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Abstract xiv 

Abstract 

Dihydrodipicolinate synthase (DHDPS, E.C. 4.2.1.52) catalyses the final branch-point 
reaction in lysine biosynthesis and is feedback inhibited by lysine. The enzyme is a 
homotetramer of 125 kDa that is composed of a dimer of dimers, where two monomers 
associate strongly to form tight-dimer units and two of these units associate to form the 
wild-type tetrameric structure. Efficient catalysis by DHDPS requires the movement of 
protons between the active site and bulk solvent via a proton-relay triad. This motif is 
formed on association of the two monomers of the tight-dimer and is comprised of 
residues from both monomers, suggesting that establishment of the tight-dimer structure 
is required for optimal catalysis. However, there is no obvious function afforded by the 
association of tight-dimer units to form the tetramer. 

To understand the functional and mechanistic contributions of the tetrameric structure of 
DHDPS, a suite of amino acid mutations of residues at the dimer-dimer interface was 
designed to produce dimeric variants of the enzyme for comparative functional analysis. 
A complete re-evaluation of the composition of the dimer-dimer interface contact surface 
was undertaken, identifying five intersubunit contact residues and a water-blidging 
network that had not previously been reported. The variants DHDPS-L197D, 
DHDPS-L197Y, DHDPS-Q196D, DHDPS-D193A, DHDPS-D193Y, and 
DHDPS-Q234D were produced by site-directed mutagenesis. Comprehensive biophysical 
characterisation suggested that all variants had altered quaternary structure with respect to 
wild-type DHDPS. DHDPS-L197D and DHDPS-L197Y were found to exist as stable 
obligate dimers in solution. DHDPS-Q196D and DHDPS-D193A were shown to exist in 
equilibrium between dimer and tetramer with Ka values of 105

.
6 M-1 and 105

.
8 M-1

, 

respectively. 

Rigorous kinetic analysis showed that each variant retained catalytic activity, but that this 
activity was attenuated from the level of the wild-type enzyme. This was most 
pronounced in the dimeric variants, DHDPS-L197D and DHDPS-L197Y, which 
displayed 2.5% and 1.4% of wild-type activity, respectively. Each variant demonstrated a 
raised Km value for the first binding substrate, pyruvate. In DHDPS-L197D and DHDPS
L197Y, Kmpyr values were raised four-fold and seven-fold over that of wild-type DHDPS. 
Interestingly, it was also found that incubation of these variants at raised temperature 
gradually increased the catalytic turnover rate of each enzyme. 

Both DHDPS-L197D and DHDPS-L197Y were successfully crystallised and their 
structures solved to 2.0 A and 1.7 A resolutions, respectively. Both structures retained the 
tertiary and quaternary details of the wild-type tight-dimer with a very high degree of 
fidelity and no reanangements at the active site were observed to account for the 
attenuation of catalysis in the variants. 

Electron density suggested that pyruvate remained covalently attached at the active site, 
despite crystallisation and purification in the absence of the substrate. The pyruvate 
adduct was identified as the trapped tetrahedral intermediate of the reaction between 
pyruvate and K161. The dehydration of this intermediate is catalysed by the proton-relay 
triad that includes a tyrosine residue, Y107, that interdigitates into the active site from the 
neighbouring monomer. 

In conclusion, it is proposed that a function of the tetrameric structure of E. coli DHDPS 
is to constrain dynamic movements of the monomers of the tight-dimer with respect to 
each other. This is thought to allow for conect positioning of Y107 in the proton-relay 
triad, resulting in optimal catalysis, and circumventing the trapping of the pyruvate 
reaction intermediate. Such constraint of protein dynamics may offer a general rationale 
for the oligomeric structure of many enzymes. 



Introduction 1 

Chapter One 

I ntrod uction 

The subject of this thesis is the tetrameric enzyme dihydrodipicolinate synthase 

(DHDPS) from Escherichia coli; the enzyme that catalyses the first committed step of 

the diaminopimelate pathway of lysine biosynthesis, and is feedback inhibited by 

lysine. 

The work described in this thesis focuses on the elucidation of the mechanistic and 

functional advantages afforded by the homotetrameric structure of DHDPS. This 

research was undertaken in light of the fact that structural data indicate that a dimeric 

structure is the minimal unit necessary for the catalytic and regulatory function of the 

enzyme. 

The mechanistic and functional advantages of the tetrameric structure of the E. coli 

enzyme are examined by alteration of the quate11lary stmcture of the protein using 

site-directed mutagenesis, followed by characterisation of both the wild-type and 

variant fOlms of the enzyme by biophysical methods, steady state kinetics, and X-ray 

crystallography. 

1.1 Background 

In 1950, the identification of the novel amino acid, meso-diaminopimelate, in 

bacterial hydrolysates (1,2) prompted investigation into the biosynthesis and cellular 

role of this molecule. This eventually led to a full elucidation of bacterial biosynthesis 

of lysine (3) including the discovery and preliminary characterisation of the first 

enzyme unique to this pathway, DHDPS (4,5). 

Lysine is a member of the aspaltate family of amino acids, which also includes 

threonine, methionine, and isoleucine (Figure 1.1) (6,7). Biosynthesis of aspartic acid 

derived amino acids is restricted to plants, bacteria, and some fungi, and as such, these 

amino acids are essential dietary components for animals. 



Introduction 2 

The lysine biosynthetic pathway has become the focus of two important avenues of 

research: as a target for antibiotics and herbicides and in efforts towards engineering 

lysine rich crops (7). As DHDPS catalyses the branchpoint and purported rate limiting 

step in the biosynthesis of lysine, this enzyme has largely been the focus of these two 

lines of investigation. Thus, a better understanding of the function and mechanisms of 

this enzyme may aid in furthering these efforts. 

Figure 1.1 The biosynthesis of the aspartate family of amino acids, highlighting the DAP 
pathway (red) and the products meso-diaminopimelate and (S)-lysine. 
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1.1.1 Antibiotics and herbicides 

The reeent increase in bacterial resistance to current antibiotic compounds has 

produced an urgent need for the development of new antibiotic agents (6). As lysine 

biosynthesis is restricted to plants and microbes, specific inhibitors of this pathway 

have the potential to be selectively toxic to these organisms with limited toxicity to 

mammals and other animals, and may thus, represent a novel class of antibiotic 

(6,8-10). However, despite substantial research, succcess in this field has been limited 

(8), and there are currently no commercial drugs or herbicides available that 

specifically inhibit lysine biosynthesis (6,8). 

In addition to the final product, lysine biosynthesis via the diaminopimelate pathway 

is an important source of meso-diaminopimelate (DAP) (6) (Figure 1.1). Bacteria 

require either lysine or DAP as an essential component of the cell wall peptidoglycan 

layer (11,12). These amino acids form a crucial part of the crosslinking network that 

lends the cell wall its rigidity and strength. Many commonly used antibiotics act by 

inhibiting the crosslinking of the bactelial cell wall, which in turn causes cell lysis by 

intracellular osmotic pressure. 

The herbicidal action of inhibition of lysine biosynthesis may be exerted by 

deprivation of the essential product of the pathway, which the plant has no other 

means of aquiring. 

1.1.2 Lysine content of crop foods 

Lysine is among the essential amino acids that humans and other animals are unable 

to synthesise, and thus must be taken in as a dietary component. However, many crop 

and cereal plants contain relatively low levels of lysine, and frequently lysine is the 

nutritionally limiting component of these foods (7,13). The manipUlation of the 

biochemical and genetic regulation of lysine metabolism has been studied extensively 

in an effort to enhance the nutritional value of plant products (4,14-25). 

Lysine biosynthesis in plants is plimarily regulated by aspartate kinase and DHDPS. 

In order to increase cellular free lysine concentrations, flux through the lysine 

biosynthetic pathway must be increased. Bacterial DHDPS is less sensitive to 

feedback inhibition by lysine than plant enzymes, and thus, expression of bacterial 
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enzymes in plant systems has been shown to increase the total free lysine content of 

tobacco (19), barley (23), canola (22), and potato (26,27) plants. 

Mutations causing insensitivity to feedback inhibition of DHDPS have also been 

shown to lead to over production of lysine (18,20) and this method has been used to 

increase the total lysine content of plants such as Nicotiana sylvestris (28,29). Plants 

with increased lysine content have also been produced by over expression of 

recombinant, lysine-rich proteins (30), which reduce feedback inhibition of DHDPS 

by sequestration of free lysine. 

1.2 Lysine biosynthesis 

Two unrelated pathways for the biosynthesis of lysine have been described; the 

a-aminoadipate pathway and the diaminopimelate pathway. The a-aminoadipate 

pathway is restricted to higher fungi and euglenoids (31,32). This pathway begins 

with the condensation of a-ketoglutarate and acetyl-CoA, and proceeds via the 

intermediate (S)-a-aminoadipate to lysine in eight steps (32). 

In plants, bactelia and some phycomycetes, lysine is synthesised from aspartate via 

the diaminopimelate pathway. This route of lysine biosynthesis can be broken into 

two parts: the synthesis of (S)-aspartate ~-semialdehyde «S)-ASA), which is common 

to lysine, methionine, threonine and isoleucine biosynthesis (Figure 1.1), and the 

lysine-specific diaminopimelate pathway (Figure 1.2). 

1.2.1 The as partate family of ami no acids 

The family of (S)-aspartate-derived amino acids compnses lysine, methionine, 

threonine, and isoleucine (Figure 1.1). Aspartate itself is deIived from oxaloacetate, 

and is initially phosphorylated by aspartate kinase to give (S)-~-aspartyl phosphate 

before an NADPH-dependent reduction to (S)-ASA (33). At this point, the pathway 

branches and (S)-ASA can then be reduced to give (S)-homoseIine, the precursor to 

methionine, threonine, and isoleucine, or, alternatively, it can enter the 

diaminopimelate pathway to produce lysine (33). 
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1.2.2 The diaminopimelate pathway 

The first committed step of lysine biosynthesis via the diaminopimelate pathway is 

the condensation of pyruvate and (S)-ASA to form (4S)-hydroxy-2,3,4,5-tetrahydro

(2S)-dipicolinic acid (HTPA) (34), which is then thought to undergo non-enzymatic 

dehydration to dihydrodipicolinate (DHDP) (34). This reaction is catalysed by the 

enzyme DHDPS and is a key point of regulation in the pathway, as DHDPS is 

feedback inhibited by the final product of the pathway, lysine. 

DHDP is subsequently reduced by dihydrodipicolinate reductase (DHDPR) to 

tetrahydrodipicolinate in an NAD(P)H-dependent reaction. From this point, three 

altemative routes to meso-diaminopimelate have been identified and described 

(Figure 1.2) (35,36). 

The most common route, and that found in E. coli, is the succinylase pathway (37). 

The tetrahydrodipicolinate ring is opened via N-succinylation of the a-amino group to 

fOlTIl succinyl-E-keto-a-aminopimelate (38). This ketopimelate then undergoes 

transamination, with glutamate as the amino group donor, to yield succinyl 

diaminopimelate (39). Succinyl diaminopimelate is then desuccinylated, forming 

(S,S)-diaminopimelate (40), which is epimerised to meso-diaminopimelate (41). 

The chemistry of the acetylase pathway is directly related to that of the succinylase 

pathway. The two pathways proceed through an identical series of steps, and differ 

only in the protecting group utilised: the acetylase pathway involves N-acylated 

intelTIlediates in place of N-succinylated intermediates (42). The acetylase pathway is 

extremely limited in its bacterial distribution but has been described in some Bacillus 

species (43). 

In the shorter dehydrogenase pathway, tetrahydrodipicolinate is converted directly to 

meso-diaminopimelate by reductive amination, catalysed by diaminopimelate 

dehydrogenase (33). Again, this pathway has highly limited bacterial distribution 

(33,36) but has been found to be utilised in parallel with the succinylase pathway in 

the industrial (S)-lysine producer, Corynebacterium glutamicum (33,44). 
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Figure 1.2 The three known variants of the diaminopimelate pathway to (S)-lysine, 
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The decarboxylation of the common product of the three alternate routes, 

meso-diaminopimelate, to produce the end product, (S)-lysine (45), forms the final 

step of the DAP pathway, 
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1.3 Dihydrodipicolinate synthase 

Dihydrodipicolinate synthase activity was first observed in E. coli celllysates in 1965 

by Yugari and Gilvarg (4). Since that time, the genetic, structural, and functional 

properties of DHDPS from numerous sources have been extensively studied. Despite 

this, many aspects of the structural and functional mechanisms of the enzyme remain 

inadequately understood, due, at least in part, to the complexity of these mechanisms. 

Thus, more ligorous structure-function studies are required in order to understand 

fully this enzyme and thereby acquire the tools needed to effect its manipulation. 

1.3.1 Genetic studies 

The dapA gene encoding DHDPS has been mapped to 53 minutes on the E. coli 

chromosome (46,47), cloned (48), and sequenced (47). In contrast to other enzymes in 

the DAP pathway, the expression of the dapA gene in E. coli is not regulated by 

cellular free lysine levels or by any other stimuli (49). 

The dapA gene has also been cloned and sequenced from a variety of other bacterial 

(50-54) and plant (18,55-58) species. Sequence similarity at the amino acid level is 

high among plant enzymes; the wheat and maize sequences have approximately 90% 

identity (56). In contrast, bacterial enzymes appear to be more divergent, with the 

E. coli sequence showing 33% identity to both the Brevibacterium lactofermentum 

(53) and Corynebacterium glutamicum (51) sequences, and 55% identity to that of 

Methylophilus methylotrophus (54). Interestingly, sequence identities between 

bacterial and plant enzymes are similar to those between bacterial examples 

(53,54,59,60). 

1.3.2 Enzymology 

Early gel filtration and sucrose density gradient centrifugation expeliments placed the 

molecular weight of E. coli DHDPS at approximately 126 kDa and 134 kDa, 

respectively (5). The published dapA sequence from E. coli predicts a polypeptide of 

292 amino acid residues with a molecular mass of 31,372 Da (47), and thus, the 

enzyme was presumed to be a tetramer of four identical subunits. However, 

electrospray mass spectrometry experiments yielded a monomeric molecular weight 

of 31,272 Da (61,62), suggesting that errors existed in the predicted amino acid 

sequence. This latter mass was confinued by X-ray crystallographic studies, which 
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also verified the conect amino acid sequence and quaternary structure of E. coli 

DHDPS (60). 

DHDPS has been isolated from a range of bacterial (5,63-66) and plant (18,58,67-70) 

sources. At the outset of this work, all characterised DHDPS enzymes were reported 

to be tetrameric with one exception. In contrast to all other plant examples, a single 

set of gel filtration experiments suggests that DHDPS from Pisum sativum is trimeric 

(68), a result that has not been confhmed by other methods. 

1.3.3 Kinetic studies 

All kinetically characterised examples of DHDPS appear to exhibit the compulsory 

ordered, substituted kinetic mechanism, commonly called the 'ping-pong' mechanism 

(71) . .1 This mechanism requires that the two substrates, (S)-ASA and pyruvate, bind to 

the enzyme in a defined order, that the reaction proceeds through a covalent 

enzyme-substrate intelmediate, and that two independent products are released 

(Figure 1.3) (71). 

Figure 1.3 Schematic representation of the kinetic mechanism of DHDPS. E is 
unliganded enzyme, F is the covalent intermediate enzyme form, PYR is pyruvate, (S)-ASA is 
(S )-aspartate-fJ-semialdehyde, and HTPA is (4S )-hydroxy-2, 3, 4,5-tetrahydro-(2S )-dipicolinic 
acid (72). 

PYR 

E E:PYR ~ F:H F F:ASA- E:HTPA E 

The assignment of the ping-pong mechanism to DHDPS is supported by a number of 

lines of evidence. Double reciprocal plots of steady state initial velocity data show the 

characteristic parallel lines with respect to each substrate, (4,72,73). The 

enzyme-pyruvate covalent intermediate has been identified in the absence of (S)-ASA 

by reduction of the complex with NaBH4 (4,61), and product analogues have been 

repOlted to show predicted inhibition patterns with respect to the second binding 

substrate, (S)-ASA (72) . 

.L The ping-pong kinetic mechanism is also known as the substituted enzyme, or the double 

displacement mechanism (71). 
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Substrate inhibition of DHDPS by (S)-ASA, which is predicted by the ping-pong 

mechanism, has been repOlted by a number of investigators (17,69,70,72,74). 

However, this behaviour has not been observed in work perfonned in this laboratory 

(8,75). Separate kinetic experiments using (S)-ASA synthesised by different methods 

were used to show unequivocally that the reported substrate inhibition was an artefact 

caused by an unidentified contaminant in the preparations of the substrate, which were 

produced by ozonolysis of allylglycine (75). 

Reported Michaelis-Menten constants for both substrates vary greatly, depending on 

the source of the enzyme. In general, Km values for (S)-ASA are much larger for 

DHDPS from bacterial sources than for DHDPS from plant sources. Km values for 

pyruvate cover a broad range within both bacterial and plant examples (Table 1.1). 

Published data for DHDPS from E. coli report a Km for pyruvate of 0.19 mM and a Km 

for (S)-ASA of 0.12 mM (72). These are significantly lower than values for enzymes 

from other sources, indicating that the E. coli enzyme has higher binding affinities for 

its substrates. The specificity of DHDPS for both of its substrates also appears high, 

as no altemative substrates have yet been found (4). 

Table 1.1 Kinetic constants of DHDPS from various sources. 

Organism 

Bacteria 

Escherichia coli (72) 

Corynebacterium glutamicum (64) 

Bacillus subtilis (65) 

Bacillus lichenifonnis (66) 

Bacillus sphericus (63) 

Bacillus megaterium (76) 

Plants 

Zea mays (58) 

Pisum sativum (68) 

Triticum aestivium (77) 

Spinacia oleracea (69) 

Km Pyruvate (mM) 

0.19 

6.2 

1.07 

5.3 

9 

0.5 

2.1 

1.7 

11.8 

1.4 

KmASA (mM) 

0.12 

3.13 

2.6 

5.1 

0.46 

0.6 

0.4 

0.8 
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1.3.4 Regulation by lysine 

As the enzyme that catalyses the first committed step of lysine biosynthesis via the 

diaminopimelate pathway, DHDPS represents the key point of regulation in the 

pathway (Figure 1.4). As such, the enzyme is subject to feedback inhibition by the 

final product of the pathway (S)-lysine. Kinetic and structural studies indicate that 

lysine acts allosterically on DHDPS (4,17,34,59,73,77); however, the precise 

mechanism by which lysine exerts regulatory control is yet to be elucidated fully, 

although recent studies carried out in this laboratory have produced significant 

advances in this area (78). 

DHDPS from different sources display varyIng degrees of sensitivity to lysine 

inhibition, for example DHDPS from plants is generally 20- to 100-fold more 

sensitive to lysine than bacterial enzymes. It is, therefore, convenient to group 

DHDPS enzymes according to their regulatory properties with respect to lysine (79). 

Figure 1.4 
inhibition. 
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Plant enzymes are strongly inhibited by lysine with ICso values between 

0.01-0.05 mM (58,67-70,80). DHDPS from Gram negative bacteria such as E. coli are 
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more weakly inhibited by lysine, displaying ICso values of 0.25-1.0 mM (63,72,81). 

Enzymes from Gram positive bacteria show little or no inhibition by lysine, with ICso 

values of greater than 10 mM (17,51,65,76,82,83). 

Structural studies, sequence alignment and random mutagenesis studies suggest that 

the observed differences in sensitivity to inhibition by lysine are due to modifications 

of the lysine binding site and that the underlying mechanism of inhibition is likely to 

be similar in all DHDPS enzymes. 

1.3.5 The reaction mechanism of DHDPS 

DHDPS has been classified as a type I aldolase (34,72), as the catalyscd reaction 

proceeds through a Schiff base intermediate (84). 

Central to the reaction mechanism of DHDPS, is a highly conserved motif that is 

involved in relaying protons into and out of the active site (34,59,62). The importance 

of this motif, in which the side chains of residues Y133, T44, and Y107 form a 

hydrogen bonded network, is demonstrated by the finding that mutation of any of the 

three residues severely attenuates catalytic function (62). 

The reaction catalysed by DHDPS can be divided into three consecutive steps: Schiff 

base formation with pyruvate, aldol condensation of (S)-ASA with bound pyruvate, 

and finally transimination and cyclisation to form the product, HTPA (Figure 1.5) 

(34). 

Schiff base formation 

The reaction is initiated by formation of a Schiff base between pyruvate and the 

s-amino group of the highly conserved active site lysine residue, K161. Nucleophilic 

attack of this s-amino group on the keto group of pyruvate (step 1) results in 

formation of the Schiff base with the release of water (step 2). Y 133 is proposed to 

play a major role in this reaction, firstly in the stabilisation of the oxyanion 

intermediate and secondly as a proton donor (34). Subsequent tautomerisation of the 

Schiff base to form the enamine has been shown to proceed in the absence of (S)-ASA 

(step 2) (5). 



Introduction 12 

Figure 1.5 The reaction mechanism of DHDPS as proposed by Blickling et al.(34) and 
Dobson et al. (62) 
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The binding of (S)-ASA to the pyruvate enzyme complex is followed by condensation 

with the enamine (step 4), (S)-ASA can exist in aqueous solution as a number of 

species and the identity of the biologically relevant form remains under debate 

(34,72,85), It has been observed that the predominant species in solution is the 

hydrate (85,86) and that the active site is spatially well configured to accommodate 

and coordinate this species (34). Thus, the hydrate of (S)-ASA is assumed throughout 

this thesis. If this is indeed the biologically relevant species, a dehydration step, 

generating the aldehyde, is required prior to aldol condensation (step 3). 

Figure 1.6 The possible solution structures of (S )-aspartate-j3-semialdehyde 

!H~ 
02C H NH3 

o,c1::H ~ H~~H' 
H 0 

Aldehyde Hydrate Lactol 

The new C-C bond is formed by nucleophilic attack of the enamine on the hydrate 

with the release of water. Stabilisation of the tyrosine anion is thought to be achieved 

via the proton relay to bulk solvent involving Yl33, T44, and YI07 (34,59,62). 
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Cyclisation and product release 

Nucleophilic attack of the amino group of the (S)-ASA moiety on the Schiff base 

(step 5) results in cyclisation and release of the product (step 7). This reaction requires 

the deprotonation of the attacking amino group and proton transfer to the £-anllno 

group of K161 (step 6). Again, here, Y133 is proposed to playa central role. The 

hydroxyl group of Yl33 is well placed to coordinate the attacking amino group both 

before and after attack. Proton transfer to the £-amino group of K161 is also proposed 

to be mediated by the proton-relay triad (34). 

2,3-Dihydrodipicolinate was originally assumed to be the product released by DHDPS 

(4). However, more recent NMR studies suggest that the product released by the 

enzyme is the cyclic imine (4S)-hydroxy-2,3,4,5-tetrahydro-(2S)-dipicolinic acid 

(HTPA), and that elimination of water does not occur while the molecule is bound to 

the enzyme (34). This suggests that HTPA undergoes a non-enzymatic dehydration 

after release from the enzyme under physiological conditions, but this remains to be 

elucidated fully (6,34). 

1.4 Structural studies of DHDPS 

The crystal stmctures of DHDPS isolated from the bacterial species, E. coli and the 

plant species, Nicotiana sylvestris, have been solved by X-ray crystallography. 

The crystal structure of E. coli DHDPS was detelmined to a resolution of 2.5 A (60) 

and subsequent structures of the enzyme in complex with lysine, substrates, substrate 

analogues, and altemative inhibitiors have been solved (59). Recent work in this 

laboratory has resulted in the structures of the uncomplexed enzyme determined to 1.9 

A and the lysine bound enzyme detelmined to 2.0 A (87). The structure of the 

N. sylvestris enzyme with and without lysine bound has been determined to a 

resolution of 2.8 A (59). 

Recently, the crystal structure ofDHDPS isolated from the hypelthelmophilic bacteria 

Thermotoga maritima has been deposited in the Protein Data Bank (PDB code 105K); 

however, at this time, no suppOlting publication has been released. This will be 

discussed fUlther in Chapter seven. 
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1.4.1 The structure of E. coli DHDPS 

The crystal structure of E. coli DHDPS confirms the homotetrameric structure of the 

enzyme. 

The monomer 

Each monomer is composed of two domains (Figure 1.7). The N-terminal domain 

consists of residues 1 to 224 and forms a parallel (a/p)8-barrel, analogous to that of 

triosephosphate isomerase (88). The hydrophobic core of the barrel is formed by 

irregular layers of side chains pointing inwards from the ~-barre1. The C-terminal 

domain is much smaller, consisting of residues 224 to 292, and forms three a-helices 

(60). This domain has no obvious function for the catalytic or regulatory mechanisms 

of the enzyme. 

Figure 1.7 The structure of the E.coli DHDPS monomer. The catalytic site residue, 
K161, is shown in stick representation (yellow). a) show a view looking through the (aJPh 
barrel. b) shows a view of the side of the (aJPkbarrel. 

The catalytic site of DHDPS is situated at the C-terminal end of the barrel where the 

pyruvate binding residue, K161, lies in a 30 A long by 10 A deep solvent accessible 

cleft. 

The tetramer 

The quaternary structure of E. coli DHDPS is that of a homotetramer composed of a 

dimer of dimers (Figure 1.8). Two monomers associate via an extensive intelface to 
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form a tight-dimer unit and two of these tight-dimers associate via a more limited 

contact area to form the wild-type tetrameric enzyme. Each of the four monomers has 

contacts with only two neighbouring monomers, resulting in a large solvent filled 

cavity in the centre of the tetramer (60). 

Figure 1.8 The tetrameric structure atE. coli DHDPS. Subunits A and B, and subunits C 
and D associate strongly to form tight-dimers that associate via two smaller inte1j:aces. 

The interface between the two monomers of each tight-dimer consists of 25 contact 

residues per monomer and buries 12.4% (1,400 A 2) of the total monomeric surface 

area. In contrast, the interfaces formed between the two dimers of the tetramer bury 

only 5.8% (650 A2) of the total monomeric surface area (59,60) . Only three residues, 

L167, T168, and L197, were originally reported to be involved in this weaker 

interface (59). 

The catalytic site 

The E. coli DHDPS tetramer has four complete active sites. The conserved pyruvate 

binding residue, K 161, lies in a cavity formed by the two monomers of the tight-dimer 

and is positioned proximal to Y133, which is involved in coordination of the 
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keto-oxygen of pyruvate. R138 lies at the entranee to the active site cavity and is 

responsible for coordination of the carboxyl group of (S)-ASA (34,59). 

As discussed in section 1.3.5, Y133 is part of an essential proton-relay triad (59,62). 

This triad involves residues from both monomers of the tight-dimer: Y133 is 

hydrogen bonded via T44 of the same monomer to Y107 of the other dimer-forming 

monomer. The interface between the monomers is such that the sidechain of each 

YI07 protrudes into a cleft in the adjacent monomer, forming an interdigitating 

configuration. Thus, fOlmation of this important motif requires the association of the 

two monomers of the tight -dimer, suggesting that this is the minimal structural unit 

necessary for full catalytic function. 

The lysine binding site 

The allosteric lysine binding site is situated in the cleft formed between the two 

monomers of the tight-dimer, on the exterior of the tetramer. Two inhibitory lysines 

bind in this pocket, in van del' Waals contact with each other, and each lysine 

molecule is coordinated by residues from both monomers of the tight-dimer (59,79). 

The carboxyl group of each (S)-lysine is coordinated by residue Y106 and the E-amino 

group is coordinated by H53, H56, and the main chain oxygen of 078 via a water 

molecule. Coordination of the a-amino group is achieved by residues N80 and E84 of 

the neighbouring dimer-fOlming monomer (59). The fact that the lysine binding site is 

shared between the two monomers of the tight-dimer suggests that this tight-dimer 

unit is the minimum structure required for regulatory function. 

A slight twisting of Y106 occurs on binding of (S)-lysine. The side chain of Y106 

fOlms an aromatic stack with Y107 and modulation of the catalytic function of the 

proton relay is proposed to play a part in the mechanism of inhibition of E. coli 

DHDPS (34,79). Proton relay to bulk solvent may be further impeded by steric 

blockage of a channel of ordered water molecules, thought to also be involved in 

proton movement, by the bound (S)-lysine (78). (S)-Lysine coordination also results 

in rigidification of the sidechain of R138 via the side chains of N80 and Y107. As 

R138 is thought to be involved in product cyclisation, this reduction of flexibility may 

attenuate product release from the enzyme by inhibiting ring closure (34,79). 
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StlUctural movements within the protein upon lysine binding are confined to the 

lysine binding site and to helix a2, which is neither connected to another monomer 

nor to the active site. This suggests that stlUctural shifts are not communicated 

between the monomers of the enzyme (34,79). This finding adds weight to the 

proposal that the tight-dimer is the minimal stlUctural unit required for full lysine 

regulatory function. 

1.4.2 The structure of N. sylvestris DHDPS 

DHDPS from N. sylvestris , like that of E. coli, is a tetramer of four identical subunits 

(Figure 1.9). The monomers of N. sylvestris DHDPS share a high level of structural 

homology with those of the E. coli enzyme, consisting of the same arrangement of an 

N-terminal (a/~)g-barrel domain and a C-terminal a-helical domain (59). 

Figure 1.9 The tetrameric structure of N. sylvestri s DHDPS. Subunits A and B, and 
subunits C and D associate strongly to form tight-dimers. These dimers are arranged in a 
back to back fashion with respect to the dimers of the E. coli DHDPS tetramer. 

Again, the quaternary structure of the protein is best described as a dimer of dimers . 

The details of the association of the two monomers forming the tight-dimer remain 

similar to those of E. coli DHDPS and the shared lysine binding site and catalytic site 
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have almost identical configurations (59). However, the way in which the two 

tight-dimers associate to form the tetramer is radically different to the E. coli enzyme. 

Contacts between the two tight-dimers of N. sylvestris DHDPS are formed by residues 

of helices a2 and a3 (59), which lie on the opposite face of the monomer to the 

dimer-dimer contact residues of the E. coli enzyme. Thus, the tight-dimers of N. 

sylvestris DHDPS associate in a back-to-back fashion with respect to those of E. coli 

DHDPS. 

As a result of this shift in quaternary structure, the number of residues involved in 

dimer-dimer contacts is higher and the buried sUliace area is significantly larger (59), 

indicating that dimer-dimer association may be stronger in this structure than in the 

E. coli enzyme. 

Another important consequence of this alternative arrangement of the dimers is the 

communication of structural movements between all four subunits upon inhibitory 

lysine binding. Displacement of helix a2 on lysine binding leads to a slight movement 

of the tight-dimers relative to each other, coupled with movements in helix a5 away 

from the active site. It is helix a5 that is responsible for positioning R160 (E. coli: 

R138) at the active site and this displacement is thought to act in combination with 

rigidification of R160 to enhance inhibition (59). The complementation of the 

underlying inhibition mechanisms present in bacterial DHDPS with these cooperative 

structural movements, results in a plant enzyme that is more strongly feedback 

inhibited by lysine (59). 

This structural communication provides an obvious requirement for the tetrameric 

quaternary structure of the plant enzyme. Evolutionary pressure for more stringent 

regulation of lysine biosynthesis in the plant system appears to have produced an 

enzyme with homologous tertiary stmcture, catalytic site, and allosteric regulation 

site, but altered quaternary structure, resulting in greatly altered regulatory properties. 

The functional or mechanistic contributions offered by the tetrameric configuration of 

E. coli DHDPS that were responsible for the evolution of this architecture are yet to 

be identified. The existence of two alternative tetramers, consisting of essentially 

identical tight-dimer units, hints that these structures have evolved from a common 

early dimeric precursor. Additionally, the independent selection of the two different 
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tetramelic forms suggests that generic, rather than specific, advantages of a tetrameric 

structure have been the driving force behind this evolution. 

1.5 Sequence alignments 

Strictly conserved and highly conserved residues repOlted in published amino acid 

sequence alignments of DHDPS can be identified as those residues forming catalytic 

site motifs, residues important in maintenance of tertiary structure, residues 

contdbuting to the tight-dimer interface, and in lysine sensitive enzymes, residues 

forming the lysine binding site (53,59,60). Another group of highly conserved 

residues that is apparent from alignment of bacterial sequences is the three residues 

that fonn the closely packed hydrophobic core of the intelfaces between the 

tight-dimers. Of these residues, the E. coli positions Ll97 and Ll67 appear highly 

conserved. Where the third interface residue, Tl68, is substituted, in most cases the 

contacting methyl group is conserved (60). 

That the tetrameric quaternary structure of DHDPS should be highly conserved 

indicates that it is an impOltant and functional feature of the protein and therefore 

wan-ants further investigation. 

1.6 Summary and aims of this research 

The structure, stability, and function of oligomeric proteins are detelmined both by 

their constituent monomeric subunits, and the interactions between these monomers. 

Thus, any rigorous structure-function study must include investigation of the 

functional and mechanistic contributions of the quaternary structure of that protein. 

The specific details, and highly conserved nature, of the tetrameric quaternary 

structure of DHDPS suggest that the association of two tight-dimers to form the 

tetramer offers some advantage not present in the dimedc structure. Furthermore, the 

existence of at least two distinct tetrameric forms of the enzyme suggests that generic 

advantages, which may be relevant to a wide range of multimeric proteins, underlie 

the evolution of these structures. 

The primary aim of this study has, therefore, been to identify and understand the 

functional and mechanistic advantages afforded by the quaternary structure of 
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DHDPS from E. coli. This has been achieved by engineering of the quatemary 

stmcture of the enzyme coupled with rigorous functiona1, biophysical, and solid-state 

stmctural analysis of both the wild-type and mutant enzymes. 
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The quaternary complex and design of the 
dimeric mutants of E. coli DHDPS 

2.1 Introduction 
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While the existence of multisubunit proteins is well documented, our understanding of 

the plinciples behind the supramolecular assembly of proteins into quatemary 

complexes remains mdimentary compared to our sophisticated knowledge of protein 

tertiary structure. The question of why such a large proportion of proteins are 

composed of subunits in this way has stimulated great interest in the delineation of the 

structural and functional roles of subunits in oligomeric proteins (1); however, 

knowledge in this field has progressed little since early work in the area (2). 

Understanding the functional roles of protein oligomerisation has proved difficult, in 

part because of the relative paucity of biophysical data: the proportion of known 

proteins that are well characterised in terms of their quatemary structure is notably 

low (3). 

hwestigations of the biophysics and mechanistic contlibutions of intersubunit 

interactions are, therefore, critical to our understanding of how the quaternary 

structures of these proteins endow them with their unique biological properties (1). 

Studies of this sort have the potential to provide insight, not only into the details of 

specific multimeric systems, but also into characteristic factors that may be applied to 

broad classes of proteins by relation of tertiary and quatemary structural features. 

This chapter details the cunent literature conceming quatemary structure and reviews 

the reports of quatemary structural engineering. Re-evaluation of the structural details 

of the interfaces between the two tight-dimers of the E. coli DHDPS tetramer, which 

was conducted as part of this study, is also described. Finally, the rational design of 

mutations to produce dimedc variants of E. coli DHDPS is detailed. 
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2.2 The quaternary complex and protein-protein interactions 

The self-association of proteins to form quaternary complexes (oligomers) is a very 

common phenomenon. 70-80% of proteins are comprised of a number of monomeric 

subunits that associate noncovalently to form functional oligomeric proteins (4-6). 

These multimeric proteins vary enormously in complexity, ranging from dimers to 

giant holo-enzymes composed of large numbers of subunits (1), and each may consist 

of identical monomers or two or more different types of subunit. However, the large 

majority of multimeric proteins are either homodimeric, consiting of two identical 

monomers, or homotetrameric, consisting of four identical monomers. A recent poll 

of the Brenda enzyme database revealed that of 311 characterised oligomeric human 

proteins 199 form homo-multimers and that over a quarter of these are 

homotetrameric (3). 

2.2.1 Homo- and hetero-complexes 

Protein quaternary complexes can be composed of identical (homo-) or non-identical 

(hetero-) protein units. In the case of homo-complexes, these protein units can be 

organised in an isologous or heterologous manner (7,8) with associated symmetry (9) 

(Figure 2.1). 

Figure 2.1 Examples of isologous and heterologous arrangements of identical subunits. 
(a) Homotetramer with isologous interfaces. Two two-fold symmetry axes are shown as 
dashed lines, the third is orthogonal to the page at the centre of the structure. (b) 
Homotetramer with heterologous interfaces. (c) Heterologous association without cyclic 
symmetry allows unrestricted aggregation. 

(a) (b) 

(d) 
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An isologous association involves the same sUlface, and hence the same contact 

residues, of both monomers, which are related by a two-fold symmetry axis. Further 

oligomerisation of an isologous association can only be achieved by a different 

interface, for example, to produce a dimer of dimers with three two-fold axes of 

symmetry, as is the case with E. coli DHDPS. 

In contrast, heterologous assemblies .involve association of non-identical surfaces, 

which, without closed, cyclic, symmetry, can lead to infinite aggregation. By their 

nature, hetero-oligomers must form heterologous associations. 

2.2.2 Obligate and non-obligate associations 

Multimeric protein structures are also distinguished on the basis of whether a complex 

is obligate or non-obligate (8). An obligate interaction is usually very stable, and thus, 

normally only exists in its complexed form; hence, the components of the complex are 

not found as stable structures on their own in vivo (8). These complexes are generally 

also thought to be functionally obligate; however, this may not always be the case. 

Non-obligate multimeric structures fOlID transient complexes that associate and 

dissociate in vivo. These complexes can be further classified as those in which weak 

interactions produce a dynamic oligomeric equilibrium in solution, and those in which 

stronger transient interactions require a molecular or physiological trigger to alter the 

oligomeric state (8). 

Of course, these classifications are not mutually exclusive, as equilibrium between 

varying oligomeric orders is a feature of all multimeric structures; however, the 

position and nature of the equilibrium is important. 

2.2.3 Structural characteristics of protein-protein interfaces 

The increasing volume of structural data available for various protein quaternary 

complexes has allowed comparative analysis of the structural characteristics of 

protein-protein interfaces. Most recently, the intelfaces of wide ranges of protein 

oligomers have been assessed by parameters such as the size and shape of the contact 

area, protrusion or flatness of the interface, the chemical and physical properties of the 

sUlface, and the amino acid composition of contact residues (10-17). This has lead to 

limited success in prediction of protein interface sites from structural and sequence 
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data (12,18-20). From these studies, it is possible to extract a number of general 

features of protein-protein interfaces. 

The interfaces of both hetero-complexes and homo-complexes are generally circular 

and planar (3,13,14), and a clear, though scattered, correlation exists between the size 

of the interface and the molecular weight of the monomer, with larger subunits 

generally having larger interfaces (13,14). However, the overall binding energy 

between monomers does not appear to be correlated to the size of the interface 

(17,21). The interfaces of obligate complexes are generally larger and more 

hydrophobic in nature than those involved in non-obligate complexes (13,14,16), 

which generally exhibit a more polar interface, presumably to meet the requirements 

for independent monomer folding and solubility. 

Oligomeric structures with inteliace areas of less than 1,000 A2 are unlikely to 

undergo large scale conformational changes on complex formation (8,16,17). This 

latter point has implications when considering the structural features of coli 

DHDPS as the monomer-monomer contact area at the dimer-dimer interface is only 

650 A2. This suggests that domain movements on dimer-dimer association do not play 

a functional role in this enzyme. 

2.2.4 Evolution of protein-protein interfaces 

The structure and affinity of a protein-protein association is tuned to its biological 

function and/or mechanism (8). Thus, protein-protein interfaces presumably evolve to 

optimise association with respect to functional efficacy. 

Although it has not been clearly established how specific protein-protein associations 

have evolved, it is reasonable to assume that weak, non-specific interactions that 

confer a functional advantage for an organism may be expanded by fine tuning of the 

physics of association and thus evolve into specific associative interfaces (3). This 

evolutionary process, as any, requires significant selective pressure, implying that the 

advantage conferred must outweigh the disadvantages of the evolutionary process. 

Thus quaternary complexes are unlikely to evolve 'by accident'. 
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Given the structural and functional homology between the tight-dimers of DHDPS 

from coli and N. sylvestris (22), this also suggests that the distinct quatemary 

structures of the two enzymes evolved from a common dimeric precursor. Examples, 

such as this, of distinct quarternary structures, with equivalent order, consisting of 

essentially identical monomer units are extremely rare (23) and have only been 

observed in a handful of cases (22-25). 

2.3 The roles of quaternary structure in protein function 

A range of factors has been proposed to account for the high incidence of multimeric 

proteins. The most familiar of these are the facilitation of regulatory or substrate 

induced cooperativity between the subunits of an oligomer and the formation of 

shared active sites (1,3) (Figure 2.2). Structural proteins that fonn large filamentous or 

scaffold structures (Figure 2.2a) within the cell present a special case of a functional 

consequence of oligomerisation that is beyond the scope of this discussion. 

2.3.1 Specific functional advantages 

The haemoglobin tetramer provides the archetypal example of a protein that 

undergoes structural change on ligand binding to any monomer, leading to the 

generation of a tetrameric conformation with increased ligand binding affinity (26) 

(Figure 2.2b). The delineation of these complex mechanisms of concerted 

cooperativity represents the original demonstration of the requirement of specific 

quaternary structure for biological function, and a range of multimeric proteins have 

since been found to display this sort of regulatory mechanism. However, these 

proteins are predominantly hetero-complexes, composed of non-identical monomers, 

and account for only about 30% of all oligomeric proteins (5,6). 

Shared active sites, in which the active site is formed at the inteliace of two 

monomers of an oligomeric enzyme, and is contributed to by both monomers has 

frequently been observed (3) (Figure 2.2c). This feature places enzyme activity under 

the regulation of oligomerisation: if the protein concentration drops below the 

threshold of association, or some molecular trigger causes disruption of the 

oligomeric structure, inactive monomers are formed (3). Similarly, monomer

monomer association may cause blocking of the active site. In this case, the monomer 

is the active species (Figure 2.2d). 
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Figure 2.2 Familiar functional consequences of protein oligomerisation. (a) 
Dimerisation of the monomer (i), allows aggregation of stable structural elements in the cell 
(ii). (b) Binding of a cofactor or substrate to a single subunit of an oligomer can aller the 
conformation of that subunit (i), and can cooperatively induce structural changes in the 
remaining subunits (ii). (c) Oligomerisation can generate complete active or binding sites at 
the inteiface. (d) Alternatively, oligomerisation can block existing active or binding sites of 
the monomer. Adaptedfrom Marianayagam et al. (3). 

(a) 

ii -- --
(C1
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An elegant example of active site sharing can be found in the dimeric type II 

restriction endonucleases, which bind and cleave palindromic DNA sequences. The 

binding sites of each monomer of the homodimer are arranged symmetrically across 

the interface such that each subunit binds half of the palindrome (3). 

While active site sharing can provide a rationale for monomer-monomer association, 

it may not explain the full order of the quaternary complex, as is the case with E. coli 

DHDPS, in which the tight-dimer structure is required for full configuration of active 

site and regulatory motifs, but the association of two dimers to form the tetra mer has 

no known function. 
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2.3.2 Generic advantages 

ill other oligomeric proteins, most notably those composed of identical subunits, the 

functional properties conferred by the quaternary stlUcture are not immediately 

obvious from stlUctural data or functional studies (1). In these cases, a range of 

generic benefits have been ascribed in an effort to justify their existence as quaternary 

complexes. These include factors relating to the increased size of the complexes 

relative to the monomers, and economy of scale with respect to protein synthesis and 

genome size (9). 

Burial of hydrophobic domains within interfaces that would otherwise be exposed 

leading to insolubility has been put forward as a possible justification for the 

formation of oligomeric stlUctures (1). Consideration of the evidence presented above 

would suggest that the hydrophobic nature of the contact smfaces of obligatory 

quaternary complexes is a consequence of, rather than a cause of, the formation of 

these intelfaces. In order for a protein to develop higher order oligomers, it must itself 

have an intrinsic level of stability and solubility. 

Large proteins with extensive internal interactions generally have more stable folded 

stlUctures than small proteins (9). This is because in large proteins the enthalpic 

contribution of the many weak internal interactions far outweighs the entropic cost of 

the constrained confOlIDation, whereas, in smaller proteins this balance is not as 

pronounced (9). The oligomerisation of multiple identical monomers provides a 

relatively simple and economical method of forming large protein stlUctures and may 

be a general means for increasing stability against denaturation. Here it must be noted 

that the effect of oligomerisation on the stability of a protein is highly dependent on 

the characteristics of the intelface and the nature of the interactions between 

monomers. A number of cases have been documented in which monomeric forms of 

obligate quaternary complexes show equal or increased stability when compared to 

the oligomeric stlUcture (27-30). 

Another facet of stability that may be offered by oligomeric stlUcture is protection 

against misfolding and formation of potentially pathogenic protein aggregates such as 

amyloid fibrils, which have been implicated in a number of neurodegenerative 

diseases (31). In the amyloidogenic proteins insulin and transthyretin, it has been 

shown that break down of the natural oligomeric complexes into monomers is 
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necessary for nucleation of amyloid fibrils (32,33), and that non-covalent stabilisation 

of the oligomeric structures inhibits amyloid formation .(34). Further, hereditary 

mutations in the tetrameric human t:ransthyretin that cause dismption of the tetramer 

into dimers (35) or monomers (36) increases the propensity of the protein to fOlm 

amyloid, even where the stability of the monomeric units is unaltered (35). 

The increased size of oligomeric complexes with respect to the free constituent 

monomers also has implications for the water regulation of a cell or organelle. The 

larger protein stmctures have lower membrane permeability and therefore reduced 

osmotic pressure (1). Formation of complexes also reduces the available protein 

smface area, thereby significantly reducing the amount of water required for full 

hydration of the protein (9). These factors may not present a major evolutionary 

driving force, however, as it has been shown that many cell types can loose over half 

of their water without adverse effects (9,37). 

Related to these considerations of size is the error management and efficiency of 

coding offered by homo-oligomeric proteins (l,9). As the protein is made up of a 

number of polypeptide chains, translation enol'S may be reduced by discarding 

individual protein chains with sequence defects, as opposed to rejecting one large 

chain. Also, the assembly of a number of identical protein monomers into a 

quaternary complex allows creation of a large stmcture using the minimum amount of 

genetic material. However, the large amount of non-coding DNA in eukaryotic 

genomes suggests that this may not be a driving force in higher organisms. 

2.4 Quaternary structural engineering 

Over the past two decades, protein engineering has become a major tool in the study 

of the catalytic mechanisms of enzymes (38-40). Routinely, active site amino acid 

residues are substituted in order to ascertain their function in the catalysis of the 

enzyme. More recently, the powelful technique of site-directed mutagenesis has been 

utilised to study the stmctural properties of proteins, including folding processes (41), 

thermal stability (42-44) and, in a limited number of studies, the roles of quaternary 

stmcture. 
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Structural engineering of the intelfaces of oligomeric proteins has concentrated on 

two separate lines of investigation: engineering thelmal stability and the disruption of 

intersubunit intelfaces, in order to investigate the functional contributions of the 

quaternary structure of the protein, or to produce lower order oligomers to meet 

specific purposes. 

2.4.1 Engineering of thermostable interfaces 

Interest in the mechanisms by which proteins from thelmophilic bacteria achieve their 

remarkable thermal tolerance prompted examination of the characteristics of the 

intersubunit interfaces of the proteins form these organisms (45,46). It was found that 

increased density of hydrophobic packing and more extensive ion-pair networks were 

commonplace in the intersubunit intelfaces of these proteins when compared to their 

non thermally resistant homologues (47,48). 

Applying these principles, the thermal stability of a hexameric enzyme, glutamate 

dehydrogenase, from two bacterial species was significantly enhanced by the 

introduction of amino acid residues fOlming complex ion-pair networks within the 

interfaces of these proteins (49,50). The stability of the non-obligate dimedc TATA

binding protein from yeast was also shown to increase subsequent to introduction of 

two additional ion pairs at the intelface of the complex (51). Improvement of the 

hydrophobic packing within the interface of the dimeric Lac repressor of E. coli has 

resulted in a remarkable increase in thermo stability from 47°e to 87°e (48). Mutation 

of residues at the dimer intelface of yeast triosephosphate isomerase based on their 

chemical propelties and contribution to association of the two monomers was shown 

to double the half life of the enzyme at lOOoe (52,53). 

2.5 Engineering of lower order quaternary structures from 
existing oligomers 

The literature contains a limited number of reports of studies directed towards altering 

the quaternary structure of oligomeric proteins by site-directed mutagenesis. These 

investigations have been undeltaken for a number of reasons, including examination 

of the functional properties of proteins and production of improved clinical 

therapeutic agents. 
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2.5.1 Early studies 

The earliest reported investigation into the possibility of dissociation of an obligate 

oligomeric protein into stable, independent monomers by site-directed mutagenesis of 

interface residues was carried out by Jones et al. (54). The study focussed on the 

homodimeric enzyme tyrosyl-tRNA synthetase from Bacillus stearothermophilus, 

which contains two complete and separate active sites, but binds only one equivalent 

of tyrosine and one equivalent of t-RNA per dimer. This half-of-sites reactivity was 

presumed to involve negative cooperativity of substrate binding between the two 

monomers, but had no known mechanistic function. Protein engineering was therefore 

applied in an effort to create stable and active monomeric units of the enzyme by 

dis11lption of the dimeric st11lcture, and thereby shed light on the functional 

contribution of the protein complex. 

Dismption of the monomer-monomer intelface was achieved by introduction of 

negatively charged groups at previously interacting positions in the interface, thus 

producing electrostatic repulsion between the two subunits at this location. The 

mutant form of t-RNA synthetase produced by this strategy was found to display pH 

dependent dissociation into stable monomers, consistent with the ionisation of the 

carboxyl groups producing repulsion. The monomeric form of the enzyme was found 

to be inactive and was therefore not amenable to the kinetic characterisation necessary 

for functional analysis. However, subsequent work, in which active heterodimers 

consisting of this monomeric mutant complexed with a 1lUncated form of the enzyme 

with an engineered complementary charge at the inteliace (55,56), assisted in the 

elucidation of the binding mode of t-RNA with the dimer (57). 

Subsequent to this study, the technology of alteration of the quaternary st11lcture of 

proteins by rational design has been applied to a limited range of oligomeric systems 

for a number of different purposes. 

2.5.2 Quaternary structural engineering in medical science 

Insulin 

The implications of quaternary st11lctural engineering for the pharmacokinetics of 

insulin administration in diabetics were seized upon quickly (58,59). The treatment of 

type I diabetes requires the subcutaneous injection of the hormone insulin at meal 
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times, in order to control resultant blood glucose levels. Human insulin exists largely 

as a homohexameric structure, composed of a trimer of dimers, and, therefore, exerts 

a relatively low osmotic pressure, Thus, early insulin therapy was limited by slow 

absorption of insulin from the subcutaneous tissue into the bloodstream, and slow 

clearance of blood insulin levels, resulting in abnormal diurnal insulin patterns. 

It was recognised that smaller fOlms of the honnone were likely to be absorbed faster 

into the bloodstream. Monomeric fonns of human insulin were, therefore, produced 

by engineering single and double mutations at the dimer inteliace of the monomer 

(58,59). These monomeric analogues were found to be absorbed up to three times 

faster than the wild-type insulin and show a more natural clearance profile. It was also 

found that most of these mutations did not significantly effect the in vivo potency of 

the hormone (59). As a result of these studies a number of engineered monomeric 

insulin analogues are commercially available and in common use today (60,61). 

Interleukin 

Another example where interlace engineering has found a medical application is 

human interleukin-5, a homodimeric cytokine protein that is central in the 

pathogenesis of allergies and asthma (62). Mutation of cysteine residues that form 

intelmonomer disulphide bonds in the wild-type protein produced monomers that lack 

biological activity (63). This lack of bioactivity was predicted to be due to a short 

loop between two helices that physically prevented complete folding of one of the 

helices (64), which lies across the smiace of the other monomer in the wild-type 

protein. Extension of this loop to allow full unimolecular folding of the constrained 

helix resulted in a bioactive monomeric interleukin-5 (64), In this way, the 

constrained helix was identified as a functional epitope of the protein, a finding that 

was later confirmed (65), providing the framework for development of agonists and 

antagonists of interleukin-5 (66). 

2.5.3 Functional studies by quaternary structural engineering 

Serratia marcessens endonuclease 

The design of monomeric variants of the Serratia marcessens nonspecific 

endonuclease was originally directed towards commercial applications, as the enzyme 

is utilised for removal of nucleic acids from biochemical and pharmaceutical 
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preparations (27,67). Efficient immobilisation of the wild-type homodimer proved 

problematic and thus a stable, active monomer was sought and created (27). However, 

detailed functional analysis of the resulting monomeric forms revealed an interesting 

mechanistic advantage afforded by the dimeric sUucture of the enzyme. 

The monomeric form of the nuclease showed the same specific activity as the wild

type dimer when polynucleotide subsU'ate concentration was high. However, as 

substrate concentration became limiting, the dimer showed relatively higher activity 

(68). The two active sites of the wild-type S. marcessens nuclease dimer are separate 

and operate independently. Thus, a binding event at one active site will raise the 

apparent local concentration of substrate for the other binding site of the dimer due to 

the protruding nucleic acid strands either side of the cleavage site, raising the 

probability of a binding event at the other active site. A processive mechanism of 

nucleic acid degradation is, therefore, produced when subsU'ate concentration is low 

(68), allowing more efficient degradation of nucleic acids. 

Biotin-binding proteins 

The structurally analogous tetramelic biotin-binding proteins avidin and streptavidin 

have attracted considerable interest due to their remarkably high affinity for biotin (kd 

- 10-15 M) and, hence, the possibility of their use as biotin-binding components of 

affinity columns or fusion proteins. Early attempts to produce independent dimeric 

variants of streptavidin resulted in protein chains that folded into dimeric structures 

only in the presence of biotin (69). Subsequent efforts were more successful, 

producing independent and stable biotin binding dimers of both sU'eptavidin and 

avidin by single residue mutation (70). This point mutation was complemented by a 

second substitution to produce a stable monomeric mutant of avidin which retains a 

high affinity for biotin (kd - 10-7 M) and may therefore be utilised for its affinity 

properties (71). Crystal structures of the stable dimeric fOlIDS of sU'eptavidin and 

avidin revealed tetrameric quaternary structure, analogous to that of the wild type 

protein, indicating that tetramerisation of these dimers occurred at high concenU'ation 

(72). 
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Inorganic pyrophosphatase 

Various lower order oligomers of hexameric inorganic pyrophosphatase have been 

produced from both the Bacillus stearothermophilus (73) and the E. coli enzyme 

(74,75). Kinetic analysis of the variant fonus of E. coli pyrophosphatase revealed that 

substrate binding was progressively weakened in the transition from hexamer to 

monomer, with little change in kcat• Additionally, hexameric valiants with impaired 

subunit association displayed strong substrate binding cooperativity, which was not 

observed in the wild-type enzyme. These observations led to the proposal that the 

hexameric structure of the wild-type enzyme produces constraint of the active sites in 

an optimal substrate binding conformation (76); breakdown of the oligomeric 

structure of the enzyme leads to progressive and communicated conformational 

relaxation of the monomers that can be reversed by the binding of substrate. 

EcoR I 

Monomeric mutants of the restriction endonuclease, EeoR I, were engineered with a 

view to producing heterodimers with novel site specificity (77), by the method of 

Jones et al. (54,55). The observed nickase activity of the monomeric variants, where 

only one strand of the DNA duplex is cleaved, is consistent with the single catalytic 

centre of the monomer. Surprisingly, this nickase activity was found to be 

non-specific, in contrast to the expected half recognition site specificity (77), 

suggesting that the monomer alone was unable to form specific interactions with the 

DNA bases, perhaps due to an inability to bend the DNA molecule and open the 

major groove. 

Aero 

In contrast, a monomeric form of the homodimeric DNA binding protein A Cro, 

produced by extension of the C-terminal, p-strand forming dimelisation domain, was 

found to have half operator binding specificity (28). Interestingly, this mutant, in 

which two p-turn residues were optimised for p-strand fOlmation, is significantly 

more stable than the wild type-dimer. 

Triosephosphate isomerase 

The homodimeric enzyme triosephosphate isomerase (TIM) has undergone rigorous 

characterisation by quaternary structural engineering. The report of the crystal 
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stlUcture of recombinant derived trypanosomal TIM (78) also described a study in 

which an interface histidine residue, forming water-mediated hydrogen bonds 

between the two monomers, had been mutated producing a dimer that dissociates at 

low protein concentration and displays concentration dependent activity (78,79). This 

study was quickly followed up by the creation of an obligate monomeric form of the 

enzyme, designated monoTIM, by sh011ening of the 15 residue major interface loop 

(29). This monomer was catalytically active, however, the kcat was approximately 

lOOO-fold lower than the wild-type enzyme and was independent of protein 

concentration. The crystal stlUcture of monoTIM indicated that this large reduction in 

activity was likely to be due to the reordering of two minor interface loops which 

contain two of the four essential catalytic residues (80). This indicates that the dimeric 

state of the enzyme is necessary for maintenance of the conect confonnation of these 

loops and therefore the positioning of these essential residues. 

Subsequent introduction of more conservative double point substitutions of inteIface 

residues of trypanosomal TIM resulted in an alternative monomeric variant (81), with 

kinetic and physical properties similar to those of monoTIM. Fmther single and 

double point mutant monomeric forms were crystallised, in the presence and absence 

of substrate analogue inhibitors (82). The resulting stlUctures showed that, on 

complexation with the inhibitiors, the reordered catalytic residue containing loops 

adopt conformations similar to those observed in the wild-type enzyme, suggesting 

that it is the rigidity of these loops, resulting from inteIface fOlmation, that is 

important for optimal catalysis (82). 

In contrast to these studies, where the thelmal stability of monomeric variants of 

trypanosomal TIM was found to be similar to that of the wild-type (29,81), an 

obligate monomeric variant of human TIM produced by double point substitution was 

shown to have greatly reduced conformational stability (83). Detailed fluorescence 

spectroscopic denaturation analysis indicated a confOlmational stability of 2.5 

kcal/mol for the monomer, reduced from 19.3 kcallmol for the wild-type dimeI'. 

However, subsequent introduction of a-helix stabilising mutations produced a partial 

return of conformational stability of the monomer, to 3.9 kcallmol (84). 
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Superoxide dismutase 

As with the monomeric trypanosomal TIM mutants, the NMR solution structure (76) 

of a monomeric form of the dimeric human Cu/Zn superoxide dismutase (85,86) 

showed significant disorder in regions previously involved in monomer-monomer 

association. In particular, the electrostatic loop that is responsible for driving 

superoxide anions toward the reactive copper site was found to have high disorder and 

altered confOlmation with respect to that of the wild-type dimeric protein. This 

reordering of a critical loop due to the absence of a second, contacting subunit fOlmed 

the basis of a mechanism used to explain the lO-fold reduction of activity found in the 

monomeric variant (76). 

Further examples of reduced activity in quaternary structural engineered 
proteins 

Reduction of catalytic activity has been a common observation in studies of the 

alteration of the quaternary structure of enzymes. Rat prostatic acid phosphatase 

showed complete loss of activity on monomerisation of the wild-type dimer (87), the 

activity of monomeric mutants of the dimeric malate dehydrogenase from E. coli was 

four orders of magnitude lower than that of the wild-type (88), and a 20-fold 

reduction of activity was observed in a dimeric variant of the tetrameric 

D-hydantoinase (89). Stability conferred by thc homodimeric structure of RNA 

triphosphatase was used to explain the in vitro thermolability of activity and the in 

vivo lethality of monomer producing mutations in the protein (90,91). 

Often the attenuation of activity has been difficult to explain and has, therefore, been 

ascribed to reduced stability in the protein structure. It is then easy to reach the 

conclusion that the primary function of the quaternary structure of these enzymes is to 

confer generalised structural stability and consequentially catalytic efficiency. 

However, contrary to this, cases have been described where reduced stability does not 

correlate with reduced activity. Dimeric and monomeric variants of the fructose-l ,6-

bisphosphate aldolase tetramer show progressively reduced stability against 

denaturation, while the specific activity of each variant is similar to that of the wild

type (92-94). Other cases have seen no change in either stability or activity (30,95). 
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2.6 Rational design of mutations to disrupt the dimer-dimer 
interface of E. coli DHDPS 

In order to investigate the functional and mechanistic contributions of the tetrameric 

stmcture of E. coli DHDPS, variants of the protein with altered quaternary stmcture 

were designed using site-directed mutagenesis of residues involved in the minor, 

inter-dimeric inteIface of the enzyme. Previous studies on the alteration of protein 

quaternary stmcture (section 2.5) were used to infOlID the design. 

The primary aim of this section of work was to produce one or more stable, obligate 

dimeIic forms of the enzyme, conesponding to the tight-dimer unit of wild-type 

DHDPS. As a secondary aim, amino acid residues at the dimer-dimer intelface were 

mutated in order to establish their imp0l1ance in the formation of the intelface. This 

had the added benefit of producing proteins that displayed dimer-tetramer 

equilibrium. 

2.6.1 The dimer-dimer interface of E. coli DHDPS 

The tight-dimer units of the E. coli DHDPS tetramer associate via two isologous 

intelfaces formed between corresponding monomers of the dimer units. Published 

analyses of crystal stmctures of wild-type DHDPS stated that intersubunit contacts at 

this dimer-dimer interface are comprised of only three amino acid residues: L167, 

T168, and L197 (22,96). This result was obtained using the program CoPS 

(unpublished) with a distance cut-off of 3.9 A. 

L 197-L 197 

These residues fOlID mainly hydrophobic intersubunit interactions. The 'Y- and 

o-carbons of the side chain of L197 from one monomer are in direct van del' Waals 

contact with the same carbon atoms of the side chain of L197 from the neighbouring 

monomer (Figure 2.3). 

L 167 and T168 

Similarly, the side chains of both L167 residues interact directly in a symmetrical 

manner, with the B-carbon in van del' Waals contact with the B-carbon and exposed 0-

carbon of the neighbouring residue. This exposed o-caI'bon is also in van del' Waals 



Quaternary structure and design of the dimeric variants 43 

contact with the main chain atoms between the side chains of L167 and T168 and the 

,),-carbon of the threonine side chain (Figure 2.4). 

Figure 2.3 The contact between Ll97 residues of neighbouring subunits. 

Figure 2.4 The contact between residues L167 and Tl68 from neighbouring subunits. 
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2.6.2 Re-evaluation of the dimer-dimer interface of E. coli DHDPS 

Three-dimensional visual analysis of both the published structure and the higher 

resolution wild-type structure solved in this lab during this work (97) has revealed 

that the dimer-dimer interfaces are significantly more extensive than these published 

reports. 

Additional to the three reported contacts, three new direct intersubunit contacts, 

involving five amino acid residues, and a water-bridging network, in which water 

molecules participate in intersubunit hydrogen bonding, were identified during this 

work. These are summarised below. 

0196-0196 

Figure 2.5 Hydrogen bonding between Q1 96 residues from contacting subunits. 

Perhaps the most important of the newly identified contacts is the symmetrical contact 

between the Q196 residues of neighbouring subunits, which form two inter-subunit 

hydrogen bonds (Figure 2.5). In the published structure, the orientation of the 

£-nitrogen and oxygen atoms of this residue is incorrect, and, in fact, these atoms 

should be flipped 180°, producing the correct geometry for inter-monomer hydrogen 
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bonding between the epsilon nitrogen and the main chain oxygen of the neighbouring 

residue. This also allows for formation of an intra-subunit hydrogen bond between the 

£-oxygen of Q196 and an NH2 group of R230 from the same monomer. 

0193 

Water-mediated hydrogen bonds are also formed between the two monomers at the 

interface. D193 has strong hydrogen bonds to two well-defined water molecules that 

occupy cavities formed by the interface of the two monomers, and are, in turn, 

hydrogen bonded to residues of the neighbouring monomer (Figure 2.6). One of these 

water molecules forms three separate hydrogen bonds to the other monomer, 

involving the main chain nitrogen of N 171, the side chain 8-nitrogen of N171, and the 

main chain oxygen of L167. The second water molecule forms one further hydrogen 

bond to the main chain oxygen of T168 from the other monomer. Since D 193 does 

not interact directly or indirectly with D 193 from the neighbouring subunit, each 

inter-dimer interface contains two complete water-mediated hydrogen bonding 

networks. 

Figure 2.6 Water-mediated hydrogen bonds between two neighbouring subunits. 
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E175-Q234 

The side chains of the two residues E175 and Q234 protrude away from the surface of 

the monomer at the edge of the contact area between the two monomers and form 

hydrogen bonded contacts that are separate from the main interface. These side chains 

are not constrained by other structural elements and are surrounded by solvent. They 

would, therefore, be expected to show flexibility and interact directly only transiently. 

This is borne out by the high B-factors of these side chains indicated in the published 

structure. However, the correct geometry for hydrogen bonding between the c:-oxygen 

of E175 and the c:-nitrogen of Q234 from the contacting subunit is conserved in each 

contact in our improved resolution structure, suggesting that this is an important 

inter-subunit hydrogen bond (Figure 2.7). 

Figure 2.7 Hydrogen bonding between E 175 and Q234 of the neighbouring subunit. 

N171-R230 

Contact is also made at the interface by the side chains of N171 and R230, which are 

positioned at the edge of the interface between the two monomers. The extremities of 

the side chains abut, resulting in close van der Waals contact between the last four 

atoms of each side chain (Figure 2.8). Despite the presence of appropriate groups for 
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hydrogen bonding, the geometric configuration of these groups is incorrect for inter

subunit hydrogen bond formation and thus this contact appears to be van der Waals in 

nature. 

Figure 2.8 Contact between N 17 J and R230 at the dimer-dimer intelface 

The 'new' interface 

It is clear from this re-inspection of the dimer-dimer interface that the number and 

range of contacts between the two monomers involved is much larger than the purely 

hydrophobic interactions reported (Figure 2.9) (22). 

Figure 2.9 Re-evaluation of the dimer-dimer inteiface of E. coli DHDPS. Hydrophobic 
contacts are indicated by black lines, van der Waals contacts are indicated by green lines, 
and hydrogen bonds are indicated by dashed red lines. Water molecules are represented by 
red circles. 
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2.6.3 Mutation strategies for the disruption of protein-protein interfaces 

Among the published studies (section 2.5), four different approaches have been taken 

to destabilising subunit interfaces. 

Loop deletion/insertion. 

In many oligomeric proteins, amino acid residues that form the inter-monomer 

interfaces are located on extended loop regions. By replacing these regions with 

alternative shorter fragments, associative interactions between subunits can be 

eliminated. Altematively, by lengthening the loop region, association of two 

monomers can be blocked by steric hinderance. 

Small residues mutated to large residues 

By mutating small amino acid residues that form tightly packed contacts in the 

subunit interfaces to more bulky amino acids, for example, tyrosine, subunits can be 

sterically forced apart, disallowing the fOlmation of attractive interactions between 

subunits. 

Hydrophobic residues mutated to hydrophilic residues 

In cases where subunit intelfaces are composed mainly of hydrophobic contacts, 

simply mutating these residues to hydrophilic amino acids can destabilise the 

interface sufficiently to cause dissociation. 

Charged residue SUbstitution 

This approach uses the property of electrostatic repUlsion of like charge. Interface 

contact residues are mutated to amino acids with ionisable side chain groups that are 

placed in positions adjacent to residues of the same charge in the neighbouring 

subunit (if the interface were allowed to form) thus creating electrostatic repulsion 

between the two subunits. 

2.6.4 Considerations for the design of mutations 

As discussed in sections 2.5 and 2.6.3, the disruption of the intelfaces of a multimeric 

protein with the aim of producing stable, folded, and active protomer units is not a 

trivial task. The planning of mutations designed to disrupt the quatemary stmcture of 

an enzyme requires the consideration of three well-defined problems (69). 
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First, subunit-subunit association must be prevented, preferably by introduction of the 

least possible alteration to the primary structure of the protein. Thus, the smallest 

number of mutations that is able to produce the desired result of disallowing the 

associative interface to form must be used to ensure that possible resultant secondary 

or tertiary structural changes are kept to a minimum. Related to this consideration is 

the nature of the amino acid substitutions utilised; clearly, it is possible to minimise 

any structural disturbance to subunits by careful selection of structurally similar 

amino acids for substitutions. Isosteric replacements are more desirable than 

otherwise in this respect. 

Second, substitutions must be selected that will have minimum impact on any ligand 

binding or active sites of the protein. Potential positions for alteration must be 

selected that are distal to any effector binding site or active site to minimise the 

possibility that potential structural rearrangements caused by the mutation are 

transmitted to these sites. 

Third, separation of the subunits of an oligomeric protein exposes to solvent the side 

chains of a number of hydrophobic amino acid residues that would normally be buried 

within subunit-subunit interfaces. This has implications for the aqueous solubility of 

the subunits and sufficient solubility of the mutant may only be achieved by 

significant reduction of the hydrophobicity of the exposed interfaces. 

2.6.5 Design of the mutations 

In light of the considerations above, mutations of contact residues at the dimer-dimer 

interface of E. coli DHDPS were designed. In order to minimise structural effects of 

the mutations, it was decided that the disruption of the interface would first be 

attempted using only single residue mutations. The centre of the dimer-dimer 

interface area, as defined by L197, is approximately 20 A distant from the active site, 

as defined by K161, and over 30 A distant form the closest lysine binding residues. 

Thus mutation of intelface residues would seem unlikely to directly affect these 

ligand binding sites. 

As the two inter-subunit contact sUlfaces of the tight-dimer are separated by the water 

filled cavity at the centre of the E. coli DHDPS tetramer, large contiguous 

hydrophobic patches are absent from the surface of the tight-dimer unit. Inspection of 
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the sUliace character of the dimer-dimer interface area reveals a small hydrophobic 

patch surrounded by hydrophilic groups. Thus, while the exposure of this surface was 

considered in choosing possible mutations, it was not expected that insUlTIlountable 

solubility issues would be encountered on exposure of this relatively small, isolated 

hydrophobic area. 

Initially, a single mutation of L197 to the charged residue, aspartate, was produced in 

order to gauge the validity of a single residue substitution approach. Based on the 

success of this strategy in production of a stable dimeric form of E. coli DHDPS 

(Chapter four), five further mutations of interface residues were subsequently created 

with the intention of characterising the inteliace, and producing additional dimeric 

and partially-dimeric variants. 

L 197 to asparlate 

The configuration of the two L197 residues at the intelface, in which the side chains 

abut directly, made this residue a peliect candidate for replacement with a charged 

amino acid. By replacing this residue with the isosteric amino acid, aspartate, negative 

charge was placed on the inteliace surface at the previously interacting positions. 

Electrostatic repulsion of the two charged moieties would presumably prevent 

complementary interaction between monomers at this position disrupting formation of 

the inteliace. 

L 197 to tyrosine 

As the mutation of L197 to aspartate was found to produce a stable dimeric form of 

DHDPS (Chapter four), it was decided to introduce steric bulk at this same position. 

The large aromatic side chain of tyrosine had the potential to sufficiently alter the 

topology, and, therefore, the complementarity, of the interface sUliaces so as to 

disallow association of the dimers. 

Q196 to asparlate 

Q196 makes contact with Q196 from the neighbouring subunit, presenting a good 

candidate for charged residue substitution. However, the positioning of the side chains 

in this case would place the charged moieties distal if an isosteric substitution was 

made. Substitution of this residue with aspartate, which is negatively charged, but has 

a shorter side chain, was likely to place the charged groups in closely interacting 



structure and dimeric variants 51 

positions, if the inted'ace was formed, thus producing electrostatic repulsion between 

the monomers. 

Q234 to aspartate 

Q234 interacts with the negatively charged E175. By mutating Q234 to the negatively 

charged asprutate, electrostatic repulsion can be created at this position. The mobile 

nature of the side chains of these residues was expected to attenuate repulsion by 

rearrangement of the side chain conformations. 

0193 to alanine 

Substitution of D193 with the hydrophobic amino acid alanine will remove the 

hydrogen bonds previously made by the hydrophilic side chain of this residue to the 

bound waters within the dimer-dimer intelface, thus removing the intersubunit 

bonding afforded by this residue. It was hoped that this would be sufficient to disrupt 

the interface. 

0193 to tyrosine 

In addition to removing the intersubunit, water-mediated hydrogen bonding, 

introduction of the bulky side chain of tyrosine at this position was designed to 

produce an additional steric hindrance to the formation of the intelface between the 

two subunits. 

2.7 Summary 

The literature describing the structural details and functional advantages of protein 

quaternary structure has been surveyed. In addition, literature describing the 

engineering of the quaternru'y structure of proteins has been comprehensively 

reviewed. 

Extensive analysis of the crystal structures of E. coli DHDPS revealed that the 

dimer-dimer intelface comprises a much lru'ger set of contact residues than has been 

indicated in published reports. Based on this investigation, rational design of 

single-point amino acid mutations in the E. coli DHDPS sequence was undertaken to 

produce dimeric variants of the protein for functional analysis, and to confirm the 

importance of the newly identified intelface residues to the tetramerisation of the 

protein. 
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Chapter Three 

Site-directed mutagenesis, enzyme 
purification, and (S)-ASA synthesis 

3.1 Introduction 

The proposed investigation of the functional advantages afforded by the tetrameric 

structure of E. coli DHDPS required the creation of specific mutations in the amino 

acid sequence of the enzyme. Site-directed mutagenesis was employed in order to 

produce variants of DHDPS containing the amino acid substitutions described in the 

previous chapter. 

The rigorous functional and biophysical characterisation of wild-type and mutant 

DHDPS required production and purification of milligram quantities of the proteins. 

Additionally, the assay utilised in this study to collect initial rate data employed 

DHDPR as a coupling enzyme and thus sufficient amounts of this enzyme were also 

required. Separate high copy-number plasmids canying the genes for E. coli DHDPS 

and DHDPR allowed purification of both enzymes from a simple bacterial expression 

system. 

As described in Chapter one, DHDPS catalyses the condensation of pyruvate and 

(S)-ASA. Kinetic analysis of wild-type DHDPS and the variants, therefore, requires 

pure stocks of both of these substrates. While pyruvate is commercially available as 

an analysis grade reagent, (S)-ASA must be synthesised. Several syntheses of 

(S)-ASA have been reported; however, these are generally protracted procedures or 

produce impure product. For the purposes of this study, (S)-ASA was synthesised 

using a novel three step protocol developed in this laboratory (1), which produces 

product of extremely high quality. 

3.2 Site-directed mutagenesis 

In vitro site-directed mutagenesis is an invaluable tool that utilises the polymerase 

chain reaction (PCR) to generate copies of a template DNA molecule while 



Mutagenesis, enzyme purification, and (S)-ASA synthesis 60 

incorporating the desired mutation (2). Thus , the technique provides an efficient 

method of introducing defined mutations into the dapA gene encoding E. coli 

DHDPS, which will translate into the specific single point amino acid mutations 

described in section 2.6.5. 

Numerous methods for the site-directed mutagenesis of both linear and circular DNA 

have been reported (2). Many of these protocols require linearised single stranded 

template DNA (3) and are therefore labour intensive or technically difficult. The 

dapA gene is carried on a circular plasmid , and thus a method that allows site-specific 

mutation of the intact double-stranded , circular, DNA was sought for use in this study. 

The QuikChange site-directed mutagenesis kit (Stratagene) allows simple mutation of 

supercoiled double-stranded plasmid DNA. This is achieved by PCR extension of 

primers containing the required mutation using the high fidelity Pfu DNA polymerase 

(Figure 3.1). In this process, both strands of the plasmid are replicated, incorporating 

the primers, and resulting in nicked, mutated plasmid DNA. Following amplification , 

the wild-type template DNA is specifically digested using the methylated DNA 

specific endonuclease, Dpn I, as DNA isolated from E. coli is generally dam

methylated and, therefore, susceptible to digestion by Dpn I. The resulting mutated 

DNA is then transformed into E. coli XL-1 Blue cells where the nicks are repaired 

producing intact mutated plasmid DNA. 

Figure 3.1 Overview of the QuikChange site-directed mutagenesis method. The template 
plasmid (i) with target site for mutation (grey circles). Complementary primers containing the 
desired mutation (red circle) anneal to the template DNA (ii) and are extended during PCR 
(iii) producing nicked circular DNA. (iv). Following amplification, wild-type template DNA is 
digested by Dpn 1. Transformation of amplified DNA into XL-! Blue cells repairs nicks in the 
plasmid containing the new mutation (v). 

3.2.1 Mutagenic primer design 

Oligonucleotide primers containing mutations designed to produce the specific amino 

acid substitutions described in section 2.6.5 were designed according to the guidelines 
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in the QuikChange kit manual (4). These primers were based on the nucleotide 

sequence of the dapA insert carried on the pBluescript based plasmid designated 

pJGOOl (5), which was used as the template for the mutagenesis PCR reactions. 

Primers for use with the QuikChange kit are required to meet a number of conditions. 

Both primers must anneal to the same sequence on opposite strands of the plasmid, 

and be 25-45 bases in length, with the desired mutation close to the centre of each. 

Additionally, primers should have a calculated melting temperature of greater than 

78°C, contain a minimum GC content of 40%, and terminate in one or more C or G 

bases (4). 

Table 3.1 Oligonucleotide primer sequences used for site-directed mutagenesis of dapA 
harboured on plasmid pJG001. Substituted bases are shown in blue and the codon of the 
altered amino acid is underlined. The introduced recognition sequence for Fok I is italicised 
in the Ll97D primer sequences. Primers labelled #1 show nontemplate strand sequence and 
primers labelled #2 show template strand sequence. 

Primer name Primer sequence 

L197D #1 5'GCG AGC GCG CTG GAC TIC ATG CAG GAT GGC GGT CATGGG G3
' 

L197D #2 5'C CCC ATG ACC GCC ATC CTG CAT GAA GTC CAG CGC GCT CGCl' 

L197Y #1 5' CTG GAC TIC ATG CAA TAC GGC GGT CAT GGG GTI ATI TC" 

Ll97Y #2 5'GA AAT AAC CCC ATG ACC GCC GTA TIG CAT GAA GTC CAG3
' 

Q196D #1 S'GCG CTG GAC TIC ATG GAT TIG GGC GGT CAT GGG3' 

Q196D #2 Y CCC ATG ACC GCC CAA ATC CAT GAA GTC CAG CGC" 

D193A #1 5'GATGCG AGC GCG CTG GCCITC ATG CAA ITG G" 

D 193A #2 5' C CAA ITG CAT GAA GGC CAG CGC GCT CGC ATC" 

D193Y #1 S'GAT GCG AGC GCG CTG TACITC ATG CAA ITG Gl' 

D193Y #2 S'c CAA ITG CAT GAA GTA CAG CGC GCT CGC ATC3
' 

Q234D #1 S' c GAG GCA CGC GIT AIT AAT GAT CGT CTG ATG CCA ITA CAC" 

Q234D #2 5'GTG TAA TGG CAT CAG ACG ATC AIT AAT AAC GCG TGC CTC G3
' 

In the case of the L197D mutation, which was produced first, the primers were 

designed to incorporate a new restriction site, allowing rapid and easy confirmation of 

successful mutagenesis. This required the introduction of a silent mutation in the 

codon for amino acid position 196. Base substitutions for all other mutations were 
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kept to the minimum required for codon alteration. The sequences of all primers used 

are shown in Table 3.1. 

3.2.2 peR mutagenesis of plasmid pJG001 

A pure preparation of plasmid pJGOOl, isolated from E. coli XL-l Blue using 

standard DNA mini-prep methods (6), was used as template DNA for mutagenic PCR. 

In order to optimise for amplification, mutagenesis reactions were set up with several 

template DNA concentrations while holding the concentrations of both primers 

constant. A control mutagenesis reaction was also prepared using supplied primers 

and pWhitescript vector to test the efficiency of amplification and mutant plasmid 

generation. 

Figure 3.2 Agarose [?el of mutagenic ampl!fications of plG001. Lane 1 shows size 
standards with relevant bands indicated. Lane 2 was loaded with 50 n[? of plGOOl and shows 
no significant staining at this DNA concentration. Lane 3 shows amplification of the control 
pWhitescript mutagenesis (4.5 Kb). Lanes 4-6 show amplification of plGOOI using primers 
incorporatin[? the Ll97D mutation, from lOng (lane 4), 20 fl[? (lane 5), and 50 ng (lane 6) of 
template DNA. The strong staining of the band at approximately 4.1 kb indicates high 
amplification of in all reactions. 

5 kb 
4 kb 

Amplification was achieved by thermal cycling of the reaction mixtures using a 

melting temperature of 95°C and an annealing temperature of 55°C, followed by an 
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elongation step at 68°C (4). Amplification was then confirmed by agarose gel 

electrophoresis (Figure 3.2) before treatment of the reaction mixtures with Dpn I. 

Mutated plasmids were labelled according to the mutation carried. For example, the 

plasmid carrying the L197D mutation was designated pL197D. 

3.2.3 Transformation of XL-1 Blue with mutated DNA 

Amplified DNA from all PCR experiments was transformed into E. coli XL-1 Blue 

supercompetent cells by the heat shock method. Transformation controls were lUn 

without DNA, to ensure effective selection for transformants, and using the vector 

pUC18, to verify the viability of the competent cells. Transformed cells were then 

elaborated and cultured on LB agar plates containing ampicillin. From these plates, 

5-10 potential transfOlmant colonies from each mutagenesis reaction were subcultured 

and stored in LB media containing glycerol at -80°C. 

In addition to the verification of efficient amplification of template DNA during the 

PCR reactions, the pWhitescript control mutagenesis allowed assessment of the 

efficiency of mutant plasmid generation under the conditions used. Since COlTect 

mutagenesis of the p Whitescript vector confers a ~-gal+ phenotype on transformation 

into E. coli XL-1 Blue, the propOltion of mutagenised plasmids present in the final 

DNA preparation could be quantified by blue/white screening of transformed colonies 

on plates containing X-gal and JPTG. By this method, mutation efficiency was judged 

to be greater than 91 % in all experiments carried out in this study. 

3.2.4 Confirmation of the L 1970 mutation by restriction digest 

The first variant produced for this study, the L197D mutation, was designed to 

incorporate the recognition sequence of the restdction endonuclease Fok I at the 

position of the mutation (Table 3.1). Thus, analysis of the Fok I restriction patterns of 

the wild-type and mutated dapA genes by gel electrophoresis allowed rapid initial 

screening for transformants containing the correct mutation. 

Fok I restriction fragments of the wild-type pJGOOl plasmid were predicted from the 

pBluescript plasmid sequence (Stratagene) with the dapA sequence (5) inselted 

appropriately. The four-base mutation designed for the L197D substitution was 

predicted to result in the cleaveage of a lO35 bp fragment, present in the wild-type 

restriction pattern, into 487 bp and 549 bp fragments. The presence of these new 
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fragments, and the loss of the 1035 bp fragment was confirmed in the first 

transformant analysed (Figure 3,3) indicating the presence of the correct mutation. 

Figure 3.3 The Fok I restriction patterns ofpLl97D (lane 2) and plCaO] (lane 3). Lanes 
] and 4 show the I kb+ lade I' with relevant bands marked. Lane 2 clearly shows the 487 bp 
and 549 bp expected for the mutated plasmid. The doublet expected at -J 035 bp in plCaO J is 
visible in lane 3, and is absentf!-omlane 2, as predicted. 

1.65 kb 

1.0 kb 

0.5 kb 

0.3 kb 

0.1 kb 

3.2.5 Sequencing of the mutated dapA genes 

All mutant plasmids were sequenced to confirm both the presence of the correct 

mutation and the integrity of the full length of the dapA insert after mutagenesis. 

Bi-directional sequencing of the dapA insert was performed by the Auckland 

Genomics Unit, using BigDye dye terminator chemistry (Applied Biosystems). 

Sequencing quality DNA samples were produced and purified by standard methods 

resulting in sequence reads of 900 to 1100 bp. Consensus of sequence data from both 

DNA strands allowed accurate construction of the full sequence of all mutated inserts. 

Sequence data from plasmids to be used for expression of the enzyme variants 

confirmed incorporation of the desired mutations (Figure 3.4) and verified the correct 

sequence for the remainder of the dapA insert. 
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Figure 3.4 Chromatograms and sequence assignment around the site of each mutation. 
Sequence data from the best resolved sequencing direction is shown. The mutated amino acid 
codon or anticodon is underlined. 

G CC G C C T C C T G C T G 

0197 

TT C T GC ..!..........£GG C GG T C T G 

Y197 

CC G C CC A T CC T G G T 

0196 

T G C T G GG CC G C G C G C 

A193 

G C G CG C T G .!...-.-f. T T C T G C T T 

Y193 () 
C A T C G CG--1.....£ TT T A 

0234 

3.3 Production of wild-type DHDPS and DHDPR 

3.3.1 Overexpression of wild-type DHDPS and DHDPR 

Expression of both E. coli DHDPS and DHDPR was achieved using the E. coli strain 

XL-l Blue containing plasmid pJGOOl (5), and pJKOOl (7) respectively. These 

pBluescript based vectors are maintained at levels of 500-700 copies per cell (6) 

allowing many-fold overexpression of the constitutively promoted plasmid borne 

dapA and dapB (DHDPR) inserts. Prior to purification of either enzyme, the integrity 
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of the pJGOO 1 or pJKOO 1 plasmids was routinely confirmed by restriction digest using 

both EcoR I and Hind III, which cut each plasmid either side of the insert. 

Large scale broth cultures of XL-l-pJGOOl or XL-l-pJKOOl were grown for 20 hours 

and cells were harvested by centrifugation and suspended in buffer. Crude, cell-free 

lysates were then produced by ultrasonication of cells, followed by clarification by 

centrifugation. In the past, preparation of crude DHDPS extract from XL-l-pJGOOl 

has been routinely achieved by other workers utilising freeze-thaw cycles to gently 

disrupt harvested cells (5,8,9) . However, investigation during this study revealed 

significantly higher target protein yield, with no loss of final purity, by 

ultrasonication, and this method was adopted. 

3.3.2 Purification of wild-type DHDPS 

The protocol employed for purification of wild-type DHDPS was modified from the 

procedure used by Mirwaldt et al. (10) for crystallisation of the enzyme. Initially, 

small aliquots of the crude extract from XL-l-pJG001 cells were subjected to 

heat-shock at 70°C. The relative stability of DHDPS to heat denaturation meant that 

this step resulted in a greater than two-fold reduction of protein background levels 

with little loss of DHDPS activity (Table 3.2). 

Table 3.2 Typical purification of wild-type DHDPSfrom E. coli XL-l-pJGOOl from 17g 
wet-weight af cells (4.5 L of culture). 

Protein 
Total Specific 

activitl activity 

(mg) (unitsh
) (units/mg) 

Crude extract 896.0 391.5 0.44 

Heat shock 295.3 283.9 0.96 

Ion exchange 232.8 325.9 1.40 

Hydrophobic interaction 127.9 241.6 1.89 

iI Activity was determined using the quantitative coupled assay. 
h I unit is defined as the consumption of I ~mol NADPH per sec. 

Yield 

(%) 

72.51 

83 .24 

61.71 

Degree of 
purification 

(fold) 

2.20 

3.20 

4.32 

Purification was continued by anion exchange chromatography: a Q Sepharose (GE 

Biosciences) column of approximately 100 ml bed volume was loaded with the 

clarified heat-shocked lysate. The column was then washed with 5 bed volumes of 
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wash buffer and eluted with a linear gradient of 0 to 1.0 M NaCl in buffer over 4 bed 

volumes. Active fractions were detected using the o-aminobenzaldehyde assay 

(section 5.2.1) and pooled. This sample was brought to 0.5 M ammonium sulfate in 

preparation for hydrophobic interaction chromatography on phenyl Sepharose (GE 

Biosciences). A column of approximately 150 ml bed volume was pre-equilibrated 

with 0.5 M ammonium sulphate in buffer and loaded with the pooled ion exchange 

fractions. The column was then washed with 0.5 M ammonium sulfate in buffer and 

eluted with a gradient of 0.5 to 0 M ammonium sulfate in buffer. Active fractions 

were again pooled and subsequently dialysed twice against 100 volumes of buffer for 

2 hours. 

Figure 3.5 SDS-PAGE of a typical wild-type DHDPS preparation. Lane 1 shows 
molecular weight marker with relevant bands indicated. Lanes 2-6 were loaded with the 
protein preparation at various stages of the purification as follows: 2 - crude cell free extract, 
3 - after heat shock, 4 - after ion exchange chromatography, 5 - ajier hydrophobic interaction 
chromatography, 6 - after final dialysis. 

1 2 3- 4 . 5 6 

36 kDa 

29 kDa 

This protocol resulted in homogenous wild-type DHDPS, as judged by SDS-PAGE 

with Coomasie blue staining (Figure 3.5), with a specific activity of 1.89 units/mg, (1 

unit is equal to the consumption of 1 I-lmol of NADPH per second) as judged by the 

coupled assay (section 5.2.3). Greater than four-fold purification of the enzyme was 

routinely achieved with a total yield of DHDPS activity of around 60% (Table 3.2). 
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The results presented in Table 3.2 show that around 14% of the total protein contained 

in the cell lysate obtained by this method was DHDPS, demonstrating the efficiency 

of this overexpression system for this enzyme. 

The purified protein solution was aliquotted and stored at -20°C. Under these 

conditions, wild-type DHDPS was found to show no detectable loss of activity over 3 

months. 

3.3.3 Purification of DHDPR 

The purification of DHDPR was achieved using a protocol that was loosely based on 

previously published reports (9,11,12). Significant modifications to these procedures 

were made, introducing an affinity chromatography step and eliminating a time

consuming ammonium sulfate fractionation, in order to streamline the purification 

and increase the purity of the final product. 

Figure 3.6 SDS-PAGE of a typical DHDPR preparation. Lanes 1 and 7 show molecular 
weight marker with relevant bands indicated. Lanes 2-6 were loaded with the protein 
preparation at various stages of the purification as follows: 2 - crude cell free extract, 3 -
after heat shock, 4 - after ion exchange chromatography, 5 - after dialysis, 6 - after blue
Sepharose affinity chromatography and final dialysis. 

. , 
1 2 3 4 5 6 7 

36 kDa 

29 kDa 

Like DHDPS, DHDPR displays unusually high stability against thermal denaturation 

(13), allowing initial reduction of background protein contaminants in crude extracts 
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from XL-I-Blue-pJKOOI by heat shock at 70°C. Charge-based separation of the 

remaining soluble components of the crude extract was then carried out on a Q 

Sepharose column, as for DHDPS. Active fractions from the ion exchange 

chromatography were detected using the coupled assay for DHDPR activity, pooled, 

and dialysed. SOS-PAGE of the pooled ion exchange fractions revealed a major 

protein component of around 29 kDa, corresponding to the monomeric molecular 

weight of DHDPR (Figure 3.6). However, significant background contamination still 

remained, and thus, a further, highly selective, separation technique was needed. 

Table 3.3 Typical purification of wild-type DHDPR from E. coli XL-1-pJK001 from 
17 g weI-weight of cells (4.5 L of culture). 

Protein 
Total Specific 

activitl activity 

(mg) (unitsl1) (units/mg) 

Crude extract 748.6 58.0 0.08 

Heat shock 111.6 43.3 0.39 

Ion exchange 57.7 48.9 0.85 

Blue-Sepharose 12.5 46.0 3.67 

" Activity was determined using the quantitative coupled assay. 
h I unit is defined as the consumption of 1 ~mol NADPH per sec. 

Yield 

(%) 

74.70 

84.26 

79.39 

Degree of 
purification 

(fold) 

5.01 

10.93 

47.30 

As DHOPR can utilise both NADH and NAOPH as cofactors (11,12) , a purification 

step based on the affinity of the enzyme for these molecules was employed. The 

Cibacron Blue dye attached to the chromatography matrix Blue Sepharose (GE 

Biosciences) has structural similarities to nucleotide cofactors and thus will 

specifically bind to enzymes that utilise these molecules. Thus, purification of 

OHOPR was completed by loading a 5 ml bed volume column of Blue Sepharose 

with a quantity of the pooled dialysed ion exchange fractions. Elution of the column 

with 1 M NaCI , after washing, produced homogenous OHOPR, as judged by 

SOS-PAGE with Coomasie Blue staining (Figure 3.6), while concentrating the sample 

considerably. After dialysis, the pooled affinity chromatography fractions displayed a 

specific activity of 3.67 units/mg reflecting a 47.4-fold purification (Table 3.3). This 

is a higher specific activity than that reported previously (12) indicating that improved 

punty was achieved due to the affinity chromatography step. 
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Importantly, preparations of DHDPR produced in this manner did not consume 

NADPH in the presence of the substrates of the DHDPS reaction, indicating that 

chromosomally-derived wild-type DHDPS was not present in the final product of this 

purification. 

3.4 Overexpression and purification of DHDPS variants 

Accurate analysis of the DHDPS variants required preparations of these proteins that 

were free of wild-type DHDPS derived from the chromosome of the expressing 

organism, since its presence would be detected in biochemical measurements. For this 

reason, a strain of E. coli that contains a non-functional chromosomal dapA gene was 

selected for overexpression of the DHDPS mutants. E. coli strain AT997 (14) has 

been characterised as dapA- (15) and can be grown and maintained only on media 

supplemented with DAP. As the nature of the mutation producing the dapA

phenotype is unknown, a dapA- recA- strain, designated AT997f, has been created to 

ensure that plasmid-borne dapA sequences are unable to recombine with the 

chromosome, which may potentially cause reversion of the chromosomal mutation 

(16). 

3.4.1 Transformation of AT997r" with the mutated plasm ids 

Each mutated plasmid was prepared from the appropriate E. coli XL-I Blue strain 

from the mutagenesis expeliment. Transformation of AT997r- with each of these 

plasmids was attempted by standard electroporation and chemical (CaCh) methods 

(6). However, control transformations perfOlmed with these experiments, which 

contained no plasmid DNA, indicated that the dapA phenotype was reverting in a 

very small proportion «0.1 %) of cells, resulting in colonies growing on the 

unsupplemented media. These were confilmed as revertants by subculturing on media 

with and without DAP, and repetition of the procedure produced identical results 

consistently. Despite the fact that this reversion rate was very low, the implication that 

the same rate of reversion may have occurred in the cells transformed with plasmid 

DNA was clear and there was no easy way by which to confilm the chromosomal 

genotype once the transformation has been can-ied out. 

Verification of the phenotype of competent cells at all steps of the transfOlmation 

protocols revealed that revertants only appeared after the electroporation step or the 
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heat-shock step of the respective procedures. These findings are consistent with the 

suggestion of Y eh et al. that the dapA mutation present in this strain may be 

temperature sensitive (15). Thus, the CaCh transformation protocol was modified to 

allow omission of the heat-shock step. 

Transformation of AT997f by the CaCI2 method 

The main purpose of the standard 42°C heat shock step employed during 

transformation of CaCh competent cells is to destroy endogenous nuc1eases, thereby 

reducing breakdown of the introduced DNA and increasing transformation efficiency 

(Mahanty, H. K. pers camm.). Parameters for the transformation of A T997{ were 

optimised in order to achieve satisfactory transformation efficiency using CaCh 

competent cells, while omitting the heat-shock step. 

Extending the incubation of prepared AT997{ competent cells in 100 mM CaCh 

produced a steady increase in transformation efficiency over a period of 

approximately 5 hours, followed by a steep reduction in transformation efficiency. 

Likewise, extension of the period of incubation of cells with plasmid DNA resulted in 

an increase, followed by a decline in transformation efficiency. Alteration of these 

incubation times allowed successful transformation of AT997r- with up to 30% 

efficiency. No evidence of reversion was seen in control transformations performed in 

parallel with all transformation experiments. 

All DHDPS variants were overexpressed in AT997r" containing the appropriate 

plasmid in the same manner as wild type DHDPS and DHDPR (section 3.3.1). 

3.4.2 Method development for the purification of the OHOPS-L 1970 

The first step of a protein purification protocol generally involves a straightforward 

process by which the bulk impurities of a crude sample are removed from solution 

while retaining as much of the target protein as possible. In the case of wild-type 

DHDPS, this is a heat-shock stcp that is followed by removal of precipitated proteins. 

As the physical properties of the variant forms of DHDPS were likely to be altered 

from those of the wild-type enzyme, it was necessary to assess a number of different 

initial capture methods. As the Ll97D variant was the first produced during this 

study, the method employed for the purification of the quaternary structural mutants 

was based on initial work on this enzyme. 
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Heat-shock of A T997( -pL 1970 lysate 

Samples of clUde cell free lysate from AT997(-pL197D were initially subjected to 

heat shock at 70°C for one, two, and three minute periods. Measurements peIformed 

on the resulting protein samples showed that after only one minute DHDPS activity 

had been reduced to less than 50% of that of the clUde untreated sample, indicating 

that DHDPS-L197D was being denatured or digested by proteases. Given that an 

incubation period of two minutes is required to remove significant levels of 

background protein contaminants, this heat-shock capture method was clearly 

unsuitable for the purification of DHDPS-L197D. This result was interesting, 

however, as it suggested that DHDPS-L197D was less heat resistant than wild-type 

DHDPS presumably due to the altered quarternary stlUcture. 

Freeze thawing of A T997( -pL 1970 cells 

Freeze thaw cycling of harvested AT997r--pLI97D cells, allowing semi-selective 

release of cellular proteins, was also tlialled as a method of target protein capture. 

Seven over night freeze thaw cycles were pelformed, as in reported methods (5,8,9). 

This approach was discarded as the step is highly time consuming and the yield of 

target protein activity was far lower than that of whole celllysates, with little increase 

in specific DHDPS activity. 

Ammonium sulfate fractionation of AT997(-pL 1970 lysate 

Ammonium sulfate precipitation of protein fractions is commonly used as a first 

purification step and has been employed in reported purifications of DHDPS (17). 

High concentrations of ammonium sulfate facilitate the precipitation of less soluble 

protein fractions without denaturation (18). As various proteins will precipitate at 

different concentrations of the salt, a range of ammonium sulfate concentrations can 

be found within which the target protein can be selectively precipitated and collected. 

This range was determined for DHDPS-LI97D by small scale precipitation 

experiments. Ammonium sulfate concentrations between 20% w/v and 50% w/v were 

added to small aliquots of cell-free AT997(-pL197D lysate, and incubated at 4°C. 

Precipitated proteins were then pelleted and redisolved in buffer before being assayed 

for DHDPS activity. Figure 3.7 shows that the majority of the DHDPS-LI97D in 

solution precipitates within the range of 30 to 40% w/v ammonium sulfate. 
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Figure 3.7 DHDPS activity recovered from the precipitated fraction of a crude cell free 
preparation of DHDPS-L/97D over a range of ammonium sulfate concentrations. 
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Based on these data, a trial preparative scale fractionation protocol was devised to 

allow the recovery of proteins precipitating between 30 to 40% w/v ammonium 

sulfate. Cell free lysate from AT997(-pL197D was brought to 30% w/v ammonium 

sulfate by incremental addition of solid ammonium sulfate and incubated with mixing. 

Precipitated proteins were removed and discarded before addition of a further 10% 

w/v ammonium sulfate to the remaining solution. Recovered precipitated proteins at 

this stage were redissolved in buffer and dialysed before further purification. By this 

method, a two-fold enrichment of the target protein , at high yield , could routinely be 

achieved. 

Further purification 

From this point, purification of DHDPS-L197D proceeded in a similar fashion to that 

of wild-type DHDPS. Minor modifications to ion exchange and hydrophobic 

interaction chromatography procedures were necessary to allow for differences in 

loading and elution behaviour observed in the mutant (section 8.4). 

3.4.3 Circular dichroism spectroscopy 

The secondary structures of wild-type DHDPS and the DHDPS-L197D were 

compared in solution by circular dichroism (CD) spectroscopy. The CD spectrum of 

E. coli DHDPS has not previously been reported. Figure 3.8 shows that the CD 

spectra of wild-type DHDPS and DHDPS-L197D are almost identical, demonstrating 

that DHDPS-L197D is fully folded in solution. Both spectra are comprised of a 
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double minima at approximately 208 nm and 222 nm, which is characteristic of 

predominantly a-helical structure. 

Figure 3.8 Circular dichroism spectroscopy of wild-type DHDPS (e) and DHDPS-
L197D (0 }.Mean residue elipticity ([ eJ) is plotted as a function of yvavelength. 
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3.4.4 Purification of DHDPS variants 

The purification of all DHDPS variants was based on the protocol devised for 

DHDPS-L197D (section 3.4.2). Only small alterations were necessary when applying 

this procedure to other DHDPS variants to allow for differences in physical 

behaviour, and these were largely made on an empirical basis. Final specific activities 

of all variants reflected significant enrichment of target proteins from the celllysates 

(Table 3.4) and all preparations were judged to be homogenous by SDS-PAGE with 

Coomasie blue staining (Figure 3.9). 
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Table 3.4 Typical purifications of the DHDPS variants from 4.5 L of cell culture. 

Protein 
Total Specific 

Yield 
Degree of 

activitl activity purification 

(mg) (units!;) (units/mgh) (%) (fold) 

DHDPS-LI97D 

Crude extract 1038.3 10.3 0.010 

(NH4)2S04 fractionation 448.45 8.9 0.020 85.8 1.99 

Ion exchange 276.61 6.2 0.022 60.0 2.25 

Hydrophobic interaction 41.78 1.5 0.036 14.4 3.58 

DHDPS-LI97Y 

Crude extract 541.5 7.0 0.013 

(NH4)2S04 fractionation 221.3 4.3 0.019 60.9 1.49 

Ion exchange 105.3 3.4 0.032 48.0 2.47 

Hydrophobic interaction 28.4 1.8 0.063 25.7 4.91 

DHDPS-QI96D 

Crude extract 829.8 25.911 0.031 

(NH4)2S04 fractionation 363.6 18.572 0.051 71.6 1.64 

Ion exchange 136.3 12.374 0.091 47.7 2.91 

Hydrophobic interaction 48.6 12.269 0.252 47.3 8.08 

DHDPS-DI93A 

Crude extract 756.9 16.50 0.022 

(NH4)2S04 fractionation 126.6 14.54 0.115 88.1 5.27 

Ion exchange 139.3 10.45 0.075 63.3 3.44 

Hydrophobic interaction 70.2 11.96 0.170 72.5 7.81 

DHDPS-D193Y 

Crude extract 777.9 25.89 0.033 

(NH4hS04 fractionation 300.0 21.88 0.073 84.5 2.19 

Ion exchange 170.3 18.25 0.107 70.5 3.22 

Hydrophobic interaction 68.3 15.65 0.229 60.5 6.89 

sec. 
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Figure 3.3 contd. 

Protein 
Total Specific 

Yield 
Degree of 

activit/ activity purification 

(mg) (units") (units/mg) (%) (fold) 

DHDPS-Q234D 

Crude extract 803.8 27.99 0.035 

(NH4hS04 fractionation 295.5 17.55 0.059 62.7 1.71 

Ion exchange 197.6 13.49 0.068 48.2 1.96 

Hydrophobic interaction 28.8 8.83 0.306 31.5 8.80 

" 
h 

Activity was determined using the quantitative coupled assay. 
I unit is defined as the consumption of I ~mol NADPH per sec. 

Figure 3.9 SDS-PAGE of the pure preparations of the DHDPS variants. Lanes are as 
follows: I - DHDPS-LJ97D, 2 - DHDPS-LJ97Y, 3 - DHDPS-Q196D, 4 - DHDPS-D193A, 5 -
DHDPS-D193Y, 6 - DHDPS-Q234D. 

1 2 34 5 , 6 

3.5 Synthesis of (S)-ASA 

Preparations of (S)-ASA of sufficient purity and quantity were required for the 

detailed kinetic characterisation of DHDPS and its variants (Chapter five), and for 

semi-qualitative activity assays during enzyme purification and preliminary analysis. 
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(S)-ASA utilised in the kinetic characterisation of DHDPS and its variants for this 

study was synthesised from aspartate by a procedure developed in this lab. 

3.5.1 Syntheses of (S)-ASA from allylglycine 

(S)-ASA syntheses published before the outset of this work were generally derived 

from the original report (19) in which the carbonyl functionality is produced via 

oxidative cleavage of the double bond of (S)-allylglycine by ozonolysis in acid 

(Figure 3.l0). Due to its simplicity, this single step synthesis has historically been the 

method of choice for production of (S)-ASA for kinetic characterisation of DHDPS 

(12,20). However, ozonolysis of allylglycine has been found to result in (S)-ASA of 

variable purity (5,21,22) as the reaction can generate a number of different products 

that have proven difficult to remove from the preparation (21,22). FurthenTIore, 

studies in this lab have shown that (S)-ASA produced in this way is unsuitable for 

accurate characterisation of DHDPS, as an unidentified side product of the 

preparation produces artefactual substrate inhibition kinetic behaviour (23). 

Figure 3.10 Synthesis of (S)-ASA by ozonolysis of allylglycine (19). 

J ? 00 

+J"., -~ +1- ~. + {O_H 
H3N H CO2 H3N H CO2 H3N H CO2 

(S)-Allylglycine (S)-Aspartate-~-semialdehyde 

Reaction conditions: 1 ozone, I M He!. 

Like many aminoaldehydes, (S)-ASA displays a strong tendency to polymerise in 

solution, and is stable only in strong acid, introducing added difficulty to the synthesis 

of this molecule (22,24). Thus, the production of (S)-ASA from a-amine- and 

a-carboxyl-protected derivatives of allylglycine by ozonolysis (22) and other methods 

(5,8,21) have been explored. The oxidation of the double bond of diprotected 

allylglycine using catalytic osmium tetroxide and sodium periodate was first proposed 

by Gerrard (5). This oxidation reaction cannot proceed past the aldehyde, eliminating 

many of the side products of the ozonlysis reaction, and producing product of suitable 

quality for kinetic characterisation of DHDPS. (S)-ASA synthesised by this method 
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has, therefore, routinely been used in this lab in the past. However, the high cost of 

allylglycine in both enantiopure and racemic forms, coupled with the relatively low 

yield and time consuming nature of the synthesis, has lead to development of a novel 

three step synthesis from diprotected aspartate. 

3.5.2 Synthesis of (S)-ASA via Weinreb amide activation of aspartate 

(S)-ASA for this study was produced from aspartate by selective reduction of the side 

chain carboxyl to generate the aldehyde moiety (1) (Figure 3.11). Selective activation 

of the side chain for reduction can be achieved by generation of either a thioester 

derivative (25) or a Weinreb amide (26) and requires plioI' protection of the 

a-carboxyl group. As synthesis via the Weinreb amide is less time consuming and 

results in a higher product yield (1), this method has been adopted here. The 

diprotected aspartate derivative a-tert-butyl (S)-N-tert-butoxycarbonyl aspmtate was 

chosen as starting material for synthesis as this derivative incorporates acid labile 

protecting groups, is commercially available, and is substantially less expensive than 

allylglycine. 

Weinreb amide activation 

a-tert-Butyl (S)-N-tert-butoxycarbonyl aspmtate was converted to the conesponding 

N-methoxy-N-methylamide (Weinreb amide) in a reaction involving 

(benzotriazol-l-yloxy)-tris( dimethyl-amino )phosphonium hexafluorophosphate 

(BOP.PF6), triethylamine and N,O-dimethylhydroxylamine hydrochloride (step 1). 

The yield of the reaction after purification of the product by flash chromatography 

was routinely around 90%. The aldehyde was generated by reduction of the 

Weinreb amide using diisobutyl aluminium hydride at -78°C (step 2). This reaction 

produced diprotected (S)-ASA in quantitative yield, which required no further 

purification before deprotection. 
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Figure 3.11 Synthesis of (S)-ASA from a-tert butyl (S)-N-tert-butoxycarbonyl aspartate 
via Weinreb amide activation of the side chain carboxyl (1). 
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Deprotection of (S)-ASA 

The method of Tudor et aI. (22) was used to deprotect the aldehyde, by stirring in 

trifluoroacetic acid and dry dichloromethane (step 3). (S)-ASA was isolated as the 

hydrated trifluoroacetate salt, a pale yellow solid, in approximately 94% yield. The 

purity of the final product, as estimated by titration using the DHDPS coupled assay 

(section 8.9.4), was excellent at around 95-99%. This three step procedure provided 

an efficient, high yielding route to (S)-ASA of excellent quality, while eliminating the 

use of the poisonous reducing agent osmium tetroxide. 

3.6 Summary 

The single point mutations described in Chapter two were produced by site-directed 

mutagenesis of the dapA gene contained on the plasmid pJGOOl, and the correct 

mutations were confinued by restriction digest and sequencing. The mutated plasmids 

were transformed into the dapA- E. coli strain, AT997r-, to allow overexpresison of 
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the variant enzymes in the absence of wild-type DHDPS. Wild-type DHDPS, 

DHDPR, and the DHDPS variants were successfully overexpressed and purified to 

homogeneity using both previously described methods and methods developed in this 

work. 

Synthesis of the substrate, (S)-ASA, was achieved with an overall yield of 81 % using 

an improved synthesis developed in this lab. This method produced highly pure 

product, at 95-99%. 
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Chapter Four 

Biophysical characterisation of 
wild-type DHDPS and the variants. 

4.1 Introduction 

82 

After production and pudfication of sufficient quantities of E. coli DHDPS and the 

DHDPS variants, a ligorous biophysical characterisation was undertaken to ascertain 

the quaternary structure of the enzymes. For this, three complementary techniques 

were employed. 

In the first instance, blue-native PAGE (BN-PAGE) was used to provide a 

preliminary indication of the quaternary structure of each valiant. This is a relatively 

simple native protein electrophoresis technique that offers reasonable size resolution 

and thus allows qualitative and semi-quantitative analysis of the size of oligomeric 

structures. Analytical gel penneation liquid chromatography, a more precise 

treatment, was also employed for estimation of the molecular weights of wild-type 

DHDPS and the variants. 

The quaternary structure and solution properties of the DHDPS variants were also 

characterised by analytical ultracentrifugation. Both sedimentation velocity and 

sedimentation equilibrium experiments were carried out, allowing accurate 

measurement of the sedimentation coefficient, shape, and molecular weights of the 

proteins in aqueous solution, and also analysis of structural dynamics. 

4.2 Blue~native PAGE 

BN-PAGE (1-3) was utilised as an initial determinant of the quaternary structure of 

the variants with respect to the wild-type enzyme. This is a non-denaturing 

electrophoretic technique that separates proteins by size in their native state. 

BN-PAGE differs from standard native PAGE in that it is based on a charge-shift 

principle whereby the anionic dye, Coomassie blue G-250, is complexed with the 
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proteins of interest, imparting a uniform negative charge to the surface of the 

molecules without disrupting their structural integrity. The binding of a large number 

of negatively charged dye molecules to the surface shifts the isoelectric point of the 

proteins to more negative values and as a result, the Coomassie blue-protein complex 

will migrate towards the anode upon electrophoresis at mildly basic pH, irrespective 

of the original isoelectric point of the free protein (3). 

The electrophoretic mobility of the proteins under this technique is therefore mainly 

determined by the charge-shift imparted by the dye, which is largely proportional to 

the size of the protein molecule (1). However, the primary separating principle of 

BN-PAGE is not the charge/mass ratio, but the decreasing pore size of the 

polyacrylamide-gradient gel used. The gradient gel effectively reduces the protein 

migration velocity during the process of electrophoresis, according to the mass of the 

protein, and can completely stop protein migration at a mass-specific pore-size limit 

(3). 

Under this electrophoretic system, size resolution is obviously dependent on factors 

such as the shape and physical properties of the protein of interest. Nevertheless, 

reasonable size resolution of a range of different sorts of proteins can be achieved 

using this technique (2). An added effect of the charge-shift system is that dye 

associated proteins will repel each other, and thus the tendency for aggregation of the 

proteins during native electrophoresis is greatly reduced (3). 

4.2.1 Modified BN-PAGE used in this study 

BN-PAGE was originally developed as a means for isolation of membrane protein 

complexes (l,4) and published protocols have employed complex measures to ensure 

that proteins remain soluble during preparation and throughout the procedure (3). 

Since all proteins investigated in this study were water soluble, it was possible to alter 

the protocol, omitting the addition of costly detergents from the sample-treatment and 

running buffers. Trial electophoresis experiments were then performed in order to 

ascertain appropriate running conditions for the modified protocol. Bovine serum 

albumin (BSA) was routinely used as a molecular weight marker in BN-P AGE 

experiments performed for this study. The slow equilibrium between the BSA 

monomer and dimer in solution allows resolution of these species by this technique, 

affording semi-quantitative analysis of unknown molecular weights. 
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BN-PAGE was petformed by treating protein samples with treatment buffer 

containing a high concentration of Coomassie blue G-250. Samples were then 

electrophoresed at 200 V on a 4-15% polyacrylamide gel with cathode buffer 

containing Coomassie blue G-250 to ensure constant dye-protein association. Under 

this system Coomassie blue dye is permeated into the gel during electrophoresis and 

thus subsequent staining was not required. Gels were developed by fixing and 

destaining. 

4.2.2 BN-PAGE of wild-type DHDPS and the variants 

BN-PAGE provided the first evidence that the two variants DHDPS-L197D and 

DHDPS-L197Y existed as stable dimers in solution. Both variants reproducibly 

produced a single stained band of higher electrophoretic mobility under BN-PAGE 

than that of wild-type DHDPS (Figure 4.1). 

Figure 4.1 BN-PAGE of wild-type DHDPS, DHDPS-LJ97D and DHDPS-LJ97Y. Lane J 
was loaded with wild-type DHDPS at a concentration of 0.5 mg/ml. Lane 2 was loaded with 
DHDPS-LJ97D at a concentration of 0.5 mg/ml. Lane 3 was loaded with DHDPS-LJ97D at a 
concentration of 0. 3 mg/ml. Lane 4 was loaded with DHDPS-Ll97Y at a concentration of 0.5 
mg/ml. Lane 5 shows two major zones of staining corresponding to the BSA monomer and 
dimer (molecular weights marked). 

1 2 3 4 5 

134 kDa 

67 kDa 

The single band observed for wild-type DHDPS under BN-PAGE shows slightly 

higher electrophoretic mobility than the 134 kDa marker, consistent with the expected 
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tetrameric molecular weight of 125 kDa. In contrast, the band observed for 

DHDPS-L197D and DHDPS-L197Y agrees reasonably well with the 67 kDa marker, 

consitent with the molecular weight of the dimer. Varying the loading concentration 

of DHDPS-L197D (Figure 4.1 lanes 2 and 3) and DHDPS-L197Y did not result in 

altered eletrophoretic behaviour or resolution of multiple bands. This indicated that 

under the conditions of this technique, the observed shift in quaternary structure was 

not concentration dependent. 

DHDPS-QI96D, DHDPS-DI93A, DHDPS-DI93Y, and DHDPS-Q234D displayed 

essentially identical electrophoretic mobility 'to wild-type DHDPS under BN-PAGE, 

suggesting that these variants electorphoresed as tetramers. Variation of loading 

concentrations for these variants did not alter the observed electrophoretic behaviour. 

4.3 Analytical gel permeation liquid chromatography 

Gel permeation liquid chromatography provides a simple and effective means for the 

characterisation and size estimation of macromolecules (5-11). This is a well 

established technique that has been progressively developed in terms of materials, 

theory, and practice, since its inception over 45 years ago (12). The major analytical 

application of gel chromatography has been the estimation of solute molecular 

weights from the elution volume, Ve, and modern analytical gel permeation liquid 

chromatography is generally performed by one of two methods for the determination 

of Ve: frontal analysis or zonal analysis. 

4.3.1 Frontal analysis 

Frontal, also known as large zone analysis, (10,11) involves applying sufficient 

volume of solute solution to the column to ensure that the elution profile contains a 

plateaux region where the effluent solute concentration is equal to that of the applied 

solution. By this method, advancing and trailing fronts are produced by axial 

dispersion of the original zone boundary and Ve may be obtained as the eentroid of 

either the advancing front or the trailing front. This teehnique is severely limited by 

the quantity of protein required for the procedure and for this reason has not been 

employed in this study. 
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4.3.2 Zonal analysis 

Most analytical gel permeation liquid chromatography studies employ zonal analysis. 

This is the most familiar technique where a small zone of solute, typically less than 

2% of the bed volume, is applied to a gel column previously equilibrated with buffer 

(8). Axial dispersion during migration on the gel causes dilution of the zone resulting 

in a smooth, curved peak, with an elution concentration considerably lower than that 

of the applied solution. Here, Ve is usually taken as the effluent volume corresponding 

to the peak, rather than the centroid, of the eluted zone (8). It is this method that has 

been employed to determine Ve in this study. 

4.3.3 Protein molecular mass estimation 

Molecular mass estimation of proteins by gel permeation liquid chromatography 

requires calibration of the gel column by determining elution volumes for an 

appropriate series of protein standards of known molecular size and shape 

characteristics. The measured Ve of the protein of interest can then be converted to an 

apparent molecular mass by means of a calibration plot (8). 

Generally, the calibration plot comprises the dependence of Ve upon the log of the 

molecular mass of the protein. However, this representation of the data relies on the 

validity of two main assumptions. Firstly, the major parameter governing Ve is the 

Stokes' radius, that is, the radius of the equivalent hydrodynamic sphere (8). 

Molecular mass estimation by partition on a gel column, therefore, requires that the 

Stokes' radius is directly proportional to the molecular mass for the range of proteins 

studied. Secondly, the interpretation of Ve in terms of mass rather than the Stokes' 

radius implies constancy of the partial specific volume and the frictional ratio across 

the range of proteins investigated. Thus, the approximation breaks down in the case of 

proteins that lie well outside the typical values for these parameters, for example, 

glycoproteins. t 

Fortunately, these assumptions are valid provided that the range of proteins used for 

calibration is chosen carefully and that the nature of the protein of interest is 

reasonably well known (8). Andrews (6,7) has reported a likely uncertainty of ± 10% 

t Winzor (8) offers a succinct mathematical treatment of these assumptions. 
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in molecular mass estimates by this method, based on assumed normal gel permeation 

behaviour. 

4.3.4 Molecular mass estimation of wild-type OHOPS and OHOPS-L 1970 
by zonal analysis 

Since early BN-PAGE experiments indicated that DHDPS-LJ97D was dimeric, 

analytical gel permeation liquid chromatography studies were conducted for wild-type 

DHDPS and DHDPS-LJ97D. A Sephadex G-200 superfine (GE Healthcare) column 

of approximately 175 ml bed volume was assembled and calibrated with yeast alcohol 

dehydrogenase (150 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa) , and 

ribonuclease A (13.7 kDa). These proteins were chosen as they have been shown Lo 

exhibit close to ideal elution behaviour on Sephadex columns (7). Each calibration 

standard was run in duplicate and chromatograms were produced by measurement of 

the absorbance at 280 nm as a function of elution volume. Ve was determined as the 

ordinate maximum of the eluted zone, which was generally symmetrical , and the 

average of the duplicate values was calculated. 

Figure 4.2 Analytical gel permeation liquid chromatography of wild-type DHDPS and 
DHDPS-LJ97D. The molecular masses of the calibration standards are indicated. Wi/d- type 
DHDPS and DHDPS-LJ97D are plotted as elution volume, Y e, against the natural log of 
their expected molecular masses of 125 kDa and 62.5 kDa respectively. / for the four 
point calibration curve was 0.99. 
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Wild-type DHDPS and DHDPS-L197D were chromatographed on the gel column in a 

similar way. Elution profiles were produced from DHDPS activity measurements 

using the coupled assay (section 5.2.3) in both cases and, again, Ve was determined as 

the ordinate maximum of the eluted zone. Figure 4.2 shows the calibration curve 

generated from the four point calibration, Wild-type DHDPS and DHDPS-L197D are 

plotted as elution volume, Ve, against the natural log of their expected molecular 

masses of 125 kDa and 62.5 kDa respectively. It is clear from the graph that neither 

protein follows the calibration curve exactly; however, there is a clear difference in Ve 

between the two, consistent with the predicted masses of the tetramer and dimeI'. 

The relationship between Ve and molecular mass (M) was determined from the linear 

regression to the four point calibration curve and is shown in Equation 4.1. Molecular 

masses were calculated from the measured elution volumes using this equation. 

Equation 4.1 

The molecular mass of 114.8 kDa calculated for wild-type DHDPS is just within the 

10% precision error of the expected molecular mass quoted by Andrews (6,7) and 

indicates that this protein may be displaying non-ideal behaviour on this column. 

Likewise, the value of 51.9 kDa calculated for DHDPS-L197D represents a 20% 

deviation from the expected molecular mass of the dimer. This deviation may be due 

to the shape of the dimer, since a long, thin, molecule might be expected to display 

altered elution behaviour. Alternatively, these deviations from expected values may 

be due to dissociation and re-association of the altel11ative oligomeric structures (8). 

The shift in Ve between wild-type DHDPS and DHDPS-L197D, combined with the 

observation of a single, well formed elution zone for DHDPS-L197D, allow us to 

conclude that the L197D mutation has resulted in disruption of the dimer-dimer 

interface of DHDPS, producing a dimeric species. 

4.3.5 Qualitative gel permeation liquid chromatography of wild-type 
DHOPS and the variants 

Since quantitative molecular mass estimation by analytical gel permeation liquid 

chromatography on the Sephadex 0-200 column required over 48 hours for each 

experiment, a faster qualitative system was employed for initial characterisation of the 
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remaining variants. The gel matrix of Sephacryl chromatography media is less 

compressible than that of the Sephadex media (8) and therefore tolerates much higher 

flow rates. Thus, a column of Sephacryl SAOO (GE Healthcare) was assembled and 

used for semi-qualitative analytical gel permeation liquid chromatography using wild

type DHDPS and DHDPS-U97D as reference measurements. 

Each protein was chromatographed separately and chromatograms were produced by 

measurement of the absorbance at 280 nm as a function of elution volume. The 

absorbance profiles of the elution zone for each protein are shown in Figure 4.3. 

Figure 4.3 Zonal analysis of wild-type DHDPS and the variants. 
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Elution volumes determined by zonal analysis for DHDPS-Q196D, DHDPS-D193A, 

DHDPS-D193Y, and DHDPS-Q234D, differed from that of wild-type DHDPS (88.5 

ml) by Jess than 0.5 ml in all cases. This is in contrast to a shift in elution volume of 

4.5 ml to approximately 93 ml for the DHDPS-L197D and DHDPS-U97Y variants. 

This result indicates that the DHDPS-U97D and DHDPS-L 197Y variants display a 

significant shift in quaternary structure from that of wild-type DHDPS, consitent with 

that predicted for a dimeric form. 
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4.4 Analytical ultracentrifugation 

Analytical ultracentrifugation is a powerful technique that can provide highly accurate 

hydrodynamic and thermodynamic information on macromolecules over a wide range 

of solvent conditions and solute concentrations (13). The technique can provide two 

complementary views of solution behaviour by employing different experimental 

protocols using the same instrumentation. Sedimentation velocity analysis primarily 

provides hydrodynamic information about the size and shape of a molecule. 

Sedimentation equilibrium analysis provides thermodynamic information including 

the solute molecular mass and association constants and stoichiometries (13). 

Analytical ultracentrifugation experiments are generally carried out using the XL-A or 

XL-I ultracentrifuges. These instruments are equipped with complex scanning optics 

and transparent cells that allow direct measurement of the solute concentration profile 

during centrifugation. Unlike gel permeation liquid chromatography, data from 

analytical ultracentrifugation are obtained without solute interaction with a matrix, 

and are based on the mass and friction of the solute of interest, rather than the Stokes' 

radius (14). Thus, the technique provides a more direct method for detennining the 

hydrodynamic and thennodynamic properties of macromolecules. 

Analytical ultracentrifugation, usmg both the sedimentation velocity and 

sedimentation equilibrium techniques, was employed for the high resolution 

biophysical characterisation of wild-type DHDPS and the variants in this study. 

4.4.1 Sedimentation velocity analytical ultracentrifugation 

The application of a large centrifugal force to a solution of macromolecules results in 

the depletion of the solute at the meniscus and the formation of a boundary that moves 

toward the bottom of the solution column as a function of time (14). Diffusion causes 

the boundary to spread as it migrates, resulting in a solute concentration distribution 

around this boundary. The data measured in a sedimentation velocity experiment are, 

therefore, solute concentration profiles over the length of the cell in a radial direction. 

Sequential profile scans at defined time periods during centrifugation allow direct 

observation of the migration and development of this concentration boundary. 
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Data from a sedimentation velocity experiment can be analysed in a number of 

different ways (13,14). Most recently, a method for the production of a continuous 

sedimentation coefficient distribution has been developed (15,16). This analysis is 

based on the direct modelling of the boundary by a distribution of solutions of the 

Lamm equation. Mathematical methods for the determination of these solutions have 

been implemented in the program SEDFIT (15). Using this program, conversion of 

the continuous sedimentation coefficient distribution into a continuous molecular 

mass distribution is possible. However, this assumes a good estimate of the frictional 

ratio (fifo) has been extracted from the experimental data (14). 

4.4.2 Sedimentation equilibrium analytical ultracentrifugation 

At centrifugal fields lower than those generally used for sedimentation velocity 

experiments, sedimentation of solutes is opposed to a certain extent by diffusion. 

Sedimentation equilibrium is attained when the flux of sedimenting molecules is 

exactly balanced by the flux of diffusing molecules (13,14). This situation can easily 

be established by centrifugation at a constant centrifugal field until the solute 

concentration distribution appears to be invariant with time (14). 

Analysis of the shape of the equilibrium radial concentration profile yields precise 

thermodynamic infonnation, including molecular mass and equilibrium association 

constants for associating systems. 

4.4.3 Analytical ultracentrifugation analysis of wild-type OHOPS and the 
variants 

The hydrodynamic and thermodynamic properties of wild-type DHDPS and the 

variant enzymes were analysed by sedimentation velocity and sedimentation 

equilibrium experiments peliormed in a Beckman Model XL-A analytical 

ultracentrifuge equipped with UV/Vis scanning optics. 

Sedimentation velocity experiments were perfonned by centrifugation of the proteins 

at a concentration of 1 mg/ml at 40,000 rpm and 20°C. Radial absorbance scans were 

collected at 280 nm every 6 min. Sedimentation velocity data were then fitted to a 

continuous sedimentation coefficient distribution (c(s) model using the program 

SEDFlT (15). The sedimentation coefficient, s, was then taken as the ordinate 

maximum of this distribution. Plots of the raw data overlaid with the calculated fits 
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were produced for visual inspection of the data. Additionally, plots of raw residuals 

were created to allow assessment of the goodness of the fits. 

SEDFIT was also used to calculate continuous mass distributions (c(M)), using the 

value of f(fo detennined for the c( s) fit. The apparent molecular mass, Mapp, was taken 

as the ordinate maximum of this distribution. 

Based on the results obtained from the sedimentation velocity experiments, wild-type 

DHDPS and the four variants DHDPS-Ll97D, DHDPS-L197Y, DHDPS-Q196D, and 

DHDPS-D193A, were selected for further analysis by sedimentation equilibrium 

ultracentrifugation. For these experiments, samples at initial protein concentrations of 

0.1, 0.3 and 1.0 mg/ml were centrifuged at 10,000 rpm or 16,000 rpm until 

sedimentation equilibrium was attained (-24 hours). Radial absorbance scans were 

obtained at 280 nm and the data acquired at both speeds were fitted globally using the 

program SEDPHA T (17) to yield the equivalent molar mass assuming a single species 

(Meq) according to Equation 4.2 below. 

Equation 4.2 

where, c(r) is the mass concentration at radius r (cm), c(ro) is the concentration at the 

reference radius "0, mis the rotor angular velocity (radians/sec), R is the gas constant, 

T is temperature (K), v is the partial specific volume of the solute (glml), p is the 

solvent density, and E is the baseline offset. 

To assess the state of association of wild-type DHDPS and the variant enzymes, 

sedimentation equillibrium data were fitted to various models including the monomer

dimer and monomer-dimer-tetramer self-association models implemented in 

SEDPHAT.* 

The hydrodynamic and thermodynamic parameters determined for wild-type DHDPS 

and the variant enzymes are presented in Table 4.1. 

* Where the monomer-dimer self-association model was used analytically, the tight-dimer was assumed 

as a monomeric unit and, thus, this model was effectively used as a dimer-tetramer self-association 

model. This was reasonable, since it was shown that no dissociation of the wild-type tetramer or the 

variant dimers into monomer was detectable. 



Table 4.1 Hydrodynamic and thermodynamic properties determined for wild-type DHDPS and the variant enzymes. s is the sedimentation coefficient, 
in Svedberg, taken from the ordinate maximum of the c(s) distribution, fIfo is the frictional ratio calculated from the continuous size-distribution best-fit, 

is the apparent molecular mass taken from the ordinate maximum of the c(M) distribution. Meq is the equivalent molecular mass, assuming a single 
species, calculated from sedimentation equilibrium analyses, and Ka dimer-tetramer is the association constant for the rapid dimer-tetramer equilibrium 
calculated from sedimentation equilibrium analyses. 
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For both sedimentation velocity and sedimentation equilibrium experiments, the 

pattial specific volume of the protein, the buffer density, and the buffer viscosity were 

computed using the program SEDNTERP (18). 

4.4.4 Analytical ultracentrifugation analysis of wild-type DHDPS 

Sedimentation velocity analytical ultracentrifugation 

The sedimenting boundary of the wild-type enzyme shows minimal spreading with 

time, which is consistent with a largely homogeneous sample (Figure 4.4). However, 

sample heterogeneity can not be ruled out based on the radial scans alone and the data 

were subsequently fitted to the continuous size-distribution model. The c(s) 

distribution shows a single, narrow, symmetrical peak, confirming that wild-type 

DHDPS was predominantly a single species in solution. The ordinate maximum of the 

peak corresponded to a sedimentation coefficient of 6.6 S (Figure 4.4B). The quality 

of the fit is indicated by the low Lm.s.d of 0.0108 and the random distribution of 

residuals (Figure 4.4A). Data were subsequently fitted to a continuous-mass 

distribution. From the ordinate maximum of the peak observed in the c(M) 

distribution the apparent molar mass of the 6.6 S species was 123 kDa. This agrees 

well with the theoretical tetrameric mass of wild-type DHDPS (125 kDa). 

Sedimentation equilibrium analytical ultracentrifugation 

Global analysis of the multi-speed sedimentation equilibrium data also confirmed that 

the wild-type enzyme was tetrameric in aqueous solution with an equivalent molar 

mass of 121 kDa (Figure 4.5). Again, this agrees very favourably with the predicted 

molar mass. Similar molecular mass results were also obtained by fitting data from 

the separate initial protein concentration experiments, indicating that the 

self-association of the native and mutant forms is not concentration-dependent in the 

range detectable here. Additionally, neither the monomer-dimer nor the monomer

dimer.,tetramer self-association models produced meaningful fits to the data, 

indicating that the equilibrium between oligomeric structures in the self-asssociation 

of the tetramer was not detectable by this analysis. 
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Figure 4.4 Sedimentation velocity analysis of wild-type DHDPS. A - Absorbance at 280 
nm plotted as a function of radial position from the axis of rotation (cm). The raw data are 
represented as open symbols (0) plotted at time intervals of 12 min. Raw data are overlaid 
with the nonlinear least squares best1it to a continuous-size distribution model. Residuals for 
the nonlinear least squares best-fit are also shown. B - The continuous sedimentation 
coefficient [c( s)] distribution plotted as a function of sedimentation coefficient (Svedberg, S). 
The fit was obtained using a resolution of 100 species betvveen Smill of 2 Sand Smax of 15 S 'with 
P = 0.95, v = 0.7405, P = 1.005 glml, 17 = 1.0214 cp, andflfo 1.24. The r.m.s.d and runs 
test average for the fit were calculated to be 0.0108 and 339, respectively. 
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Figure 4.5 Sedimentation equilibrium analysis of 'wild-type DHDPS. The absorbance at 
280 nm is plotted as a function of radial position from the axis of rotation (em). The raw data 
(open symbols, 0) obtained at two speeds, 10,000 lpm and 16,000 lp111, and an initial 
concentration of 1.0 mg/ml are shown overlaid with the nonlinear least squares best-fit to 
Equation 1 (solid lines). The r.m.s.d of the fits was < 0.005. 
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4.4.5 Analytical ultracentrifugation analysis of DHDPS~L 1970 

Sedimentation velocity analytical ultracentrifugation 

The c(s) distribution generated from the sedimentation velocity data obtained for 

DHDPS-L 197D showed a single major peak with ordinate maximum at 4.1 S 

(Figure 4.6). This is in obvious contrast to the value of 6.6 S determined fo], the 

wild-type enzyme and indicates that DHDPS-LI97D is predominantly a single species 

of lower sedimentation mass than the wild-type. The conesponding c(M) distribution 

yields an apparent molecular mass of 63.4 kDa, which is in excellent agreement with 

the predicted molecular mass of the tight-dimer unit of 62.5 kDa. The randomly 

distributed residuals and low r.m.s.d (0.0115) indicate a good fit to the data. 

Close inspection of the c( s) distribution reveals the existence of a second species with 

a sedmentation coefficient of approximately 7.2 S, suggesting that there is a small 

propOltion of higher order oligomer present in the DHDPS-L197D sample. However, 
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it is not possible from this analysis to determine whether this indicates the presence of 

a small fraction of tetramer. 

Figure 4.6 Sedimentation velocity analysis of DHDPS-Ll97D. A - Absorbance at 280 
nm plotted as a function of radial position from the axis of rotation (em). The raw data are 
represented as open symbols (0) plotted at time intervals of 12 min. Raw data are overlaid 
with the nonlinear least squares best-fit to a continuous-size distribution model. Residuals for 
the nonlinear least squares best-fit are also shown. B The continuous sedimentation 
coefficient fe(s)} distribution plotted as afimction of sedimentation coefficient (Svedberg, S). 
The fit was obtained using a resolution of 100 species bef11Jeen Sm;1I of 2 Sand SlIIax of 15 S 'with 
P = 0.95, v = 0.7394, P 1.005 g/ml, lJ = 1.0214 cp, andf/fo 1.29. The r.m.s.d and runs 
test average for the fit were calculated to be 0.0115 and 2.95, re:-,pectively. 
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Sedimentation equilibrium analytical ultracentrifugation 

The equivalent molecular mass value determined from the global analysis of 

sedimentation equilibrium data colJected for DHDPS-L197D was 62.3 kDa, 

indicating unequivocal1y that this variant exists primarily as a dimer in solution 

(Figure 4.7). Again, analysis of data at different intial protein concentration ranges 

gave similar results, indicating that the oligomeric state of the variant is not 

concentration dependent. This was confirmed by unsucessful attempts to fit the data 

to monomer-dimer and monomer-dimer-tetramer self-association models. Thus, 

equilibrium between monomeric, dimeric, and tetrameric forms of DHDPS-L197D is 

below the level detectable by this analysis indicating that the 7.2 S species observed 

in the sedimentation velocity experiments (Figure 4.6B) may be an artefact of the high 

protein concentration used. 

Figure 4.7 Sedimentation equilibrium analysis of DHDPS-L197D. The absorbance at 
280 /Un is plotted as a function of radial position from the axis of rotation (cm). The raw data 
(open symbols, 0) obtained at two speeds, 10,000 rpm and 16,000 lpm, and an initial 
concentration of 1.0 mglml are shown overlaid with the nonlinear least squares best-fit to 
Equation 1 (solid lines). The r.m.s.d of the fits was < 0.005. 
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4.4.6 Analytical ultracentrifugation analysis of DHDPS-L 197Y 

Sedimentation velocity analytical ultracentrifugation 

Analysis of the sedimentation velocity data for DHDPS-L197Y produced a c(s) 

distribution very similar to that of DHDPS-LI97D (Figure 4.8). The ordinate 

maximum of the peak gave a sedimentation coefficient value of 4.2 S, which 

corresponded to an apparent molecular mass of 63.1 kDa. Again, the random 

distribution of residuals and the low r.m.s.d of 0.0 111 for the fit indicated that the 

quality of the continuous distribution model fit was high. 

Similar to DHDPS-L197D, the c(s) distribution obtained for DHDPS-L197Y shows a 

shoulder of higher sedimentation velocity species indicating the presence of a second 

species with a sedimentation coefficient of approximately 7.0 S. In this case, no 

defined peak is apparent, and, again, it is impossible to determine from this analysis 

whether this may be a tetrameric species or some other sedimenting aggregate. 

Sedimentation equilibrium analytical ultracentrifugation 

The equivalent molecular mass value determined from the global analysis of 

sedimentation equilibrium data collected for DHDPS-L197Y was 63.1 kDa 

(Figure 4.9), again indicating unequivocally that this variant exists primarily as a 

dimer in solution. Analysis of data at different protein concentration ranges gave 

similar Meq values, indicating that the oligomeric state of the variant is not 

concentration dependent. The failure to obtain fits to the self-association models 

confirms that equilibrium between the possible oligomeric structures is below the 

level detectable by this method. 
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Figure 4.8 Sedimentation velocity analysis of DHDPS-L197Y. A - Absorbance at 28011111 
plotted as a function of radial position from the axis of rotation (cm). The raw data are 
represented as open symbols (0) plotted at time intervals of 12 min. Raw data are overlaid 
}vith the nonlinear least squares best-fit to a continuous-size distribution model. Residuals for 
the nonlinear least squares best-fit are also shown. B - The continuous sedimentation 
coefficient [c(s)] distribution plotted as a function of sedimentation coefficient (Svedberg, S). 
The fit was obtained using a resolution of 100 species between Smi11 of 2 Sand Smax of 15 S with 
P = 0.95, v = 0.7398, P 1.005 g/ml, '7 = 1.0214 cp, andflfo = 1.24. The r.m.s.d and runs 
test average for the fit were calculated to be 0.0111 and 2.26, respectively. 
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Figure 4.9 Sedimentation equilibrium analysis of DHDPS-Ll97Y. The absorbance at 
280 mn is plotted as a function of radial position from the axis of rotation (em). The raw data 
(open symbols, 0) obtained at two speeds, 10,000 '7)111 and 16,000 Iplll, and an initial 
concentration of 1.0 mglml are shown overlaid with the nonlinear least squares best-fit to 
Equation 1 (solid lines). The r.m.s.d of the fits was < 0.004. 
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4.4.7 Analytical ultracentrifugation analysis of DHDPS-Q196D 

Sedimentation velocity analytical ultracentrifugation 

Sedimentation velocity data indicated that DHDPS-Q196D was primarily tetrameric 

at a protein concentration of 1 mg/m1. The c( s) distribution derived from the data 

showed a single peak with ordinate maximum at 6.5 S, in good agreement with that of 

the wild-type. The r.m.s.d of 0.0106 calculated for this fit and the random distribution 

of residuals indicate that this distribution represents a good fit to the raw data 

(Figure 4.10). However, closer inspection of the shape of the distribution reveals an 

asymmetrical peak that is skewed towards species of lower S values and does not 

return to baseline c(s) values below the peak S value. 
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Figure 4.10 Sedimentation velocity analysis of DHDPS- Q196D. A - Absorbance at 280 
nm plotted as a function of radial position from the axis of rotation (cm). The raw data are 
represented as open symbols (0) plotted at time intervals of 12 min. Raw data are overlaid 
with the nonlinear least squares best-fit to a continuous-size distribution model. Residuals for 
the nonlinear least squares best-fit are also shown. B - The continuous sedimentation 
coefficient [c(s)] distribution plotted as a function of sedimentation coefficient (Svedberg, S). 
The fit was_obtained using a resolution of 100 species between Smin of 2 Sand Smax of 15 S "'\lith 
P = 0.95, v = 0.7403, P 1.005 glml, 1] = 1.0214 cp, and Pfa = 1.26. The r.m.s.d and runs 
test average for the fit were calculated to be 0.0106 and 3.35, respectively. 
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Direct compm1son with thc distribution obtained for wild-type DHDPS (Figure 4.11), 

shows that the c(s) distribution for DHDPS-Q196D is significantly broader than thc 

wild-type enzyme, particulm'ly at lower sedimentation coefficient values. This 

suggests that the DHDPS-Q196D tetramer may reside in a rapid equilibrium with 

lower order species. Previous studies have demonstrated that c(s) distribution 

analyses of a self-associating system residing in a slow equilibrium mixture results in 

baseline separation of each oligomeric species (19). However, the c( s) distribution 

analyses of proteins existing in rapid equilibria are predicted to result in broader, non 

baseline-resolved distributions (Perugini, M. A., pas comm). The data shown in 

Figure 4.9B is consistent with this phenomenon. Alternatively, this could be due to a 

significant change in the shape of the tetramer brought about by the Q196D mutation. 

However, there is only a slight increase in the frictional ratio from 1,24 for wild-type 

DHDPS (Figure 4.4) to 1.26 (Figure 4.10) for the Q196D variant. Sedimentation 

equilibrium experiments were therefore pelformed to provide further insight into the 

state of association of DHDPS-Q 196D. 

Figure 4.11 Direct comparison of the c(s) distributions calculated for DHDPS-Q234D 
(solid line) and wild-type DHDPS (dashed line) 
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Sedimentation equilibrium analytical ultracentrifugation 

The equivalent molecular mass value determincd from the analysis of high 

conccntration sedimentation equilibrium data collected for DHDPS-Q196D was 111 
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kDa (Figure 4.12). This is lower than the equivalent molecular mass estimate obtained 

for the wild-type enzyme, supporting the hypothesis that DHDPS-Q196D exists as an 

equilibrium between tetramer and a lower order species, most likely dimer. 

Accordingly, the data from an protein concentration ranges were globally fitted to the 

monomer-dimer self-association model using the molecular weight and sedimentation 

coefficient of the tight-dimer unit, as determined for DHDPS-L197D, as the 

monomeric unit for the purposes of the model. This analysis yielded an association 

constant for the rapid dimer-tetramer equilibrium of 105
,6 M-1

, indicating that 

DHDPS-Q196D exists as a mixture of dimer and tetramer in rapid equilibrium in 

solution. This result means that the solution concentration of dimer is equal to the 

solution concentration of tetramer when the protein concentration is equal to -5 11M. 

The r.m.s.d for this fit was calculated as less than 0.007, suggesting an excellent fit to 

the model. 

Figure 4.12 Sedimentation equilibrium analysis of DHDPS-Q196D. The absorbance at 
280 nm is plotted as a function of radial position from the axis of rotation (cm). The raw data 
(open symbols, 0) obtained at two speeds, 10,000 'pm and 16,000 'pm, and an initial 
concentration of 1.0 mglml are shown overlaid with the nonlinear least squares best-fit to 
Equation 1 (solid lines). The r.m.s.d of the fits was < 0.007. 
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4.4.8 Analytical utracentrifugation analysis of DHDPS-D193A 

Sedimentation velocity analytical ultracentrifugation 

105 

Sedimentation velocity data indicated that DHDPS-D193A was primarily tetrameric 

at a protein concentration of 1 mg/ml. The c(s) distribution derived from the data 

showed a single peak with ordinate maximum at 6.4 S (Figure 4.13). The Lm.s.d of 

0.0106 calculated for this fit and the random distribution of residuals indicate that this 

distribution represents a good fit to the raw data. Again, the shape of the c(s) 

distribution peak obtained was asymmetrical and skewed towards species with lower 

S values, similar to the data obtained for DHDPS-Q196D (Figure 4.10).This indicates 

that DHDPS-D193A displays altered hydrodynamic behaviour under sedimentation 

velocity analysis, and suggests that this valiant may reside in dimer-tetramer 

equilibrium, as demonstrated for DHDPS-Q196D. 

Sedimentation equilibrium analytical ultracentrifugation 

The equivalent molecular mass value, assuming a single species, calculated for 

DHDPS-DI93A at an initial concentration of 1 mg/ml was 109 kDa (Figure 4.14). 

This supports the hypothesis that this variant exists as a mixture of tetramer and lower 

order species in aqueous solution. 

The data from all protein concentration ranges were globally fitted to the monomer

dimer self-association model as for DHDPS-Q196D. The association constant 

calculated for the rapid dimer-tetramer equilibrium of 105
.
8 M-' indicates that 

DHDPS-D193A exists as a mixture of dimer and tetramer in rapid equilibrium in 

solution. This result means that the solution concentration of dimer is equal to the 

solution concentration of tetramer when the protein concentration is approximately 

equal to -311M. The r.m.s.d for this fit was calculated as less than 0.007 suggesting 

an excellent fit to the experimental data. 
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Figure 4.13 Sedimentation velocity analysis of DHDPS-DI93A. A - Absorbance at 280 
nm plotted as a function of radial position from the axis of rotation (cm). The raw data are 
represented as open symbols (0) plotted at time intervals of 12 min. Raw data are overlaid 
with the nonlinear least squares best-fit to a continuous-size distribution model. Residualsfol' 
the nonlinear least squares best-fit are also shown. B - The continuous sedimentation 
coefficient [c(s)] distribution plotted as afunction of sedimentation coefficient (Svedberg, S). 
The fit lvas obtained using a resolution of 100 species between Slllill of 2 Sand SIlIllX of 15 S with 
P 0.95, V = 0.741, P 1.005 glml, 7] = 1.0214 cp, and fifo = 1.29. The r.m.s.d and runs 
test average for the fit were calculated to be 0.0107 and 1.73, respectively. 
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Figure 4,14 Sedimentation equilibrium analysis of DHDPS-D193A. The absorbance at 
280 nm is plotted as a function of radial post tion from the axis of rotation (cm), The raw data 
(open symbols, 0) obtained at two speeds, 10,000 'pm and 16,000 11Jm, and an initial 
concentration of 1.0 mglml are shown overlaid ,,\lith the nonlinear least squares best-fit to 
Equation 1 (solid lines). The r.m.s.d of the fits was < 0.008. 
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4.4.9 Analytical utracentrifugation analysis of DHDPS-D193Y 

Sedimentation velocity analytical ultracentrifugation 

The c(s) distribution derived from sedimentation velocity data indicated that 

DHDPS-D193Y was primarily tetrameric at a protein concentration of 1 mg/ml, 

showing a single peak with ordinate maximum at 6.4 S (Figure 4.15), The shape of 

the c(s) distribution peak obtained showed a similar asymmetric pattern to DHDPS

Q196D and DHDPS-D193A but here this was far less pronounced. Thus, further 

analysis by sedimentation equilibrium was not carried out for this valiant. 
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Figure 4.15 Sedimentation velocity analysis of DHDPS-D193Y. A - Absorbance at 280 
nm plotted as a function of radial position from the axis of rotatioll (cm). The raw data are 
represented as open symbols (0) plotted at time intell1lz/S of 12 min. Raw data are overlaid 
with the nonlinear least squares best-fit to a contilluous-size distribution model. Residuals for 
the nonlinear least squares bestJit are also shown. B The continuous sedimentation 
coe./ficient [c(s)] distribution plotted as ajullctioll of sedimentation coefficient (Svedberg, S). 
The fit was obtained using a resolution of 100 species between Slllill of 2 Sand SIlIllX of 15 S with 
P = 0.95, v = 0.7412, P 1.005 g/ml, 17 = 1.0214 cp, and fifo = 1.29. The r.m.s.d and runs 
test average for thefit were calculated to be 0.0108 and 1.68, respectively. 
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Figure 4.16 Sedimentation velocity analysis of DHDPS-Q234D. A - Absorbance at 280 
nm plotted as a function of radial position fram the axis of ratation (em). The raw data are 
represented as open symbols (0) plotted at time intervals of 12 min. Raw data are overlaid 
with the nonlinear least squares best-fit to a continuous-size distribution model. Residuals for 
the nonlinear least squares best-fit are also shown. B - The continuous sedimentation 
coefficient fe(s)] distribution plotted as a function of sedimentation coefficient (Svedberg, S). 
The fit was obtained using a resolution of 100 species between 5mbr of 2 S Clnd SlIIa, of 15 S with 
P = 0.95, v = 0.7403, P = 1.005 glml, 17 1.0214 cp, and fifo = 1.29. The r.m.s.d and runs 
test average for the fit were calculated to be 0.0109 and 3.67, respectively. 
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4.4.10 Analytical utracentrifugation analysis of DHDPS-Q234D 

Sedimentation velocity analytical ultracentrifugation 

110 

Sedimentation velocity data indicated that DHDPS-Q234D was tetrameric. The 

ordinate maximum of the c(s) distribution at 6.5 S is in good agreement with that of 

the wild type (Figure 4.16). The random distribution of residuals and r.m.s.d of 

0.0106 calculated for this fit indicate that the distribution represents an excellent fit to 

the. raw data. A small amount of asymmetry is apparent in the c(s) peak; however, this 

relatively minor in comparison to the other Valiants studied. Therefore, sedimentation 

equilibrium experiments were not performed for DHDPS-Q234D 

4.5 Discussion 

Detailed biophysical characteIisation of wild-type DHDPS and the variants reveals 

that all point mutations produced have affected the quaternal'y stmctural 

characteristics of the variants with respect to the wild-type enzyme. 

BN-PAGE provided initial indication that both point mutations at position 197, 

L197D and L197Y, had produced variants of dimeric nature. Analytical size exclusion 

chromatography confirmed that the molecular weight of DHDPS-L197D was around 

that expected for a dimeric species. The apparent molecular masses calculated by this 

method for wild-type DHDPS and DHDPS-L197D were 114.8 kDa and 51.9 kDa 

respectively. These values agree reasonably well with the predicted values of 125 kDa 

and 62.5 kDa; however, it is clear that in this case this system is not sufficiently 

accurate for quantitative molecular mass estimation. Semi-qualitative size exclusion 

chromatography showed that the DHDPS-Q196D, DHDPS-D193A, DHDPS-D193Y, 

and DHDPS-Q234D variants eluted at a similar elution volume to the wild-type 

enzyme, indicating that these were predominantly tetrameric under the conditions 

used. The elution volumes determined for DHDPS-L197D and DHDPS-L197Y, were 

significantly displaced from that of the wild-type, indicating that the quaternary 

structure of these variants had been altered. As the loading protein concentration for 

these experiments was high (15-20 mg/ml), equilibrating mixtures of dimer and 

tetramer would be expected to be forced towal'd the tetramer, Thus, smaller scale 

alterations to the quaternary stmcture in the variants would not necessarily be 

observed in this type of analysis. 
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Analytical ultracentrifugation analysis of the DHDPS enzymes offered accurate and 

detailed information on the solution properties of the proteins in terms of molecular 

mass measurement and self association characteristics. The sedimentation coefficient 

of wild-type DHDPS calculated from sedimentation velocity data was 6.6 S. This is in 

reasonable agreement with the published value of 7.1 S obtained by sucrose density 

gradient centrifugation (20), which is known to be a less accurate technique (13). The 

equivalent molecular mass calculated from this data was 123 kDa, in excellent 

agreement with values determined by sequence analysis (21,22) and mass 

spectrometry (23,24), which confirms a tetramer of 125 kDa. The equivalent 

molecular mass calculated from sedimentation equilibrium data was 121 kDa, again 

showing excellent agreement with the predicted value. The fact that 

self-association models failed to fit the raw data satisfactorily indicates that the levels 

of lower order oligomers in the equilibrium, that is monomers or dimers, are below 

that detectable by the models as implemented in SEDPHAT. 

Analysis of sedimentation velocity and sedimentation equilibrium data from 

DHDPS-LI97D and DHDPS-L197Y showed unequivocally that these two variants 

exist in solution as stable, obligate dimers. This change in quaternary structure was 

reflected in the calculated sedimentation coefficients of 4.1 Sand 4.2 S for 

DHDPS-L197D and DHDPS-L197Y respectively. Additionally, calculated molecular 

masses for DHDPS-L197D of Mapp = 63.4 kDa and Meq = 62.3 kDa agreed well with 

the predicted molecular mass for the tight-dimer of 62.5 kDa, as did the values 

calculated for DHDPS-L197Y of Mapp= 63.1 kDa and Meq 67.3 kDa. 

The observation of a small, secondary peak or shoulder in the c(s) distributions for 

DHDPS-L197D and DHDPS-L197Y is an interesting result. These ancillary 

distributions, at higher S values than the major peak, could be due to a fraction of a 

tetrameric species in equilibrium with the dimeI'. However, th,is would seem unlikely 

as the Meq values determined from sedimentation equilibrium data for these variants 

were found to be largely independent of the protein concentration range fitted, and 

self-association models failed to detect this equilibrium. Fitting the data to a non

interacting, two-species model indicated that these higher sedimentation coefficient 

species constituted approximately 10% and 13% of the DHDPS-L197D and DHDPS

L197Y preparations respectively. This fit suggests that the secondary species is a 
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non-specific aggregate, since equilibrium between dimer and tetramer would be 

expected for a specific interaction. Additionally, fast equilibrium in a self-association 

reaction would be expected to broaden the observed peak under this analysis 

(el DHDPS-Q196D) instead of introducing a second peak. 

The appearance of species at higher S values than the dimer in the e(s) distributions 

may be explained in terms of the conditions used for the experiment. Both 

DHDPS-L197D and DHDPS-L197Y displayed much lower stability in solution than 

the wild type enzyme, and at concentrations around and above 1 mg/ml, were found to 

produce significant amounts of amorphous aggregate over hour time scales at 4°C. 

Since the sedimentation velocity experiments were performed at 20°C and a protein 

concentration of 1 mg/ml it is reasonable to assume that the process of non-specific 

aggregation occurred during the time course of data collection. Nucleation of these 

non-specific aggregates rapidly leads to larger particulates which would sediment 

almost immediately under the large centrifugal field used. It is, therefore, possible that 

the observed higher molecular weight species are these low order non-specific 

aggregates. 

Sedimentation velocity data for DHDPS-Q196D, DHDPS-D193A, DHDPS-D193Y, 

and DHDPS-Q234D suggested that these variants were tetrameric, but had altered 

hydrodynamic properties with respect to wild-type DHDPS. Sedimentation 

equilibrium data revealed significant equilibrium between dimeric and tetrameric 

species in the DHDPS-Q196D and DHDPS-D193A variants. This suggests that the 

relatively high protein concentration used in the sedimentation velocity experiments 

resulted in a bias toward the observation of the tetramelic species. In fact, it is likely 

that all four of these variant enzymes exist as equilibrating mixtures of substantial 

populations of dimer and tetramer in solution. 

The Ka values determined for DHDPS-Q196D and DHDPS-D193A suggest that these 

variants exist as equal populations of dimer and tetramer in the low micro molar 

range. This has implications for the kinetic characterisation of these variants as initial 

rate activity assays are typically carried with the protein at very low concentrations. 

The fact that mutation of the dimer-dimer interface residues identifed in this work has 

caused significant alteration to the quaternary structure of DHDPS indicates that these 
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amino acid positions are important in the tetramerisation of the protein. Mutation of 

residues Q 196 and D 193 had the greatest effect on tetramerisation, presumably due to 

removal of the inter-dimer hydrogen bonds that these residues provide. Interestingly, 

the D193A mutation appears, from sedimentation velocity data, to have disrupted the 

quaternary structure to a greater extent than the D193Y mutation. Sedimentation 

equilibrium data for DHDPS-D193A will be required to confirm this. Introduction of 

the Q234D mutation appears to have had the least effect on the quaternary structure of 

the enzyme. This is as may be expected considering the mobile nature of this side 

chain (section 2.6.2) 

4.6 Summary 

A comprehensive biophysical characterisation of wild-type DHDPS and the 

DHDPS-variants was carried out to ascertain the effect of each of the single point 

mutations on the quaternary structure of the protein. DHDPS-L197D and DHDPS

L197Y were shown to be obligate dimers in solution. Sedimentation equilibrium data 

demonstrated that DHDPS-Q196D and DHDPS-D193A reside in equilibrium between 

dirner and tetramer, with Ka values in the micromolar range. Sedimentation velocity 

data suggested that DHDPS-L197Y and DHDPS-Q234D also displayed altered 

quaternary stracture; however, this was not quantified for these variants. 
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Chapter Five 

Kinetic analysis of wild-type DHDPS and the 
DHDPS variants. 

5.1 Introduction 

Kinetic analysis of wild-type and valiant DHDPS was undertaken in order to asceltain 

the functional consequences of altering of the quatemary structure of the enzyme. 

Accurate and detailed analysis of DHDPS reaction kinetics, as catalysed by the 

wild-type and variant enzymes, required a quantitative assay system for the 

detenmnation of reaction rate in the absence, or near absence, of product. Thus, initial 

rate measurement is routinely achieved by monitoring the depletion of substrates or 

accumulation of products over time, directly after the initiation of the reaction. 

Three assay systems have been reported for the detection of DHDPS activity. The 

o-aminobenzaldehyde assay (1,2) yields largely qualitative measurements and is, 

therefore, primarily useful as a simple method of enzyme detection during 

pulification. While the imidazole buffer assay (1,2) has been used in basic kinetic 

analysis of DHDPS from various sources (3-5), this system is unsuitable for detailed 

analysis. The coupled assay system, in which DHDPR is utilised as a coupling 

enzyme (1,2), has been developed to produce accurate time resolved rate data for 

DHDPS and has, therefore, been employed for kinetic analysis in this study. 

Presented in this chapter is the ligorous kinetic and regulatory characterisation of 

wild-type DHDPS and the DHDPS variants. Kinetic descriptions and kinetic 

parameters of the altered enzymes are compared, both quantitatively and qualitatively, 

with those determined for the wild-type. 
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5.2 Assay systems for DHDPS activity 

5.2.1 The o-aminobenzaldehyde assay 

The assumption by early workers that the product of the condensation of pyruvate and 

(S)-ASA was a AI-piperidine derivative led to the employment of 

o-aminobenzaldehyde for detection of DHDPS activity (1). The assumed product was 

expected to fonn a yellow dihydroquinazolium adduct with o-aminobenzaldehyde. 

However, addition of this compound to DHDPS reaction mixtures produced a purple 

chromophore under neutral or acidic conditions, providing the first evidence that the 

identity of the true product of DHDPS may be elusive (1). Nonetheless, this procedure 

provides a very simple method of qualitative detection of DHDPS activity, as the 

characteristic deep purple colouration develops specifically in the presence of the 

enzyme and its substrates. For this reason, the o-aminobenzaldehyde was routinely 

employed throughout this study for detection of DHDPS activity during purification 

of wild-type DHDPS and the DHDPS variants. 

The absorbance at 540 nm of the purple chromophore allows its production to be 

monitored easily, and this assay has been used in semi-quantitative rate analysis of 

DHDPS by a number of groups (6-10). However, the use of this assay in initial rate 

detennination makes a key assumption: that the rate of enzymatic reaction, rather than 

the rate of coloured adduct formation, is limiting. As a substantial lag time (-20 min) 

is observed between the initiation of the DHDPS reaction and the increase in 

absorbance at 540 nm, this assumption may not be valid. Additionally, as the identity 

of the coloured compound is unknown, quantification of the product is difficult. 

5.2.2 The imidazole buffer assay 

Incubation of DHDPS and its substrates in imidazole buffer at pH 7.4 results in a rise 

in concentration of a chromophore with a peak absorbance at 270 nm. This assay is 

simple and easy to perform, however, as with the o-aminobenzaldehyde assay, the 

chromophore formed has not been identified and the reaction follows a lag phase 

before linear increase of absorbance at 270 nm. This system continues to be used for 

kinetic analysis of DHDPS by other groups (4,5,11 ,12), but has been deemed 

unsuitable for the purposes of detailed analysis in this study for the same reason as 

outlined in section 5.2.1 above. 
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5.2.3 The coupled assay with DHDPR 

Where the reaction of the enzyme of interest is difficult to monitor, a coupled assay 

system can be employed (13). The product of the enzymatic reaction of interest is 

used as the substrate for a second, coupling, enzymatic reaction, which can be easily 

monitored. The rate of reaction of the second enzyme can then be related directly to 

the rate of reaction of the first, assuming the product of the first does not accumulate. 

To ensure that the intermediate product reacts quickly, the activity of the coupling 

enzyme must be kept well in excess of the target enzyme activity. 

Due to the difficulties in direct spectrophotometric measurement of the substrates and 

products of the DHDPS reaction, a coupled enzyme assay was developed (Figure 5.1), 

in which the product of the DHDPS reaction, dihydrodipicolinate, is reduced by the 

next enzyme of the DAP pathway, DHDPR, with concomitant oxidation of NADPH 

(1,2). As NADPH absorbs strongly at 340 nm, while NADP+ exhibits little absorbance 

at this wavelength, the rate of oxidation of the cofactor can easily be quantified 

photometrically (£340 = 6220 M- I em-I). By ensuring that DHDPR activity in the 

reaction mixture is well in excess of DHDPS activity, the time resolved rate of 

oxidation of N ADPH can be related in a 1: 1 stoichiometry to the production of 

dihydrodipicolinate, since under these conditions the reaction catalysed by DHDPS is 

rate limiting. 

Figure 5.1 The coupled assay for DHDPS activity. The oxidation of NADPH by the 
coupling enzyme, DHDPR, is monitored at 340 nm. 
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Despite the fact that this coupled assay is more favourable for initial rate 

determination than both the o-aminobenzaldehyde and the imidazole buffer assays, it 

has not been widely adopted for DHDPS rate determination, perhaps due to the 

necessity for large quantities of purified DHDPR. However, repOlts describing 

comprehensive kinetic analysis of DHDPS have largely employed this assay system 

(14-20). 

Modifications to the coupled assay for use in this study 

The coupled assay procedure used in this study followed that of Karsten (15) with 

slight modifications to optimise effectiveness for the range of kinetic investigations 

conducted. Assays were conducted at pH 8.0 in HEPES buffer. While it is often 

desirable to conduct initial activity measurements at close to physiological pH, this 

pH was chosen as it is close to the optimal pH for DHDPS activity of 8.4 (1), and 

there is no significant difference between kinetic parameters obtained at pH 8.0 and 

those obtained at pH 7.2 (21). Additionally, purification and storage of all enzymes 

was carried out at pH 8.0 (sections 3.3 and 3.4), as the enzyme is most stable at this 

pH. Alterations in pH are obviously undesirable, especially in the case of the variants 

with altered stmctural stability. All assays were conducted at a constant temperature 

of 30°C using a circulating water bath to heat the spectrophotometer stage. Reactions 

were incubated for defined times at this temperature and initiated in all cases by 

addition of a minimal volume of chilled (S)-ASA solution to prevent temperature 

alteration. 

DHDPR activity was typically held at ten times the maximal DHDPS activity being 

investigated. Controls were routinely mn by varying the concentration of DHDPR 

around this level, to ensure no deviation in apparent activity. These conditions 

allowed measurement of initial rates of DHDPS reaction within the appropriate range 

and, subsequently, determination of accurate kinetic parameters for the wild-type and 

variant enzymes. 

5.3 Steady state kinetics of E. coli DHDPS. 

As described in section 1.3.3, the ping-pong kinetic mechanism has been assigned to 

DHDPS (3,4,15,22). The ping-pong mechanism describes a system where catalysis 

proceeds through a covalent enzyme-substrate complex with an irreversible step 
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between the ordered binding of substrates. Typically, this ineversible step is the 

release of the first product on formation of the covalent intermediate, and thus the 

enzyme can exist in a free or substituted form (13). 

In the case of DHDPS, the binding of pyruvate to the free enzyme (E) leads to 

formation of a Schiff base with the release of water (section 1.3.5). The subsequent 

tautomerisation of this Schiff base to an en amine with release of a proton is thought to 

constitute the ilTeversible step (15) and has been shown to occur before binding of 

(S)-ASA (2). (S)-ASA then binds to the stable substituted form (F), allowing product 

formation and release, and regeneration of free enzyme: 

kl k2 k3 k4 

E + Pyr ::::;,;;=::!::: E.Pyr ------ F+ASA::::;';;=::!::: F.ASA ------ E + HTPA 
k_1 k_3 

The kinetic behaviour of E. coli DHDPS has been thoroughly investigated previously 

(15). The observed initial velocity patterns that produce parallel lines on a double 

reciprocal plot suggested the ping-pong mechanism and confirmed the findings of 

others (3,4,22). However, this observation alone is not sufficient evidence upon which 

to base the assignment of the mechanism. 

Substrate inhibition studies showed competitive substrate inhibition with respect to 

pyruvate, which is diagnostic of the ping-pong mechanism (15). Substrate inhibition 

by (S)-ASA, was also observed (15); however, this behaviour was subsequently found 

to be artefactual (19). This does not preclude the assignment of the ping-pong model, 

and the identification of the covalent enzyme-pyruvate complex in the absence of 

(S)-ASA (2,4,23) fm1her supports this mechanism. 

5.4 Selwyn's test for enzyme inactivation 

An enzyme may lose activity for a large number of reasons. In many cases, enzymes 

are much more stable at high concentrations than at low concentrations and will 

therefore lose activity rapidly when diluted from a stock solution into an assay 

mixture. Thermal lability of the enzyme of interest must also be considered, as the 

temperature of incubation of the assay mixture may cause gradual structural 

breakdown of the enzyme, leading to inactivation. Obviously, inactivation during the 
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time course of the assay must be avoided as it can lead to elTors in measurement of the 

initial rate, and may produce errors in the type of behaviour observed. 

The consideration of thermal lability is particularly relevant to the kinetic analysis of 

the DHDPS variants in this study, as during purification (section 3.4) it was observed 

that alteration to the quaternary structural properties of the enzyme lead to increased 

activity loss during the heat shock-step. Accordingly, Selwyn's test for enzyme 

inactivation (24) was performed for both wild-type and variant enzymes to assess 

their stability during the time course used in the assay and, thus, their suitability for 

accurate kinetic analysis. This test involves monitoring the state of the reaction over a 

given time period using different concentrations of enzyme. If the enzyme is 

becoming inactivated over this time course, plots of reaction state vs. initial enzyme 

concentration mUltiplied by time will not overlay. Conversely, overlaying curves 

indicate that no detectable enzyme inactivation is occurring. A time course of three to 

five minutes was chosen for analysis by Selwyn's test, corresponding to the period of 

incubation of the enzymes during initial rate measurements. 

Figure 5.2 shows Selwyn's test for all enzymes. Test traces for wild-type DHDPS, 

DHDPS-Q196D, DHDPS-D193A, DHDPS-D193Y, and DHDPS-Q234D overlay, 

confirming no detectable inactivation in these enzymes under the conditions of the 

assay. DHDPS-L197D and DHDPS-L197Y show traces that do not overlay. In the 

case of DHDPS-L197D, the plot indicates simple inactivation of the enzyme over the 

time course of the assay (Figure 5.2 DHDPS-L197D#1). Inspection of the plots 

revealed that the traces for the two highest concentrations of the enzyme showed 

reasonable agreement. Repetition of Selwyn's test indicated that inactivation was no 

longer occuning at enzyme concentrations greater than 0.042 mg/ml (Figure 5.2 

DHDPS-L197D#2). Thus, a concentration of 0.63 mg/ml DHDPS-L197D was 

employed for analytical activity assays. 
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Figure S.2 SeZwyns lest for enzyme inactivation for all studied enzyme variants. Eo.t is 
the initial enzyme volume in pi multiplied by time in seconds. M 340 is the the initial A340 

measurement minus the current A340 measurement and gives an indication of the consumption 
of NADPH. #1 and #2 refer to repeated experiments. Legends refer to the volume of stock 
enzyme solution added to the assay. Stock concentrations used were as follows: 
wild-type DHDPS - 0.075 mg/m!, DHDPS-Ll97D - 0.42 mg/ml, DHDPS-Ll97Y - 0.32, 
DHDPS-QI96D - 0.61 mg/ml, DHDPS-DI93A - 0.88 mg/m!, DHDPS-DI93Y - 0.33 mg/m!, 
DHDPS-Q234D - 0.20 mg/m!. 
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Figure 5.2 contd. 
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Interestingly, when Selwyn's test was performed for DHDPS-L197Y, plotted data 

indicated that the enzyme was activating during the time course used (Figure S.2 

DHDPS-L197Y#1). Alteration of the preincubation conditions employed for the test 

circumvented this activation, however, like DHDPS-L197D, DHDPS-L197Y now 

showed inactivation (Figure S.2 DHDPS-L197Y#2). Again, this inactivation was 

found to be concentration dependent and an enzyme concentration of 0.096 mg/ml 

DHDPS-L197Y was employed for initial rate analysis. 

In light of the puzzling observation of activation in DHDPS-L197Y, Selwyn's test 

was repeated for DHDPS-L197D using the exact conditions employed for DHDPS

L197Y. Under these conditions DHDPS-L197D displayed the same activation 

behaviour, indicating that the turnover rate of both dimeric enzymes was apparently 
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increasing over time under the conditions of the assay. This phenomenon was further 

investigated in a separate study and will be discussed further in Chapter seven. 

5.5 Kinetic analysis of wild~type E. coli DHDPS and the 
variants 

The steady state kinetic behaviour of all DHDPS enzymes was investigated by 

measurement of initial rates at varied pYlUvate and (S)-ASA concentrations, using the 

coupled assay as described in section 5.2.3. Following Comish-Bowden (13), 

substrate concentrations were varied between 0.2 Km and 10 Km, using a preliminary 

single curve estimate of apparent Km as a starting point. All initial rate measurements 

were made in triplicate and resulting data were analysed by non-linear curve fitting 

using the EnzFitter program (Biosoft, Cambridge), allowing detennination of keat and 

Km values. Initial rate measurements were converted to standard units, where 1 unit is 

equal to the consumption of 1 flmol NADPH per minute per milligram of protein in a 

1 ml assay. 

Kinetic data were fitted to both a ping-pong Bi Bi model (Equation 5.1) and a temary 

complex model (Equation 5.2). 

v = VAB / (KmBA + KmAB + AB) Equation 5.1 (13) 

Equation 5.2 (13) 

Here V is the maximal velocity, KmA and KmB are the Michaelis-Menten constants for 

the two substrates, A and B are the substrate concentrations, and v is the initial 

velocity. KsA, which appears in Equation 5.2, is the binding constant for substrate A to 

the E enzyme form. Data were fitted to appropriate models based on the 0" value of the 

non-linear regression and the lowest standard errors associated with the kinetic 

constants (25). Where the two models showed similar 0" values an F test was utilised 

to assess whether the difference between fits was significant. Table 5.1 shows the 

kinetic constants resulting from this analysis. 



Table 5.1 Kinetic constants detenninedfor wild-type DHDPS and the variant enzymes. DHDPS-DI93Yand DHDPS-Q234D underwent a simplified I ~ 
kinetic analysis yielding apparent kinetic parameters (sections 5.5.6 and 5.5.7). ~ ..... t:;. 

Wild-type DHDPS DHDPS-L197D DHDPS-L197Y DHDPS-Q196D DHDPS-D193A 

keat(s-J) 78.0±0.06 1.97 ± 0.05 1.11 ± 0.05 13.28 ±0.16 9.15 ± 0.16 

Relative k eat (%) 100 2.52 1.42 17.0 11.7 

Krnpyr(mM) 0.16 ± 0.003 0.68 ±0.04 1.11 ± 0.10 0.32 ± 0.01 0.44 ± 0.02 

kca/KrnPyr (mM-J 487.5 ± 9.1 2.90 ± 0.19 1.0 ± 0.1 41.5 ± 1.4 20.8 ± 1.0 

KrnASA(mM) 0.13 ± 0.002 0.15 ±0.01 0.18 ± 0.01 0.15 ± 0.005 0.17 ± 0.007 

kcaJKrnASA (mM-! sec-I) 600.0 ± 9.2 13.1 ± 0.9 6.17 ± 0.44 88.5 ±3.1 53.8 ± 2.4 

KsA(mM) 0.032 ± 0.011 0.028 ± 0.014 

DHDPS-D193Y DHDPS-Q234D 

Varied substrate Pyruvate (S)-ASA Pyruvate (S)-ASA 

kcatapp (S-I) 7.21 ± 0.14 6.46 ± 0.12 11.78 ± 0.15 12.39 ± 0.42 

Relative k cat (%) 9.2 8.3 15.1 15.9 

KrnPyrapp (mM) 0.57 ± 0.04 0.46 ± 0.02 

KmASAapp (mM) 0.15 ± 0.01 0.15 ± 0.02 

k app/K, app (mM-1. -I) cat rnPyr sec 12.6 ± 0.9 25.6 ± 1.2 

kcatPP/KmASAapp (mM-I sec-I) 43.1 ± 3.0 82.6 ± 11.4 
I~ 

tv 
VI 
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Direct plots of raw data overlaid with calculated fit curves were generated for 

visualisation of the fitted data. Lineweaver-Burke or double-reciprocal plots (llrate 

vs. I/[substrateD were produced to allow visual inspection of data trends with respect 

to kinetic patterns. This is the most commonly used type of plot in kinetic studies, 

however, due to the nature of the reciprocal plot, the visual impression of 

experimental error is misleading and the impression of residuals is exaggerated as rate 

decreases (13). The Eadie-Hofstee plot (rate/[substrate] vs. rate) was also included as 

it produces a more accurate indication of the quality of the data. The presence of v in 

both coordinates results in errors producing deviation towards or away from the origin 

rather than parallel to the ordinate axis (13). Standardised percentage residual plots vs. 

substrate concentration were also generated as an aid to evaluation of the quality of 

the data. These are useful for identifying systematic errors in data that can indicate 

whether an incorrect model has been used. It should be noted here that while residuals 

should be normally distributed around zero, they will be expected to show less 

variation as substrate concentration increases. This is because constant experimental 

error will lead to reduced proportional enol' as rate increases (13). 

5.5.1 Steady state kinetic analysis of Wild-type DHDPS 

Initial rate data obtained by assay of pure wild-type DHDPS fitted the ping-pong 

model with an 1'2 value of 0.999 and p>F of much less than 0.001. Kinetic constants 

generated from this regression agreed well with those determined previously both in 

this laboratory and elsewhere (15). The Km value of 0.16 ± 0.003 mM determined for 

pymvate is consistent with the value determined by Karsten (15) of 

0.194 ± 0.033 mM. This value is also consistent with those of other workers. Coulter 

(14) repOlts a Kmpyr in the range of (0.11-0.13) mM, while Yugad and Gilvarg (1) 

repOlt a Kmpyr of 0.25 mM. Likewise, the Km value for (S)-ASA of 0.13 ± 0.002 mM 

determined from the regression is essentially identical to the repOlted value of 

0.124 ± 0.011 mM determined by Karsten (15), and also agrees well with other 

reports from the literature. Coulter (14) reports a KmASA range of (0.1-0.14) mM at a 

pH of 7.2, Yugari and Gilvarg (1) found the KmASA to be 0.13 mM at a pH of 7.4 

while Pearce (21) reports a KmASA range of (0.1 0-0.46) mM. 

The catalytic turnover number (kcat) of 78.0 sec"! calculated here agrees well with 

values obtained by other workers in this laboratory (Dobson, R. C. J., Roberts, S. J. 

pets. comm.); however, the kcat value of 188.0 sec"l reported by Karsten(15) is 
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significantly higher than that determined in this study. This difference can most likely 

be attributed to variation in the conditions employed for the coupled assay. Figures 

5.3 and 5.4 show plots of initial rate data collected for wild-type DHDPS overlaid 

with the fitted data for the ping-pong model. Data is represented with respect to 

pyruvate concentration (Figure 5.3) and (S)-ASA concentration (Figure 5.4). 

Figure 5.3 Kinetic plots of wild-type DHDPS with respect to pyruvate concentration at 
various (S )-ASA concentrations. A is a direct plot of initial rate data overlayed with fit data 
f or the ping-pong model generated by non-linear regression (curves). Band Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals f or each data point (1 OOX(Vub,-VCll,)/ vw ')' v is the mean initial rate in 
pmolNADPH mg"' min" , and [Pyruvate] refers to pyruvate concentration. The ,-2 value f or the fit 
was 0.999 and p >F was much less than 0.001. 
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Figure 5.4 Kinetic plots of wild-type DHDPS with respect to (S)-ASA concentration at 
various pyruvate concentrations. A is a direct plot of initial rate data overlayed with fit data 
for the ping-pong model generated by non-linear regression (curves). Band Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (100x(v()/),-vca,)/v(a')' V is the mean initial rate in 
IlmolNADPH mg" min'l, and rASA} refers to (S)-ASA concentration. The r2 value for thefit was 
0.999 and p>Fwas much less than 0.001. 
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5.5.2 Steady state kinetic analysis of OHOPS-L 1970 

The activity of the dimeric variant, DHDPS-LI97D, was found to be severely 

attenuated with respect to the wild-type enzyme. The kcat of 1.97 sec-I determined for 

DHDPS-L197D is only 2.52% of that of wild-type DHDPS and represents an 

approximate 40-fold reduction in catalytic efficiency. Strikingly, initial rate data for 

DHDPS-LI97D showed a significantly better fit to the compulsory ordered ternary 

complex kinetic model (1'2 = 0.997 p>F much less than 0.001) than to the ping-pong 

model, indicating a shift in kinetic mechaninsm. This can be seen in the trend of 

converging data on the double reciprocal plot in Figures 5.5B and 5.6B. In order to 

ensure that this shift in data trend was not artefactual, the kinetic experiment was 

repeated using two concentrations of pymvate differing by one order of magnitude 

and a range of (S)-ASA concentrations incorporating both higher and lower values 

than those used in the original experiment (13) (data not shown). Fitting this new data 

again revealed a converging trend, indicating that the shift in kinetic mechanism was a 

real observation. 

Concomitant with the attenuation of activity was the observation of a greater than four 

fold increase in the Km for pymvate from 0.16 mM (wild-type) to 0.68 mM. This 

result is interesting, as it suggests that the reduction in catalytic efficiency may be, at 

least in part, due to perturbation of the binding of pyruvate to the enzyme. The Km of 

the enzyme for (S)-ASA remains relatively unchanged at 0.15 mM. Figures 5.5 and 

5.6 show kinetic plots of initial rate data for DHDPS-LI97D and fitted data for the 

ternary-complex mechanism. 
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Figure 5.5 Kinetic plots of DHDPS-LJ97D with respect to pyruvate concentration at 
various (S)-ASA concentrations. A is a direct plot of initial rate data overlayed with fit data 
for the ternary complex model generated by non-linear regression (curves). Band Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (lOOx(vub,-vca/)/v",/). V is the mean initial rate in 
j.lmOINAD PH mg"1 min' l , and [Pyruvate] refers to pyruvate concentration. The / value for the fit 
was 0.997 and p>F was much less than 0.001 . 

A 
v 

3.0 

2.0 

/ 
;I 

c 
vi[Pyruvate] 

5.0 

4.0 

3.0 
• 

2.0 

1.0 

• 

./ 
/ 

• • 

1.0 

• 
.-------+ ----" 

.. 
• 

~-~----'. 

--. • 
• • 

2.0 3.0 

[Pyruvate] 

• 
• 

0.0 I I I I I I I I I I I I I I I I I I I I 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 

v 

8 
1/v 

9.0 

8.0 

7.0 

6.0 

5.0 

4.0 

3.0 

2.0 • 

•• 1.0 • .. 

• 

• • 

• · . 
• 

0.0 l-+-+-+--+-<--+-o-+-+-+-......... --+-<--+-......... +-+--+-+--+-< .................. _ 
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

o 
v % Residual 
30.0 

20.0 

•• 10.0 

• 

li[Pyruvate] 

• 
• 
* * 0.0t--:-------+-------+--~ 

• 
-10.0 t 

• 
-20.0 

1.0 • 2.0 3.0 

[Pyruvate] • 

Legend 

• 
• 

0.9 mM ASA 
0.045 mM ASA 

• 0.45 mM ASA 
• 0.022 mM ASA 

• 0.09 mM ASA 



Kinetic analysis 131 

Figure 5.6 Kinetic plots of DHDPS-LJ97D with respect to (S)-ASA concentration at 
various pyruvate concentrations. A is a direct plot of initial rate data overlayed with fit data 
for the ternary complex model generated by non-linear regression (curves). Band Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (lOOX(Vvhs-Vwl)/Vml). v is the mean initial rate in 
pmOlNA DPH mg'l min' I, and rASA} refers to (S)-ASA concentration. The,-2 value for the fit was 
0.997 and p> F was much less than 0.00 1. 
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5.5.3 Steady state kinetic analysis of DHDPS-L 197Y 

The results of the steady state kinetic analysis of the dimeric variant DHDPS-LI97Y 

were very similar to those of DHDPS-LI97D. The activity of DHDPS-LI97Y, was 

reduced to 1.42% of that of the wild-type enzyme, with a kcat value of 1.11 sec· l
. 

Again, initial rate data for DHDPS-LI97Y showed a better fit to the ternary complex 

kinetic model (1'2 = 0.997 p>F much less than 0.001) than to the ping-pong modeL 

Here, the significance of the difference between the fits was not as great as with 

DHDPS-LI97D; however, visually, the fit for the ternary complex model 

(Figure 5.7B and 5.8B) describes the data far better than the fit for the ping-pong 

modeL 

The Km value for pyruvate, determined as 1.11 rnM, is almost seven-fold that of the 

wild-type enzyme. This further increase over the Km value obtained for 

DHDPS-LI97D may be reflected in the higher attenuation of activity observed in 

DHDPS-LI97Y. Again, the Km of the enzyme for (S)-ASA remains relatively 

unchanged at 0.18 rnM. Figures 5.7 and 5.8 show kinetic plots of initial rate data for 

DHDPS-LI97Y and fitted data for the ternary complex mechanism. 
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Figure 5.7 Kinetic plots of DHDPS-L197Y with respect to pyruvate concentration at 
various (S)-ASA concentrations. A is a direct plot of initial rate data overlayed with fit data 
for the ternary complex model generated by non-linear regression (curves). Band Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (lOOX(Vobs-Vm')/vca,). V is the mean initial rate in 
).lI11olNADPfI m{' min", and [Pyruvate} refers to pyruvate concentration. The,-2 value for theftt 
was 0.997 and p>F was much less than 0.001. 
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Figure 5.8 Kinetic plots of DHDPS-Ll97Y with respect to (S)-ASA concentration at 
various pyruvate concentrations. A is a direct plot of initial rate data overlayed with fit data 
for the ternary complex model generated by non-linear regression (curves). Band Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (lOOx(vuiJ.,-vra/)/v,o/)' V is the mean initial rate in 
f.1mOlNAOPH mg"1 min' l , and rASA} refers to (S)-ASA concentration. The / value for the fit was 
0.997 andp>F was much less than 0.001. 
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5.5.4 Steady state kinetic analysis of DHDPS-Q196D 

Initial rate data collected for DHDPS-Q196D was fitted to the ping-pong model 

(1'2 = 0.997, p>F much less than 0.001) and shows the characteristic parallel data 

trends of this mechanism on the double reciprocal plot. Fit of the data to the ternary 

complex mechanism was attempted, in light of the results obtained for the L197D and 

L197Y variants. However, as the quality of this fit was poor and the regression 

produced nonsensical values for kinetic parameters, this mechanism was rejected. 

As may be expected, attenuation of catalytic efficiency in this variant was not nearly 

as pronounced as in the true dimeric variants. DHDPS-Q196D displayed 17.0% 

(kcat = 13.28 sec· I
) of wild type activity and displayed only a two-fold increase in Km 

for pyruvate (Kmpyr = 0.32 mM). The Km for (S)-ASA was unchanged at 0.15 mM. 

Figures 5.9 and 5.10 show kinetic plots of initial rate data for DHDPS-Q196D and 

fitted data for the ping-pong mechanism. 
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Figure 5.9 Kinetic plots of DHDPS-QI96D with respect to pyruvate concentration at 
various (S )-ASA concentrations. A is a direct plot of initial rate data overlayed with fit data 
for the ping-pong model generated by non-linear regression (curves). Band Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (IOOx(voh,-vca,)/vcal)' v is the mean initial rate in 
pmolNADPH mg" min", and [Pyruvate] refers to pyruvate concentration. The ,-2 value for the fit 
was 0.997 and p>F was much less than 0.001. 
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Figure 5.10 Kinetic plots of DHDPS-QJ96D with respect to (S)-ASA concentration at 
various pyruvate concentrations. A is a direct plot of initial rate data overlayed with fit data 
for the ping-pong model generated by non-linear reg ression (curves). Band Care 
Lineweaver-Burke and Eadie -Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (JOOX(Vubs-Vml)/Vcal). V is the mean initial rate in 
f.lInol NADPH mg·

j 
min·

j
, and rASA} refers to (S)-ASA concentration. The ,-2 value f or the ftt was 

0.997 and p>F was much less than 0.001. 
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5.5.5 Steady state kinetic analysis of DHDPS-D193A 

Like DHDPS-Q196D, initial rate data collected for DHDPS-D193A fitted well to the 

ping-pong kinetic model (r2 = 0.996, p>F much less than 0.001), but did not produce a 

meaningful fit to the ternary complex model. The catalytic activity of DHDPS-DI93A 

was determined to be 11.7% (kcat = 9.15 sec-I) that of the wild-type. Again, the Km for 

pymvate was raised from that of the wild type to 0.44 mM and the Km for (S)-ASA of 

0.17 mM was entirely consistent with that of the wild type. 

The fact that the catalytic activity ofDHDPS-D193A has been attenuated to a slightly 

higher degree than that of DHDPS-QI96D is an interesting result because, since 

DHDPS-Q196D was found to have a slightly higher dimeric character by analytical 

ultracentrifugation, one might expect DHDPS-QI96D to have the lower catalytic 

efficiency. Figures 5.11 and 5.12 show kinetic plots of initial rate data for 

DHDPS-D193A and fitted data for the ping-pong mechanism. 



Kinetic analysis 139 

Figure 5.11 Kinetic plots of DHDPS-DI93A with respect to pyruvate concentration at 
various (S )-ASA concentrations. A is a direct plot of initial rate data overlayed with fit data 
for the ping-pong model generated by non-linear regression (curves) . Band Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (IOOx(vobs-vcu')/vca,). v is the mean initial rate in 
pmolNA DPH mg"' min-i, and [Pyruvate] refers to pyruvate concentration. The ,-2 value for the fit 
was 0.996 and p>F was much less than 0.001. 
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Figure 5.12 Kinetic plots of DHDPS-DI93A with respect to (S}-ASA concentration at 
various pyruvate concentrations. A is a direct plot of initial rate data overlayed with fit data 
for the ping-pong model generated by non-linear regression (curves). Band Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (IOOX(Vllh,.-V, .",)/vca,). v is the mean initial rate in 
pmolNADPH mg"1 min-I, and rASA] refers to (S}-ASA concentration. The / value for thefit was 
0.99 and p>F was much less than 0.001. 
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5.5.6 Steady state kinetic analysis of DHDPS-D193Y 

Analytical ultracentrifugation studies of DHDPS-D193Y indicated that the variant 

displayed significantly less alteration in quaternary strncture than other variants. 

Therefore, it was decided that comprehensive kinetic analysis of this variant would 

not be attempted, due to the tirne involved in such a study. Thus, steady state kinetic 

analysis of DHDPS-D193Y was carried out assuming that initial rate data collected at 

a constant concentration of one substrate while varying the concentration of the other 

substrate would fit a pseudo single-substrate model (Equation 5.3). 

v = VIPP A I (KmA
app + A) Equation 5.3 

Equation 5.3 is identical to the Michaelis-Menten equation and yields the apparent 

maximal velocity, V1PP, and the apparent Michaelis-Menten constant, KmAapp, for the 

varied substrate, at the concentration of the fixed substrate (25). Expeliments were 

designed with the fixed substrate concentration as close to saturating as possible in 

order to obtain a meaningful estimate of the trne maximal velocity. 

Data from these experiments fitted the Michaelis-Menten equation well (1'2 > 0.997, 

p>F much less than 0.001) and apparent kcal values were determined to be 7.21 sec-1 

when pyruvate concentration was varied and 6.46 sec-1 when (S)-ASA concentration 

was varied. Consistent with results from other variants, the apparent Km for pymvate 

(KmPyrapp = 0.57 rnM) was higher than that of wild-type DHDPS and the apparent Km 

for (S)-ASA (KmASA
app = 0.15 rnM) remained similar to that of the wild-type enzyme. 

Figures 5.13 and 5.14 show kinetic plots of initial rate data for DHDPS-D193Y and 

fitted data for the pseudo single-substrate model. 
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Figure 5.13 Kinetic plots of DHDPS-D193Y with respect to pyruvate concentration at 
near saturating (S )-ASA concentration. A is a direct plot of initial rate data overlayed with fit 
data for the ping-pong model generated by non-linear regression (curve). B and Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (lOOX(Vuhs-Vca')/vca,), V is the mean initial rate in 
jJmolNADPH mg" min-i, and [Pyruvate] refers to pyruvate concentration. The r2 value for the fit 
was 0.997 and p> F was much less than 0.00 J. 
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Figure 5.14 Kinetic plots of DHDPS-DI93A with respect to (S)-ASA concentration at 
near saturating pyruvate concentrations. A is a direct plot of initial rate data overlayed with 
fit data for the ping-pong model generated by non-linear regression (curve). Band Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (IOOx(voh,-vw')/vca,). v is the mean initial rate in 
jimolNADPN mg"l min", and rASA} refers to (S)-ASA concentration. The r2 value for the fit was 
0.99 and p>F was much less than 0.001. 
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5.5.7 Steady state kinetic analysis of DHDPS-Q234D 

As analytical ultracentrifugation studies of DHDPS-Q234D indicated that the variant 

displayed little alteration in quatemary structure, this variant was analysed in the same 

way as DHDPS-DI93Y to yield apparent kinetic constants. Apparent kcat values were 

detennined to be 11.78 sec-I when pyruvate concentration was varied and 12.39 sec-I 

when (S)-ASA concentration was varied. These values represent 15.1 % and 15.9% of 

the wild-type values respectively. Again, the apparent Km for pyruvate (Kmp/PP = 
0.57 mM) was higher than that of wild-type DHDPS and the apparent Km for (S)-ASA 

(KmAsAapp = 0.15 mM) remained similar to that of the wild-type enzyme. Figures 5.15 

and 5.16 show kinetic plots of initial rate data for DHDPS-Q234D and fitted data for 

the pseudo single-substrate model. 



Kinetic analysis 145 

Figure 5.15 Kinetic plots of DHDPS-Q234D with respect to pyruvate concentration at 
near saturating (S)-ASA concentration. A is a direct plot of initial rate data overlayed with fit 
data for the ping-pong model generated by non-linear regression (curve). Band Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (IOOX(Vobs-Vcal)/Vcal)' V is the mean initial rate in 
pmolNAOPH mt' min-I, and [Pyruvate} refers to pyruvate concentration. The,-2 value for the fit 
was 0.998 and p>F was much less than 0.001. 
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Figure 5.16 Kinetic plots of DHDPS-Q234D with respect to (S)-ASA concentration at 
near saturating pyruvate concentrations. A is a direct plot of initial rate data overlayed with 
fit data for the ping-pong model generated by non-linear regression (curve). Band Care 
Lineweaver-Burke and Eadie-Hofstee plots of the same data respectively. D is a plot of 
percentage residuals for each data point (IOOx(vo'J,-vcaf)/vca/)' v is the mean initial rate in 
fJmOlNADPH 111{' min" , and rASA] refers to (S)-ASA concentration. The r2 value for the/it was 
0.99 J and p> F was much less than 0.00 I . 
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5.6 Feedback inhibition by lysine of E. coli DHDPS 

As discussed in Chapter one, DHDPS is the final branch point enzyme in the 

synthesis of (S)-lysine. As the committed step in (S)-lysine biosynthesis, DHDPS 

represents the key point in regulation of the pathway, and undergoes allosteric 

feedback regulation by the end product of the pathway, (S)-lysine. The precise 

mechanism by which lysine exerts regulatory control over DHDPS is unclear, 

although kinetic and structural studies support the proposal that lysine is an allosteric 

inhibitor (1,4,5,15,26,27). DHDPS has been reported to show partial inhibition 

propelties at high lysine concentrations. Karsten has shown that Dixon plots (llrate 

vs. [inhibitor]) asymptotically approach a finite maximal velocity at saturating (S)

lysine concentrations, of about 10% that of the maximal velocity without (S)-lysine 

(15). 

DHDPS displays different mechanisms of inhibition with respect to each of its 

substrates. Prior to this study, E. coli DHDPS was thought to display a pattial 

uncompetitive mechanism of inhibition by lysine with respect to the first substrate, 

pyruvate (15). When an enzyme displays pure uncompetitive inhibition, the inhibitor 

binds only to the enzyme-substrate complex, decreasing both the maximal velocity 

and Km values with increasing inhibitor concentrations (13). However, work published 

in collaboration with Dobson and Roberts during this research revealed that inhibition 

data obtained by our hands fitted significantly better to a partial mixed inhibition 

mechanism (20). With respect to its second substrate, (S)-ASA, coli DHDPS has 

been found to exhibit partial non-competitive inhibition (15). 

5.6.1 Partial mixed inhibition 

In its simplest fmID, mixed inhibition describes a mechanism in which the inhibitor 

can bind to both the free enzyme and to the enzyme-substrate complex, altering both 

Km
app and the maximal velocity, V (13). At saturating levels of inhibitor, E.S.I 

predominates, but the enzyme still functions, albeit at a decreased rate (k > k'). 

Equation 5.4 is the steady-state kinetic equation that describes the pat'tial mixed 

inhibition models shown in Figure 5.17. 
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Equation 5.4 (28) 

Here v is the initial velocity, V is the maximal velocity, and A is the substrate 

concentration, Krn
app is the apparent Michaelis-Menten constant and Ki and Kj' are the 

inhibition constants for I binding to the E and E.S complex respectively. V represents 

the maximal velocity in the presence of saturating inhibitor. Note that KlKi' = V/V' 

allowing V to be calculated. The ratio of V to V' reflects the degree of paI1ial 

inhibition 

Figure 5.17 Schematic representation of mixed inhibition. E represents the enzyme, S 
the substrate, I the inhibitor, P the product, and k the rate constant. 
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5.6.2 Partial non-competitive inhibition 

Pure non-competitive inhibition represents a special case of mixed inhibition (13) 

(Figure 5.17), where the inhibitor constant Ki = k.4114 = k.31k3, and the apparent 

substrate binding constant Ks = kJ/kJ = k 2/k2• As such, V is decreased and Krn remains 

constant with increasing inhibitor concentration. Equation 5.5 is the steady-state 

kinetic equation that describes partial non-competitive inhibition (29). 

v= 11 {[(Ki + I)/(V Kj + VI)][l+Ks IS]} Equation 5.5 (29) 

V is the maximal velocity in the absence of inhibitor and V' is the maximal velocity in 

the presence of saturating inhibitor concentration. As above, the ratio of V to V' 

reflects the degree of partial inhibition. 
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5.7 Analysis of the lysine inhibition kinetics of wild-type 
DHDPS and the variants 

Comprehensive lysine inhibition studies were carried out on wild-type DHDPS and 

the L197D, L197Y, Q196D, and D193Y variants by collection of initial rate data at a 

range of inhibitor and substrate concentrations. For each enzyme, two experiments 

were conducted in which data were collected at varying concentrations of the inhibitor 

and one substrate, while the other substrate was kept at a sub-saturating level around 

its determined Km, in accordance with Karsten (15). (S)-Lysine concentrations were 

varied between 0.0 and 5.0 mM. (S)-ASA and pyruvate concentrations were varied 

between 0.2 Km and 10 Km, in accordance with Cornish-Bowden (13). The kinetic 

data were fitted to inhibition models using the EnzFitter program, yielding the 

associated kinetic and inhibition constants. The ratio of V to V' was used to calculate 

the percentage residual activity at saturating inhibitor levels, n, for the prutial 

inhibition models. Kinetic plots were produced as for section 5.5 (Appendix one). 

Kinetic constants for the enzymes studied are shown in Table 5.2. Ki and Kj' values 

obtained for the inhibition of wild-type DHDPS with respect to pyruvate are entirely 

consistent with published results (20), as is the percentage residual activity at 

saturating (S)-lysine concentration (20). Likewise, kinetic constants yielded for the 

inhibition of wild-type DHDPS with respect to (S)-ASA agree well with those 

published in all cases (15). 

Inhibition data with respect to pyruvate fitted the pru'tial mixed inhibition model for 

all variants studied. In all cases, kinetic constants yielded from the analysis of each 

mutant were entirely consistent with those determined for the wild-type enzyme 

Residual activity levels at saturating inhibitor concentration also showed good 

agreement with that of the wild-type enzyme. 

Inhibition data with respect to (S)-ASA collected for each variant fitted the pruiial 

non-competitive inhibition model in all cases. Again kinetic constants and residual 

activity levels at saturating inhibitor concentration determined for each variant were 

completely consistent with those of wild-type DHDPS. 



Table 5.2 Inhibition of DHDPS mutant enzymes. In all cases the enzymes displayed partial inhibition with respect to lysine. Ie; 
~ 
~ 

Wild-type DHDPS DHDPS-L197D DHDPS-L197Y DHDPS-Q 196D DHDPS-D193A 
..... 

1-' r" 

With respect to pyruvate 

Inhibition Type Mixed Mixed Mixed Mixed Mixed 

Vapp (units/mg) a 7.52 ±0.07 2.21 ± 0.05 1.13 ± 0.04 14.7 ± 0.50 9.41 ± 0.35 

V app (units/rug) a 0.29 ±0.06 0.11 ± 0.04 0.033 ±0.02 0.47 ± 0.32 0.54 ± 0.25 

a(%f 3.9 5.2 2.9 3.3 5.7 

Kmpyra
pp (mM) 0.084 ± 0.003 0.40 ± 0.03 0.70±0.09 0.23 ± 0.03 0.30 ± 0.04 

Ki (mM) 3.55 ± 0.72 2.62 ± 0.9 4.12 ± 3.08 4.13±2.72 2.21 ± 0.97 

Ki' (mM) 0.14 ± 0.007 0.14 ± 0.02 0.12 ± 0.02 0.14 ±0.02 0.13 ± 0.02 

With respect to ASA 

Inhibition Type Non-competitive Non-competitive Non-competitive Non-competitive Non -competitive 

Vapp (units/mg) 8.74 ±0.27 2.14 ± 0.08 1.19 ± 0.04 16.8 ± 0.5 9.81 ± 0.32 

V' app (units/mg) 8 0.29 ±0.28 0.05 ±0.07 0.04 ± 0.03 0.72 ± 0.41 0.86 ±0.24 

a (%)b 3.4 2.1 3.7 4.3 8.8 

KmASAapp (mM) 0.09 ±0.009 0.13 ±0.01 0.13 ± 0.01 0.10 ± 0.01 0.1l±0.01 

Ki (mM) 0.40 ±0.05 0.30 ± 0.05 0.16 ± 0.03 0.19 ± 0.03 0.18 ± 0.03 

a One unit is equal to 1 jJmolNADPHmin·l . 

a is defined as the ratio of V, the maximal velocity in the absence of inhibitor, and V', the maximal velocity at saturating inhibitor concentration. 
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5.8 Discussion 

Comparison of detailed kinetic data from the DHDPS variants with that acquired from 

the wild-type enzyme revealed a number of remarkable functional and mechanistic 

features of the variants. Both dimeric variants, DHDPS-LI97D and DHDPS-L197Y, 

retain significant catalytic activity showing, as proposed, that the free tight-dimer unit 

of DHDPS is able to function autonomously. The level of activity of all DHDPS 

valiants was sufficient to allow complete kinetic characterisation. 

Among the most striking results of this kinetic study is the shift in kinetic mechanism 

observed in the two dimeric mutants, DHDPS-L197D and DHDPS-L197Y, from the 

ping-pong model to the compulsory ordered ternary complex model. This shift 

indicates that there has been a subtle change in the order of reaction steps dUling 

catalysis by these val'jants. The reason for this apparent alteration in the kinetic 

mechanism is not immediately obvious from these kinetic studies alone. However, 

inspection of kinetic parameters reveals that all Kmpyr values determined for the 

variants are significantly raised with respect to that of wild-type DHDPS, while KmAsA 

values remain consistent with that of the wild-type enzyme. This suggests that the first 

half reaction, involving pyruvate binding and Schiff base fonnation, is affected in the 

variants, and is further discussed in Chapter seven. 

The observed attenuation of catalytic efficiency in the two dimeric val'iants, to 2.5% 

and 1.4% of the wild-type level respectively, is a surprising result. Since the site of 

the mutation is approximately 25 A distant from the active site, structural 

real,-angements that may cause loss of catalytic efficiency would not be expected to be 

transmitted from the mutation to the active site. Weakening of the dimer-dimer 

association in the variants DHDPS-Q196D, DHDPS-D193A, DHDPS-D193Y, and 

DHDPS-Q234D also results in attenuation of catalysis, but to a lesser degree. This 

level of activity, intelmediate between the dimeric variants and the tetrruner, is 

consistent with the presence of significant populations of both dimer and tetramer in 

the initial rate assay prepal'ation. 

All variants display Km values for pyruvate that are significantly higher than that of 

the wild-type. This increase appears to be inversely proportional to the rate of 

catalytic turnover, indicating that perturbation of pyruvate binding may play a 
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significant part in the attenuation of activity in the mutants. However, stmctural data 

is required to ascertain whether attenuation of activity in the variants is due directly to 

stmctural factors brought about by the shift in quaternary structure in the variants 

(Chapter six). 

Inihibition patterns and mechanisms displayed by the variants are essentially identical 

to those of the wild-type enzyme. This is as expected since the lysine binding site is 

situated adjacent to the intelface between the two monomers of the tight dimer and it 

is known that no cooperativity exists between the two tight-dimers of the tetramer. 

This, combined with the consistency of KmASA values determined for the wild-type 

and variant enzymes, constitutes strong evidence that the structural details of the wild

type DHDPS tight-dimer are conserved in the mutants. 

5.9 Summary 

The experiments detailed in this chapter were undertaken in order to ascertain the 

functional effect, if any, of the alteration of the quaternary structure of E. coli 

DHDPS. This has been achieved by comprehensive kinetic analysis of wild-type 

DHDPS and the variants. Kinetic data show that all variants have attenuated catalytic 

activity, and that this attenuation is most marked in the two dimeric variants DHDPS

L197D and DHDPS-L197Y. Data also indicate that the binding of pyruvate is 

perturbed in the variants. Conversely, lysine inhibition remains fully intact in all 

variants, suggesting that the integrity of the (5')-lysine binding site, at the tight-dimer 

interface, is preserved. 
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Chapter Six 

The crystal structu res of 
DHDPS-L 197Y and DHDPS-L 197D 

6.1 Introduction 

155 

Data presented in Chapter four demonstrated that the two DHDPS variants, 

DHDPS-L197Y and DHDPS-L197D, existed as obligate dimers in solution, as 

opposed to the tetrameric structure of the wild-type enzyme. The detailed kinetic 

characterisation presented in Chapter five revealed that these two variants exhibit 

highly attenuated catalytic efficiency with respect to wild-type DHDPS, with a 

concomitant rise in the Km for the first binding substrate, pyruvate. Interestingly, all 

other kinetic and inhibition parameters determined for these variants were found to be 

entirely consistent with those of the wild-type. 

Beyond the assertion that the reduced catalysis of the dimeric variants is due, at least 

in part, to the impaired binding of pyruvate, no satisfactory explanation for the altered 

kinetic propelties of the two variants was obvious from the functional and biophysical 

data presented in previous chapters. Thus, the question was raised of whether the 

observed changes in the kinetic behaviour in the dimeric variants, with respect to the 

wild-type enzyme, were due to structural factors introduced by the large-scale shift in 

quaternary structure from obligate tetramer to obligate dimer. X-ray crystal structures 

of these variants were, therefore, required in order to place these results in the context 

of atomic resolution structural data. 

This chapter details the X-ray crystal structures of both DHDPS-L197Y and 

DHDPS-L197D, and compares these with the 1.9 A resolution crystal structure of the 

unliganded wild-type enzyme solved in this laboratory during this research (1). 
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6.2 Protein X-ray crystallography of DHDPS-L 197D and 
DHDPS-L 197Y 

The technique of single crystal protein X-ray crystallography involves the 

interpretation of the diffraction of X-rays from the ordered array of protein molecules 

in a crystal, ultimately allowing the three-dimensional resolution of individual atoms 

(2). This method requires the production of protein crystals of sufficient size and 

quality to produce interpretable diffraction patterns in diffraction experiments. This is 

not a trivial task, and is the process that constitutes. the bottleneck in modern 

macromolecular crystallography (3,4). 

Crystallisation expeIiments were undertaken for both DHDPS-LI97Y and 

DHDPS-LI97D, following the recommendations of Bergfors (3). All crystallisation 

experiments were conducted at 4°C, in light of the observed reduced stability of these 

variants. Attempts to crystallise both dimeric variants under the same buffer 

conditions failed, presumably due to differences in solubility between the two. 

6.2.1 Crystallisation of DHDPS-L 197Y and diffraction data collection 

Crystallisation conditions for DHDPS-LI97Y were found initially using the sparse

matrix crystallisation screen, Crystal Screen (Hampton Research), using the hanging

drop vapour-diffusion technique. The protein was found to form needle-shaped 

crystals in a range of drops containing polyethylene glycol of different molecular 

weights and at different concentrations. 

FUlther trials, screening around the conditions under which crystals had been 

observed, yielded well formed crystals of approximately 0.2 mm x 0.2 mm x 0.5 mm 

in drops equilibrated against a well solution of 30% polyethylene glycol 1500 in 

20 mM Tris.HCI pH 8. Drops were prepared by adding 2 111 of well solution to 2 ~LI of 

7.5 mg/ml protein in 20 mM Tris.HCI pH 8. Crystals grown in this way formed 

slowly over a period of 2 to 3 months; however, crystallisation under these conditions 

was shown to be reproducible. 

X-ray intensity data collection was performed at 110 K from a single, mounted crystal 

that had been flash-frozen in liquid nitrogen after soaking in cryoprotectant consisting 
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of 10% glycerol in mother liquor. The crystal prepared in this way diffracted well to 

beyond 1.7 A resolution. 

6.2.2 Crystallisation of OHOPS-L 1970 and diffraction data collection 

Crystals of DHDPS-L197D of sufficient size for X-ray diffraction were produced 

using the hanging-drop vapour-diffusion method. Inital attempts at the crystallisation 

of DHDPS-L197D using the sparse-matrix crystallisation screen, Crystal Screen 

(Hampton Research), did not yield any promising leads for crystallisation using the 

hanging-drop method. Thus, a range of narrow grid screens was undertaken in which 

crystallisation conditions were chosen and varied based on prior knowledge of the 

properties of the protein gained during purification and characterisation. 

A screen in which ammonium sulfate was used as a precipitant at varied 

concentrations and pH yielded many, extremely small, but well shaped crystals in 

drops containing 2 ~l of 7.2 mg/ml protein and 2 ~l of well solution, and equilibrated 

against 2.6 M ammonium sulfate, 100 mM Tris.HCI, pH 7.5-8.5. As the nucleation 

rate in crystallisation experiments is often related to the degree of protein 

supersaturation (3), further grid screens were designed using lower precipitant and 

protein concentrations in an effort to produce few, but larger crystals. 

Optimisation in this way yielded well formed crystals of approximately 0.3 mm x 

0.3 mm x 0.5 mm in drops prepared with 2 ~LI of 7.2 mg/ml protein and 2 ~l of well 

solution, and equilibrated against 2.4 M ammonium sulfate, 100 mM Tris.HCI, pH 

8.15. Growth of crystals of similar quality was routinely reproducible using these 

conditions. Sitting-drop crystallisation experiments were also conducted under 

identical conditions; however the morphology of crystals produced by this technique 

was deemed unsuitable for X-ray diffraction data collection. 

X-ray diffraction data were collected as for DHDPS-L197Y. The cryoprotectant 

solution used here was mother liquor containing 25% w/v sucrose. This was chosen as 

trials had revealed that mounting of these crystals in standard cryoprotectant 

solutions, for example 10% v/v glycerol, resulted in rapid deterioration of both the 

appearance of the crystal and the resulting diffraction pattern. The crystal mounted in 

this way diffracted to beyond 2.0 A resolution. 
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6.2.3 Structure solution and refinement 

Diffraction data sets were processed and scaled using the program Crystal Clear (5). 

The merging R values were 0.072 and 0.051 for the DHDPS-L197Y and 

DHDPS-L197D data sets respectively. The crystal stmctmes were solved by 

molecular replacement using AMoRe (6,7), utilising the E. coli DHDPS monomer (1), 

as the search model. The crystal stmcture of DHDPS-L197Y was solved in the space 

group P2]2]21 and contained a dimer in the asymmetric unit. The DHDPS-LI97D 

structme was solved in the space group P432]2, with a single monomer in the 

asymmetric unit. 

Refinement of the molecular replacement solutions was achieved using REFMAC5 

(7,8). For this step, a glycine residue was placed at the position of the mutation. 

Manual model corrections were can-ied out using the program 0 (9,10) and new 

models were further refined using REFMAC5. The final refinement rounds involved 

the placement of solvent molecules using the program ARP (7,11) followed again by 

manual cOlTections using O. The quality of the structmes at all stages of the 

refinements was assessed using the program Procheck (7,12), which also served as a 

guide for rebuilding and corrections at each refinement round. In some cases, the side 

chains of amino acid residues could not be completely resolved due to insufficient 

electron density for rebuilding. In these cases, atoms that could not be accurately 

placed were deleted from the coordinate file. Data collection and refinement statistics 

are presented in Table 6.1. 

For the pmposes of direct comparison of the stmctures of the variants with that of the 

wild-type, overlays were produced using the least-squares alignment functions of O. 

Initially, alignments were produced by pairwise fitting of the a-carbon coordinates. 

These alignments were then improved by an algorithm for matching of stmctmal 

fragments (13), and the coordinates were transformed according to this fit to produce 

the overlay. Alignments were produced by matching of a single monomer from each 

stmctme, and also by matching of the variant dimers with the dimeric asymmetric unit 

solved for the wild-type. 
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Table 6.1 Data collection and refinement statistics for 
DHDPS-LJ97D clystal structures. 

DHDPS-L197D 

Data Collection 

Number of images 247 

Oscillation range CO) 0.3 

Number of Crystals 1 

Exposure Time (s) 240 

Camera length (mm) 170 

Data Processing 

Resolution (outer shell) 37.50-2.00 (2.052-2.00) 

Number of reflections (unique) 101273 (20562) 

Completeness (outer shell) 98.6 (89.3) 

Space group P432 j 2 

Unit Cell a,b,c (A) 50.71,50.71,222.82 

a,~,y(O) 

Rmerge (outer shell) 

Refinement 

RFree (outer shell)b 

RCryst (outer shellY: 

Solvent molecules 

Mean B-value 

Lm.s.d from ideal geometry 

Bond lengths (A) 

Bond angles (0) 

" Rmerge::: SUM (ABS(T <T») I SUM (1). 
h Rfree based on 5% of the total reflections. 
C Rer),,! = L(IFob,I-IFcalcl)/2:IFob,l. 

90.0, 90.0, 90.0 

0.051 (0.309) 

0.344 (0.425) 

0.307 (0.327) 

12 

40.05 

0.035 

2.077 
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the DHDPS-LJ97Y and 

DHDPS-L197Y 

316 

0.3 

1 

240 

100 

39.97-1.70 (1.76-1.70) 

313262 (86208) 

99.5 (99.8) 

P212 j 21 

60.48, 106.71, 120.66 

90.0, 90.0, 90.0 

0.072 (0.337) 

0.236 (0.348) 

0.198 (0.337) 

747 

16.82 

0.006 

1.013 

DHDPS-L197Y crystallised as a dimer analogous to the tight-dimer unit of wild-type 

DHDPS (Figure 6.1). Inspection of the crystal packing produced by space group 
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symmetry operations showed that crystal contacts between dimers in no way 

resembled the packing of dimers to form the tetra mer in the wild-type enzyme. In fact, 

no crystal contacts were found involving the exposed dimer-dimer interface surface. 

The final model contained two molecules in the asymmetric unit, each comprising the 

full sequence of 292 amino acid residues. The R Cryst and R Free values for the fully 

refined structure were 0.198 and 0.236 respectively. 

Figure 6.1 The crystal structure of DHDPS-LJ97Y. Subunits A and B associate toform a 
dimer analogous to the tight-dimer unit o.f wild-type E. coli DHDPS. 

6.3.1 General features of the structure 

The tertiary structure of wild-type DHDPS , as revealed by our structure (1) and 

reported elsewhere (14-16) , is maintained in its entirety throughout the structure of 

DHDPS-L197Y (Figure 6.1). Each monomer comprises two domains: the N-terminal 

(a/~) 8 barrel, consisting of residues 1-224, and the C-terminal a-helical domain, 

consisting of residues 225-292 (Figure 6.2). All details of the interface between the 

two monomers of DHDPS-L197Y are essentially identical to those of the major tight

dimer interface of the wild-type enzyme. 

Inspection of the Ramachandran plot (17) (Figure 6.3) revealed that the majority of 

non-glycine residues fell within the allowed regions for peptide torsion angles. 

However, two residues, Y107 and N156, lay outside these regions. Y107 from both 
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monomers lay in the disallowed region of the plot. This observation is entirely 

consistent with observations of our own structure (1) and with previous reports 

(14,16). 

Figure 6.2 The structure of the DHDPS-Ll97Y monomer showing the position of K161 
(yellow) a) shows a view looking through the (alP)/( barrel b) shows a view of the side of the 
(alP)/( barrel. 

Figure 6.3 Ramachandran plot of chains A and B in the asymmetric unit of 
DHDPS-Ll97Y. a, b, I, and p are allowed regions for torsion angles, -a, -b, -I, and -p are 
generously allowed regions for torsion angles, white regions are disallowed regions. A 
represents glycine residues and _ represents other residues. _ denotes residues in disallowed 
or generously allowed regions. 
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As detailed in sections 1.3.5 and 1.4.1, Y107 protrudes into the active site of one 

monomer from the neighbouring monomer of the tight-dimer unit and forms part of 

an essential catalytic triad motif that is involved in proton movement to and from the 

active site (18). Thus, torsional strain on this residue has been proposed to be 

associated intimately with catalytic function (14). The conformation of Y 1 07 and the 

proton relay triad is completely conserved in the structure of DHDPS-L197Y. 

N156 residues from both monomers of the DHDPS-Ll97Y dimer lay in a generously 

allowed region for peptide torsion angles. Torsional strain on this residue has not been 

observed in structures of the wild-type enzyme (14-16) or other mutants (18). This 

observation is addressed in section 6.3.3. 

6.3.2 Alignment of the DHDPS-L 197Y and wild-type DHDPS structures 

Alignment of monomer A of DHDPS-L197Y with monomer A of the wild-type 

structure resulted in an Lm.s.d for the a-carbon atoms of 0.23 A. Alignment of the full 

DHDPS-L197Y dimer with the tight-dimer unit of the wild-type enzyme yielded an 

Lm.s.d of 0.29 A for a-carbon atoms. An overlay of the a-carbon traces of the two 

structures produced from the dimer alignment is shown in Figure 6.4. 

Figure 6.4 Alignment 0/ the DHDPS-LJ97Y dimer (red spline) with the tight-dimer unit 
o/wild-type DHDPS (light blue spline). 
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From this overlay, it is clear that all secondary structural elements align throughout 

the structure with a high degree of similarity and that the monomers of the L197Y 

variant hold the same orientation, with respect to each other, as those of the wild-type. 

Where variations between the structures exist, these are generally small displacements 

of loop regions. However, it should be noted here that all loop regions carrying 

catalytic residues, lysine or substrate binding residues, and monomer-monomer 

interface residues show good alignment with those of the wild-type. 

6.3.3 Strained residue N156 

As mentioned in section 6.3.1, residue NIS6 was found to hold strained peptide 

torsion angles. Closer inspection of the structure of DHDPS-L197Y reveals that NIS6 

forms part of a loop region linking helix as to strand ~6 in the (a/~)8 barrel structure 

(Figure 6.5). The alignment indicates that this loop region had been displaced slightly 

and that the side chain of N156 had adopted a different rotamer in DHDPS-L197Y 

with respect to the wild-type structure. These changes are essentially identical in both 

monomers of DHDPS-L197Y; however, the reasons for the rearrangements are 

unclear. 

Figure 6.5 Close up of the single monomer alignment of the crystal structure of 
DHDPS-Ll97Y (red ::,pline) with that of wild-type DHDPS (light blue spline) showing the 
displacement of the loop region connecting helix as to strand fJ6 . 
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Since the end of strand ~6 distal to this loop holds the pyruvate binding residue, 

K161, the observed structural change was of interest. However, all atomic coordinates 

for K16l show excellent agreement with those of the wild-type enzyme (Figure 6.5) 

indicating that the structural shifts are local. Neither helix a5 nor strand ~6 were 

significantly displaced, and no rearrangements in main chain or side chain atoms of 

structural elements surrounding the loop are apparent from the alignment. 

Additionally, inspection of crystal packing reveals no crystal contacts in the vicinity 

of the loop. Thus, explanation of why this loop has shifted causing N 156 to adopt a 

strained conformation in the crystal structure of DHDPS-L197Y has proven difficult. 

6.3.4 The mutation site, Y197 

Figure 6.5 Residue YJ97 of DHDPS-Ll97Y covered by electron density calculated/or a 
model omitting this side chain. 2Fo-Fc electron density (blue) is contoured at J(J. 

A tyrosine residue was modelled at the site of the mutation during refinement as 

electron density appeared to guide rebuilding. 'Omit' electron density maps were 

produced to ensure this residue had been modelled correctly in the final model for 

DHDPS-L197Y. In order to remove model bias from the calculation of electron 

density maps around the mutated residue, the side chain atoms of both Y 197 residues 

were deleted from the final coordinate file. This edited model was then used to 

calculate structure-factors and produce electron density maps. Figure 6.5 shows that 
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the electron density calculated for the omit map agrees well with the modelled 

tyrosine side chain, indicating that this side chain had been modelled correctly. This 

also demonstrates that the required mutation is present, as was indicated by gene 

sequencing in section 3.2.5. 

Figure 6.6 Overlay of the mutation site of DHDPS-Ll97Y (yellow) with wild-type 
DHDPS (light blue) producedfrom the alignment of single monomersfrom the structures. 

The alignment of monomer A of DHDPS-L197Y with monomer A of the wild-type 

enzyme showed that the structure in the vicinity of the mutation was conserved, 

despi te the introduction of the bulky tyrosine side chain (Figure 6.6). Y 197 has 

adopted a rotamer similar to that of the leucine residue it replaced, which was as 

predicted from modelling experiments conducted prior to the production of the 

mutation. Secondary structural elements have not been displaced around the site of the 

mutation and side chains in direct contact with Y197 hold the same conformation as 

in the wild-type structure. R230 and N171, which, as described in section 2.6.2, are 

situated at the edge of the dimer-dimer interface contact area, both hold different side 

chain rotamers in DHDPS-L197Y with respect to the wild-type structure. This is 

likely to be an indirect result of the exposure of the interface surface, since main chain 

atoms have not been displaced. Also, electron density from wild-type structures has 

indicated that these two residues may have two possible side chain conformations. 

Thus, the introduction of the L197Y mutation into the DHDPS structure has not 
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caused gross structural rearrangements that may be transmitted throughout the protein 

structure. 

6.3.5 The active site 

As detailed in Chapter five, DHDPS-LI97Y displayed greatly attenuated catalytic 

efficiency when compared to wild-type DHDPS. It was suggested that, while unlikely, 

structural rearrangements within the active site of the variant may have caused this 

reduction in activity. However, the crystal structure of DHDPS-L197Y shows no 

gross rearrangements in the critical catalytic and binding residues of the active site 

that may account for the altered kinetic behaviour observed in this variant. 

Figure 6.7 Overlay of the active sites of DHDPS-LI97Y (yellow) and wild-type DHDPS 
(light blue) produced from the alignment of single monomers from the structures. 

The single monomer alignment of the wild-type and DHDPS-LI97Y structures 

showed that all active site binding and catalytic motifs were intact in the 

DHDPS-LI97Y structure and that no gross structural displacements had occurred 

with respect to the wild type structure. Figure 6.7 shows the overlay of the active sites 

detailing the the pyruvate binding residue, K161, and the intact proton relay triad 

consisting of Y133, T44, and Y107. The atomic coordinate errors estimated from the 

refinements of the two structures were 0.10 A and 0.11 A, for DHDPS-LI97D and the 

wild-type enzyme, respectively. Deviations between coordinates of corresponding 
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atoms in critical residues were generally below, or in the range of, the cumulative 

coordinate error for the two structures, indicating that no significant structural 

changes were present in the active site of DHDPS-L197Y. 

6.3.6 Unexplained density at K161 

Inspection of the electron density around the active site lysine residue, K161 , during 

refinement, and after production of the final model and maps, revealed unexplained 

density connected to the end of the side chain (Figure 6.8). Initially, it was presumed 

that this density was pyruvate, covalently bound as an imine or enamine to the side 

chain nitrogen of K161. This was a surprising result, since DHDPS-L197Y had been 

crystallised without the addition of pyruvate to the crystallisation buffer. Moreover, 

pyruvate had not been added to the protein preparation at any step during purification. 

Thus, the only exposure of the protein to pyruvate, prior to crystallisation, was inside 

the cell and in the crude cell lysate. 

Figure 6.8 Positive electron density (green) observed at K16J of DHDPS-LJ97Y. 
2Fo-Fc density is contoured at /rJ (blue), and Fo-Fc density is contoured at 3rJ (green) and 
-3rJ (red). 

Coordinates and restraint libraries for the various lysine-pyruvate adducts (Figure 6.9) 

were produced using the programs Sketcher (7) and Libcheck (7). Attempts to model 
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the planar imine or enamine into the extra density failed to satisfy suitably the 

observed electron density. The position of the carboxyl group of the bound pyruvate is 

clearly evident from the density and is consistent with published reports of the 

pyruvate bound wild-type structure (14) . However, the remaining density lies in a 

different plane and is inconsistent with the position of the C 3 atom of the bound, 

planar pyruvate. 

Figure 6.9 Possible structures of the pyruvate-bound active site lysine residue, K16J. 

0 0 0 -to- ~o- -~o-
N NH NH 

) ) ) 
K161 K161 K161 

Imine Enam ine Tetrahedral 
intermediate 

Consideration of the shape of the unsatisfied electron density indicated that the 

observed adduct may be tetrahedral. Thus, the tetrahedral reaction intermediate was 

modelled at this position. Refinement of this model produced a good fit to the density 

with only small peaks in the difference map (Figure 6.10) indicating that this was 

likely to be the identity of the observed adduct. Positive density observed beyond the 

oxyanion oxygen is presumed to be a hydrogen bonded water molecule. Negative 

density at and below the oxyanion oxygen may be due to incomplete occupancy at 

this position. 

Since this reaction intermediate would be expected to be highly unstable, the 

observation of this trapped adduct in DHOPS-L197Y is an extremely interesting 

result. The fact that this tetrahedral intermediate has remained bound throughout 

purification, repeated dialysis, and crystallisation of the protein is remarkable. This 

electron density has not been observed in the wild-type DROPS structures solved by 

us, where purification and preparation of protein for crystallisation was essentially the 

same as that for DHDPS-Ll97Y (1). Obviously, different buffer conditions were 

employed for crystallisation of wild-type DHDPS, but, again pyruvate, was not added. 
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Figure 6.10 Model of the tetrahedral reaction intermediate covalently attached to K 161 of 
DHDPS-Ll97Y. 2Fo-Fc density is contoured at la (blue), and Fo-Fc density is contoured at 
3a (green) and -3a (red). 

A possible reason for the persistence of the covalently bound tetrahedral intermediate 

at K 161 may be found in the hydrogen bonding pattern of the adduct (Figure 6.11). 

The carboxyl of the bound pyruvate is hydrogen bonded to the backbone nitrogens of 

both T44 and T45, and the side chain oxygen of T45. This is as observed in the 

pyruvate-bound wild-type DHDPS structures where pyruvate has been modelled as a 

planar adduct (14). Inspection of the position of the oxyanion oxygen atom reveals 

that this is in very close contact with the hydroxyl group of Y133, with an oxygen

ox ygen distance of 2.31 A. This fact, combined with the presence of excellent 

geometry for hydrogen bonding, suggests that these atoms are very tightly hydrogen 

bonded. Stabilisation of the oxyanion in this way may lead to stabilisation of the 

tetrahedral reaction intermediate and thus account for its persistence. This is explored 

further in Chapter seven. 
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Figure 6.11 Hydrogen bond coordination of the tetrahedral intermediate as modelled at 
Kl61 of DHDPS-Ll97Y. 

6.4 The crystal structure of OHOPS-L 1970 

DHDPS-L197D crystallised as a dimer that was produced by crystallographic 

two-fold symmetry operation on the single monomer in the asymmetric unit (Figure 

6.11). Like DHDPS-L197Y, crystal packing in no way resembled the packing of 

dimers in the tetramer and no crystal contacts were conveyed via the exposed 

interface sUlface. 

Refinement of the molecular replacement solution of this structure in space group 

P432 12 proved troublesome. The full length of the protein chain was resolved in 

electron density maps produced during refinement. However, many side chains 

towards the periphery of the protein lacked sufficient clear electron density to guide 

rebuilding, and side chains that were resolved were found to have much higher B 

values than those on the interior. Additionally, peaks corresponding to ordered water 

molecules were not evident in the numbers expected, based on prior experience. 

Density modification by solvent flattening failed to significantly improve electron 

density and attempts to solve the structure in alternative space groups of Laue class 

P4/mmm resulted in structures with unsatisfactory R values. 
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Inspection of the Wilson plots revealed that the Wilson B-factor for the data set was 

estimated at 33.9 A? This is in contrast to a value of 19.1 A? estimated for the 

DHDPS-L197Y data set, and values of around 20 A2 for the two wild-type structures 

and two other mutant structures (Dobson, R. C. J. pers. comm.) solved in this lab. 

Since the Wilson B-factor gives an indication of the average B value obtainable on 

model refinement, it is likely that the observation of thermal disorder in the 

DHDPS-L197D is real. Thus, difficulties experienced in the refinement of this 

structure may be due to this factor, perhaps combined with space group ambiguity. 

6.4.1 General features of the structure 

Rebuilding and refinement of the DHDPS-L197D model in the tetragonal spacegroup, 

P432 j 2, followed by placement of 12 resolved water molecules resulted in a final 

RCrys, value of 0.307 and an R Free value of 0.344. Figure 6.12 shows that the tertiary 

structure of the DHDPS-L197D dimer is essentially identical to that of the tight-dimer 

unit of wild-type DHDPS, and that the details of the monomer-monomer interface are 

conserved. 

Figure 6.12 The crystal structure of DHDPS-L197D. Subunits A and B associate via a 
crystallographic two-fold symmetry axis, to form a dimer analogous to the tight-dimer unit of 
wild-type E. coli DHDPS. 
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Analysis of peptide torsion angles in the solved monomer revealed that Y 1 07 remains 

in a strained conformation in the DHDPS-L197D variant (Figure 6.13), suggesting 

that this residue has adopted the correct position in the proton relay triad. As was 

found in DHDPS-U97Y, a second residue, in this case KISS, was found in the 

generously allowed region of the Ramachandran plot. KISS forms part of the same 

loop region linking helix as to strand ~6 in the (a/~)8 barrel structure that was found 

to be displaced in the DHDPS-L197Y structure. Inspection of the alignment of the 

DHDPS-L197D and wild-type DHDPS monomers (section 6.4.2) reveals that this 

loop is also displaced in DHDPS-U97D from its position in the wild-type structure, 

while helix as and strand ~6 remain in position (data not shown). Again the reason for 

this displacement is unclear from the DHDPS-LI97D structure. 

Figure 6.13 Ramachandran plot of the peptide chain in the asymmetric unit of 
DHDPS-LJ97D. a, b, I, and p are allowed regions for torsion angles, -a, -b, -I, and -p are 
generously allowed regions for torsion angles, white regions are disallowed regions. .6-
represents glycine residues and _ represents other residues. _ denotes residues in disallowed 
or generously allowed regions. 
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6.4.2 Alignment of the DHDPS-L 197D and wild-type DHDPS structures 

Alignment of monomer A of DHDPS-Ll97D with monomer A of the wild-type 

structure resulted in an r.m.s.d for the a-carbon atoms of 0.40 A. Alignment of the 

symmetry produced DHDPS-LI97D dimer with the tight-dimer unit of the wild-type 
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enzyme yielded an r.m.s.d of 0.45 A, indicating very high conservation of secondary, 

tertiary and quaternary structural details. Figure 6.14 shows the overlay of the 

a-carbon traces of the two structures produced from the dimer alignment. 

Figure 6.14 Alignment of the DHDPS-L197D dimer (red spline) with the tight dimer unit 
of wild-type DHDPS (light blue spline). 

Inspection of these alignments reveals that all secondary structural elements are intact 

and correctly positioned within the monomeric model of the structure of 

DHDPS-L197D. Inspection of the orientation of the monomers with respect to each 

other in the symmetry produced dimer shows a small shift in DHDPS-L197D with 

respect to the wild-type structure (Figure 6.14). The angle that the monomers make to 

each other, when viewed in the plane shown in Figure 6.14, has been altered in 

DHDPS-L197D, suggesting a slight hinging across the short dimension of the 

elliptical interface. This may be due to crystal packing causing subtle bending of the 

dimer. 

6.4.3 The mutation site, D197 

Modelling of the mutated residue, D197, proceeded as for DHDPS-L197Y. Density 

around this side chain calculated from an omit-map indicated an essentially planar 

side chain allowing the correct modelling of aspartate at this site (Figure 6.15) . 
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Figure 6.15 Residue DJ97 ofDHDPS-L197D covered by electron density calculatedfor a 
model omitting this side chain. 2Fo-Fc electron density (blue) is contoured at ](J. 

Figure 6.16 Overlay of the mutation site of DHDPS-LJ97Y (yellow) with wild-type 
DHDPS (light blue) produced from the alignment of single monomers from the structures. 

The single monomer alignment of DHDPS-L197D and the wild-type structures 

showed that the structure in the vicinity of the mutation was conserved in the variant 

(Figure 6.16) . 0197 has adopted a rotamer similar to that of the leucine residue it 
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replaced and side chains in direct contact with D197 hold the same conformation as in 

the wild-type structure. Secondary structural elements have also not been displaced 

around the site of the mutation, showing that gross structural alteration has not 

occurred as a direct result of the L197D point mutation. 

6.4.4 The active site 

Alignment of monomer A of DHDPS-L197D with monomer A of the wild-type 

enzyme showed that all active site binding and catalytic motifs were intact in the 

DHDPS-L197D structure. Figure 6.17 shows the overlay of the active sites detailing 

the pyruvate binding residue, K161, and the proton relay triad consisting of Y133, 

T44, and Y 107. Slight displacements of the side chains of the three residues forming 

the proton relay are evident from this alignment; however, given the limitations of the 

final model for DHDPS-L197D these may be exaggerated. Interatomic distances 

between relevant groups forming the proton shuttle in the variant remain consistent 

with strong hydrogen bonding, indicating that this motif remains intact. 

Figure 6.17 Overlay of the active sites of DHDPS-LJ97Y (yellow) and wild-type 
DHDPS (light hlue) produced from the alignment of single monomers from the structures. 
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6.4.5 Density at K161 

Like DHDPS-L197Y, DHDPS-L197D displayed extra electron density at the side 

chain of K161 (Figure 6.18). As the structure of DHDPS-L197D could not be fully 

refined, or perhaps due to incomplete occupancy, the form of this density is not as 

well defined as that in DHDPS-L197Y. Nevertheless, it is clear that the density does 

not represent a planar adduct at K161, and that the shape of the unsatisfied density is 

similar to that seen in DHDPS-L197Y. The position of the carboxyl group of 

pyruvate, as suggested by the density, is consistent with both DHDPS-L197Y and 

wild-type structures determined from pyruvate soaked crystals (14). The shape of the 

remaining density is consistent with the tetrahedral intermediate as modelled for 

DHDPS-L197Y and comprises a bulge corresponding to the putative water molecule 

hydrogen bonded to the oxyanion moiety. 

Figure 6.18 Positive electron density (green) observed at K16J of DHDPS-Ll97Y. 
2Fo-Fc density is contoured to JeJ (blue), and Fa-Fe density is contoured to 3eJ (green) and 
-3eJ (red). 

Again, DHDPS-L197D had been crystallised without the addition of pyruvate to the 

crystallisation buffer and pyruvate had not been added to the protein preparation 

during purification. Thus, the bound pyruvate was carried through processing of the 
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protein from the crude cell lysate, indicating that this variant was displaying 

behaviour similar to DHDPS-L197Y that has not been seen in the wild-type 

structures. 

6.5 Summary 

The crystal structures of the two obligate dimeric variants, DHDPS-LI97Y and 

DHDPS-L197D, were solved to resolutions of 1.7 A and 2.0 A respectively. The 

structures demonstrate that all details of the wild-type DHDPS tight-dimer structure, 

including active site motifs, are highly conserved in both variants. Electron density 

observed at K161, indicates that pyruvate is covalently bound to this residue in the 

form of the tetrahedral reaction intermediate, despite crystallisation in the absence of 

the substrate. This trapping of a Kl61-pyruvate adduct will be discussed further in 

Chapter seven. 
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Chapter Seven 

Summary and conclusions 

A model for the evolution of quaternary 
structure in E. coli DHDPS 

7.1 Introduction 

179 

The aim of this thesis, as set out in Chapter one, has been to investigate the functional 

and mechanistic advantages confened by the tetrameric structure of E. coli DHDPS. 

This project was undertaken in light pf structural data that suggested that the 

tight-dimer unit of the enzyme should display autonomous function, in terms of both 

catalysis and regulation. Chapters four, five, and six reported and discussed the results 

of the biophysical, kinetic, and high resolution structural characterisation of wild-type 

E. coli DHDPS, and the point-mutant variants designed and produced in Chapters two 

and three. 

The present chapter draws together and relates the results of all experiments presented 

in this thesis and offers a functional rationale for the existence of E. coli DHDPS as a 

. homotetrameric structure. Finally, based on this rationale, a model for the process of 

evolution of the quaternary structure in E. coli DHDPS is proposed. 

7.2 Schiff base formation is affected in dimeric variants of 
E. coli DHDPS 

As detailed in section 1.3.5, the first half reaction of DHDPS is initiated by 

nucleophilic attack of the s-amino group of K161 on the keto-group of pyruvate 

(Figure 7.1, step 1), resulting in formation of the Schiff base (step 2), followed by 

proton abstraction from the methyl carbon of pyruvate to form the en amine (step 3). It 

is this proton, released on formation of the enamine, that is proposed to constitute the 

first product of the reaction mechanism, thereby separating the two half reactions with 

regards to the ping-pong kinetic mechanism (1,2). . 
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Results presented in previous chapters of this thesis, and elaborated below, indicate 

that the transition from the tetrameric structure of wild-type E. coli DHDPS to the 

dimers of DHDPS-L197D and DHDPS-L197Y , affects this first half reaction. 

Figure 7.1 The first half reaction of DHDPS comprising the formation of an enamine 
between K161 and pyruvate with the release ofa proton. 
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The active site of DHDPS carries out two essential catalytic processes during the first 

half reaction. The first of these is the stabilisation of the oxyanion intermediate 

leading to the formation of the Schiff base. Structural (1) and mutagenesis (3) studies 

have provided evidence that Y 133 assists the reaction through a hydrogen bond 

between the side chain hydroxyl and the keto-oxygen/oxyanion of pyruvate. The 

second process is the movement of protons into and out of the active site, allowing the 

dehydration of the tetrahedral intermediate state and the subsequent tautomerisation of 

the Schiff base to the enamine. This is carried out by the triad of hydrogen bonded 

s ide chains, Y 133, T44, and Y 107, which function to shuttle protons between the 

active site and bulk solvent (1 ,3 ,4) (Figure 7.1). 

Figure 7.2 shows the configuration of the two active site proton-relay triads in the 

tight-dimer. As described in section 1.4.1, Y 107 protrudes into the active site of one 

monomer from the adjacent monomer of the tight-dimer, and forms a hydrogen bond 

with the side chain hydroxyl of T44. The side chain hydroxyl of Y 107 is also 

hydrogen bonded to an ordered water molecule at the surface of the protein, and thus, 

completes the proton-relay to bulk solvent. 
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Figure 7.2 The two proton-relay triads of the DHDPS tight-dimer. The two monomers of 
the tight-dimer are shown in light blue and yellow. 

7.2.1 Catalysis is attenuated in all variants 

The kinetic analysis presented in Chapter fi ve showed that all variants displayed 

attenuated catalytic efficiency when compared to the wild-type enzyme. This was 

most marked in the two obligate dimers, DHDPS-L197D and DHDPS-LI97Y, which 

retained 2.5% and 1.4% of wild-type activity respectively. This demonstrates that the 

association of two tight-dimer units to form the wild-type DHDPS tetramer is 

necessary for full catalytic activity. X-ray crystal structures showed that all secondary, 

tertiary, and quaternary structural details of the wild-type tight-dimer were completely 

preserved in the two dimeric variants, indicating that gross structural rearrangement in 

the variants was not responsible for the attenuation of catalysis. Thus, some other 

factor, present in the tetramer but lacking in the dimeric mutants , must account for the 

observed differences in catalysis. 

DHDPS-QI96D, DHDPS-DI93A, DHDPS-D193Y, and DHDPS-Q234D each 

display activity around 10-15% of that of wild-type DHDPS . DHDPS-QI96D and 

DHDPS-DI93A were found to display equilibria between dimer and tetramer in 

solution . Thus, significant populations of both dimer and tetramer in rapid equilibrium 

were present in the assay mixture, consistent with the activities observed, which were 



and conclusions 182 

intennediate between that of the wild-type tetramer and the variant dimers. Based on 

sedimentation velocity analysis, DHDPS-DI93Y, and DHDPS-Q234D were also 

assumed to display partial dimeric character, consistent with their observed activities. 

7.2.2 Pyruvate binding is hindered in the variants 

Concomitant with the observed reduction in catalytic activity was the observation of 

an increase in the Km for pymvate detelmined for each variant, indicating that binding 

of this substrate was hindered. Inspection of the kinetic parameters revealed that the 

magnitude of the increase in Kmpyr, relative to the wild-type enzyme, c011'e1ated with 

the degree of attenuation of catalytic efficiency in the variants. This suggested that 

attenuation of activity in the variants is related to pymvate binding. Additionally, the 

fact that all other raw kinetic parameters for all variants were completely consistent 

with those of wild-type DHDPS indicated that the major kinetic effect was on the first 

half reaction. 

7.2.3 DHDPS-L 1970 and OHOPS-L 197Y display a shift in kinetic 
mechanism 

The two dimeric variants, DHDPS-L197D and DHDPS-L197Y, displayed the 

characteristic initial rate patterns of the compulsory-order ternary-complex kinetic 

mechanism. This is in contrast to the ping-pong mechanism assigned for the wild-type 

enzyme (2) and means that the strict reaction sequence of wild-type DHDPS has 

become relaxed in these variants. 

In the classical form of the ping-pong mechanism, the fOlmation of a ternary-complex 

is structurally impossible because the binding sites for the two substrates are either the 

same or overlapping (5). Thus, the first half reaction must be completed, and the 

leaving group cleared from the active site, before the second substrate can bind and 

complete catalysis. 

In the context of the DHDPS reaction mechanism a shift in kinetic mechanism from 

ping-pong to temary-complex may indicate that (S)-ASA is able to bind to the 

enzyme, after pymvate binding, but before the fonnation of the Schiff base or the 

enamine, breaking down the distinction between the first and second half reactions. 

Presumably, this would also be possible in the wild-type enzyme, but would become 

much more apparent if the first half reaction were highly impaired or slowed. 
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7.2.4 Pyruvate has been trapped at the active site of OHOPS-L 1970 and 
OHOPS-L 197Y 

The remarkable observation of pymvate, covalently bound to K161 as the tetrahedral 

reaction intermediate in the stmctures of DHDPS-L197D and DHDPS-L197Y, is 

strong evidence that catalysis of the reaction of pymvate with K161 is impaired in 

these Valiants. That this adduct has persisted at the active site over numbers of 

months, through preparation, storage, and crystallisation, indicates that this 

intermediate reaction product is tmly trapped in the state observed in DHDPS-L197Y. 

7.3 The function of the proton-relay triad is impaired in the 
variants 

All results discussed in section 7.2 can be explained by impaired function of the 

proton relay triad (Figure 7.2) in all val-iants. It is proposed that the impaired function 

of this essential motif is due to dynamic flexing of the dimer about the long dimension 

of the elliptical contact between the monomers. The direct effect of this movement on 

the proton-relay is to alter the position and orientation of Y107, displacing the side 

chain hydroxyl and breaking or weakening hydrogen bonding to the side chain of T44 

(Figure 7.3). This would affect catalysis by reducing efficiency of proton movement 

by the triad, thereby raising the activation balTier and reducing the rate of reaction 

steps requiring proton movement. 

A rise in the barrier to dehydration of the tetrahedral intennediate to form the Schiff 

base in the val-iants (Figure 7.4) would slow the rate of this reaction, consistent with 

the reduced catalytic activity observed. In this situation, the bound pymvate will 

endure for a much longer peliod as the tetrahedral intermediate during the reaction 

cycle of the val'iants than in wild-type DHDPS. It is proposed that the binding of 

(S)-ASA to this enzyme-pyruvate complex acts, in part, to promote dehydration of the 

tetrahedral intermediate, allowing the reaction to proceed. In this case the reaction 

mechanism no longer proceeds through two distinct half reactions, explaining the shift 

in kinetic mechanism observed in the dimeric variants as discussed in section 7.2.3. 
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Figure 7.3 The proposed flexing movement of the monomers of the dime ric variants. aJ 
shows a schematic representation of the orientation of the flex. b J is a view of the 
proton-relay triads in the orientation depicted in aJ and shows the consequence of this fl exing 
on YI07. 
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Figure 7.4 Schematic energy diagrams for the reaction of pyruvate with K!6! to form a 
Sch(ff base. a) represents the reaction energetics proposed for the reaction in wild-type 
DHDPS. b) depicts the raised activation barrier to the dehydration step and the stabilisation 
of the tetrahedral reaction intermediate postulated for the dimeric variants DHDPS-LJ97D 
and DHDPS-LJ97Y. 
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This also provides an explanation for the observed long term trapping of the 

intermediate in DHDPS-L197D and DHDPS-L197Y. The persistence of the 

tetrahedral reaction intermediate facilitates further structural stabilisation of this 

intrinsically unstable adduct (Figure 7.4b). This is consistent with the very close 

contact observed between the oxyanion oxygen of the pyruvate and the hydroxyl 

group of Y133, as modelled in DHDPS-L197Y (Figure 6.11). Thus, the tetrahedral 
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intermediate has become trapped in a state from which the reaction can not proceed 

forwards or backwards at low temperatures. Since pyruvate is abundant in the cell, 

this substrate will continue to bind to the variant enzymes while in the crude cell 

lysate resulting in trapping of the intermediate. 

Energetic considerations suggest that the release of the trapped pyruvate adduct may 

be promoted at raised temperature. This is consistent with the puzzling results of 

Selwyn's test for DHDPS-L197D and DHDPS-L197Y described in section 5.4 where 

activation of the dimeric variants during assay was observed at 30°C. Building on this 

observation, further research carried out in this lab has explored the activation of the 

dimeric varaints by incubation at constant temperature over extended time periods 

prior to assay. These experiments showed that the initial velocity of both 

DHDPS-L197D and DHDPS-L197Y increases steadily over time when the enzymes 

are incubated at raised temperature with and without the presence of pyruvate. 

Identical incubations at 4°C failed to produce activation in the variants and no 

activation was seen in wild-type DHDPS at any temperature (Dobson, R. C. 1., 

Antonio, L. pers. comm.). 

Figure 7.S The heat activation of DHDPS-LJ97D as afunction of time at 4°C (blue) and 
42°C (red) in the presence of 20 mM pyruvate. Unpublished data provided by R. C. 1. 
Dobson. 
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7.4 The tetrameric structure of E. coli DHDPS allows efficient 
functioning of the active site proton-relay triad 

From these findings, it is possible to conclude that the tetrameric structure of E. coli 

DHDPS functions to facilitate optimal movement of protons into and out of the active 

site via the proton-relay triad. This is achieved by preventing the breathing or flexing 

movement discussed above and shown in Figure 7.3. Association of two tight-dimer 

units in the configuration present in E. coli DHDPS effectively rigidifies the dimers, 

specifically allowing YI07 to maintain its correct position in the proton relay triad. In 

this way, the problem of pyruvate trapping is avoided and optimal catalysis can 

proceed in the tetrameric enzyme. 

Figure 7.6 The heat activation of DHDPS-Y107F as a function of time at 4°C (blue) and 
4rC (red) in the presence of 20 mM pyruvate. Unpublished data provided by R. C. J. 
Dobson. 
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This conclusion predicts that the active site mutant, YI07F, would display similar 

behaviour to the obligate dimeric variants produced and investigated in this study. 

This mutation removes the side chain hydroxyl group that completes the proton-relay 

to bulk solvent and thus would be expected to severely attenuate activity of this motif. 

The crystal structure of the tetrameric DHDPS-Y 107F mutant was solved as part of a 

separate study carried out in this lab (3) and revealed density at K161 consistent with 

the tetrahedral reaction intermediate as observed in DHDPS-U97Y. Additionally, 

kinetic analysis of DHDPS-Yl 07F showed that activity was reduced when compared 

to the wild-type enzyme, and that the catalytic turnover of the mutant increased over 



HJlJ'11l11'lrV and conclusions 187 

time when incubated at raised temperatures (Figure 7.6). These findings add strength 

to the conclusions reached in this study. 

7.5 A model for the evolution of quaternary structure in 
E. coli DHDPS 

This conclusion can be extended to postulate a plausible progression for the evolution 

of the quaternary structure of E. coli DHDPS. 

Presumably, an ancestral monomeric DHDPS contained a proton-relay diad, 

comprising Y133 and T44. A bound water molecule, hydrogen bonded to T44, is 

likely to have completed the proton relay, facilitating proton donation to bulk solvent 

(Figure 7.7a). This is completely plausible since the crystal structure of 

DHDPS-Y107F revealed that the position of the side chain hydroxyl of Y107 had 

been replaced by an ordered water molecule that was hydrogen bonded to the side 

chain of T44 (3). This water molecule offered surrogate proton-relay activity, thereby 

avoiding complete abolition of activity in the mutant. 

Association of two identical monomers to fOl1n a dimeric enzyme completed the 

proton-relay triad via interdigitation of Y107 residues. This made possible an increase 

in the catalytic rate of the enzyme by increasing efficiency of proton movement, 

provided the dimer adopted an appropriate configuration for hydrogen, bonding of 

Y107 (Figure 7.7b). Since the dimel'ic structure can breathe in solution, flexing at the 

inteliace hindered placement of the tyrosine side chain, and catalysis remained 

sub-optimal at mesophilic temperatures. 

The structure of DHDPS from the ancient hypeIthermophile, Thermotoga maritima 

(6), has recently been deposited in the protein data bank (PDB code lOSK). 

T. maritima represents the deepest known branching point in the eubacterial line of 

descent, and is the most slowly evolving of eubacterialIineages (7). Characterisation 

of the quaternary structure of this enzyme is incomplete (Lesley, S. A. pers. comm.); 

however, measurements suggest that the protein displays at least prutial dimeric 

character. This lends support to the hypothesis that the enzyme evolved via this tight 

dimer fonn. Additionally, pyruvate is observed at the active site of T. maritima 

DHDPS despite crystallisation in the absence of this substrate, suggesting that a 

similru' trapping process has occuned. In this case, the problems associated with the 
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potential trapping of the tetrahedral reaction intermediate are avoided in vivo, since 

the optimal growth temperature of T. maritima is around 80°C (6). 

Figure 7.7 A model for the evolution of quaternary structure in DHDPS. a) A putative 
monomeric ancestor of DHDPS may have had a bound water molecule participating in 
proton-relay to bulk solvent. b) Dimerisation of identical monomers completed the 
proton-relay triad by interdigitation of tyrosine residues at the inteiface but flexing of the 
dimer hindered efficiency of the catalytic triad. c) Tetramer formation rigidified the dimers, 
resulting in optimal catalysis by the proton-relay triad. 
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In the modern DHDPS enzymes, breathing is overcome by association of two 

tight-dimer units and the enzyme reaches optimal catalytic efficiency by restriction of 

monomer movement within the dimer. Association of the dimers to constrain the 

proposed flexing of the monomers of the tight-dimer can conceivably occur in two 

alternate orientations (Figure 7.7c) and both tetrameric architectures have been 
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observed in nature. Figure 7.7c i) shows the configuration of the E. coli enzyme 

(Figure 7.8a). Alternatively, the configuration shown in Figure 7.7c ii) will have a 

similar effect. This configuration has been found in plant DHDPS (Figure 7 .8b). 

Figure 7.8 The tetrameric structures ofE. coli DHDPS (a) and N. sylvestris DHDPS (b). 

7.6 Conclusion 

A functional advantage of the tetrameric structure of E. coli DHDPS , over a minimal 

dimeric structure, has been identified. It has been shown in this study that the 

tetrameric architecture of the enzyme serves to prevent dynamic breathing or flexing 

movements within the tight-dimer units of the structure, thereby allowing efficient 

catalysis via a proton-relay motif. It is proposed that, initially, the complete formation 

of this motif and subsequently, the achievement of optimal catalytic efficiency via this 

motif, have acted as driving forces for the evolution of the tetrameric quaternary 

structure of E. coli DHDPS. 

This regulation of structural dynamics offers a functional advantage of oligomeric 

structure that may be of great importance in a range of oligomeric proteins with 

widely divergent functions. Such dynamic considerations have perhaps escaped 

attention in the past due to the focus on static images derived from X-ray 

crystallography. Greater insights into the role of quaternary structure in protein 

science will emerge as our appreciation of the dynamics of these structures develops. 
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Chapter Eight 

Experimental 

8.1 Materials 

Unless otherwise stated, chemicals were purchased from Aldrich Chemicals or Sigma 

Chemical Company Ltd (Castle Hill, Australia). Media for bacterial cultures was 

purchased from Invitrogen (Christchurch, New Zealand). SDS-PAGE gels were 

provided by Gradipore Ltd (Frenchs Forest, Australia). Restriction enzymes were 

supplied by Roche (Christchurch, New Zealand). Bio-Rad protein assay kit and DNA 

ladders were purchased from Bio-Rad Laboratories (Auckland, New Zealand). 

Column chromatography media were purchased from GE Healthcare (Auckland, New 

Zealand) as Hi-Trap pre-packed columns or as a loose gel, which was packed in 

Pharmacia XK type columns. 

8.2 Microbiology and molecular biology methods 

The laboratory texts 'Molecular Cloning: A laboratory Manual' by Sambrook (1) 

et al. and 'A short course in bacterial genetics; a lab manual and handbookfor E. coli 

and related bacteria' by Miller (2) were invaluable as references for protocols in the 

manipulation of bacaterial strains and DNA. 

8.2.1 Bacterial Strains 

Two bacterial strains were used routinely in this study. E. coli XL-I Blue (genotype 

recAI, endAI, gyrA96, thi-l, hsdR17, supE44, reIAI, lac [F' proAB lad Z~MI5) was 

obtained from Stratagene as part of the QuikChange site-directed mutagenesis kit (3). 

AT997r- (genotype - reIAI, spoTI, dapAl5, thi-l, A-, recA-) was produced from 

AT997 by phage transduction and recombination using P1vir by Dobson (4) in this lab. 

A T997 was a gift from the E. coli genetic stock centre, Yale University (CGSC# 

4547). T~e strain was originally characterised as a dapC mutant (5) but was later 
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reassigned as a dapA mutant after showing that the dapA gene, if in trans, rescued the 

strain when grown on minimal media (6). 

8.2.2 Plasm ids 

All plasmids utilised in this work (Table 8.1) were based on the vector pBluescript 

KS+ (St:ratagene). The genes dapA and dapB encode dihydrodipicolinate synthase 

and dihydrodipicolinate reductase respectively, and had been previously cloned into 

pBluescript KS+ by others (7-9). 

Table 8.1 Plasmids used for protein expression and their associated genotypes. 

Plasmid Relevant genotype 

pJG001 (8) ::dapA, Ampf 

pJK001 (9) ::dapB, Ampf 

pL197D ::dapA-Ieu197asp, Ampf 

pL197Y ::dapA-leu197tyr, Ampf 

pQ196D ::dapA-,gln196asp, Ampf 

pD193A ::dapA-,asp193ala, Ampf 

pD193Y ::dapA-,asp193tyr, Amp" 

pQ234D ::dapA-,gln234asp, Ampf 

8.2.3 Bacterial cultures 

All media and equipment for culture of bacteria were sterilised by either autoclave at 

121 DC for 20 min or by filtration through a 0.2 micron acrodisc (Gellman Sciences), 

or were purchased sterile. Solutions were prepared in sterile deionised or double 

distilled water. Standard sterile technique was employed in all manipulations of 

bacterial cultures and each experiment was accompanied by an appropriate control to 

monitor for contamination. 
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8.2.4 Media 

Luria-Bertani medium (LB) 

LB base was supplied by Gibco BRL in a ready to use powdered form. 20 g of LB 

base was added to 1 L of water, the pH was adjusted to 7 by addition of NaOH, and 

the media was autoclaved. 

Minimal Media 

10.6 g of minimal salts media (Gibco BRL) was added to 1 L of deionised water and 

autoclaved. 10 mIlL of filter-sterilised 10% glucose was added to this media prior to 

use. 

NZY+ broth 

10 g NZ amine, 5 g yeast extract, and 5 g NaCI was added to 1 L of sterile distilled 

water. The pH was adjusted to 7 with the addition of NaOH before the media was 

sterilised by autoclave. 12.5 ml of sterile 1 M MgCb, 12.5 m1 of sterile 1 M MgS04, 

and 20 ml of sterile 20% glucose were added prior to use of the media. 

soc 

Media was prepared in sterile distilled water to final concentrations of 2% w/v bacto

tryptone, 0.5% w/v yeast extract, 10 mM NaCI, 2.5 mM KCl, 10 mM MgCb, 

10 mM MgS04, and 0.36% w/v glucose. This was then pH adjusted and sterilised by 

autoclave. 

8.2.5 Antibiotics and nutritional supplements 

Table 8.2 Antibiotic concentrations usedfor bacterial selection. 

Supplement [Stock] mg mrl [Working] fig mrl 

Ampicillin 100 100 

Tetracycline 25 25 

meso-Diaminopimelate 10 50 
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1000x or 200x concentration stock solutions of antibiotics and supplements were 

sterilised by filtration, where required, and stored at -20°C. Stock and working 

concentrations used for bacterial selection are shown in Table 8.2. 

8.2.6 Plate preparation 

Molten media containing 15 giL agar at -50°C was supplemented with the 

appropriate antibiotics, and poured directly into sterile petri dishes in a laminar flow 

hood or close to a flame. Minimal media plates were prepared from agarose, and 

minimal salt solution that had been sterilised separately and mixed immediately prior 

to pouring. Any bubbles were removed by flaming of the surface of the plates before 

setting. The plates were allowed to set overnight before use and could be stored for 

several weeks if sealed and kept at 4°C. Plates for blue/white selection were prepared 

by spreading 8 !ll of 100 mg/mllPTG and 40 III of 20 mg/ml X-gal onto the surface. 

DMSO, which is used to dissolve the lPTG, was removed by incubation at 37°C for 2 

hours. 

8.2.7 Bacterial culture 

Agar plates were streaked with the appropriate strain from a glycerol freeze, an 

overnight culture, or a single colony on an agar plate using a flame-sterilised 

nichrome wire. The plates were incubated overnight at 37°C. Individual colonies were 

selected and used to inoculate 3 ml of liquid medium. Starter cultures were grown 

overnight in a shaker incubator at 37°C with shaking at 180 rpm and subsequently 

used to inoculate larger quantities of media. 

8.2.8 Preparation of glycerol 'freeze stocks for strain storage 

1.5 ml of overnight culture was centrifuged at 5000 g for 5 min in a screw top 

cryo-storage tube and the supernatant aspirated. 750 III of 20% glycerol in LB media 

was then added and the pellet resuspended gently before storage at -80°C. 

8.2.9 Electroporation transformation of AT997( 

Competent cell preparation 

3 ml of media containing the appropriate antibiotics and supplements, was inoculated 

with bacteria from a freshly streaked agar plate, and the culture was grown overnight. 
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A 1150 volume of this ovemight culture was then used to inoculate fresh media, which 

was incubated at 37°C with shaking at ISO rpm. Cells were grown to an A600 of 

approximately O.S, chilled on ice for 15 min, and harvested by centrifugation at 4000 

g and 4°C for 5 min. The cell pellet was washed with one culture volume of cold 

sterile water and centrifuged as before. This wash process was repeated twice using 

0.5 and 0.05 culture volumes of cold sterile water. The final cell pellet was re

suspended in 1/200 culture volumes of ice-cold 10% vlv glycerol in water, and 40 III 

aliquots were stored at -SO°c. 

Transformation 

Competent cells were removed from the storage and defrosted on ice 15 min prior to 

transformation. Plasmid DNA (usually 1 III dissolved in either distilled water or low 

ionic strength buffer) was added to the cells before transferral to a pre-chilled, 0.2 em 

gap, electroporation cuvette. Electroporation was performed on a Bio-Rad Gene 

Pulser set to 2.5 kV at 25 IlF with the pulse controller set at 200 n. After delivery of a 

single pulse, the cells were immediately re-suspended in I ml of SOC medium, and 

elaborated at 37°C with gentle shaking for 1-2 hours. This elaborated culture was 

spread on LB agar plates with the appropriate selection and supplements, and 

incubated ovemight. A transformation control, containing no plasmid DNA, was 

prepared in parallel with each transformation performed. 

8.2.10 Transformation of AT997( by the calcium chloride method 

Competent cell preparation 

3 ml of media containing the appropriate antibiotics and suplements, was inoculated 

with bacteria from a freshly streaked agar plate, and the culture was grown ovemight. 

A 1150 volume of this ovemight culture was used to inoculate fresh media, which was 

incubated at 37°C with shaking at ISO rpm. Cells were grown to an A600 of 

approximately O.S, chilled on ice for 15 min, and harvested by centrifugation at 4000 

g and 4°C for 5 min. Cells were washed with 114 culture-volume of ice cold 10 mM 

NaC!, then centrifuged as before. A second wash in liS culture volume of ice cold 100 

mM CaCh was performed and again centrifuged. The cells were finallyre-suspended 

in a 1115 volume of ice cold 100 mM CaCh and 100 III aliquots were stored on ice for 

5 hours before transformation. 
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Transformation 

1 III of DNA was added to an aliquot of competent cells and incubated on ice for 

0.5-1 hours. 1 rn1 of SOC medium was then added to the transformation before 

elaboration at 37°C with gentle shaking for 1 hour. The elaborated culture was spread 

on LB agar plates, with the appropriate selection and supplements, and incubated 

overnight. A transformation control, containing no plasmid DNA, was prepared in 

parallel with each transformation performed. 

Standard CaCh transformation protocols employ a heat pulse at 42°C after 

transformation (1); however, this step was found to cause a low rate of reversion 

(section 3.4.1) of the dapA phenotype in AT997r-, and was therefore omitted. 

8.2.11 Standard plasmid preparation by alkaline lysis 

Solution 1 

Solution 2 

Solution 3 

50 mM glucose 

10mMEDTA 

25 mM Tris.HCl pH 8.0 

0.2 M sodium hydroxide 

1% SDS 

3 M sodium acetate pH 4.8 

11.5% v/v glacial acetic acid 

40 mM Tris-acteate pH 8.0 

1 mMEDTA 

A single bacterial colony was used to inoculate 3 ml of LB broth containing 

appropriate antibiotics which was incubated overnight at 37°C with shaking at 180 

rpm. 1.5 ml of culture was then transferred to a centrifuge tube and centrifuged at 

10,000 g and 4°C for 2 min. The supernatant was removed by aspiration and the pellet 

resuspended in 100 III of ice-cold solution 1 before incubation on ice for 10 min. 200 

III of freshly prepared solution 2 was then added, mixed by gentle inversion, and 

incubated on ice for 5 min. 150 III of ice-cold solution 3 was added to this preparation 

and mixed gently until a white precipitate formed. This was incubated on ice for 20 

min before centrifugation at 12,000 g for 5 min. 250 III of 95% ethanol was added to 

the decanted supernatant, mixed, and incubated on ice for 5 min. After centrifugation 
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at 12,000 g for 5 min, the supernatant was carefully removed and the DNA pellet 

rinsed twice with 1 ml of 70% ethanol at 4°e followed again by centrifugation. The 

final pellet was dissolved in 200 III of 3 M sodium acetate and vortexed briefly. 400 

III of 100% ethanol at 4°e was then added and the solution stored on ice for 10 min. 

The tube was finally centrifuged at 12,000 g for 5 min and the supernatant was 

aspirated. The pellet was dried in a 37°e incubator and, if no further purification was 

required, dissolved in 10 III of T JOEl buffer or distilled water. 

RNA precipitation and removal 

The dried, ethanol washed, pellet was re-dissolved in 100 III of ice cold T wEI and 

incubated on ice for 30 min. 100 III of ice cold 3 M Liel was then added, and the 

resultant solution incubated on ice for 30 min. This was then centrifuged at 11,000 g 

for 10 min and the supernatant poured into a fresh centrifuge tube containing 0.54 

volumes isopropanol. After incubation on ice for 10 min and centrifugation at 11 ,000 

g for 10 min the pellet was washed with ethanol and dried as above. The pellet from 

this RNA precipitation step was re-suspended in 200 III of T wEI and any residual 

RNA was digested by addition of RNase A and incubation at 37°e for 30 min. 

Phenollchloroform protein extraction 

After incubation, 200 III phenol and 200 III chloroform:isopropanol (1:1) was added, 

the solution gently mixed, and centrifuged at 13,000 g for 5 min at room temperature. 

The aqueous layer was then transferred to a new centrifuge tube containing 200 III 

phenol and 200 III chloroform:isopropanol and the process repeated 2-3 times. 

Finally, the aqueous layer was removed and added to 0.125 volumes of 2 M 

potassium acetate in 2 volumes of cold ethanol in a new tube. This was mixed, 

incubated on ice for 10 min, and centrifuged at l3,000 g and 4°e for 10 min. The 

DNA pellet was then rinsed with ice-cold ethanol, briefly centrifuged, and dried as 

above. The dried, purified DNA pellet was re-suspended in 10 III of TIOEl buffer or 

distilled water. 

8.2.12 Restriction digests 

Restriction digests were performed in 10 III volumes. A typical protocol is illustrated 
, 

with the double digest of pJGOOl with the restriction enzymes EcoR I and Hind III. 

The reaction mixture contained 7 III distilled water, 1 III DNA solution (-300 ng 
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DNA), 1 III lOx reaction buffer, 0.5 III EcoR I (5 Units), and 0.5 III Hind ill (5 Units). 

This was incubated for 2 hours at 37°C before electrophoresis. 

8.2.13 Agarose gel electrophoresis 

Loading dye 

TAE buffer 

30% v/v glycerol 

0.25% w/v bromophenol blue 

0.25% w/v xylene cyanol 

40 mM Tris-actate pH 8.0 

1 mMEDTA 

Restriction fragments were typically mapped on a 1 % w/v agarose gel against a 1 kb 

andlor a 100 bp ladder. When the fragments to be viewed were small «500 bp) a 

1.5% agarose gel was used. 30 ml of agarose in TAE buffer was cooled to ~50°C and 

poured into a gel casting tray. The gel was allowed to set completely (~30 min) before 

the well comb was removed and the casting tray was transfened into a gel tank 

containing TAE buffer. The gel was loaded with digested or uncut DNA in loading 

buffer, and DNA ladder. Electrophoresis was conducted at 60 V for two to three hours 

or until the bromophenol blue band was nearing the end of the gel. The gel was 

stained with 0.5 mg/ml ethidium bromide for 20 min and the DNA fragments were 

visualised under 302 nm UV radiation. 

8.2.14 peR site-directed mutagenesis 

Site-directed mutagenesis was carried out as described in the Stratagene QuikChange 

site-directed mutagenesis manual (3). 

Primer Design 

Mutagenic primers introduce specific alterations into each strand of the template DNA 

by incorporation into the plasmid during the PCR step. Primers were designed 

according to the recommendations of the QuikChange site-directed mutagenesis 

manual (3) as follows. 

Firstly, both primers contained the desired mutation and annealed to the same 

sequence on opposite strands of the plasmid. The primers were between 25 and 45 
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bases in length and had a calculated melting temperature (T m) > 78°C according to 

Equation 8.1. 

Tm == 81.5 + 0,41 (%GC) - 6751N % mismatch Equation 8.1 (3) 

where N is the primer length in base pairs. The base substitutions were placed in the 

middle of the primer with at least 10-15 bases of correct flanking sequence. Finally, 

the primers were designed with a GC content of over 40% and with one or more C/G 

bases at each terminus. 

The primer design process can be followed using the primers for the L197D mutation 

as an example. The dapA sequence around Ll97 (red) is shown below. 

5'GAT GCG AGC GCG CTG GAC TIC ATG CAA TTG GGC GGT CAT GGG GTT ATT3
' 

Ll97 

Possible codons for aspartate are GAT and GAC, thus a three base mutation was 

necessary for the substitution at L197. By introduction of the silent mutation, CAA to 

CAG, in the previous codon, Q 196, a recognition site for the restriction endonuclease, 

Fok I, was generated at the mutation site. The 40-mer primers incorporating a four 

base mutation (blue) are shown below. 

Primer L197D#1 

5'GCG AGe GeG CTG GAC TTC ATG CAG GAT GGC GGT CAT GGG G3
' 

(23) D197 (13) 

Primer L197D#2 

S'c CCC ATG ACC GeC ATC CTG CAT GAA GTC CAG CGC GeT CGe3
' 

(13) D197 (23) 

Primers were purified by Gibco BRL using PAGE. 

PCR Reaction conditions 

Three PCR reactions were prepared containing 10, 20, and 50 ng of template DNA. 

The reversion mutation of p Whitescript with mutagenic primers was used as a 

diagnostic control for this step. The pWhitescript plasmid has a point mutation in the 

lacZ gene (~-galactosidase) generating a stop codon at the ninth position of the coding 
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region. Mutagenic primers replace the stop codon with a glutamine codon restoring 

activity to the enzyme and allowing the determination of mutational efficiency by the 

proportion of blue/white colonies on IPTG/X-Gal plates. Mutagenesis reactions were 

prepared using plasmid pJGOOI as template DNA. This was isolated from E. coli 

XL-I-pJGOOI by alkaline lysis, and purified by RNA precipitation and phenol 

chloroform protein extraction (section 8.2.11). The DNA was quantified 

spectrophotometerically and the reactions where performed in thin walled peR tubes 

as in tables 8.3 and 8.4. 

Table 8.3 Preparation of mutagenesis reactionfor the L197D mutation ofdapA. 

lOx reaction buffer 

pJGOOI template 4.1-kb plasmid 

L197D#1 

L197D#2 

dNTPmix 

double-distilled water (ddH20) 

Pfu Turbo DNA polymerase 

[Initial] 

18.5 ng/fll 

9.41 ng//-Il 

7.21 ngl/-ll 

2.5 Units//-Il 

Volume (Ill) 

5 

2.7 

13.28 

17.17 

1 

9.85 

1 

Table 8.4 Preparation of the pWhitescript control mutagenesis reaction. 

[Initial] Volume (/-11) 

lOx reaction buffer 5 

p Whitescript4.5-kbcontrol plasmid 5 ngl/-ll 2 

oligonucleotide control primer#l 100 ngl/-ll 1.25 

oligonucleotide control primer#2 100 nglfll 1.25 

dNTPmix 1 

Double-distilled water (ddH2O) 37.5 

Pfu Turbo DNA polymerase 2.5 Units//-II 1 

Amount (ng) 

10-50 

125 

125 

Amount (ng) 

10 

125 

125 
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Each reaction was overlaid with mineral oil to prevent evaporation and the peR 

reaction carried out in a thermocycler equipped with a "hot bonnet", which also 

helped to prevent evaporation. 

Table 8.5 peR cycling parameters used for mutagenesis reactions 

step Temperature (0C) Time (min) 

1 95 0.5 

2 95 0.5 

3 55 1 

4 68 12 

5 steps 2-4 repeated 12 times 

Agarose gel electrophoresis was performed using 10 III of the reaction product to 

confirm amplification of the template plasmid. 50 ng of template DNA was also 

electrophoresed in parallel to aid comparison. 

Template Digestion 

1 III of Dpn I (10 Units), was added to each of the amplification reactions below the 

mineral oiL Dpn I is a methylated and hemimethylated specific enzyme, which digests 

the super coiled parental template DNA while leaving the mutated cDNA intact The 

reaction mixture was gently, but thoroughly, mixed and incubated at 37°e for 1 hour. 

Transforming Epicurean coli XL-1 Blue supercompetent cells 

Epicurean coli XL-l Blue competent cells were gently thawed on ice and 50 III 

aliquots transferred to pre-chilled Falcon 2059 polypropylene tubes. 1 III of mutated 

DNA was added to separate aliquots, mixed gently by pipetting and incubated on ice 

for 30 min. The transformation reaction was heat pulsed for 45 seconds at 42°e, and 

then placed on ice for 2 min. 0.5 rnl of NZY + broth, preheated to 42°e, was added 

and incubated 37°e for 1 hour with shaking at 225-250 rpm. 

DNA sequencing 

DNA sequencing reactions were performed at the Auckland Genomics Unit. Plasmids 

to be sequenced were prepared to the highest quality, quantified 
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spectrophotomec tric ally, and sequenced using BigDye dye tenninator chemistry 

(Applied Biosystems). 

8.3 Biochemistry general methods 

Unless otherwise stated, enzymes were manipulated on ice or at 4°C. All enzymes 

were routinely stored in 20 mM Tris.HCI pH 8 at 4°C (buffer A) at -20°C in 1 ml 

aliquots. pH measurements were made using a standard pH meter fitted with a Russell 

Combination (Tris compatible) Electrode type number TRiCMA W711 ITB. 

Centrifugation was performed in an Eppendorf Centrifuge 5430, on a small scale 

«1.5 ml) at up to 15,000 rpm using a 16 F24-11 rotor, and on a large scale « 50 ml) 

at up to 11,000 rpm using a 16A4-44 rotor at 4°C. Chromatography columns were mn 

using Gilson Minipuls M312 peristaltic pumps with Gilson Model 740 system control 

software and a Gilson FC-203B fraction collector. PAGE was routinely run on a 

Bio-Rad Gel Electrophoresis Unit, using a Bio-Rad 300 power pack. Ultraviolet (UV) 

spectroscopy was perfonned on a Hewlett Packard 8452A Diode Array 

Spectrophotometer with a circulating water bath to maintain a constant temperature. 

8.3.1 Standard Bradford assay for determining protein concentration 

800 pI of appropriately diluted protein solution was added to 200 pI of Bradford 

reagent (10) and mixed thoroughly. The solution was incubated at room temperature 

for exactly 10 min before measurement of the absorbance at 595 nm against a blank 

consisting of 800 111 of sample buffer and 200 III of Bradford reagent. Protein 

concentrations were obtained from a calibration curve generated in parallel using BSA 

obtained from Sigma. All measurements were prepared in duplicate. 

8.3.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Electrophoresis tank buffer 

Coomassie Blue Stain 

0.3% w/v Tris.HCl 

14.4 % w/v glycine 

1% w/v SDS 

1 % w/v Coomassie blue 

50% v /v methanol 

10% v/v glacial acetic acid 
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2x Sample treatnzent buffer 

5% v/v methanol 

10% v/v glacial acetic acid 

0.125 M Tris.HCI pH 8.0 

4% w/v SDS 

20% v/v glycerol 

10% v/v 2-mercaptoethanol 

0.25% w/v bromophenol blue 
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For routine analysis of protein samples, pre-cast 8-16% gradient gels were used. 

Samples to be loaded were diluted with buffer to allow the loading of ~20 flg of total 

protein, and then mixed with an equal volume of 2x treatment buffer. Samples were 

incubated at 100°C for 2 min then briefly centrifuged before loading into the wells of 

the gel. Electrophoresis was conducted at 4°C at a constant voltage of 150 V until the 

bromophenol blue had run to the bottom of the resolving gel. The gel was then stained 

with Coomassie blue stain for 30 min, followed by destaining. 

8.3.3 Preparation of dialysis tubing 

Dialysis tubing was boiled for 10 min in a solution of 2% w/v sodium bicarbonate and 

0.05% w/v EDTA. Care was taken to ensure the tubing remained submerged at all 

times. The tubing was then boiled for a fUlther 10 min in deionised water, and this 

step was then repeated. The solution was cooled and the tubing stored in 0.02% w/v 

sodium azide for up to three months. 

8.4 Overexpression and purification of wild-type and mutant 
DHDPS enzymes - modified from (11) 

Buffer A 20 ruM Tris.HCI pH 8 at 4°C 

8.4.1 Growth of coli XL-1 Blue-pJG001 and E. coli AT997r" 

Cultures of E. coli XL-l Blue-pJGOOI or E. coli AT997r- containing the appropriate 

variant plasmid were streaked on LB agar plates containing appropriate antibiotic 

selection and grown overnight (37°C). A single colony was then selected and used to 

inoculate 3 ml of LB broth containing antibiotics, which was incubated overnight at 

37°C with shaking at 180 rpm. From this overnight culture, 1 ml was used to 
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inoculate 1 L of LB broth containing selection and incubated for 20 hours as above. 

The cells were chilled on ice for 30 min and harvested by centrifugation at 5,000 g for 

10 min. Cells were washed by re-suspending in 0.5 culture volumes of buffer A with 

gentle pipetting. The cell suspension was centrifuged at 5,000 g for 10 min and the 

supernatant was discarded. The cell pellet was re-suspended in a small volume of 

buffer A and centrifuged again as before. The final cell pellet was resuspended in 30 

ml of buffer A. One L of inoculated LB broth gave approximately 4 g wet-weight of 

cells. 

8.4.2 Preparation of a crude cell free extract by freeze thaw cycling 

Harvested resuspended cells were nash frozen in liquid nitrogen and gently thawed by 

incubation on ice overnight. Repetition of this process for 7 cycles allowed gentle, 

selective release of cell contents. The cell free extract was then obtained by 

centrifugation at 10,000 g for 10 min and collection of the supernatant. 

8.4.3 Preparation of a crude cell free extract by sonication 

Harvested resuspended cells were subjected to ultrasonication in cycles of 3 sec bursts 

followed by 10 sec pauses. Sonication was continued until the cell suspension had 

received approximately 5,000 J. The supernatant was collected after centrifugation at 

10,000 g for 15 min and the remaining pellet was re-suspended in buffer A. The 

sonication process was repeated once and the supernatant cell free extracts pooled. 

8.4.4 Heat Shock of wild-type DHDPS 

1 ml aliquots of the crude sonication extract were added to sterile centrifuge tubes. 

These were heat pulsed for 2 min at 70°C and immediately cooled on ice. After 

centrifugation at 15,000 g for 10 min, the supernatants were collected and pooled. 

8.4.5 Ammonium sulfate precipitation of the DHDPS variants 

Method development 

0.5 ml aliquots of crude cell free lysate, was placed in centrifuge tubes and 

ammonium sulfate was added to final concentrations of 20, 25, 30, 35, 40, 45, and 

50% w/v. Samples were kept on ice with periodic mixing for 45 minutes and were 

then centrifuged at 10,000 g for 10 min to remove precipitated proteins. The 

supernatants were placed in new tubes and the pellets were resuspended gently in 
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0.5 ml of buffer A. Activities of all fractions were determined using the coupled assay 

for DHDPS activity. 

Preparative ammonium sulfate fractionation 

The total crude cell free extract was brought to 30% ammonium sulfate by 

incremental addition of solid salt with mixing. This preparation was then mixed at 4°C 

for 45 min and precipitated proteins were removed by centrifugation at 10,000 g for 

10 min and discarded. Further solid ammonium sulfate was added incrementally to 

the resulting supernatant, bringing the concentration to 40% w/v, and this solution 

was mixed at 4°C for 45 minutes. Precipitated proteins were collected by 

centrifugation at 10,000 g for 10 min and the supernatant discarded. The resulting 

pellet was resuspended in an equal volume of buffer A and dialysed twice against 100 

volumes of buffer A at 4°C for 2 hours. 

8.4.6 Ion exchange chromatography 

The pooled sample from the heat shock, freeze thaw cycling, or ammonium sulfate 

precipitaiton was loaded on to a Q Sepharose ion exchange column (bed volume 

75 ml, 15 x 2.6 cm) that had been pre-equilibrated with 5 bed volumes of buffer A. 

The column was then washed with 5 bed volumes of buffer A and the enzyme was 

eluted with a 0-1 M NaCI gradient in buffer A. The column was washed with three 

bed volumes of regeneration buffer (1 M NaCl in buffer A). Eluted fractions were 

tested for DHDPS activity using the o-aminobenzaldehydemicro assay described in 

Table 8.6. 

Table 8.6 The o-aminobenzaldehyde micro assay for DHDPS activity. 

Tris.HCI (pH 8 at 25°C), pyruvate 

o-Aminobenzaldehyde (in ethanol) 

DHDPS test solution 

(S)-ASA 

Total volume 

[Initial] (mM) Volume (!JL) 

200,40 150 

400 5 

5 

40 15 

175 

[Final] (mM) 

166,33 

10 

1.2 
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The assay mixture was incubated at 30°C for 30 min, after which the reaction was 

quenched by the addition of 100 ~l of 10% w/v TCA. Active fractions showed purple 

coloration and were pooled. Control reactions without enzyme or substrate were also 

prepared. 

8.4.7 Hydrophobic interaction chromatography (Hie) 

Ammonium sulfate was added to the pooled dialysed fractions from the ion exchange 

step to a final concentration of 0.5 M. This was then loaded onto a phenyl Sepharose 

column (bed volume 125 ml, 25 x 2.6 em) that had been pre-equilibrated with at least 

five bed volumes of 0.5 M ammonium sulfate in buffer A. The column was then 

washed with five bed volumes of the start buffer (0.5 M ammonium sulphate in buffer 

A) and the enzyme was eluted with a 0.5-0 M ammonium sulfate gradient in buffer 

A. The column was then washed with three bed volumes of buffer A. The eluted 

fractions were tested for enzyme activity using the o-aminobenzaldehyde micro assay 

(Table 8.6). Active fractions eluted between 0.2 and 0.1 M ammonium sulfate and 

were pooled. 

8.4.8 Hi-trap ion exchange 

Where required, active fractions from the phenyl-sepharose column were loaded onto 

a Hi-Trap Q-Sepharose column (bed volume 1 ml) that had been pre-equilibrated with 

5 bed volumes of buffer A. The column was washed with 5 bed volumes of buffer A 

and the enzyme eluted with a 0-1 M N aCI salt gradient in buffer A. The column was 

washed with three bed volumes of regeneration buffer (1 M NaCI in buffer A). The 

eluted fractions were tested for DHDPS activity using the o-aminobenzaldehyde 

micro assay (Table 8.6), 

8.4.9 Dialysis 

The purified enzyme was dialysed twice against 100 volumes of buffer A at 4°C for 2 

hours. 
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8.5 Overexpression and purification of DHDPR - modified 
from (12,13) 

Buffer A 20 mM Tris.HCI pH 8 at 4°C 

8.5.1 Growth of E. co1iXL-1 Blue (pJK001) 

A frozen stock of E. coli strain XL-1 Blue-pJK001 was streaked on LB agar and 

incubated ovemight at 37°C. A single colony was selected and used to inoculate 3 ml 

of LB broth containing both ampicillin and tetracycline, and incubated ovemight at 

37°C with shaking at 180 rpm. 1 ml of overnight culture was used to inoculate 1 L of 

LB broth containing antibiotics, and incubated as above. The culture was chilled on 

ice for 30 min before cells were harvested by centrifugation at 5,000 g for 10 min. 

Cells were washed by re-suspending in 0.5 culture volumes of buffer A with gentle 

pipetting. The cell suspension was centrifuged at 5,000 g for 10 min and the 

supernatant was discarded. The cell pellet was re-suspended in a small volume of 

buffer A and centrifuged again as before. The final cell pellet was resuspended in 30 

ml of buffer A. One litre of inoculated LB broth gave approximately 4.5 g wet weight 

of cells. 

8.5.2 Preparation of a crude cell free extract by sonication 

Harvested resuspended cells were subjected to ultrasonication in 3 sec bursts followed 

by a 10 sec pause. Sonication was continued until the cell suspension had received 

approximately 5,000 J. The supematant was collected after centrifugation at 10,000 g 

for 15 min and the remaining pellet was re-suspended in buffer A. The sonication 

process was repeated once and the supematants pooled. 

8.5.3 Heat shock 

1 rnl aliquots of the crude sonication extract were added to sterile centrifuge tubes. 

These were heat pulsed for 3 min at 70°C and immediately cooled on ice. Precipitated 

proteins were removed by centrifugation at 15,000 g for 10 min, and the supematant 

was collected. 
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8.5.4 Ion exchange 

The sample was loaded onto a Q Sepharose ion exchange column (bed volume 75 mI, 

15 x 2.6 cm) that had been pre-equilibrated with 5 bed volumes of buffer A. The 

column was washed with five bed volumes of buffer A and the DHDPR was eluted 

with a 0-1 M NaCI salt gradient in buffer A. The column was then washed with three 

bed volumes of regeneration buffer (1 M NaCl, buffer A). The eluted fractions were 

tested for DHDPR activity using the coupled assay (Table 8.7). Active fractions 

eluted between 0.6 and 0.9 M NaCI, and were pooled. 

Table 8.7 The semi-quantitative assay for DHDPR activity. 

HEPES (pH 8), pyruvate 

NADPH 

DHDPR test sample 

DHDPS (in excess) 

(S)-ASA 

dI-hO 

Total 

[Initial] mM 

200,80 

5.4 

40 

Volume (ilL) 

500 

30 

10 

50 

30 

380 

1000 

[Final] mM 

100,40 

0.162 

1.2 

Table 8.7 describes the preparation of the assay used for detection of DHDPR activity. 

The reaction mixture, excluding the DHDPR test sample, was incubated in the 

preheated auto-sampler of the diode anay for exactly 15 min to allow the temperature 

to reach 30°C and for the generation of the substrate of DHDPR, which is catalysed 

by DHDPS. Catalysis was initiated by the addition of the DHDPR sample (typically 

10 Ill) and the initial rate recorded by monitoring the change in absorbance at 340 nm. 

Water was used as a blank. 

8.5.5 Blue-Sepharose affinity chromatography 

Active fractions from the ion-exchange column were then loaded onto a Hi-Trap Blue 

column (bed volume 1 mI) that had been pre-equilibrated with three bed volumes of 

buffer A. The column was then washed with five bed volumes of buffer A and the 

enzyme was eluted with 1 M NaCl buffer A. The column was washed with three bed 



209 

volumes of regeneration buffer (1 M NaCl in buffer A). The eluted fractions were 

tested for enzyme activity using the coupled assay (Table 8.7). 

8.5.6 Dialysis 

The purified enzyme was dialysed twice against 100 volumes of buffer A at 4°C for 

2 hours. 

8.6 Biophysical methods 

Buffer B 150mM NaCI 

20 mM Tris.HCI pH 8.0 at 4°C 

8.6.1 Circular dichroism spectroscopy 

CD spectra were recorded at the University of Sydney on a Jasco-nO 

spectrophotometer at 4°C in 20 mM phosphate buffer containing 150 mM NaF pH 8.0 

in a 0.1 mm quartz celL The spectrometer was calibrated with D-(+)-camphorsulfonic 

acid monohydrate. The slit bandwidth used was 1 nm with a step size of 0.5 nm. 

Measurements were taken with a signal averaging time of 1.0 sec. 

8.6.2 Blue-native polyacrylamide gel electrophoresis 

Anode buffer 

Cathode buffer 

2x Sample treatment buffer 

Fix 

100 mM Tris. HCI pH 8.0 

50 mM Tricine 

30 mM Tris. HCI pH 8.0 

0.02% Coomassie blue G-250 

200 mM Tris. HCl pH 8.0 

0.7% Coomassie blue G-250 

10% glycerol 

50% v/v methanol 

10% v/v glacial acetic acid 

Samples were mixed with an equal volume of 2x sample treatment buffer before 

being loaded onto a BioRad Tris.HCI 4-15% precast RediGel. Electrophoresis was 

performed at 4°C and a constant a voltage of 200 V for approximately 60 minutes or 
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until the Coomasie blue die had run off the end of the gel, apparent by colouration of 

the anode buffer. Gels were then fixed and destained. 

8.6.3 Quantitative analytical gel permeation chromatography 

A Sephadex G-200 supelfine column of 180 ml bed volume (35 x 2.6 cm) was 

assembled and equilibrated with buffer B. The column was calibrated with yeast 

alcohol dehydrogenase, BSA, ovalbumin, and ribonuclease A. Between 10 and 15 mg 

of each protein was loaded onto the pre-equilibrated column in 2 ml of Buffer Band 

collection of eluent was started when 1 ml of the sample had been loaded. 

Approximately 60 ml of void volume was collected before fraction collection was 

started. Fractions of 1.75 ml were collected at a flow rate of 0.175 ml/minute. With 

the fraction collector in drop mode, it was found that the error in fraction volume was 

~0.5%. The absorbance of each fraction was then measured at 280 nm and these data 

were used to build elution peaks for each of the standard proteins. Standard proteins 

were run on the column in duplicate and each fraction reading was made in duplicate. 

In each case the peak of the elution curve was taken as the elution volume (Ve) for the 

standard. The resulting data were used to create a calibration curve of Ve against the 

natural log of the molecular weight of the protein. Wild-type DHDPS and 

DHDPS-L197D were chromatographed on the column as above. Activity was 

detected in fractions by the coupled assay and elution peaks were ascertained from 

these. 

8.6.4 Qualitative analytical gel permeation chromatography 

A Sephacryl S-400 column of 100 ml bed volume (50 x 1.6 cm) was employed for 

semi-qualitative analytical gel permeation chromatography. ' Pure samples of wild-type 

DHDPS and each of the variants were concentrated to between 15 and 20 mg/ml and 

1 ml was applied to the column in buffer B. The column was eluted at a flow rate of 

0.5 ml/min and 1 ml fractions were collected. Elution profiles were found by 

measurement of the absorbance of each fraction at 280 nm and in each case the peak 

of the elution curve was taken as the elution volume (Ve). 

8.6.5 Analytical ultracentrifugation 

Analytical ultracentrifugation experiments were performed in a Beckman Model 

XL-A analytical ultracentrifuge equipped with UVNis scanning optics and An-60 Ti 
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4-hole rotor. Protein samples were prepared in buffer B. Protein and reference 

(buffer B) solutions were loaded into 12 mm double sector cells with quartz windows. 

Prior to sedimentation, the protein samples were purified to homogeneity by 

size-exclusion liquid chromatography on a 16 X 600 mm Sephacryl SAOO column as 

in section 8.6.4. 

Sedimentation velocity analytical ultracentrifugation 

Samples at an initial protein concentration of 1.0 mg/ml (380 /11) and reference 

(400 /11) were centrifuged at 40,000 rpm at 20°C and data were collected at 280 nm 

every 6 min without averaging. Sedimentation velocity data were fitted to a 

continuous size-distribution model using the program SEDFn~ (14). The partial 

specific volume (v) of the sample and buffer density and viscosity of the reference 

solution were computed using the program SEDNTERP (15). 

Sedimentation eqUilibrium analytical ultracentrifugation 

For experiments, samples at initial protein concentrations of 0.1, 0.3 and 1.0 mg/ml 

(100 /11) and reference solution (120 /11) were centrifuged at 10,000 rpm or 

16,000 rpm until sedimentation eqUilibrium was attained (~24 hours). Radial 

absorbance scans were taken at 280 nm with 5 averages and the data obtained at both 

speeds were fitted globally using the program SEDPHAT (16). 

8.7 Kinetic analysis of Wild-type DHDPS and the DHDPS 
variants 

Two-substrate steady-state rate analysis was employed. DHDPS activity was 

measured using the coupled assay to DHDPR. 

8.7.1 Selwyn's test 

The stability of the variants during the time course of the assay was examined using 

Selwyn's test (17). The test was conducted over a time course of 3 min for all 

enzymes using a range of enzyme concentrations. Analysis was achieved by plotting 

the consumption of NADPH, indicated by the change in absorbance at 340 nm, against 

the volume of enzyme multiplied by time. If enzyme activity was stable over the time 

course investigated, the resulting progress curves, when over-laid, did not deviate 

from one another. 
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8.7.2 Initial rate determination and kinetic analysis (4,18) 

Assays were performed in 100 mM HEPES buffer pH 8 at 30°C, which was kept 

constant using a circulating water bath, and distilled water was used as a reference. In 

all cases, it was ensured that enzyme concentration was proportional to initial rate. 

DHDPR activity was typically kept at 10 times the maximum velocity to be measured 

in any set of kinetic data. Addition of further DHDPR, above this level, did not alter 

the initial rate of the reaction, demonstrating that DHDPR activity was in excess of 

DHDPS activity. This control was conducted routinely. 

In all cases, preparations were allowed to equilibrate to 30°C in the cuvette, before the 

reaction was initiated with 20 111 (S)-ASA and mixed by aspiration with the pipette tip. 

The reaction was followed by measurement of the change in absorbance at 340 nm, 

corresponding to the consumption of NADPH by DHDPR. Wild-type DHDPS and the 

DHDPS variants were used at levels such that the rate of change of A340 at high 

substrate concentration was 0.015-0.02 AU/sec. 

Kinetic parameter determination 

Determination of the true kinetic constants, Km and kcab was accomplished by 

concurrent variation of both substrate concentrations using an approximate range of 

0.2 x Km to 10 x Km. Initial velocities were routinely reproducible within 10%. 

Table 8.8 The quantitative coupled assay used for initial rate determination of 
wild-type DHDPS and the variants. Shown is the experimental design used for wild-type 
DHDPS. 

[Initial] mM 

HEPES (pH 8 at 25°C) 200 

NADPH 5.4 

DHDPR 

DHDPS wild-type 

(S)-ASA 1-40 

Pyruvate 1-40 

dH20 

Total 

Volume (ilL) 

500 

30 

80 

20 

20 

50 

300 

1000 

[Final] mM 

100 

0.162 

0.02-0.8 

0.05-2 
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Initial estimates of Km values were determined by varying the concentration of one 

substrate while holding the other constant, using a range of substrate concentrations as 

wide as practically possible. 

Table 8.8 details the experimental design used to determine initial rates for wild-type 

DHDPS. 25 data points were collected for each data series and each data point was 

measured in triplicate. 

Lysine inhibition studies 

To evaluate the kinetics of inhibition of DHDPS, kinetic experiments were pelfOlmed 

holding the concentration of one substrate constant (close to its Km), and varying both 

the concentration of the other substrate and the (S)-lysine concentration (Table 8.9). 

This data yielded Ki and Kj' values where appropriate. yaPP and V app constants from 

the inhibition analysis allowed the calculation of the percentage residual activity at 

saturating (S)-lysine concentrations 

Table 8.9 The quantitative coupled assay used for lysine inhibition studies. Shown is the 
experimental design for the analysis of lysine inhibition with respect to varying (S)-ASA 
concentration for wild-type DHDPS 

HEPES (pH 8 at 25°C) 

NADPH 

DHDPR 

DHDPS 

(S)-ASA 

pYlUvate 

lysine 

dH20 

Total 

[Initial] ruM 

200 

5.4 

1.625-65 

10 

0-100 

Volume (flL) 

500 

30 

80 

20 

20 

50 

50 

250 

1000 

[Final] mM 

100 

0.162 

0.0325-1.3 

0.2 

0-5 
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Data analysis 

Initial rate data were analysed using the Enzfitter programme available from Biosoft 

(Cambridge, UK). Data were fitted to the appropriate models as judged by SIGMA 

values and the lowest standard error associated with the kinetic constants. 

B.8 X-ray crystallography and structural methods 

Protein crystal structures were routinely inspected using 0 (19,20) and PyMOL (21). 

Unless otherwise stated, structural figures were produced using PyMOL (21). Figures 

depicting the wild-type E. coli DHDPS structure were produced using the coordinates 

of the structure solved in this lab (22). 

8.8.1 Crystallisation Experiments 

Protein crystallisation experiments were pelfOlmed using the hanging-drop 

vapour-diffusion method and the sitting-drop vapour-diffusion method at 4°C using 

materials and equipment supplied by Hampton Research. The sparse matrix 

crystallisation screens, Crystal Screen, and Crystal Screen 2, were employed for 

identification of lead crystallisation conditions. 

Crystallisation of DHDPS-L 197Y 

Well solution 1 30% w/v PEG 1500 

20 mM Tris.HCI pH 8 

Well solution 1 was prepared in a greased VDX 24 well plate and cooled to 4°C. 

Protein was prepared a concentration of 7.5 mg/ml in 20 mM Tris.HCI pH 8. 

Hanging-drops and sitting-drops were prepared at 4°C in a cold-room. For 

hanging-drops 2 III of protein solution was placed on a siliconised cover slide and 2 III 

of well solution 1 was added to this and then mixed by gentle aspiration with the 

pipette tip. Cover slides were then inverted quickly, placed over wells containing well 

solution 1 and sealed. For sitting-drops, a plastic sitting-drop bridge was placed in 

wells containing well solution 1. 2 III of protein solution was placed on the bridge and 

2 III of well solution 1 was added to this and mixed by gentle aspiration with the 

pipette tip. Wells were quickly sealed with cover slides. 
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Crystals formed in both hanging- and sitting-drops over a period of 2-3 months. 

Before mounting and freezing in liquid nitrogen, crystals were dipped in 10% v/v 

glycerol in well solution 1. 

Crystallisation of OHOPS-L 1970 

Well solution 2 2.4 M ammonium sulfate 

100 rnM Tris.HCI pH 8.15 

Well solution 2 was prepared in a greased VDX 24 well plate and cooled to 4°C. 

Protein was prepared at a concentration of 7.2 mg/ml in 20 rnM Tris.HCI pH 8. 

Hanging-drops and sitting-drops were prepared, as for DHDPS-L197Y, using well 

solution 2. 

Crystals formed in both hanging- and sitting-drops over 3-4 days. Before mounting 

and freezing in liquid nitrogen, crystals were dipped in 25% w/v sucrose in well 

solution 2. 

X-ray data collection 

Intensity data were collected at 110 K using an RAxisIV++ image-plate detector 

coupled to a Rigaku Micromax 007 X-ray generator operating at 40 kV and 20 rnA. 

Diffraction data sets were processed and scaled using the program CrystalClear (23). 

Structure determination and refinement 

Stmctures were solved using AMoRe (24,25), using the E. coli DHDPS monomer as 

solved by us as the search model. Refinement was achieved using REFMAC5 (24,26) 

with manual model corrections using the program 0 (19,20). Placement of solvent 

molecules was achieved using the program ARP (24,27) and water molecules with a 

B-factor of 50 or greater were removed. Stmcture quality was assessed by the 

program Procheck (24,28). 

8.9 Synthesis of (S)-ASA via a Wienreb amide (29) 

(S)-ASA was synthesised by the method of Robe11s et al. (29), which was developed 

in this lab. Unless otherwise stated, all synthetic reactions were peliormed in dry 

glassware under an atmosphere of oxygen free nitrogen or argon. All organic extracts 
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were washed with brine and dried over anhydrous magnesium sulfate. After filtration 

of solutions to remove drying agents, the solvents were removed under reduced 

pressure on a Buchi rotary evaporator. 

I H NMR spectra were recorded on either a Varian Unity 300 or Varian Inova 500 

spectrometer, operating at 300 and 500 MHz respectively. I3C NMR spectra were 

obtained on either a Varian Unity 300 or Varian Inova 500 spectrometer, operating at 

75 and 126 MHz respectively. For IH NMR, chemical shifts are reported relative to 

tetramethylsilane (TMS) if lUn in deuterated chloroform (COCh). For samples lUn in 

deuterium oxide (020), the spectra were referenced to the residual protonated solvent 

at 4.7 ppm, and for samples run in deuterated methanol (C0300), the spectra were 

referenced to the residual protonated solvent peak at 3.3 ppm. For l3C spectra lUn in 

deuterated chlorofonn (COCh), the spectra were referenced to the residual protonated 

solvent at 77 ppm, and for samples lUn in deuterated methanol (CD30D), the spectra 

were referenced to the residual protonated solvent at 49.3 ppm. 

Thin layer chromatography (TLC) was conducted on aluminium-backed Merck 

Kieselgel KG60F254 silica plates. The developed plates were analysed under short

wave UV light and stained with a potassium permanganate or phosphomolybdic acid 

dip. Unless otherwise stated, flash chromatography was performed on Merck Silica 

60. Solvents and reagents were purified according to well-established procedures. 

Dichloromethane was freshly distilled from calcium hydTide before use. Diethyl ether 

and tetrahydTofuran were freshly distilled from sodiumlbenzophenone ketyl before 

use. The petroleum ether used had a boiling range of 50-70°C. Methanol and ethanol 

were distilled from the appropriate magnesium alkoxide and stored under dry nitrogen 

over 4 A molecular sieves. 

8.9.1 N-tert-BOC-( S)-aspartic acid 1-( tert-butyl ester) N-methoxy-N
methylamide 

(Benzotriazol-l-yloxy) tris( dimethyl amino )phosphonium hexafluorophosphate 

(BOP.PF6) (163 mg, 0.380 mmol) was added to a stirred solution of N-tert-BOC-(S)

aspartic acid 1-(tert-butyl ester) (100 mg, 0.346 mmol) and triethylamine (54 ilL, 

0.385 mmol) in dichloromethane (3.5 ml) at room temperature. After 5 min of 

stirring, O,N-dimethylhydroxyamine hydrochloride (40 mg, 0.397 mmol) was added, 

followed by triethylamine (54 ilL, 0.385 mmol). All solid material dissolved within 
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10 min and the mixture was stin-ed for 2 hours at r.t. The reaction mixture was washed 

with 1 M HCI solution (3x 1 rnl), H20 (l X 1 ml), 1 M N aHC03 solution (2 x 1 ml) 

and H20 (2 x I ml). The solvent was removed in vacuo to give a clear yellow oily 

product, which was purified by flash chromatography on silica, using 30% ethyl 

acetate/petroleum ether as the eluant, to give N-tert-BOC-S-aspartic acid I-(tert-butyl 

ester) N-methoxy-N-methylamide as a colourless oil (100 mg, 86%). IH NMR (300 

MHz, DMSO)-OH 1.38 (I8H, s, 2 x -C(CH3h), 2.8 (2H, m, -CH2-)' 3.06 (3H, s, 

CH3), 3.7 (3H, s, -CH3), 4.23 (lH, m, -CHNH-), 6.98 (IH, m, -NH-). The IH NMR 

data were consistent with those in the literature (30). 

8.9.2 1-tert-Butyl (S)-2-(tert-BOC-amino)-4-oxobutanoate 

A solution of diisobutylaluminum hydride (DIBAL) in hexane (I M, 0.55 mI, 0.55 

rnrnol) was added dropwise over 20 min to a sthTed solution of N-tert-BOC-(S)

aspaltic acid I-(tert-butyl ester) N-methoxy-N-methylamide (110 mg, 0.36 rnrnol) in 

anhydrous THF (1.8 rnl) at -78°C. The mixture was allowed to sth' at -78°C for 

2 hours. The reaction mixture was partitioned between 0.35 M aqueous NaHS04 

solution (3.6 ml) and diethyl ether (5.5 ml). After separation, the aqueous layer was 

extracted with diethyl ether (3 x 2 ml). The combined ethereal layers were washed 

with 1 M HCI solution (3x 1 ml), 1 M NaHC03 solution (3x 1 ml), and brine 

(3x 1 ml). Concentration in vacuo gave I-tert-butyl (S)-2-(tert-BOC-amino)-4-

oxobutanoate as a colourless oil (92 mg, 95%), which solidified on standing at 1'.1. IH 

NMR (300 MHz, CDCh)-OH 1.43 (9H, s, -C(CH3)g), 1.44 (9H, s, -C(CH3h), 2.98 

(2H, m, -CH2-), 4.45 (IH, m, -CH), 5.38 (IH, m, -NH-), 9.75 (IH, s, -CHO). The IH 

NMR data were consistent with those in the literature (31). 

8.9.3 (S)-Aspartate ~-semialdehyde hydrate trifluoroacetate 

(S)-N-tert-Butoxycarbonylaspartate ~-semialdehyde p-methoxybenzyl ester (l.30 mg, 

3.86 rnrnol) was dissolved in dry dichloromethane (24 ml). The reaction was stirred 

under nitrogen and trifluoroacetic acid (24 ml) was added via a syringe. The reaction 

was stirred for two hours. The solvent was then removed in vacuo to give a yellow 

oily residue, which was partitioned between water (l20 ml) and ethyl acetate (3 x 120 

ml). The aqueous layer was then concentrated under high vacuum to yield 

(S)-aspartate ~-semialdehyde hydrate trifluoroacetate as a pale yellow solid/oil. The 
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overall yield for this synthesis was 51 %. The yield of (S)-aspartate p-semialdehyde 

hydrate trifluoroacetate was 814 mg (3.27 mmol, 85%). IH NMR (300 MHz D20)

bH 1.97-2.21 (2H, m, -CH2CHNH2-), 4.01-4.05 (IH, m, -CHNH2), 5.21 (IH, t, 

CH(OH)2). I3C NMR (75 MHz D 20)-bc 36.2 (-CH2CHNH2), 49.7 (-CHNH2-), 87.7 

(-CH(OH)2), 118.0 (-CCF3), 162 (-CCF3), 171.2 (-C==O). The lH and I3C NMR data 

were consistent with those in the literature (7,31). 

8.9.4 Titration of (S)-ASA purity by the coupled assay 

To detelmine the purity of (S)-ASA, the coupled assay was used to quantify the 

(S)-ASA concentration and this was compared to the calculated concentration based 

on mass of product. The reaction was followed by a change in the absorbance at 340 

nm with the loss of NADPH. The method assumes the reactions are irreversible. Fresh 

solutions of (S)-ASA and NADPH were prepared in distilled water. The reaction was 

prepared as in Table 8.10 

Table 8.10 Preparation of the coupled assay for quantification of (S)-ASA. 

HEPES (pH 8 at 25°C) 

NADPH 

DHDPR 

DHDPS 

(S)-ASA 

Pyruvate 

dH20 

Total 

[lnitial] mM Volume (ilL) [Final] mM 

200 

5.4 

100 

500 

30 

100 

10 

50 

50 

265 

1000 

100 

0.162 

>0.15 

20 

Under these conditions, (S)-ASA was the limiting substrate. This was confilmed by 

the addition of fmther NADPH or pyruvate after the reaction had reached a plateau. 

Thus the total tU11l0ver of NADPH was equivalent to the turnover of (S)-ASA. 
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Appendix One 

Analysis of the feedback inhibition kinetics of 
wild-type DHDPS and the variants 

Figure AI.I Inhibition of wild-type DHDPS with respect to pyruvate. A is a direct plot of 
initial rate data overlayed with fit data for the partial mixed inhibition model generated by 
non-linear reg ression (curves). Band C are Lineweaver-Burke and Eadie-Hofstee plots of the 
same data respectively. D is a plot of percentage residuals for each data point (I00X(Vobs

vell,)lvea,). V is the mean initial rate in J.llnoINADPH mg- I min-I, and [Pyruvate] refers to pyruvate 
concentration. The,.2 value for the fit was 0.999 and p>F was much less than 0.001. 
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Figure AI.2 Inhibition of wild-type DHDPS with respect to (S)-ASA. A is a direct plot of 
initial rate data overlayed with fit data for the partial non-competitive inhibition model 
generated by non-linear regression (curves). Band C are Lineweaver-Burke and Eadie
Hofstee plots of the same data respectively. D is a plot of percentage residuals for each data 
point (JOOX(Vob,-Vca,)/Vcal)' v is the mean initial rate in JlInolNADPH mg'! min", and rASA] refers 
to (S)-ASA concentration. The r2 value for the fit was 0.98 and p> F was much less than 0.00 J. 
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Figure AI.3 Inhibition of DHDPS-LJ97D with respect to pyruvate. A is a direct plot of 
initial rate data overlayed with fit data for the partial mixed inhibition model generated by 
non-linear regression (curves). Band C are Lineweaver-Burke and Eadie-Hofstee plots of the 
same data re~pectively. D is a plot of percentage residuals for each data point (JOOx(vv/J,
V((II)/Vm /). v is the mean initial rate in f.lInoINADPH mg'1 min-I, and [Pyruvate} refers to pyruvate 
concentration. The r2 value for thefit was 0.99 and p>F was much less than 0.001. 
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Figure AlA Inhibition of DHDPS-LJ97D with respect to (S)-ASA. A is a direct plot of 
initial rate data overlayed with fit data for the partial non-competitive inhibition model 
generated by non-linear regression (curves). Band C are Lineweaver-Burke and Eadie
Hofstee plots of the same data respectively. D is a plot of percentage residuals for each data 
point (JOOX(Vobs-Vcal)/Vcal). v is the mean initial rate in f.1mOINADPH mg"' min·', and rASA] refers 
to (S)-ASA concentration. The,-2 value for the fit was 0.98 andp>F was much less than 0.001. 
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Figure AI.S Inhibition of DHDPS-LJ97Y with respect to pyruvate. A is a direct plot of 
initial rate data overlayed with fit data for the partial mixed inhibition model generated by 
non-linear regression (curves). Band C are Lineweaver-Burke and Eadie-Hofstee plots of the 
same data respectively. D is a plot of percentage residuals for each data point (JOOx(vo',, 

vca,)/vw ') . v is the mean initial rate in f.1mOlNADPH m{l min-i, and [Pyruvate} refers to pyruvate 
concentration. The,.z value for the fit was 0.98 and p>F was much less than 0.001. 

A 
v 

1.1 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 • 

0.3 • 

• 

0.2 /-:-

0.1 .:- ; -

• • 

• • 

• • .--- -- * 
0.0-1--.-------0-.---+-0--+--+-+-+-----..... 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

c 
vl[Pyruvate] 

1.2 

1.0 

0.8 

0.6 

• 
0.4 . \ 

" :~ 
0.0 

• 

[Pyruvate] 

• 

. . 
• 

• • 
• 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

v 

B 
llv 

20.0 

18.0 

16.0 

14.0 

12.0 

10.0 •• • • 
8.0 •• __ - .--~.-.-

• 
-. 

• 
6.0 •••• ~ __ -----------

4~ ~ : 

2.0 .. 
o.o'-----------------------+----< 

0.0 

D 
v% Residual 
50.0 

••• 
40.0 

30.0 

20.0 

10.0 • 

1.0 2.0 

Il[pyruvate] 

• 

• 

3.0 4.0 

• 

• 
o.ot--+~--+, -, -+, ..... , ........ , ..... , ........ , -j'~' .... ,-, .... ,-, -+,-+--+-o-----c! 

1.0 2.0 3.0 4.0 5~0 6.0 7.0 8.0 9.0 10.0 

-10.0 • [Pyruvate] • • -20.0 • • -30.0 • • • 
-40.0 • • • -50.0 

Legend 

• 
• 

5.0 mM Lysine 
0.1 mM Lysine 

• 
• 

1.0 mM Lysine 
0.0 mM Lysine 

• 0.5 mM Lysine 



Appendix 1 227 

Figure Al.6 Inhibition of DHDPS-LJ97Y with respect to (S)-ASA. A is a direct plot of 
initial rate dOlO overlayed with fit data for the partial non-competitive inhibition model 
generated by non-linear regression (curves). Band C are Lineweaver-Burke and Eadie
Hofstee plots of the same data respectively. D is a plot of percentage residuals for each data 
point (IOOx(vo/,,-vcu/)/vca/)' v is the mean initial rate in /lmolNADPH m{1 min' l

, and rASA) refers 
to (S )-ASA concentration. The / value for the fit was 0.98 and p> F was much less than 0.001. 
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Figure AI.7 Inhibition of DHDPS-QI96D with respect to pyruvate. A is a direct plot of 
initial rate data overlayed with fit data for the partial mixed inhibition model generated by 
non-linear regression (curves). Band C are Lineweaver-Burke and Eculie-Hofstee plots of the 
same data respectively. D is a plot of percentage residuals for each data point (IOOX(Vohs
VC(/,)/v ca'). v is the mean initial rate in pmolNADPH mg" min", and [Pyruvate} refers to pyruvate 
concentration. The / value for the fll was 0.98 and p>F was much less than 0.001. 
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Figure AI.S Inhibition of DHDPS- Q196D with respect to (S)-ASA. A is a direct plot of 
initial rate data overlayed with fit data for the partial non-competitive inhibition model 
generated by non-linear regression (curves). Band C are Lineweaver-Burke and Eadie
Hofstee plots of the same data respectively. D is a plot of percentage residuals for each data 
point (100x(v"".,-VCl// )/vca,) . v is the mean initial rate in J.1mOINIJ DPH mg"1 min-I, and rASA} refers 
to (S)-ASA concentration. The / value for thefit was 0.98 and p>F was much less than 0.001 . 
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Figure Al.9 Inhibition of DHDPS-D193A with respect to pyruvate. A is a direct plot of 
initial rate data overlayed with fit data for the partial mixed inhibition model generated by 
non-Linear regression (curves). Band C are Lineweaver-Burke and Eadie-Hofstee plots of the 
same data respectively. D is a plot of percentage residuals for each data point (lOOX(VUIJI -

vcu,)/vco')' v is the mean initial rate in /lmOlNADPH mg"' min", and [Pyruvate} refers to pyruvate 
concentration. The r2 valuefor thejit was 0.98 and p>F was much less than 0.001. 
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Figure AI.JO Inhibition of DHDPS-DI93A with respect to (S)-ASA. A is a direct plot of 
initial rate data overlayed with fit data for the partial non-competitive inhibition model 
generated by non-linear regression (curves). Band C are Lineweaver-Burke and Eadie
Hofstee plots of the same data respectively. D is a plot of percentage residuals for each data 
point (IOOX(Vobs-Vcv,)/vcal)' v is the mean initial rate in J.1mOINADPH mg"' min' I, and rASA} refers 
to (S)-ASA concentration. The,-2 value for theflt was 0.98 and p>F was much less than 0.001. 
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