections did have significant intensity, and therefore molecular replacement

was performed with the 2.15 A data in P2-|2-|2, using the 2.5 A structure as a

search model. Below are the solutions for both of the tetramers, showing rotation

and translation function solutions. A pseudo-centering relationship of 0, 0.04, 0.5

was identified from the native Patterson (Hendry et al., 2000), and is clear in the

solutions.

r1 r2 r3 t1 t2 t3 CC Rf

44.35 80.24 89.90 0.2422 0.2339 0.1250 23.2 59.4

44.35 80.24 89.90 0.2422 0.2698 0.6251 63.5 44.7

Rigid-body refinement resulted in both solutions refining to an R-factor of 42 %

and a correlation coefficient of 65 %.



However, after the solutions had been obtained, refinement by energy

minimisation and individual B-factor refinement alternated with manual

adjustment in O failed to reduce the R-factor below 25 %, or the free-R factor

below 28 %. An area of particular difficulty in rebuilding was a region containing

three tyrosines at positions 102, 103 and 104, which could not be fitted into the

density (Figure 4.8a). In each monomer, either Tyr102 or Tyr103 could be

modelled, but both together resulted in clashes with the corresponding region

from another monomer. Comparison with the same region from the SeMet data

(Figure4.8b) showed that this particular loop had been distorted (Figure 4.9). It is

likely that this distortion seen in the 2.15 A model is due to disruption of hydrogen

bonds in a low pH environment. The 2 models are very similar otherwise, with an

rmsd of 0.611 A across all the Ca atoms. As mentioned previously, the 2.5 A

data were been obtained from a crystal grown at pH 6.0, while the 2.15 A data

were from a crystal grown at pH 4.0. Therefore all the analyses were carried out

on the 2.5 A model.
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a. b.

Figure 4.8. Comparison of the loop containing tyrosines 102, 103 and 104 from a) the 2.15 A pH

4.0 data and b) the 2.5 A pH 6.0 data. In a), Tyr102 is reduced to an alanine in order to see if

there is positive density in the fo-fc map contoured at 3 o (positive density shown in green,

negative in red; blue density is from a 2fo-fc map contoured at 1 a).

Figure 4.9. Superposition of the 2.15 A pH 4.0 data (yellow), and the 2.5 A pH 6.0 data (cyan).

The distortion of the loop from residue 98 to residue 109 is shown.
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Chapter 5. PwTIM results

5.1 Introduction

The structure of P. woesei TIM was determined using multiwavelength

anomalous dispersion (MAD) methods and cross-crystal averaging to produce a

model that has been refined at 2.7 A resolution with an R-factor of 25.4 % and a

free R-factor of 28.6 %, with good geometry. There are 8 monomers in the

asymmetric unit arranged as two homotetramers, named ABCD and EFGH.

Each tetramer is assembled as a dimer of classical TIM dimers, AB and CD in

one tetramer, EF and GH in the other. The protein was co-crystallised with the

substrate analogue 2-carboxyethylphosphonic acid (2-CP) which is present in

each monomer and therefore all monomers are in the closed conformation. All

structurally-determined TIMs were subjected to the same analyses, but in order to

simplify the results, only one mesophilic TIM has been included throughout, the

yeast TIM structure (YeTIM). YeTIM was chosen because it is in the closed

conformation in both subunits, as are all of the extremophilic representatives,

Vibrio marinus TIM (VmTIM), Bacillus stearothermophilus TIM (BsTIM),

Thermotoga maritima TIM (TmTIM) and the PwTIM. Data from the other TIMs

are included where necessary.
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5.2 Monomeric Structure

5.2.1 Overall sequence and structure comparison

Each subunit of P. woesei TIM displays the same fold as the other TIMs. Figure

5.1 shows a structural alignment of all 11 TIMs. Secondary structure was

assigned using the DSSP software (Kabsch & Sander, 1983). The recent TIM

study (Maes et al., 1999) compared the framework helices of all the ten TIMs

then available, and found the rmsds between the C-alpha atoms of any 2 TIMs to

vary from 0.4 A to 1.4 A. P.woesei TIM has rmsds with the four others in this

comparison ranging from 1.72 to 1.82 A (Table 5.1). The biggest difference is

between PwTIM and VmTIM, with gradually decreasing rmsds as thermostability

increases. Pairwise sequence alignments (Table 5.1) of the 5 TIMs show no

trends in sequence identities with increasing thermal stability: the less

thermostable TIMs having approximately 50% identity with each other, and the

Archaeal PwTIM sequence having identities ranging only from 21.6% with YeTIM

to 24.2% with VmTIM. Despite the lack of sequence identity, there is no

significant difference in the level of secondary structure in each TIM (Figure 5.2).

The monomeric TIM structures are all very similar, with all the p-strands being

highly superimposable (Figure 5.3). Flowever, differences in secondary structure

exist between PwTIM and the less thermostable bacterial and eukarya! TIMs; the

p-strands show a high level of similarity, with the a-helices and loops being the

most divergent. Significant differences are discussed below.

87



Vm
Ch Lm Hu Ye Pf Ec Tb Bs Tm Pw

...MRHP! ..APRKF MSAKPQP .APSRKF .ARTF .MARKYvaa1WKCNG..T ...MRHP .MSKPQP ...MRKP ..ITRKL MAKLKEP

hplng..s
VG3WKMNG..D AAANWKCNG..T VGGNWKMNG..R FKLNG.

AA1
ia< la(vm■WKLNG..S aaanwCNG..S GNWKMHK..1 GNWKMHK■.T ^^^FKTYgH7 NK

a2

ILEGVTG L.SAD .SHD .PAD .PEN DFDPSK GVAG
.NHD GHVPPADE ILHDVKE .ETG

cwa1 ewcae ice

[ldwvfe cavaiae vqcwae viswcap.. feiwcpp.. vtiwapc

;sai: L.DAK11 LRNPK^BSA L.DPKIAVJ VKKPQVTVGA jQSK^BTGI SGSHIMLGA ISHPKFVIAA 3TDLKIGA JSGRNlfISV.E..IPT
qntdlnnsga qncykvpkga enaiak.sga qncykvtnga qnaylkasga qnvskfgngs qnvdlnlsga qnaiak.sga qtmhfadqga qnvfyedqga qhidpikpgs Q

a3B4100 ftgdmshbfgath FTGEIS^^^MIGAAT ftgevsBilkdigvhI ftgeismb^bmcgati ftgensbqikdvgakl ytgevs^^hniei ftgetsBmiBrdigaqi ftgevsBilkdfgvni ytgevsBmlkdlgvtI FTGEiGVEl htghvl^^^^BAGAV!

101a4a g:

a6b

200

VKTTD^^^^^HEPM ltBBhWlaypvwaig VK..DWSKWlalEPVWAIG VK..DWTNWVBEPB|IG DNFDNVISBEPLWAIG
*****

.npd^^HEI
Te

tgkaat tgktat tgkvat tgktat tglaat tgktat tgksat tgkvat tgksst tgrvat tgipvskakp

GSVKPE1 GSVTGG1 VNi

GSVTGA' GSANGS
GGSVNTE1 GSVNAS GS GSVKPD] i 1ST

AQPDI HD AKPDI SQPD' DKAD |QEDI AQPDI QQRD IQQQID VQKDI LGT

Figure5.1.StructuralalignmentofelevenTIMs:ructures.Strandsaremarkedinred,helicesingreen,catalyticresiduesinmagentaandconservedinterface residuesinblue.Thoseresiduesmarkedwithanasteriskareinvolvedinthetetramerinterface.
OO OO



Table 5.1.

Table showing sequence identities and rms differences of PwTIM with the other

less thermostable TIMs.

TIM VmTIM YeTIM BsTIM TmTIM

15°C 37°C 65°C 80°C

sequence identity with 24.2 21.6 22.6 22.5

PwTIM (%)

Rms difference with 1.82 1.81 1.78 1.72

PwTIM (A)

100

Vm Ch Lm Hu Ye Pf Ec Tb Bs Tm Pw

TIM

Figure 5.2. Graph to show the proportion of residues in secondary structure elements.
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Figure 5.3. Superposition of 5 TIM monomers, colour-coded according to temperature (blue for

the least thermostable, red for the most thermostable). Colour-coding for each TIM is shown on

the left.

5.2.2 Helix 1

Helix 1 of PwTIM is of comparable length to that of YeTIM, VmTIM, BsTIM and

TmTIM, and all the other mesophilic TIMs, but is shifted closer to (32 than in any

of the other TIMs (Figure 5.4).
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Figure 5.4. Helix 1 of all 5 TIMs, with the alanine residues of PwTIM helix 1 shown. The colour-

coding is as figure 5.3.

In PwTIM, the residues on the helix, facing the core of the enzyme and

interacting with residues in (32 and loop 2 are all hydrophobic (Ala24, Ala28,

Ala31 and Tyr35). The alanine content of helix 1 from PwTIM is 25 % compared

to 7.1% in VmTIM and TmTIM and 18.2 % in BsTIM. There are no alanines in

helix 1 of YeTIM although 2 of the mesophilic TIMs (chicken and human) do have

one alanine residue. The surface-exposed residues of helix 1 from PwTIM are all

charged. The other TIMs do have some charged residues on the exposed

surface, but they also have at least one uncharged polar residue (Gin, Asn or

Ser). Gin and Asn are susceptible to deamidation at higher temperatures

(Russell & Taylor, 1995, Kohlhoff et al., 1996) and PwTIM helix 1 does not

contain either of these residues. The loop following helix 1 is shortest in PwTIM

(4 residues). The psychrophilic VmTIM loop consists of 7 residues, YeTIM has 6,

the moderately thermophilic BsTIM has 10, and the hyperthermophilic TmTIM

has 7. Therefore, there is no correlation of loop length with increasing

thermostability, but the shortening of the loop may allow more efficient packing in

the hydrophobic core of the hyperthermostable PwTIM.
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5.2.3 Helix 4

Helix 4 is composed of one short helix followed by a loop, then a longer helix

(Figure 5.5).

Figure 5.5. Superposition of helix 4 from 5 TIMs. Ionic networks and alanine content are shown

for the PwTIM.

The second part of PwTIM helix 4 is alanine-rich again (28.6 % alanine), with the

alanines pointing away from the core of the monomer, but participating in the

interface of the tetramer. It is not significantly more alanine-rich than some of the

mesophilic TIMs. The other side of the helix, this time pointing towards the core

of the barrel, consists mainly of charged residues (Asp105, Glu107, Arg111,

Arg112, Glu114 and Glu115). Glu107 forms an intramolecular ion-pair with

Arg111 which also forms an ion-pair with Glu114. Glu115 pairs with Arg112 and

with Lys71 in the interface loop (loop 3). In this region there appears to be a

strong intramolecular ionic network while the hydrophobic residues of helix 4 and

Rll

*
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the preceding loop form part of the interface of the 2 dimers. See later for further

discussion of ion-pairs and ion-pair networks.

5.2.4 Helix 5

The largest difference between PwTIM and all the others occurs at helix 5

(Figure 5.6). PwTIM has a much shorter helix 5 with a large deletion of

approximately 20 residues. Helix 5 is normally composed of a short helix (5a)

and a loop followed by a longer helix (5b). VmTIM helix 5a comprises a short (5

residues) helix followed by a loop of 3 residues, with helix 5b being 16 residues

long. In the mesophiles, the same pattern exists - a 5-residue helix, 3-residue

loop and a 10-16 residue helix. BsTIM and TmTIM differ in that helix 5a is 6-

residues long, while the loop is only 2 residues long, and helix 5b is 13 residues

in each of these thermophilic TIMs. In contrast, PwTIM has one unbroken helix

of only 8 residues (127 - 134) which consists almost entirely of hydrophobic

residues, PAVSAAVA, and it is this area that forms most of the dimer/dimer

interface through interactions with helix 4.
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PAY SAAVA

Figure 5.6. Helix 5 from 5 TIMs, with the N- and C-terminal residues of the PwTIM helix labelled,

and amino acid composition shown beneath.

In the other TIMs, helix 5 has a very low alanine content, and is not primarily

hydrophobic, including the hyperthermostable TmTIM tetramer. In TmTIM, helix

5 and loop 5 are the point of dimer/dimer interactions to form the tetramer

association, but this is mainly facilitated by a disulphide bridge stabilised with salt

bridges between the helices. In PwTIM, Asp139, immediately preceding (36,

forms an ion-pair with Lys3 at the N-terminus.

5.2.5 Helix 6

The region around helix 6 is different in PwTIM. Helix 6b is preceded by a 3-

residue helix 6a and a loop in most of the TIMs. However, PwTIM helix 6b at 13

residues is much shorter than in any other TIM (Figure 5.7). VmTIM has a 22-

residue helix 6b, YeTIM has 25 residues, and is typical of the mesophilic TIMs,

BsTIM and TmTIM both have 24 residues. The C-terminal end of this helix is

94



involved in the tetramer association (Val173 from each subunit), and most of the

surface-exposed residues along helix 6 are charged (Glu168, Lys171, Lys172).

Figure 5.7. Helix 6 from the 5 TIMs, showing the short length of PwTM helix 6 (red) compared to

the less thermostable TIMs.

5.2.6 N-terminus

The N-termini of the less thermostable TIMs all point towards helix 7 on the

outside of the barrel. However, Lys3 at the N-terminus of PwTIM points back into

the core of the barrel and forms an ionic interaction with Asp139 of the loop

following the truncated helix 5. This interaction fixes the N-terminus to the core

of the protein and has been observed in other ((3/a)s -barrel proteins (Chang et

al„ 1999).
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5.3 Dimer Association

The formation of the classical, functional TIM dimer is highly similar across all the

TIMs. There is no increase in the number of ion-pairs across the dimer interface,

no increase in the number of interface residues or interface accessible surface

area and no difference in the number of hydrogen bonds across the temperature

spectrum. As can be seen in figure 5.8, the areas involved in the dimer interface

are highly superimposable. However, calculation of the solvent-exposed surface

area of the monomers and subsequent burial of residues upon dimerisation

shows that while the less thermostable TIMs achieve stability of the dimer

through burial of hydrophobic residues, the PwTIM dimerisation does not (Table

5.2). PwTIM shows no change in the level of hydrophobic surface area exposed

on formation of the dimer. However, the formation of the TmTIM tetramer is not

achieved through further burial of hydrophobic residues (18 % of the exposed

surface area in the tetramer is hydrophobic), while the PwTIM tetramerisation

involves burial of a significant proportion of hydrophobic surface area:

tetramerisation decreases the amount of hydrophobic exposed surface area from

27.4 % to 22.7 %.
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Figure 5.8. Figure shows the 5 TIM dimers superimposed, each as an alpha-carbon trace. The

key shows the colour-coding.
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Table 5.2.

Table shows subunit volumes of each TIM, accessible surface area (ASA) of

monomers and oligomers, and the nature of the exposed surface area.

TIM Vm (15°C) Ye (37°C) Bs (65°C) Tm (80°C) Pw (100°C)

monomer

volume

(A3),
ASA (A2)

31,100

11,130

30,800

11,300

30,800

10,700

33,000

11,900

27,300

9,900

% buried 46.0 45.6 49.3 42.3 45.0

% of exposed
charged

42.5 44.9 39.9 52.0 52.0

% polar 22.6 28.8 27.4 20.4 18.5

% h'phobic 27.7 20.8 25.9 21.1 27.3

dimer
volume

(A3)
ASA (A2)

63,800

18,900

64,100

19,300

63,700

17,800

68,900

20,200

56,500

17,100

% buried 49.0 49.4 53.4 47.2 48.9

% of exposed
charged

45.2 48.3 44.2 56.2 54.1

% polar 23.0 26.6 27.5 19.8 14.4

% h'phobic 24.2 19.6 21.7 17.5 27.4

tetramer
volume

(A3)
2

ASA (A2) _ _ _

140,600

38,200

114,400

31,400

% buried - - - 47.9 50.6

% of exposed
charged

- - - 56.1 57.4

% polar - - - 19.4 15.4

% h'phobic - - - 18.0 22.7
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5.4 Tetrameric Association

The PwTIM tetramer is arranged as a dimer of dimers (Figure 5.9), and is

stabilised by hydrophobic interactions involving residues in helices 4 and 5 and

the loops linking them. There is no evidence of close-range interactions of

charged residues across this region. In contrast, the TmTIM tetramer is held

together by 2 disulphide bridges stabilised with 4 salt bridges. In PwTIM, the

tetramer interface is formed through interactions of helix 4 of one monomer with

helix 5 of the opposite monomer. Monomers A and C form one interface, while B

and D form the other interface.

Figure 5.9. The PwTIM tetramer. Secondary structure is depicted in the same orientation as

figure 5.8, and the two dimers are labelled AB (green) and CD (blue). CD is equivalent to the

dimer depicted in figure 5.8.

The contacts between each monomer are listed in table 5.3 and shown in figure

5.10, with an additional hydrophobic contact between Val173 of each subunit

(closest distance of 4.5 A). There is also a weak ion-pair (5 A) between Arg100A

of the loop preceding helix 4 and Asp105c within helix 4.
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Table 5.3.

Table shows the interactions at the tetramer interface. Interactions involving loop

4 residues are red, loop 5 are blue, the loop following helix 5 in green.

Monomer A Monomer C

loop 4

Arg10

Ile102

helix 4

loop 5

helix 5

loop
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Figure 5.10. Stereo image displaying the side-chains of the hydrophobic residues involved in the

tetramer interface. Carbon atoms are depicted in black.

The PwTIM monomer is much smaller than any of the other TIMs (Table 5.2).

There is no correlation with the size of either the separate subunits or the

oligomers with increasing thermostability; PwTIM is the only outlier. Analysis of

the proportion of each subunit involved in tetramerisation reveals that the amount

of accessible surface area buried upon association of the 2 dimers is 700 A2,

which is 7.6 % of each monomer, and of which 69 % is hydrophobic. In contrast,

the TmTIM tetramer has only 4.6% of each monomer buried upon

tetramerisation, 58 % of which is hydrophobic, with a total buried surface area of

550 A2. This comparison indicates a closer, more intimate tetrameric association

of the PwTIM than of the TmTIM which is illustrated in figure 5.11.
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Figure 5.11. Space-filling models of the Thermotoga maritima TIM tetramer (left) and the

Pyrococcus woesei TIM tetramer (right).
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5.5 B-factors

In other TIMs, helix 5a and its following loop seem to show high flexibility relative

to the rest of the structure, and it is the region that is absent in PwTIM. In each

of the mesophilic TIMs, the average B-factor across this region (from the

conserved glycine after p5 to the conserved threonine of helix 5b ) is higher than

the average B-factor of the whole monomer (Table 5.4). One exception is

chicken TIM, which has an average B-factor in this region that is the same as the

average B-factor of the whole monomer, although the values do vary dramatically

in this region up to 80 A2. This region of the chicken structure shows close

contacts with a symmetry-related molecule, therefore the area may be stabilised

due to crystal packing. VmTIM also shows high mobility in this region, with an

average B-factor that is 2.5 times the overall average B-factor. In PwTIM, the

whole of helix 5 and the preceding loop have an average B-factor of 14 A2, with a

maximum value of 23 A2, indicative of the involvement of these residues at the

tetramer interface.
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Table 5.4.

Table shows temperature factors across monomers and 'flexible' regions of each

TIM. Optimum growth temperature of each organism is given.

TIM VmTIM YeTIM BsTIM TmTIM PwTIM

15°C 37°C 65°C 80°C 100°C

Average B-factor (A2) 11 12 21 54 22~~

Average B-factor in H5a 25 15 25 39 14

and loops (A2)

Maximum B-factor in H5a 51 26 69 84 23

and loops (A2)
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5.6 Electrostatic interactions

The only TIM which shows a significantly higher number of ion-pairs is the

hyperthermostable TmTIM, but any trend breaks down with the inclusion of the

even more hyperthermophilic PwTIM. VmTIM also shows a slightly increased

number of ion-pairs. There is also no increase in the number of charged

residues with increasing thermostability. One other point of note is the lack of an

apparently 'conserved' salt-bridge. In all the other TIMs a salt bridge is formed

via Arg192 (in TmTIM) of helix 6 with Asp228 and/or Asp230 of the loop

preceding p8. This salt bridge serves to tether helices 6 and 7 to each other,

some 20 A away from the active site (Maes et al., 1999). In PwTIM there are no

charged residues in the loop preceding p8 and the conserved arginine is absent.

Although PwTIM does not have more ion-pairs or networks than any other TIM, it

does have some unique interactions. The ion-pair between the N-terminus and

the C-terminal end of helix 5 (Lys3 and Asp139) is not found in the other TIMs.

There is a further unique anchoring of the N-terminus through an ion-pair

between Glu6 and Lys178 of loop 7. Additionally, there is a short insert before

helix 1 leading to the formation of an intramolecular ion-pair between Glu18 and

Lys210, tethering loop 1 and loop 8 together. There is an increase in ionic

interactions between the two sections of helix 4 and the interface loop. VmTIM,

YeTIM, BsTIM and TmTIM have an ion-pair network of Arg100, Glu106 and

Lys114, and in PwTIM a similar network occurs between Glu107, Arg111 and

Glu114, and this region is further stabilised by the formation of a second ion-pair

network between Lys71, Glu115 and Arg112. These intramolecular networks

occur at the point of tetramer association, with all the charged residues pointing

back in towards the core of the monomer. A final unique pair occurs between
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Glu147 and Lys159 in PwTIM. The glutamate is part of the 3-residue helix at the

start of helix 6, which in the less thermostable TIMs comprises a VWA, LWA, or

IWA motif, while the PwTIM helix is PEL. The lysine is part of the loop preceding

helix 6b, so the ion-pair results in tethering the two sections of helix 6 together.
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5.7 Cavities

In accordance with the previous TIM study (Maes et al., 1999), no differences

were found in the number, volume or hydrophobicity of cavities between the TIMs

that could be correlated with thermostability. There is variation in the number

and size of cavities across all of the mesophilic TIMs, making it unlikely that the

filling of cavities is involved in the stabilisation of this particular enzyme. This

may be due to the compact, hydrophobic nature of the TIM-barrel folds, as all the

TIMs have small cavities. The program VOIDOO was used to analyse cavities.
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5.8 Discussion

Through the comparative analyses of TIM structures representing psychrophilic,

mesophilic, moderately thermophilic and hyperthermophilic organisms, it is

difficult to isolate trends of features involved in conferring thermostability.

Certainly the most obvious difference is in the formation of a tetramer in TmTIM

and PwTIM when the less thermostable TIMs are all dimers. The increased

inter-subunit contacts could be responsible for the increased thermostability, and

this tendency towards higher oligomers as a thermostabilising feature has been

observed in other protein families (Jaenicke & Bohm, 1998). 3-phosphoglycerate

kinase is dimeric in the hyperthermophilic Archaea Methanothermus fervidus and

Pyrococcus woesei, but monomeric in mesophiles (Hess et al., 1995).

Dihydrofolate reductase, which is monomeric in mesophilic organisms forms a

dimer in the hyperthermophilic bacterium Thermotoga maritima (Dams et al.,

2000). Ornithine carbamoyltransferase exists as a trimer in mesophiles but

oligomerises to give 4 trimers in the hyperthermophilic Archaeon, Pyrococcus

furiosus (Villeret et al., 1998). Methenyltetrahydromethanopterin cyclohydrolase

is trimeric in the hyperthermophile Methanopyrus kandleri, but is dimeric in

mesophilic hosts (Grabarse etal., 1999).

The extent of the hydrophobic interaction across the tetramer interface correlates

well with the general observation that increased hydrophobicity increases

stability. Recent examples include the glyceraldehyde-3-phosphate

dehydrogenase from the hyperthermophile Methanothermus fervidus which has

more hydrophobic contacts than its mesophilic counterparts, facilitated by

additional a-helices (Charron et al., 2000), and the alcohol dehydrogenase from
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Thermoanaerobacter brockii which has more hydrophobic interactions at subunit

interfaces than its mesophilic homologues, and a more hydrophobic interior in

each subunit (Li et al., 1999). The increase in the number of alanine residues

incorporated into some of the PwTIM helices could lead to greater stability within

the structure: alanines are helix-stabilising, and an increase in alanine content in

helices is a factor which has been seen before in thermophilic proteins (Kelly et

al., 1993, Menendez-Arias & Argos, 1989, Russell et al., 1994). Further, the

localised increase in alanine content in helices 4 and 5 is clearly responsible for

much of the hydrophobic contact between the two dimers.

The increased compactness of the PwTIM, evident from the volume occupied by

the subunits, may also confer stability. This compactness is achieved through the

shortening of some of the loops, and through truncation of helices 5 and 6. The

increased mobility of loop 5 and part of helix 5 in the psychrophilic and

mesophilic bacterial and eukaryal TIMs may indicate a weak point in the TIM

structure which may be susceptible to unfolding at high temperatures. At the

higher temperature of 100°C at which PwTIM must function, the removal of this

mobile region could prevent local unfolding of the peptide chain at that weak link

thus leading to a kinetic hindrance of denaturation. However, as the mesophilic

M. bryantii TIM exhibits gaps of the same size and at the same positions (Hensel

et al., 1998), these shortenings in PwTIM certainly do not represent the only

structural prerequisites for higher oligomerisation states and higher

thermostability. They are at best a necessary but not sufficient prerequisite of

the enzyme's thermophilic phenotype.
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The contribution of electrostatic interactions to thermostability has been well

documented (Isupov et at., 1999, Xiao & Honig, 1999, Perl et ai, 2000,

Yamagata et at., 2001, Britton et at., 1999, Kremer et at., 2001). However in

PwTIM, there does not seem to be a straightforward increase in the number of

ion-pairs, clusters or even charged residues. Rather, there are specific locations

where electrostatic interactions result in anchoring parts of each subunit. The

difference in the conformation of the N-terminus in PwTIM appears to be in order

to tether the N-terminus to the truncated helix 5; the extra ion-pair network within

helix 6 and the altogether altered position of helix 6 seem to allow the

conformational twist brought about by the tetramer association. In PwTIM

therefore, electrostatic interactions may play an indirect role in stabilising the

regions involved in the predominantly hydrophobic tetramer association.

Altogether, the study of the 3D structure of PwTIM confirms the trend of higher

oligomerisation in hyperthermophilic enzymes and focuses attention on the

effects of rather subtle structural changes on the thermodynamic and kinetic

stability of proteins.
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Chapter 6. TtxTIM results

6.1 Introduction

The structure of T. tenax TIM was determined using molecular replacement, and

the model refined at 2.3 A resolution to an R-factor of 21.5 % and a free R-factor

of 25.9 %, with good geometry. Within the asymmetric unit there are 2

homotetramers, ABCD and EFGH. Each tetramer comprises a dimer of classical

TIM dimers, AB and CD in one tetramer, EF and GH in the other. The protein

was co-crystallised with 2-CP, which was present in each monomer, and all the

monomers are in the closed conformation, making it good for comparison with

the PwTIM and the other TIMs. The same analyses carried out on the VmTIM,

YeTIM, BsTIM, TmTIM and PwTIM were also performed on the TtxTIM model.

The following results refer to differences between the TtxTIM and the PwTIM,

and any significant differences between the TtxTIM and the other TIMs included

throughout are reported.
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6.2 Monomeric Structure

Each subunit of T. tenax TIM displays the same fold as the other TIMs. Figure

6.1 shows a sequence alignment of the TtxTIM and the PwTIM. The 2 Archaeal

TIMs share 52.2 % sequence identity, which is reflected in the rms difference,

between the C-alpha atoms of the 2 TIMs, of 0.97 A over monomer A from each

TIM. This is compared to a best rms difference of 1.72 A when comparing the

PwTIM with any of the others.
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Figure 6.1. Structural alignment of TtxTIM and PwTIM structures. Strands are marked in red,

helices in green, catalytic residues in magenta and conserved interface residues in blue. A solid

line indicates a conserved residue, : a conservative substitution, and . a semi-conservative

substitution. Those residues marked with an asterisk are involved in the tetramer interface of

each TIM.
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Interestingly, the sequence comparison shows many of the completely non-

conservative substitutions occur within the tetramer interface helices, and in the

loop following (33, which is the dimer interface loop. As expected with such high

identity, there are only a few differences between the 2 monomeric structures.

The levels of secondary structure are comparable, with TtxTIM having 59.7 % of

its residues involved in secondary structure elements compared to 59.5 % of

PwTIM residues. The monomeric structures are highly superimposable (Figure

6.2), with the (3-strands being very similar, but there are some differences in

some of the loops and helices.

Figure 6.2. Superposition of TtxTIM (purple) and PwTIM (red), with the a-helices and interface

loop labelled.
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The N-terminus of the PwTIM is fixed to the core of the barrel via an ion-pair.

This is not conserved in the TtxTIM. Although the TtxTIM N-terminus points back

into the core of the barrel, it is not to the same extent as the PwTIM.

The C-terminal end of helix 4 is closer to the core of the barrel in the TtxTIM, but

the C-terminal end of helix 6 is further from the core in the TtxTIM. Both these

helices are involved in the tetramer association. However, the TtxTIM helix 4

does not have either of the ion-pair networks seen in the PwTIM (Figure 5.5).

The other major point of difference between the 2 hyperthermophilic Archaeal

TIMs is in the dimer interface loop, which has swung 2.1 A from the PwTIM at

the farthest points.

The 2 Archaeal TIMs are also similar in size, with monomeric volumes of 26,700

A3 for the TtxTIM compared with 27,300 A3 for the PwTIM, dimeric volumes of

55,000 A3 and 56,500 A3 respectively, and tetrameric volumes of 113,200 and

114,400 A3.
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6.3 Dimer Association

The conformation of the classical TIM dimer is diffferent in the TtxTIM compared

to the less thermostable TIMs and the more thermostable PwTIM (Figure 6.3),

having an rms difference with the PwTIM dimer of 1.72 A compared to 0.96 A for

the monomers.

Figure 6.3. Figure shows the TtxTIM (purple) and the PwTIM (red) classical dimers

superimposed as monomer A in each dimer, each as an alpha-carbon trace.

There is an obvious shift in position of the second monomer, which is not seen in

any of the other TIMs. It is not clear how this shift is achieved - although there

are differences in the chemical nature of the exposed surface area between the

TtxTIM and all the other TIMs. Nevertheless, there are also differences between

PwTIM and the other TIMs and yet the dimer conformation is essentially identical

(see section 5.3). Below is a repeat of table 5.2 with data for the TtxTIM included

(Table 6.1).



Table 6.1.

Table shows subunit volumes of each TIM, accessible surface area (ASA) of

monomers and oligomers, and the nature of the exposed surface area.

TIM Vm Ye (37°C) Bs (65°C) Tm Ttx Pw

(15°C) (80°C) (85°C) (100°C)
monomer

volume

(A3),
ASA (A2)

31,100

11,130

30,800

11,300

30,800

10,700

33,000

11,900

26,700

10,100

27,300

9,900

% buried 46.0 45.6 49.3 42.3 42.3 45.0

% exposed
charged

42.5 44.9 39.9 52.0 47.7 52.0

% polar 22.6 28.8 27.4 20.4 19.0 18.5

% h'phobic 27.7 20.8 25.9 21.1 27.3 27.3

dimer
volume

(A3)
ASA (A2)

63,800

18,900

64,100

19,300

63,700

17,800

68,900

20,200

55,000

17,200

56,500

17,100

% buried 49.0 49.4 53.4 47.2 47.7 48.9

% exposed
charged

45.2 48.3 44.2 56.2 54.2 54.1

% polar 23.0 26.6 27.5 19.8 15.8 14.4

% h'phobic 24.2 19.6 21.7 17.5 24.8 27.4

tetramer
volume

(A3),
ASA (A2) _ _ _

140,600

38,200

113,200

31,400

114,400

31,400

% buried - - - 47.9 50.3 50.6

% exposed
charged

- - - 56.1 58.2 57.4

% polar - - - 19.4 14.1 15.4

% h'phobic - - - 18.0 22.0 22.7
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A key difference in the dimerisation of TtxTIM compared to the PwTIM is in the

burial of hydrophobic residues. The PwTIM shows no change in the proportion of

hydrophobic surface area exposed on formation of the dimer, whereas the

dimerisation of the TtxTIM decreases the amount of hydrophobic exposed

surface area from 27.3 % to 24.8 %. This is comaparable to the burial of

hydrophobic surface area upon dimerisation of the less thermostable TIMs.
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6.4 Tetrameric Association

The TtxTIM tetramer is also arranged as a dimer of classical TIM dimers, as seen

in the PwTIM tetramer (Figure 5.9). However, the TtxTIM tetramer interface is

different to the PwTIM tetramer interface (Figure 6.4).

Figure 6.4. Stereo image of the superposition of TtxTIM (purple) and PwTIM (red) tetramers,

showing the twist in the TtxTIM tetramer interface. Superposition based on monomer A from

each tetramer.

In accordance with the PwTIM tetramer there is no evidence of close-range

interactions of charged residues across the interface, and again the tetramer is

stabilised by predominantly hydrophobic interactions across residues in helices

4, 5 and 6 and loops linking them. There are 17 residues from each TtxTIM

monomer involved in the interface compared to 16 from each PwTIM monomer.

Of the interface residues, 13 are in equivalent positions in both, and of those 13,

only 4 are completely conserved (Figure 6.5).
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Figure 6.5. Figure shows the tetramer interface residues in TtxTIM (top) and PwTIM (bottom).

The structural position of each residue is indicated, as is the chemical nature of the residue, blue

for polar, red for charged and green for hydrophobic. | indicates a conserved residue and . a

semi-conservative substitution. A single line (-) indicates that the residue at this position is not

involved in the interface.

Closer analysis of this interface and the proportion of the interface contributed by

each residue reveals an increase in polarity in the TtxTIM interface compared to

the more hydrophobic PwTIM tetramer interface. The PwTIM interface is 31.0 %

polar and 69.0 % hydrophobic, while the TtxTIM interface is 39.5 % polar and

60.5 % hydrophobic. Although the ItxIlM tetramer interface is still

predominantly hydrophobic, it is less so than the more thermostable PwTIM.

The TtxTIM tetramer has a more extensive interface than the PwTIM (Figure 6.6)

with 9.4 % of each monomer contributing to a total interface accessible surface

area of 900 A2. This is in comparison with 700 A2 in the PwTIM tetramer, only

7.6 % of each monomer.
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Figure 6.6. Space-filling models of the Pyrococcus woesei TIM tetramer (left) and the

Thermoproteus tenax TIM tetramer (right).

Analysis of the contacts across the tetramer interface shows that while the

TtxTIM has more intersubunit contacts than the PwTIM (52 compared to 42), the

distribution of these contacts is different (Table 6.2 and Figure 6.7). A contact is

any interaction between 2 atoms less than 4 A apart.

120



Table 6.2.

Table shows a list of the intertetrameric contacts from TtxTIM and PwTIM for the
AC portion of the tetramer interface. The BD interface is identical.

Structure TtxTIM (no. of contacts) PwTIM (no. of contacts)

loop 4 2 with loop 4

1with H4

2 with loop 4

helix 4 1 with loop 4 -

3 with H4 2 with H4

2 with loop 5 2 with loop 5

4 with H5 4 with H5

loop 5 2 with H4 2 with H4

helix 5 4 with H4 4 with H4

1 with loop following H5 2 with loop following H5

1 with loop following H6 -

loop following H5 1 with H5 2 with H5

loop following H6 1 with H5 -

3 with loop following H6 1 with loop following H6
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Figure 6.7. Bar chart shows the contribution of the secondary structure elements to the tetramer

interface in terms of a percentage of the overall number of contacts. The TtxTIM interface is

given in purple and the PwTIM interface in red, and Lf is 'loop following' abbreviated.
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6.5 Electrostatic interactions

TtxTIM does not show any significant difference in the number of ion-pairs, either

intramolecular or intermolecular, when compared with PwTIM or the other TIMs

(Table 6.3). As mentioned in section 5.6, the only TIM which shows a

significantly higher number of ion-pairs is the T. maritima TIM. It is clear that the

Archaeal representatives of the TIM family do not exploit ion-pairs as a means of

achieving thermoadaptation. In contrast with the PwTIM, TtxTIM does not lack

the 'conserved' salt-bridge seen in all the other TIMs. Although not in exactly the

same place as in the other TIMs, TtxTIM has an ion-pair network between

Arg154, Glu183 and Asp187, which serves to tether helices 6 and 7 to each

other, as in the other TIMs. However, TtxTIM does lack the some of the unique

ion-pairs seen in the PwTIM structure; the pair linking the N-terminus to the core

of the barrel is lost, as are both of the networks found in helix 4 of PwTIM. It

does have the ion-pair responsible for tethering the two sections of helix 6

together, Glu144 and Lys156.

Table 6.3.

Table shows a comparison of the number of ion-pairs found in each TIM.

VmTIM YeTIM BsTIM TmTIM TtxTIM PwTIM

(15°C) (37°C) (65°C) (80°C) (85°C) (100°C)

no. ion-pairs/residue 0.053 0.047 0.040 0.064 0.053 0.035

Despite a lack of a role for ion-pairs in the stabilisation of the hyperthermophilic

TIMs, it is interesting to note that the three most stable TIMs, TmTIM, TtxTIM and
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PwTIM, all have substantially more charged exposed surface area than any of

the less thermostable TIMs, at the expense of polar residues (Figure 6.8).

60 n

VmTIM YeTIM BsTIM TmTIM TtxTIM PwTIM

TIM

■ charged
□ polar
□ h'phobic

Figure 6.8. Graph to show the nature of the exposed surface area in each TIM dimer.
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6.6 Deamidation

The apparent correlation of increased thermostability with a decrease in the

amount of exposed polar surface area is mirrored by the decrease in the number

of polar residues in thermophilic genomes. Given the susceptibility of asparagine

to deamidation, and to a 10-fold lesser extent glutamine, it is possible that

surface-exposed Asns and Gins are more likely to be susceptible to deamidation

than buried ones. Consequently, a possible mechanism for thermostabilisation is

to reduce the number of surface-exposed Asns/Glns, or to protect them from

deamidation. To date there is no reliable means for the prediction of

susceptibility of a given Asn/GIn to deamidation, although a recent study has

made some considerable ground in designing a method for prediction (Robinson

& Robinson, 2001), but is still only about 80 % correct. However, simple

estimation of susceptibilty can be made based on the following criteria (Daniel et

al., 1996):

The residue may be susceptible if

1i) the side-chain oxygen has no hydrogen bond with the N+1 peptide nitrogen,

and

1ii) the yC (Asn) or 5C (Gin) points in the right direction for attack by the carboxy-

peptide nitrogen.

2i) there is no steric hindrance of the formation of a succinimide ring from

surrounding side-chains, and

2ii) there is no complex hydrogen-bonding network nearby.

In order to fulfill one criterion, both parts must be satisfied. All of the Asns and

Gins that fulfill criteria 1 and 2 are solvent-accessible in all of the TIMs (Table

6.4). Most of the residues that satisfy only one of the criteria are also surface-
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exposed, but not all of them. Also, not all of the surface-exposed Asns and Gins

satisy either of the criteria. However, there is also a correlation of the total

number of surface-exposed Asns and Gins with thermostability.
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Table 6.4.

Table shows the susceptibility of asparagine or glutamine residues to

deamidation, and which of those are solvent-accessible (SA), within the TIM

family. Optimum growth temperature for each organism is indicated.

VmTIM YeTIM BsTIM TmTIM TtxTIM PwTIM

15°C 37°C 65°C 80°C 85°C 100°C

No. Asns / monomer 12 12 5 6 6 8

No. SA Asns 6 5 2 1 1 2

Susceptible according to 3 8 3 1 2 2

1 (SA)* (3) (5) (2) (1) (1) (2)

Susceptible according to 2 5 1 0 1 0

1+2 (SA) (2) (5) (1) (1)

No. Gins/monomer 8 7 14 8 2 2

No. SA Gins 5 2 9 4 1 0

Susceptible according to 7 4 8 3 1 0

1 (SA) (4) (2) (6) (3) (1)

Susceptible according to 4 2 5 1 1 0

1+2 (SA) (4) (2) (5) (1) (1)

*1and 2 refer to the criteria outlined in the text
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6.7 Discussion

The molecular structure of TtxTIM allows the thermostability study to cover the

temperature spectrum from 15°C to 100°C, including 3 hyperthermophilic

structures. It also provides a second Archaeal TIM for comparison. Although

there are differences between the TtxTIM and the PwTIM, the most obvious

similarity is in the formation of a homotetramer when the less thermostable TIMs

are homodimers. This observation provides further evidence that the TIM family

of proteins adopts the formation of higher oligomers as a means of

thermoadaptation, as observed in other protein families (see section 5.8). The

increase in subunit contacts could be responsible for the high thermostability of

TtxTIM, which has a half-life of inactivation of 30 min at 95°C, compared to the

less thermostable TIMs. Although the tetramer interface is more extensive than

that of the more thermostable PwTIM, it is also less hydrophobic, supporting the

notion that an increase in hydrophobicity leads to an increase in stability. The

contacts are also localised slightly differently in each of the Archaeal TIMs.

Although most of the contacts are contributed by residues in helices 4 and 5 of

both of them, TtxTIM has more contacts from loop 4 and the loop following helix

6, while PwTIM has more contacts from the central areas of the tetramer

interface, loop 5, helix 5 and the loop following helix 5. These differences may

account for the difference in thermostability between the 2 TIMs.

The contribution of electrostatic interactions to thermostability is again highlighted

in this comparison. Although there is no direct numerical trend in the number of

ion-pairs or ion-pair networks, there are specific regions where electrostatic

interactions may be important. TtxTIM has a similar ion-pair network to the less
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thermostable TIMs, responsible for tethering helices 6 and 7 together, a network

not found in the more thermostable PwTIM. However, it does not have either of

the networks found in helix 4 of PwTIM, which point back into the core of the

monomer. Possibly these networks serve to stabilise helix 4 in its formation of

the tetramer, and may account for some of the differences in the tetrameric

association seen in TtxTIM. However, without further experiments to determine

the contribution of these networks to the overall thermostability of PwTIM, this

cannot be proven. Both TtxTIM and PwTIM share a potentially stabilising ion-

pair not seen in any of the other TIMs, tethering the 2 sections of helix 6 to each

other.

The observation that there is a higher proportion of charged surface-exposed

area in each of the hyperthermophilic enzymes compared with the less

thermostable TIMs correlates well with the findings of Cambillau and Claverie

(Cambillau & Claverie, 2000). They conducted large-scale comparative analyses

of 30 complete genome sequences and found that hyperthermophilic organisms

have a large difference in the proportions of charged versus polar uncharged

amino acids. They then analysed and compared the water accessible surfaces

of 189 protein structures from mesophiles and hyperthermophiles, and found that

the surfaces of the hyperthermophilic proteins had an increased proportion of

charged residues at the expense of polar residues, reflecting the shift at the

genomic level. This bias in amino acid composition on the surface of

thermostable proteins was then demonstrated again in a recent study (Fukuchi &

Nishikawa, 2001).
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At temperatures above 90°C, deamidation is a major form of irreversible

inactivation in model proteins such as lysozyme (Ahern & Klibanov, 1985) and

ribonuclease (Zale & Klibanov, 1986). Moreover, site-directed mutagenesis

experiments carried out some 15 years ago on TIM from yeast found that a

double mutation of 2 subunit interface (but solvent-accessible) asparagines to a

threonine and an isoleucine resulted in doubling the half-life of the mesophilic

enzyme at 100°C (Ahern et al., 1987). A study on one of the susceptible Asns in

TIM (Asn71 in HuTIM) (Garza-Ramos et at., 1994) revealed that in low water

conditions, the enzyme was significantly more thermostable and resistant to

hydrolysis of the amide bond of the Asn. In addition, a study using model

peptides in organic solvents (Brennan & Clarke, 1993) found that the rate of

deamidation of asparagine residues is decreased in solvents of low dielectric

strength, and speculated that asparagines in regions with low dielectric constants

such as the interior of a protein would be protected from deamidation. The

moderately thermostable BsTIM has a high level of Gin surface-exposed and low

levels of Asn. Glutamine residues are deamidated at a much slower rate than

asparagines, which may for the moderate thermostability of BsTIM. Despite

these findings being encouraging in terms of offering a potentially universal rule

of thermostability, the prediction of the susceptibility of a residue to deamidation

is simple. There is little or no direct experimental evidence to support the

classification of an Asn as susceptible to deamidation - the only one there is

evidence for is the Asn15 in human TIM (Sun et al., 1995) and Asn14 in yeast

(Ahern et al., 1987). In all of the mesophilic and the psychrophilic TIMs this

position is an Asn and is surface-exposed, and is classified as susceptible



according to the criteria; in BsTIM and TmTIM it is a histidine, and in TtxTIM and

PwTIM it is a tyrosine.

This particular comparison between TtxTIM and PwTIM serves to question the

general acceptance that ion-pairs are a common mechanism for achieving

thermoadaptation, and is consistent with the idea that an increase in

hydrophobicity increases thermostability. It also suggests a role for the

elimination and/or protection of residues susceptible to deamidation, and

reinforces the trend of higher oligomerisation in hyperthermophilic enzymes.
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Chapter 7. SsALD results

7.1 Introduction

The structure of S. solfataricus KDG-aldolase was determined using MAD

phasing, and the model has been refined at 2.5 A resolution to an R-factor of

19.7 % and a free R-factor of 24.1 %, with good stereochemistry. There are 4

monomers in the asymmetric unit arranged as a homotetramer, ABCD. The

active-site lysine involved in the formation of the Schiff base with the substrate

during catalysis is ordered and clearly visible in each of the 4 monomers, and in

the same orientation and conformation as in the other NAL subfamily members

(Figure 7.2). All the structurally-determined members of the NAL subfamily were

subjected to the same analyses and compared to the SsALD. The NALs are a

poor comparative family because as mentioned in section 1.5, there are no

thermostability data available for the H. influenzae NAL, or the E. coli DHDPS,

but the E.coli NAL has an apparent optimum temperature for activity of 80°C.

The SsALD has a half-life of inactivation of 7.8 h at 95°C.
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7.2 Monomeric Structure

7.2.1 Overall sequence and structure comparison

Each subunit of SsALD displays the same fold as the other members of the NAL-

subfamily, with the (p/a)s structure decorated with 3 additional helices at the C-

terminus. Figure 7.1 shows a structural alignment of the 4 members. Secondary

structure was assigned using the DSSP software. Comparison of the framework

helices of each of the enzymes reveals that the 2 NALs are the most similar, with

an rms difference of 1.3 A, compared to 1.7 A with the DHDPS monomer, and

1.6 A with SsALD monomer. The SsALD and DHDPS framework helices have

an rms difference of 1.9 A. As there are no thermostability data available for

either HiNAL or DHDPS, it is difficult to determine if these differences correlate

with thermostability, or if they are simply a factor of different function. At the

primary structure level, EcNAL and HiNAL share 37 % sequence identity, while

DHDPS has 27 % and 25 % identity with EcNAL and HiNAL respectively, and

SsALD has 26 %, 28 % and 27 % identity with EcNAL, HiNAL and DHDPS. This

lack of sequence identity does not lead to any significant difference in the

proportion of secondary structure within each enzyme, with EcNAL and DHDPS

both having 62 % of residues involved in secondary structure elements, SsALD

63 % and HiNAL 66 %. The monomeric structures are all very similar, with the p-

strands being highly superimposable (Figure 7.2). Differences do exist in some

of the loops and helices, and are discussed below.
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Figure 7.1. Structural alignment of all 4 NAL subfamily structures. (3-strands are coloured in pink,

helices are coloured cyan, catalytic residues are in blue, and a conserved salt-bridge in gold.
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Figure 7.2. Superposition of the monomers of the 4 structurally-determined NAL-subfamily

members, DHDPS (blue), HiNAL (green), EcNAL (pink), SsALD (red). The framework a-helices

and the active site lysine are labelled. Superposition is achieved through alignment of the active-

site residues and the alpha-carbons of the framework helices.
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7.2.2 Loops

Helices 1 and 2 are very similar in all 4 NAL subfamily members, but the C-

terminal end of SsALD helix 2 is slightly shorter than in the others, resulting in the

following loop being closer to the core of the monomer (Figure 7.3). There is a

short deletion of 3 residues in this region. However, the following strand (3), loop

3 and helix 3 are essentially identical in each of the enzymes. This loop does not

feature in any of the tetrameric interactions, nor in any conserved features.

Figure 7.3. Helix 2 and following loop and strand of each NAL subfamily member. Colour coding

is as figure 7.2.

Loop 4 is involved in tetrameric interactions. This loop has 3 conserved

residues, a proline and 2 tyrosines, which are all involved in the formation of the

tetramer. Although a well-conserved region, loop 4 from SsALD is longer and is

shifted further away from the core of the monomer than in the other enzymes

(Figure 7.4).
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Figure 7.4. Superposition of loop 4 from each NAL subfamily member, DHDPS (blue), HiNAL

(green), EcNAL (pink) and SsALD (red).

The loop linking helix 5 and (3-strand 6 comprises only 2 residues, while the other

enzymes have 4 or 5 residues in this loop (Figure 7.5). There is also a cysteine

residue (Cys150) in this loop involved in an intrasubunit disulfide bridge with

Cys120 in helix 4. The other enzymes have no disulfide bridges.

Figure 7.5. Superposition of helix 5/p-strand 6 from each NAL subfamily member. Colour-coding

is as figure 7.4.

The rest of the loops are essentially identical.
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7.2.3 Helices

Helix 6 is shifted closer to (3-strand 7 in SsALD than in any of the other enzymes

(Figure 7.6). The sequence of this helix is not well conserved between the 4

proteins, but is involved in the formation of the tetramer. In EcNAL, HiNAL and

SsALD, there is a salt bridge formed between either an arginine (EcNAL, SsALD)

or a lysine (HiNAL) from helix 6, and an aspartate in the loop preceding p-strand

8. This salt bridge does not exist in DHDPS.

Figure 7.6. Superposition of helix 6 from each NAL subfamily member, DHDPS (blue), HiNAL

(green), EcNAL (pink) and SsALD (red), showing the shifted position of the SsALD helix 6.

Helix 7 is shifted away from the core in the SsALD compared to the other

enzymes (Figure 7.7). This helix is also involved in tetrameric interactions, to a

greater extent in the SsALD, which is discussed in section 7.3. Helix 7 is of

identical length in all 4 enzymes.
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Figure 7.7. Superposition of helix 7 from each enzyme. Colour-coding is as figure 7.6.

The C-terminal helices are different in each of the enzymes (Figure 7.8). The

final helix of the barrel, helix 8, is very similar in each, as is helix 9, but helices 10

and 11 differ. In particular, helix 11 of SsALD is 6 residues longer than in any of

the other enzymes, while helix 10 is also longer, by 2 residues. Both of these

helices and the loop adjoining them are involved in the tetramer association.

139



Figure 7.8. Superposition of the C-terminal helices from each NAL subfamily member. Colour-

coding is as figure 7.6.

7.2.4 Termini

SsALD has a shorter N-terminus (Figure 7.9), with only 2 residues before (3-

strand 1, which point away from the outside of the barrel, back into the core of

the monomer. One of the residues (Glu3) is involved in an ion-pair with Lys37 of

the loop following helix 1. The EcNAL model does not include the first two

residues of the EcNAL sequence, therefore the N-terminus is longer than it

appears in the figure. It also has an anchoring ion-pair at the N-terminus,

between Arg6 and Asp203 of loop 6. HiNAL has an ion-pair network between

Asp3, Lys5 and Asp202, and DHDPS has no ion-pair linking the N-terminus to

any part of the structure.
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Figure 7.9. The N-termini of each of the NAL subfamily members, DHDPS (blue), HiNAL (green),

EcNAL (pink) and SsALD (red).

The C-terminus of SsALD is 6 residues long in SsALD - the EcNAL C-terminus

has 5 residues, DHDPS has 3 and HiNAL has 2 (Figure 7.10). The preceeding

helix is also longer in SsALD. There is also an ion-pair network at the C-terminus

of SsALD not found in the other examples of the NAL subfamily. This network

between Lys293, Glu294 and Arg283 serves to fix this extended C-terminus to

the preceeding helix 11.

Figure 7.10. Superposition of helix 11 and the C-termini from each NAL subfamily member.

Colour-coding is as figure 7.9.
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7.3 Tetrameric Association

The SsALD tetramer is similar to the other members of the NAL subfamily, with

rms differences ranging from 2.1 to 2.3 A with any of the other enzymes. The

subunit interfaces within the tetramer are AC (equivalent to BD) and AD

(equivalent to BC) (Figure 7.11). All of the enzymes have similar tetrameric

volumes, ranging from 154,000 A3 for the DHDPS tetramer to 162,000 A3 for the

SsALD. Certainly there is no compaction of the SsALD tetramer.

Figure 7.11. The SsALD tetramer. Each subunit is labelled.

DHDPS is the only enzyme with a significantly different AC (or BD) interface, with

it being smaller in comparison with the others (Table 7.1). The AD or BC

interface is more extensive in the SsALD tetramer than in the others, having an

overall interface accessible area of 1660 A2, 250 A2 larger than the interface in

any of the other enzymes. This is reflected in there being more contacts across

the AD and BC interfaces in the SsALD, and more intersubunit contacts in total,

where a contact is any interaction between 2 atoms less than 4 A apart. All of

the enzymes have a more polar AC (or BD) interface and more hydrophobic AD
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(or BC) interface, but with no apparent correlation with thermostability.

Localisation of the intersubunit contacts is shown in figure 7.12, with many of the

positions conserved across all 4 enzymes. Most of the AC or BD contacts come

from helices 6, 7 and 8 of each enzyme, with SsALD uniquely having

involvement from loop 7, and in the AD or BC interface, most of the contacts

involve loops 3, 4,5 and the one following helix 10. Again, SsALD has unique

contributions from loop 1 and helices 9 and 11. An interesting point of contact is

in the localisation of ion-pairs and ion-pair networks across the subunit

interfaces. DHDPS has no intersubunit ion-pairs in either of the interfaces (Table

7.1), while HiNAL, EcNAL and SsALD all have intersubunit pairs across the AC

and BD interfaces. However, HiNAL has no ion-pairs across the AD or BC

interfaces, whereas EcNAL and SsALD do. SsALD has more intersubunit ion-

pairs than the others and also has 2 ion-pair networks in each interface, each

one involving 3 residues:

Glu234A—Arg169c—Asp230a

AC or BD interface

Glu234c—Arg169A—Asp230c

Glu271D—Lys110A—Asp268D

AD or BC interface

Glu271A—Lys110D—Asp268A

However, HiNAL also has intersubunit ion-pair networks, larger than those found

in SsALD.
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Glu174A—Arg175A—Asp240c— Lys178A
I
Glu243c

AC or BD interface

Glu174c—Arg175c—Asp240A—Lys178c

Glu243A

The chemical nature of each interface is given in table 7.1 includes both charged

and non-charged residues in the polar classification. However, if the chemical

nature of the solvent exposed surface area is assessed in terms of charged,

polar (uncharged) and hydrophobic residues (Table 7.2) it is clear that for SsALD

more hydrophobic surface area is buried upon tetramerisation than in any of the

other enzymes. Coupled with this, there is much more charged exposed surface

area in both the SsALD monomer and tetramer compared to the others at the

expense of polar (uncharged) residues.
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Table 7.1.

Table shows interface accessible area in each interface, number of residues

involved, number of contacts and ion-pairs, and the chemical nature of each

interface.

DHDPS HiNAL EcNAL SsALD

AC/BD interface accessible

area (A2)

490 1090 980 1060

% each monomer in interface 4.1 8.6 8.0 8.1

No. residues from each 9 19 21 19

monomer

No. of contacts (AC +BD) 28 78 86 66

No. ion-pairs (AC +BD) 0 12 4 8

% polar 43.3 34.3 34.0 39.4

% hydrophobic 56.7 65.7 66.0 60.6

AD/BC interface accessible

area (A2)

1300 1410 1140 1660

% each monomer in interface 11.1 11.2 9.3 12.7

No. residues from each 23 23 20 32

monomer

No. of contacts (AD +BC) 82 72 76 118

No. ion-pairs (AD +BC) 0 0 4 8

% polar 34.4 32.1 28.5 36.0

% hydrophobic 65.6 67.9 71.5 64.0

Total no. contacts 110 148 162 184
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Figure 7.12. Sequence alignment of 4 NAL subfamily members. Intersubunit residues are

highlighted; AC or BD residues in red, AD or BC residues in blue. Positions common to all 4 are

marked with an asterisk
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Table 7.2.

Table shows subunit volumes of each NAL subfamily member, accessible

surface area (ASA) of monomers and tetramers, and the nature of the exposed

area.

DHDPS HiNAL EcNAL SsALD

monomer

volume (A3)
37,000 38,300 37,400 38,700

ASA (A2) 11,900 12,600 12,600 13,300

% buried 48.6 46.8 46.9 46.6

% exposed
charged

43.1 41.3 41.3 54.7

% polar 26.5 28.7 28.8 18.0

% h'phobic 26.5 25.7 25.6 24.2

tetramer
volume (A3)

154,300 158,000 158,000 162,000

ASA (A2) 40,600 41,000 41,400 43,400

% buried 51.2 51.4 52.3 51.3

% exposed
charged

47.7 52.2 45.9 63.0

% polar 22.8 18.3 27.4 13.8

% h'phobic 26.1 23.3 22.1 19.6
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7.4 Electrostatic interactions

HiNAL, EcNAL and SsALD all have intersubunit ion-pairs, mentioned above.

However, HiNAL is the only member to have intersubunit ion-pair networks, and
also has the largest number of ion-pairs per residue (Table 7.3). SsALD has
more intersubunit ion-pairs overall, as it has 4 in each interface while the HiNAL

only has ion-pairs in the AC and BD interfaces. However, HiNAL is again the

only member with large ion-pair networks either intra- or intersubunit. The only
unique ionic interactions found in the SsALD are those forming a 3-membered

intrasubunit ion-pair network across the C-terminus and helix 11, between

Arg283, Glu294, and Lys293, and those involved in the 3-membered intersubunit

networks at the AD or BC interface.

Table 7.3.

Table shows ion-pairs and ion-pair networks in each member of the NAL

subfamily.

DHDPS HiNAL EcNAL SsALD

total no. intrasubunit ion-pairs 48 80 40 48

total no. intersubunit ion-pairs 0 12 8 16

total no. ion-pairs 48 92 48 64

no. ion-pairs per residue 0.041 0.078 0.041 0.054

no. intrasubunit networks (max. no. 8(3) 8(6) 8(3) 8(3)
residues)

no. intersubunit networks (max no. 0 2(5) 0 4(3)
residues)
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The hyperthermostable Archaeal enzyme has a much more charged exposed

surface area and much less exposed polar area compared to the EcNAL and the

DHDPS. However, the HiNAL, with its greater number of ionic interactions also

exhibits this shift in exposed charge at the expense of polar residues (Figure

7.13), although not to the same extent as the SsALD.

70 n

DHDPS HiNAL EcNAL SsALD

NAL subfamily member

Figure 7.13. Graph to show the nature of the exposed surface area in each NAL tetramer.

H charged
□ polar
□ h'phobic
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7.5 Deamidation

The same criteria for predicting the susceptibility of an Asn or Gin described in

section 6.6 were also applied to the NAL subfamily members. Table 7.4 shows

the results of the predictions, and the same results were found for the NALs as

for the TIMs. All of the Asns and Gins that fulfill criteria 1 and 2 are solvent-

accessible in all of the NAL subfamily members, and the hyperthermostable

SsALD has no susceptible Asns or Gins.
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Table 7.4.

Table shows susceptibility of asparagine or glutamine residues to deamidation,

and which of those are solvent-accessible (SA), within the NAL subfamily.

DHDPS HiNAL EcNAL SsALD

No. Asns / monomer 13 13 7 12

No. SA Asns 10 10 2 4

Susceptible according to 7 8 3 7

1 (SA)* (5) (6) (1) (3)

Susceptible according to 4 4 0 0

1+2 (SA) (4) (4)

No. Gins/monomer 8 7 21 4

No. SA Gins 3 5 15 1

Susceptible according to 4 4 14 2

1 (SA) (3) (4) (13) (1)

Susceptible according to 1 1 6 0

1+2 (SA) (1) (1) (6)

*1and 2 refer to the criteria outlined in the section 6.6.
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7.6 Discussion

It is difficult to determine possible determinants of thermodaptation in this

particular study due to the lack of thermostability data available for each of the

structurally determined NAL subfamily members. However, it is clear that while

there is no higher oligomeric state seen in the hyperthermostable Sulfolobus

solfataricus enzyme, there are more intersubunit contacts, reinforcing the idea

that intersubunit contacts play a role in thermoadaptation. There also seems to

be a role for ion-pairs in the stabilisation of the SsALD, with there being more

intersubunit ion-pairs than in the other examples of NAL subfamily members.

However, it is difficult to correlate this increase in intersubunit ion-pairs with an

increase in thermostability due to the lack of stability data available for the other

enzymes. The HiNAL has many features which would indicate that it would be

more thermostable than the EcNAL, including intersubunit ion-pair networks.

However, it does have the same reduction of hydrophobic surface area observed

in many hyperthermophilic proteins. There are thermostability data available for

the NAL from Clostridium perfringens (CpNAL) which is a close homologue of

HiNAL having 73.3 % sequence identity, and it is less thermostable than the

EcNAL (Kolisis et al., 1980). There are no insertions or large deletions in the

CpNAL sequence, so a simple CpNAL model was created through substituting

the residues in the HiNAL structure for the CpNAL sequence and the same

calculations of exposed surface area were performed, and the CpNAL model

buries more hydrophobic surface area than the HiNAL structure does (24.8 % of

the exposed surface area of the monomer is hydrophobic compared to 20.7 % for

the tetramer). It would be interesting to determine the thermostability of the

HiNAL.
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There is an intrasubunit disulfide bridge in SsALD which is not found in any of the

other NAL subfamily members. Whilst not a common mechanism for achieving

thermoadaptation, disulfide bridges have been found in other thermostable

enzymes, and found to be crucial for the stability of the enzyme (Isupov et al.,

1999, Hopfner etal., 1999).

The shortening of loops is also a common observation in hyperthermophilic

proteins (Yamagata et al., 2001, Jaenicke & Bohm, 1998) with the idea that

shorter loops allow more efficient packing in the protein core. However, despite

having several shorter loops and a truncated N-terminus, the SsALD tetramer is

not any more compact than any of the other examples. It may be however that

the shortening of some of the loops protects those particular regions against

thermal unfolding.

The decrease in the amount of hydrophobic exposed surface area upon

tetramerisation of the SsALD again suggests a role for increased burial of

hydrophobic surface area in thermostabilisation. The thermostable EcNAL also

has less exposed hydrophobic surface area than the HiNAL and DHDPS,

although again it is difficult to identify a thermostabilising trend without

thermostability data for the HiNAL and DHDPS. SsALD shows the same bias of

charged residues at the protein surface as other hyperthermophilic proteins, with

significantly more charged contribution to the surface at the expense of polar

residues. This observation is in agreement with both the wholescale genomic

analyses conducted by Cambillau and Claverie (Cambillau & Claverie, 2000),
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and a more recent study involving thermophilic and mesophilic proteins (Fukuchi

& Nishikawa, 2001), which revealed a significant increase in the number of

charged amino acids on the surfaces of thermophilic proteins, and a decrease in

the number of surface polar residues. The high level of surface-exposed

glutamine residues compared to a low level of exposed aspargine residues may

account for the apparent thermostability of EcNAL, as deamidation of glutamine

residues occurs at a much slower rate than that of asparagine.

The comparison of the hyperthermostable SsALD with NAL subfamily members

from mesophilic hosts highlights the importance of intersubunit contacts in

thermoadaptation, in the form of both ionic interactions and hydrophobic

contacts. In terms of the current ideas on thermoadaptation and the studies

reported in this thesis, the SsALD has all the characteristics of a

hyperthermostable protein.
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Chapter 8 Final Discussion

8.1 Conclusions

At the outset of this project, the aim was to investigate the molecular

mechanisms underlying protein thermostabilisation, through the comparative

analyses of crystal structures of proteins from hyperthermophilic organisms. The

original protein of interest was the TIM from the hyperthermophile, Pyrococcus

woesei. The TIM family was a good system for comparative analyses at the

time, because in contrast to many of the other protein families studied in this

way, there were representatives from psychrophilic, mesophilic, moderately

thermophilic and hyperthermophilic sources. Determination of the 3D structure of

PwTIM enabled a comparison of TIMs from organisms with growth optima

ranging from 15°C to 100°C. The PwTIM structure and subsequent comparisons

revealed several potential stabilising features including a higher oligomeric state,

increased burial of hydrophobic surface area and removal of flexible regions

susceptible to thermal denaturation. These observations correlated well with

findings from other studies at the time - several of the hyperthermophilic protein

structures deposited in the PDB are higher oligomers than their mesophilic

counterparts, and the burial of hydrophobic surface area and anchoring or

removal of flexible regions are common features of hyperthermophilic proteins.

However, the PwTIM structure also revealed that there was no role for an

increase in the number of ion-pairs in the thermostabilisation of the TIM protein

family, a result at odds with the current thinking on thermoadaptation, including a

systematic, statistical study, as opposed to the more common structure

comparison studies. The PwTIM structure was also the first structurally-

determined TIM from an Archaeal organism. Many of the features seen in the
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PwTIM structure could be related to the phylogeny of the organism rather than its

thermostability. With this in mind, the structure of the TIM from the less

thermostable hyperthermophilic Archaeon, Thermoproteus tenax, was

determined. TtxTIM also exhibits the oligomeric organisation observed in the

hyperthermophilic TmTIM and PwTIM, but provoked some interesting questions

regarding the stability of the tetrameric association as the enzyme exists in a

detectable dimer/tetramer equilibrium. The discovery of this phenotype has

presented yet another angle from which to study protein thermostability, as

crystallographic structure elucidation cannot determine the oligomeric state of the

protein at its biological temperature. The TtxTIM structure is a good addition to

the TIM structures already determined as it bridges the gap between the 80°C

optimum of the TmTIM and the 100°C optimum of the PwTIM, as well as being a

second Archaeal representative. T. tenax itself has a growth optimum of 85°C,

but the TtxTIM has a half-life of inactivation 3 times longer than the TmTIM at

95°C. The TtxTIM shows some features of the less thermostable TIMs, and

some features of the more thermostable PwTIM. In particular, the TtxTIM has a

more hydrophobic tetramer interface than the TmTIM, but a less hydrophobic

interface than the PwTIM, and the extent of burial of hydrophobic surface upon

dimerisation of the TtxTIM is more similar to the less thermostable TIMs than in

the PwTIM.

The addition of the KDG-aldolase from the hyperthermophilic Archaeon

Sulfolobus solfataricus allowed for the analysis of another family of TIM-barrel

proteins. Although not as well characterised in terms of thermostability, the NAL-

subfamily represents a family of proteins for which higher oligomerisation is not a
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thermostabilising feature. Coupled with this, the thermosatbility data that are

available for members of the NAL-subfamily show that the E. coli NAL has

surprisingly high thermostability. The determination of the SsALD structure

revealed many of the features common to hyperthermophilic proteins including

an increase in the number of intersubunit ion-pairs, more intersubunit contacts, a

unique disulfide bridge and an increased burial of hydrophobic surface.

From the structures of PwTIM, TtxTIM and SsALD, it is clear that there is no

single mechanism underlying the thermostability of a particular protein family,

and certainly no mechanism that can be applied across the board to all proteins,

either in the form of extra stabilising interactions, or in the removal of

destabilising features. However, what has been observed is an accumulation of

different features of thermoadaptation - of all of the potentially thermostabilising

mechanisms observed, most mesophilic proteins exhibit some of them, and all

hyperthermophilic enzymes have a number of them, so perhaps thermostability

relies on a protein having a certain number of the mechanisms to be truly

thermostable. Within this study, there are 3 observations which are common to

all 3 proteins, the first being an increase in the number intersubunit contacts. In

the TIM family this increase manifests itself in the formation of higher oligomers

at the top end of the temperature spectrum. The additional subunits result in

more intersubunit contacts of any nature. Although adopting a higher oligomeric

state than their mesophilic counterparts is a mechanism observed in several

proteins, there is very little direct experimental evidence demonstrating the

stabilisation effects of the additional intersubunit interactions. The SsALD is not

a higher oligomer than the less thermostable members of the NAL subfamily, but
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the tetramer does have more intersubunit interactions, including more

intersubunit ion-pairs. The second observation common to all three structures is

the increased burial of hydrophobic residues upon formation of the biological unit.

This particular observation is very common in thermostable enzymes. The final

common feature is the proportion of charged exposed surface area compared to

the polar exposed surface area. According to 2 recent reports of analyses of

mesophilic and thermophilc proteins (Cambillau & Claverie, 2000, Fukuchi &

Nishikawa, 2001), this feature is common to all hyperthermophilic protein

structures determined to date. Asparagine and glutamine are polar residues that

are susceptible to deamidation. Deamidation of these residues is a degradation

mechanism for proteins (Daniel et al., 1996), and proceeds faster at higher

temperatures. Although the decrease in surface-exposed Asns and Gins does

not account fully for the decrease in polar surface and also does not explain the

increase in surface-exposed charge, removal of solvent-accessible asparagine

residues in particular, or protection of those residues from deamidation may be a

potential mechanism for protection of the protein against thermal degradation,

resulting in thermostability.

Although many potential mechanisms for achieving thermostability have been

identified by this study and many others, the largest limitation to this kind of study

is that the conclusions drawn are based on static observations. In reality, each

protein will be a dynamic molecule, with some of the interactions observed

occurring, and some not, at any given point in time. The doubts surrounding the

usefulness of this type of study stem from the fact that when a thermostabilising

mechanism is identified in a particular family of enzymes, often the attempts to
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engineer thermostable proteins based on that information result in less stable

mutants being produced (Vetriani et a/., 1998, Vieille & Zeikus, 2001). There are

many examples of successful mutagenesis experiments whereby the

thermostability of a given protein has been increased (Stewart et al., 2001, Perl

et al., 2000, Hasegawa et al., 2000, Vieille & Zeikus, 2001), but many mutations

are destabilising.

As mentioned in section 1.2, there are many limitations to the comparative

structural analyses approach to the study of thermostability, one of these being

the lack of structural information available from proteins in physiological

conditions. In the case of this particular study, there is no experimental evidence

to prove the PwTIM is tetrameric at 100°C, or that the TtxTIM is tetrameric at

85°C, the temperatures at which they must function. However, if the

hyperthermostable TIMs were dimeric, there would be exposure of the

hydrophobic tetramer interfaces, which would be contrary to trends observed of

burying hydrophobic surface in hyperthermostable proteins.

Crystallographic structure determination and comparative analyses are probably

a naive way of identifying the mechanisms involved in protein thermstabilisation.

It is clear that the structures of the proteins themelves are not sufficient for this

purpose, and that mutagenesis experiments are also necessary for the

determination of forces conferring thermostablity.
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8.2 Future work

The addition of a mesophilic, dimeric Archaeal TIM structure to the TIM

structures already available would allow for a comparison with the

hyperthermostable tetrameric Archaeal TIMs. Methanobacterium bryantii, a

mesophlic Archaeon, has a dimeric TIM, in common with the other mesophlic

TIMs, but it also has the same large deletions seen in PwTIM and TtxTIM, at the

position at which tetramerisation occurs. Further studies on the dimer/tetramer

association equilibrium of the TtxTIM would also provide useful information on

the nature of the tetrameric association in the hyperthermostable TIMs. In

addition, 2D Nuclear Magnetic Resonance (NMR) spectroscopy could be used to

study the PwTIM or TtxTIM at temperatures closer to their physiological

temperatures, to investigate whether the alanine-rich tetramer interface is intact.

Graeme Bell (Bell, 1999) carried out 1D NMR spectroscopy studies on the

PwTIM at 30°C, 60°C and 80°C, and found that the spectra were essentially

identical at each temperature, indicating that structural integrity of the enzyme is

maintained at 80°C. Site-directed mutagenesis experiments could be carried out

on residues and regions that differ between the TtxTIM and PwTIM - perhaps

mutation of some interface residues to make the TtxTIM more like the PwTIM.

Thermostability data need to be obtained for the various members of the NAL

subfamily before that particular protein family can be considered for a more

relevant detailed thermostability study. Lastly, experimental determination of the

deamidation rates of the surface-exposed Asns and Gins would be a starting

point for assessing whether the removal of protection of susceptible surface-

exposed residues is a universal mechanism for achieving thermoadaptation.



APPENDIX

MAD theory

Anomalous scattering

The principles of heavy-atom replacement rely on the fact that a heavier atom will

produce a more intense scattering of electrons than the atoms common to a

protein (i.e. N, C, O, etc). Owing to the size of heavier atoms, that is, the

increased number of electron shells, heavy atoms are able to absorb X-rays of

specific wavelengths. This absorption leads to a breakdown in Friedel's law,

which states that reflections hkl are equal in intensity to their symmetry-related

reflections, -h-k-l. Atoms absorb X-rays, and this absorption drops sharply at

wavelengths just below their characteristic emission wavelength, and is known as

an absorption edge. The members of a Friedel (bijvoet) pair can be used to

determine the phase of a reflection in the heavy-atom data, and consequently

that of the same reflection in the native data. However, the difference in intensity

of Friedel pairs is very small, so the measured intensities must be accurate in

order to get the correct phases for the heavy-atom reflections. To improve

accuracy, using the same crystal and therefore the same experimental conditions

is important.
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Selenomethionine incorporation and Multiwavelength Anomalous

Dispersion.

Multiwavelength anomalous dispersion is when a crystal containing a heavy atom

is subjected to radiation at three different wavelengths - at the absorption

maximum of the heavy-atom, at the absorption edge (minimum) of the atom and

at some other wavelength from the absorption maximum. Each set of data

effectively acts as a distinct heavy-atom derivative as the Friedel pairs behave

differently at all three wavelengths. A structure factor measured at one

wavelength where anomalous scattering does not occur is different to the same

structure factor measured at a wavelength near the absorption edge of the

heavy-atom. The anomalous scattering contributions are real and imaginary

structure factors (AFr and AFj) (Figure 1).

Figure 1. Anomalous scattering contributions to the structure factor.

At the absorption maximum of the heavy atom, AFj is at its highest value, and at

the edge, AFr is at its lowest value, increasing at wavelengths further away from

the maximum. Therefore, each Friedel pair provides distinct phase information at

each wavelength. In addition, other individual reflections differ slightly in intensity

at different wavelengths thus providing more phase information.

AF,
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Some proteins naturally contain a heavy-atom such as those with iron domains

or zinc. However, proteins lacking a functional heavy-atom can be expressed in

E. coli strains incapable of manufacturing methionine, which normally contains a

sulfur atom, and grown in a medium containing selenomethionine, which has the

sulfur atom substituted by a heavier selenium atom. The crystallographer then

subjects the crystal to radiation of a wavelength corresponding to the absorption

maximum and minimum characteristic to selenium, resulting in isomorphous,

heavy-atom data containing sufficient information to solve the phases of all of the

reflections of the crystal.

163



Refinement

As the initial phase estimates are often crude, derived from a low-resolution

heavy-atom source, or from a homologous but non-identical model, refinement of

the initial phases is employed to improve the electron density map and the final

model. The initial phases can be improved by solvent-flattening and averaging

over non-crystallographic symmetry-related objects, as well as the calculation of

additional atomic structure factors as the atomic model is constructed. Solvent-

flattening involves assigning a small fixed value to any region that appears to be

in bulk solvent rather than within a protein envelope. Using an estimate of the

solvent content of the crystal, the amplitude of the electron density map is

increased until the ratio of protein density to solvent density is the same as that

of the actual crystal. NCS operators relating subunits to each other can then be

used to define regions that are essentially identical and sum the signals from

each identical part, thereby increasing the signal-to-noise ratio and clarifying the

map. As the map becomes interpretable, parts of the molecular model can be

built, and these partial models can then be used for improvement of the initial

phases. Knowledge of bond lengths and angles from high-resolution small

peptide structures (Engh & Huber, 1991) allows a stereochemical^ accurate

model can be constructed. Structure factors are calculated from the model, and

used to refine the initial phase estimates. Refinement is an iterative process,

resulting in clearer maps and better phase estimates with each round, and the

creation of a subset of reflections for cross-validation, known as the Free-R

reflections, allows for monitoring of the refinement process. Refinement is

restricted to the reflections in the working set, while the reflections in the subset

do not undergo the refinement process.
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Experimental diagnostics techniques

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

The homogeneity of a given protein preparation was assessed using the method

described by Laemmli (Laemmli, 1970). Separation of the proteins within a

sample is based on size and are resolved on an 8 % SDS-PAGE gel containing

7.5 ml resolving gel (8 % acrylamide, 370 mM Tris pH 8.8, 0.1 SDS, 0.05 %

ammonium persulfate, and 0.2 % tetramethylethylenediamine (TEMED)) and 2.5

ml stacking gel (5 % acrylamide, 120 mM Tris pH 6.8, 0.1 % SDS, 0.05 %

ammonium persulfate and 0.2 % TEMED). Approximately 0.2 pg of protein

sample was added to 10 pi loading buffer, containing p-mercaptoethanol, and

standard molecular weight markers from Biorad were loaded (14.4 kDa, 21.5

kDa, 31 kDa, 45 kDa, 66.2 kDa, 97.4 kDa) and run at 20 mA. The gels were

stained with Coomassie Blue for 10 min.

Bradford Assay

Protein concentration can be estimated by staining a protein sample with

Coomassie Blue, according to the method described by Bradford (Bradford,

1976). The absorbance of a 1 ml sample containing 100 pi protein sample and

900 pi Bradford reagent (0.01 % (w/v) Coomassie Blue, 5 % (v/v) ethanol and 8.5

% (v/v) H3PO4) was measured at 595nm after 15 min incubation at room

temperature. A standard curve using bovine serum albumin (BSA) was created

over a concentration range of 0-200 pg/ml, and the concentration of the protein

sample was estimated by comparison of the sample absorbance with the

standard curve.
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SeMet media recipes

Complex SeMet medium

Vogel-Bonner minimal medium (amounts in 11 medium):

0.5 g MgS04.7H20

2 g citric acid

10 g K2HP04

3.5 g Na(NH4)HP04.4H20

Then add the following by sterile filtration:

1 mg thiamine

2 g glucose

0.15 g ampicillin

10 mg MoNa204

2 mg CoCI2

2 mg CuS04.5H20

10 mg MnS04.7H20

200 mg MgS04.7H20

10 mg ZnCI2

5 mg FeS04.7H20

50 mg CaCI2.2H20

10 mg H3BO3

Amino acid mix:

Trp, Tyr, Val, lie, Leu, Ser, Asp, Glu, Lys, Arg, His, Ala, Thr to a final

concentration of 50 mg/l.

50 mg L-selenomethionine
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Basic SeMet medium

Amount in 11 medium:

7.5ml1MAmS04 (7.5 mM)

8.5ml1MNaCI (8.5 mM)

55 ml 1M KH2P04 (55 mM)

100 ml K2HP04 (100 mM)

1 ml 1M MgS04 (1 mM)

20 ml 1M glucose (20 mM)

1 ml 1 g/l CaCI2

1 ml 1 g/l FeS04

4 ml 5g/l biotin

1 ml 1 g/l thiamine

2 ml 1 jag/ml microelements (ZnS04, MnCI2, CnCI2)

20 mg/l ampicillin

800 ml sterile H20

50 mg L-selenomethionine
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Programs and packages used in data collection, structure solution and

refinement.

DENZO

DENZO (Otwinowski & Minor, 1997) is used for data reduction, reducing the data

to a list of reflection indices and corresponding measured intensities. It also

accounts for errors due to the position of the backstop and can reject reflections

that are highly error-prone, such as those within an ice-ring. Autoindexing of the

first image is achieved by selecting a subset of intense spots to determine the

crystal orientation and spacegroup, followed by refinement of cell and detector

parameters, including the centring of the X-ray beam. After autoindexing, the

position of the reflection intensities of the following frames is predicted from the

refined cell and detector parameters, and all the reflection intensities are

integrated.

SCALEPACK

SCALEPACK is used to scale the integrated reflection intensities, with the

possibility for adjustment of factors such as mosaicity and spot size to improve

the data statistics. The data are reduced to a unique set of reflections for the

specified spacegroup, with systematic absences output depending on the

position of screw axes.

SCALEPACK2MTZ

Converts the output from SCALEEPACK to mtz format used in CCP4.

TRUNCATE
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Part of the CCP4 Program Suite, TRUNCATE reads the file of averaged

intensities and outputs mean amplitudes and the original intensities. The

amplitudes are calculated on an (approximated) absolute scale using the scale

factor taken from a Wilson plot (French & Wilson, 1978).

SOLVE

SOLVE (Terwilliger & Berendzen, 1999) is a program for automated structure

solution, carrying out all the steps of macromolecular structure determnation. It

solves the Patterson function automatically, calculates difference Fouriers and

outputs phase estimates for the heavy-atom substructure as well as positions of

the heavy-atom sites.

FINDNCS

A CCP4 program, FINDNCS (Lu, 1999) is an automated procedure for identifying

NCS from heavy-atom sites. In the studies reported in this thesis, FINDNCS was

used to generate all possible symmetry-related heavy-atom sites for

determination of NCS by hand.

DM and DMMULTI

Another part of the CCP4 program suite, DM (Cowtan & Main, 1996) applies real-

space constraints based on known features of an electron density map to

improve the initial phases. It has several features which can be applied,

including solvent-flattening, histogram mapping and ncs averaging. DMMULTI

enables information from different crystals to be included and averaging can be

performed over copies of the same subunit in each crystal.
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SFALL

As part of the CCP4 program suite, SFALL generates structure factors from a

model or a map using a fast Fourier transform (FFT).

AMoRe

AMoRe (Navaza, 1994) is a molecular replacement package implemented in

CCP4. It generates structure factors from a model, calculates the rotation and

translation functions and applies rigid-body refinement to the solutions.

CNS

The crystallography and NMR system (CNS) (Brunger et a!., 1998) is a suite of

programs for the solution and refinement of both X-ray crystallography and NMR

structures. Within this thesis, CNS has been used for both solution and

refinement. The molecular replacement programs within CNS apply refinement

of the Patterson coefficient during the translation function search, refining the

rotation function solutions. For refinement purposes, CNS has routines for rigid-

body refinement, energy minimisation, simulated annealing (to reflect the

dynamic nature of proteins, the atoms are 'heated' to 2500K and cooled rapidly)

and temperature factor refinement. It also has a program for the automatic

picking of waters in an electron density map, and many map calculations,

including omit maps.
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o

O (Jones et a!., 1991) is a molecular graphics program used for displaying

electron density and 3D protein structures, model building and some refinement.
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Structure validation, analysis and display.

PROCHECK

Part of the CCP4 program suite, PROCHECK (Laskowski et al., 1993) is a

program used for checking the stereochemical quality of protein structures based

on libraries of bond lengths and angles and other proteins.

GCG

A package for sequence analysis, both nucleic acid and amino acid sequences

(Devereux et al., 1984).

DSSP

A program for assigning secondary structure (Kabsch & Sander, 1983).

GRASP

A package for calculating and displaying molecular volumes, electrostatic

potential of a surface, and exposed surface area (Nichols etal., 1991).

HBPLUS

A program for calculating hydrogen bonds within a protein structure (McDonald &

Thornton, 1994).

VOIDOO

A program for the detection and measurement of cavities within a

macromolecular structure. Part of the Uppsala Software Factory.
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Protein-Protein Interaction Server

http://www.biochem.ucl.ac.uk/bsm/PP/server - a web-based server performing

various useful analyses of protein-protein interactions including lists of residues

involved in an interface, chemical nature of an interface, a measure of the

complementarity of an interface and some of the interactions across an interface

(Jones & Thornton, 1996).

BOBSCRIPT/MOLSCRIPT

Programs for the display of 3D structures in schematic and more detailed

representations. MOLSCRIPT (Kraulis, 1991) is the original program and

BOBSCRIPT (Esnouf, 1997) a modification of MOLSCRIPT with more utilities.

Figures were rendered using GL_RENDER (L. Esser & J. Deisenhofer,

unpublished data).

Utilities

PDBSET

Manipulations of coordinate files including rotating and shifting coordinates,

calculating the centre of mass, renaming and renumbering protein chains. Part

of the CCP4 program suite.

LSQKAB

A program for determining NCS operators between molecules, and for

superimposing atomic coordinates.

173



MOLEMAN2

Another program for the manipulation of coordinate files, including average B-

factor determination, chain-naming/numbering etc. Part of the Uppsala Software

Factory.

MAPMAN

Part of the Uppsala Software Factory, MAPMAN is used for the manipulation of

electron density maps.
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