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ABSTRACT 

Thymidylate synthase (TS) catalyzes the conversion of dUMP into dTMP via a 

methyl transfer from the cofactor, 5,10-methyIenetetrahydrofoIate (CH2THF), which is 

converted to dihydrofolate (DHF) during the reaction. Because this reaction is a step in 

the only de novo pathway leading to thymidine nucleotides, there has been considerable 

interest in TS inhibition for the treatment of proliferative disease. This has led to a large 

body of biochemical and structural data and a proposed reaction mechanism. Despite this 

extensive study, there are a number of unanswered questions regarding TS function. The 

role of the large ligand-induced conformational change is poorly understood, and many 

steps in the proposed mechanism of catalysis are unconfirmed. The roles of many 

evolutionarily conserved residues are also poorly understood, notably those located away 

from the active site. In this work, 23 structures of E. coli TS are presented. These 

structures are of eight site-specific mutants bound to several ligand combinations. The 

results of this work cast doubt on a number of aspects of previously published models of 

the reaction mechanism, and lead to a new proposed model. TS appears to use strain, 

electrostatic interactions, and conformational change to influence the stability, and thus 

reactivity, of the catalytic enzyme-substrate covalent bond. This work adds to a growing 

body of data suggesting that the stability of this bond is variable. Instability of this bond 

is central to the new proposed reaction mechanism. The mechanism proposed here 

accounts for the known stereochemistry of the reaction without requiring a large 
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ABSTRACT - continued 

isomerization of the ligand complex that was previously thought to be necessary. Also 

presented is evidence that CH2THF binds to TS without opening of the 5-membered ring 

and in a conformation similar to that of other TS-bound folates but different from the 

conformation observed in solution. The roles played by many conserved residues appears 

to be very subtle, as evidenced by the small structural changes of mutants when 

compared to wild-type. The conservation of these residues suggests that TS is a highly 

optimized enzyme under strong selective pressure to maintain maximum catalytic 

activity. 
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CHAPTER 1 

INTRODUCTION 

Thymidylate synthase (TS) is an essential enzyme for cell growth. It catalyzes the 

methylation of dUMP to produce dTMP, which is a step in the only de novo pathway 

leading to thymidine nucleotides. The cofactor, 5,10-methylenetetrahydrofoIate 

(CH2THF), provides the one-carbon unit, serves as reductant, and is converted to 

dihydrofolate (DHF) during the reaction (Humphreys and Greenburg, 1958; Friedkin, 

1959). The overall reaction is as follows. 

dUMP + CH2THF ^ dTMP + DHF 

Because this reaction is required to sustain DNA synthesis, TS has long been a target for 

inhibition in the treatment of infectious and proliferative diseases and has been the 
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subject of numerous studies that have yielded a wealth of biochemical information, 

including several sequences, a proposed chemical mechanism, and several structure 

determinations. In addition, many site-specific mutants of TS have been studied, both 

biochemically and structurally. Despite this large body of knowledge, there remains a 

number of unanswered questions concerning TS function. This work addresses some of 

these questions through X-ray crystallography. A total of 23 unique structures of E. coli 

TS with point mutations and in various ligand combinations are presented. 

1.1. General Structure 

The first structure determination of TS was of the unliganded enzyme from 

L casei (Hardy et al., 1987). Since that time, structures of TS from several different 

species have been completed: E. coli (Montfort et al, 1990; Perry et al., 1990; Matthews 

et al. 1990 a,b), T4 phage (Finer-Moore et al., 1994), L casei (Finer-Moore et al., 1993), 

Leishmania major (Knighton et al., 1994), and human (Schiffer et al., 1995). These 

studies have shown a striking similarity in structures of TS from widely divergent 

species, having the same general fold in all cases. The TS monomer from E. coli is 

shown in Figure l.I. The functional form of TS is a dimer with subunits of ~ 35 kDa, 

each with one active site. Structures of ternary complexes with dUMP and a cofactor 

analog show that dUMP binds to the bottom of the active site cavity and makes up a large 

part of the cofactor binding surface (Montfort et al., 1990; Matthews et al., 1990a). This 



Figure 1.1. Ribbon diagram of the TS monomer. This figure was made using 
coordinates fi-om monomer 1 of WT dUMP-PDDF-/'63 (Weichsel and Montfort, 
unpublished work). Strands are labeled / -v and helices are labeled A - K (helices E & F 
are not present in E. coli TS). This figure was made with the program MOLSCRIPT 
(Kraulis, 1991). 
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binding arrangement explains earlier kinetic and heat stability data indicating an ordered 

binding mechanism (Lorenson et al., 1967; Danenberg and Danenberg, 1978). The most 

prominent structural feature is a five stranded P-sheet that makes up the dimer interface 

(strands are labeled / - v in Figure 1.1). A sixth strand (-/) contributes one residue to the 

interface. This region buries approximately 1200 of hydrophobic surface area per 

monomer upon dimerization. The dimer interface is unique in that the two P-sheet 

regions form a right handed twist relative to each other (Hardy et al., 1987). In addition, 

three strands of each sheet bend sharply away from the dimer interface to form a 

structural element that has been termed a P-kink (Montfort et al., 1990). The remainder 

of the structure is largely helical and is packed around a large central helix (J-helix). 

Each active site contains residues from both subunits, making dimerization a requirement 

for function; however, it appears that only a single functional active site is required for 

activity (Pookanjanatavip et al., 1992; Greene et al.. 1993; Maley et al., 1995). The 

structural conservation £imong TSs from different species is also found in a biftmctional 

TS/DHFR enzyme from Leishmania major (Knighton et al., 1994). In this case, the TS 

domain is made from a loop extending from the DHFR domain and maintains the same 

general arrangement of helices and loops found in the single-function TSs. 
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1.2. Conformational Change 

TS undergoes a large conformational change upon ligand binding. This property 

was first observed as changes in the hydrodynamic behavior in solution (Lockshin and 

Danenberg, 1980), and later confirmed through structures of TS in both the fi-ee (Perry et 

al., 1990) and ligand-bound (Montfort et al., 1990; Matthews et al. 1990a) states. These 

studies showed an open conformation in the absence of ligands and a closed 

conformation with ligands bound. Upon closure, regions of secondary structure move to 

surround the ligands, completely sequestering them from solvent and aligning them in a 

position to react. The individual structural elements move independently of each other 

rather than as a rigid domain, through a type of conformational change termed 

"segmental accommodation" (Montfort et al., 1990). Further structural studies have 

shown that closure of the active site is caused predominantly by the binding of cofactor. 

TS bound to dUMP alone is in an open conformation nearly identical to that of the 

unliganded form, indicating that dUMP binding contributes very little to the 

conformational change (Finer-Moore et al., 1993). In contrast, the conformation of TS 

bound to only the tight-binding cofactor analog PDDF is very similar to the ternary 

complex, indicating that the closed conformational can be stabilized without dUMP 

binding (Kamb et al., 1992b). 
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1.3. Sequence Conservation 

In addition to its structural conservation, TS also displays a high level of sequence 

conservation. Sequence comparisons show TS to be one of the most highly conserved 

proteins known (Perry et al., 1990). Of the 264 residues in E. coli TS, 46 (17%) are 

invariant among 17 other species. Another 32 residues are found in 16 of 17 other 

sequences. Fvirther, two of the most widely divergent TSs (£. coli and L casei) share a 

60% sequence identity. The selective pressure maintaining this conservation is poorly 

understood. Many of the invariant residues can be replaced without abolishing activity, 

and some of these mutant TSs can support growth when expressed in a TS deficient 

bacterial strain on a thymidine free medium (Climie et al., 1990; Michaels et al., 1990). 

Most of the invariant residues are located away from the active site and do not make 

contact with ligands (32 of the 46 invariant residues in £. coli TS), and are thus not 

directly involved in catalysis. The roles of these invariant non-active site residues are 

unclear. 

1.4. Catalytic Mechanism 

The chemical mechanism of catalysis by TS has been studied extensively, and the 

essential elements of the reaction are well established (reviewed in Pogolotti and Santi, 

1977; Santi and Danenberg, 1984; Carreras and Santi, 1995; Hardy. 1995). Figure 1.2 
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Figure 1.2. Essential elements of the TS reaction. Elements of the reaction that have 
been firmly established by experiment; Michael addition to the pyrimidine ring at C6, 
formation of a covalent ternary complex, and incorporation of the hydrogen at C6 of 
CH2THF into the dTMP methyl group. 
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shows the essential steps in the reaction that have been firmly established by experiment. 

After both ligands have bound, Michael addition of an active site cysteine (Cys 146 in E. 

coll) to C6 of dUMP converts C5 into a nucleophile. The activated pyrimidine then 

reacts with CH2THF to form a complex in which enzyme, substrate, and cofactor are 

covalently linked. DHF is eliminated from this covalent intermediate, leaving the one-

carbon unit attached to the pyrimidine ring. A mechanism involving a covalent 

intermediate was originally proposed by Friedkin (Friedkin, 1959) and has since been 

confirmed through biochemical and structural studies. Another well established aspect of 

the reaction, shown through tritium labeling studies, is the quantitative transfer of a 

hydride equivalent from C6 of CH2THF (C6H shown in Figure 1.2) into the methyl of 

dTMP (Pastore and Friedkin, 1962; Blakely et al., 1963; Lorenson et al., 1967; Santi et 

al., 1976). These studies confirmed that CH2THF serves as reductant in the reaction. 

The best evidence for both the Michael addition and the central covalent 

intermediate has come from studies using the substrate analog FdUMP, a potent inhibitor 

of TS (Cohen et al., 1958). FdUMP is identical to dUMP except for fluorine in place of 

hydrogen at C5. Because of the highly stable carbon-fluorine bond, fluorine cannot be 

abstracted by the enzyme, and the reaction becomes trapped in the covalent complex. 

This complex is chemically stable and has been shown to remain intact upon denaturation 

and proteolytic digestion of TS (Danenberg et al., 1974; Sommer and Santi, 1974; 

Pogolotti et al., 1976). This stability allowed identification of Cys 146 as the site of 

covalent attachment to the nucleotide (Bellisario et al., 1979; Belfort et al., 1983). The 
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structure of the enzyme bound ligand complex was later confirmed by '^F-NMR (Byrd et 

al., 1978) and crystallographiceilly (Matthews et al., 1990b; Hyatt et al., 1997). 

While elements of the TS reaction described thus far are well established, other 

details remain a topic of debate. One model has emerged as the most widely accepted 

mechanism and is summarized in Figure 1.3 (reviewed in Carreras and Santi, 1995). The 

first step involves activation dUMP through Michael addition and activation of CH2THF 

through opening of its 5-membered ring to form an N5 iminium ion (intermediate II). 

The electrophillic CI 1 of this intermediate then reacts with the nucleophillic C5 of 

dUMP to form a methylene bridge linking the two reactants (intermediate III). Support 

for the iminium ion of intermediate II comes firom studies of model compounds in 

solution, notably, the reaction of formaldehyde with tetrahydrofolate (THF) to produce 

CH2THF (Kallen and Jencks, 1966). Despite this precedent, the iminium ion 

intermediate has not been directly observed, and a recent study with different model 

compounds raises the possibility that the reaction may proceed through a concerted 

bimolecular substitution that does not involve a fi-ee iminium ion (Eldin and Jencks, 

1995). The next step in the proposed mechanism, after intermediate III has formed, is 

elimination of THF to give an exocyclic methylene intermediate (intermediate V). This 

has been proposed to occur either in two steps, as shown in Figure 1.3 (Carreras and 

Santi, 1995; Stroud and Finer-Moore, 1993), or in a single concerted step that bypasses 

intermediate IV (Matthews et al., 1990b). Either mechanism requires a basic group to 

accept the proton from C5 of the pyrimidine ring and an acidic group to protonate N5 of 
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Figure U. Generally accepted model of the TS reaction. Includes essential elements 
of the reaction shown in Figure 1.2, but expanded to explain other biochemical data and 
predictions based on the reactions of similar compounds in solution (Reviewed in 
Pogolotti and Santi, 1977; Santi and Danenberg, 1984; Carreras and Santi, 1995; Hardy, 
1995). 
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CH2THF. Observation of existing TS structures reveals no acidic or basic side chains 

suitably located for these purposes, although there are ordered water molecules close to 

the required positions. The nature of these acidic and basic groups thus remains unclear. 

Support for the exocyclic methylene of intermediate V, as with the iminium ion of 

intermediate II, comes from model studies in solution (reviewed in Pogoiotti and Santi, 

1977), but this intermediate has not been directly observed. At some point prior to 

product release, the TS-nucleotide thiol adduct is cleaved, but exactly when this occurs 

has not been seriously addressed. 

1.5. Polyglutamylation of CHjTHF 

The naturally occurring form of CH2THF generally contains a number of 

glutamate residues linked to the PABA group (reviewed in Cossins, 1984). This 

polyglutamate modification is not required for catalytic activity in vitro and most TS 

activity assays involve the monoglutamylated form. A crystal structure of TS bound to a 

polyglutamylated folate analog shows that the polyglutamate moiety extends from the 

active site to bind along the surface of TS and interacts through a number of nonspecific 

electrostatic interactions (Kamb et al., 1992a). This work also showed that the 

polyglutamate moiety causes no significant changes in either the ligand positions or 

protein conformation relative to a similar complex with a monoglutamylated folate 

analog. Although polyglutamylated CHiTHF has been shown to have a higher affinity 
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for TS, its role in vivo is unclear. Steady state kinetic measurements of the reaction have 

shown that when monoglutamylated CH2THF is used, the reaction proceeds via an 

ordered sequential mechanism, with dUMP binding first; but when CH2THF(Glu)4 is 

used, the order of ligand binding is reversed O^u at al., 1984). In addition to regulating 

binding affinity, polyglutamylation of folate has been proposed for cell retention or to 

assist transfer between different folate-utilizing enzymes. Because polyglutamylation of 

CH2THF has no significant influence on the structure, the monoglutamylated form of 

CH2THF and analogs have been used throughout this work. 

1.6. Communication Between Subunits 

There are several studies indicating that the two active sites of the TS dimer bind 

ligands with unequal affinity (Galivan et al., 1976; Danenberg and Danenberg, 1979; 

Beaudette et al., 1980; Dev et al., 1994). These observations have led to suggestions of 

negative cooperativity or mechanisms involving alternating sites. Attempts to clarify this 

issue have focused on TS dimers with a single functional active site. One approach to 

obtaining such dimers was to selectively inactivate one active site by chemical 

modification while protecting the other active site by binding to an affinity colurrm 

(Bradshaw and Dunlap, 1993). The catalytic activity (kcat) of these single site enzymes 

was slightly more than half that of native TS. A second approach to obtaining single site 

TSs was to create heterodimers from two different inactive mutants. This is possible 
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because the TS active site contains residues from both monomers. By combining 

monomers of the right mutants, it is possible to create a dimer with two mutations in one 

active site and a native set of residues in the other active site (Figure 1.4). Such 

heterodimers made with TS from L casei have approximately half the catalytic activity 

of wild-type TS (Pookanjanatavip et al., 1992). Similar results were obtained in a study 

involving interspecies heterodimers (Greene et al., 1993), where it was shown that the 

right combination of inactive E. coli and L. casei mutants gave interspecies heterodimers 

with approximately half the catalytic activity of either wild-type TS. A separate study, 

involving only E. coli TS, found that heterodimers with a single functional active site had 

a catalytic activity equal to that of wild-type TS (Maley et al., 1995). 

The results from single site TSs are difficult to interpret, partly due to the use of 

enzyme from different species. The single site TSs from L casei have approximately 

half the activity of wild-type TS, suggesting that both monomers are equally ftmctional in 

wild-type TS. In contrast, the single site TSs from E. coli have full catalytic activity, 

suggesting only one functional monomer in wild-type TS. The interpretation becomes 

more difficult when the structural evidence is considered. In all TS structures reported to 

date, the conformations of the two monomers are either identical or very similar. The 

role of subunit interaction thus remains unresolved, although it is ciear that a single 

functional active site is sufficient for catalysis. 
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Figure 1.4. Formation of heterodimers with one functional active site. Mutations are 
indicated by an asterisk. Since the TS active site is made up of residues from both 
subunits, it is possible to create heterodimers with two mutations in one active site and no 
mutations in the other active site by combining homodimers of one mutant (black) with 
homodimers of a different mutant (gray). 
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1.7. Mutational Studies 

The development of site-directed mutagenesis techniques and high level 

expression systems has provided considerable information about the function of specific 

residues. All of the conserved residues have been replaced by at least one other amino 

acid, and these mutants have been assayed for their ability to support growth of TS-

deficient bacterial strains on a thymidine free medium (Climie et al., 1990; Michaels et 

al., 1990). The majority of these mutants have been purified and assayed for activity in 

vitro, and some have been structurally determined. In many cases, mutations to a single 

residue do not abolish the ability to support growth and have only a mild to moderate 

effect on catalytic activity. There are, however, some notable exceptions. A few residues 

are very sensitive to mutation, and replacing them v^th any other residue severely reduces 

the ability of the enzyme to support growth in a TS deficient strain. 

The most obvious essential residue is the active site Cys 146, which activates the 

substrate through Michael addition. Replacement of Cys 146 with any residue other than 

serine severely reduces catalysis. Serine at this position supports slight catalytic activity, 

but at a rate reduced by 5000-fold (Dev et al., 1988). Some other residues that are 

sensitive to mutation are Arg 21, Trp 80, Tyr 209, Asp 169, and Arg 166. The sensitivity 

of these residues is not surprising since they are located in the active site and make 

contact with at least one of the ligands. Another critical site is the C-terminal residue 

(He 264), which makes contact with CH2THF and moves ~ 5 A during the 
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conformational change (Montfort et al., 1990; Matthews et al., 1990a). Apparently, it is 

the terminal carboxyl group that is important because several different residues at this 

position will support activity, but deletion of the C-terminal residue completely 

inactivates the en2yme. 

Some of the invariant residues in the active site are surprisingly insensitive to 

mutation. An example is Asn 177, which forms hydrogen bonds to N3 and 04 of dUMP 

and provides the only side chain to form direct hydrogen bonds with the pyrimidine ring. 

Several amino acid substitutions at this position can support growth of a TS-deficient 

strain (Michaels et at., 1990; Climie et al., 1990). When the other 19 amino acids were 

each substituted for Asn 177,15 of the mutants were catalytically active, albeit at a rate 

less than wild-type (Liu and Santi, 1993). A particularly informative mutant is 

Asn 177 -> Asp, which unlike wild-type, will utilize dCMP as a substrate (Hardy and 

Nalivaika, 1992; Liu and Santi, 1992). A crystal structure of dCMP bound to wild-type 

TS showed that although dCMP in high concentration will bind to TS, it binds in a 

slightly different orientation than dUMP and does not interact with Asn 177 (Finer-

Moore et al., 1996). This study also showed that the Asn 177 side chain cannot rotate to 

a position that could form hydrogen bonds with dCMP (i.e. reverse the positions of 06 & 

N6). Taken together, the results from mutational studies of Asn 177 suggest that the 

major role of Asn 177 is in determining substrate specificity. It also appears to play a 

contributing role in catalysis, but is not absolutely required for activity. 
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Many of the other invariant residues can be replaced without abolishing activity, 

raising the question of why they are conserved. However, because all mutants studied to 

date are less active than wild-type, it appears that TS has evolved for maximum catalytic 

efficiency. How the invariant residues are involved in maintaining this maximum 

efficiency is unclear, but such a high level of optimization makes TS a good system for 

studying the subtle roles of specific residues. 

1.8. Objectives and Approach 

This work focuses on two general areas of TS function: (1) the role of conserved 

non-active site residues, and (2) details of the catalytic mechanism. To address these 

issues, crystal structures have been determined of wild-type and mutant E. colt TSs with 

different combinations of ligands bound. To study the role of conserved non-active site 

residues, TSs with mutations to four invariant residues located away from the active site 

were selected: Tyr 4, Tyr 181, His 212, and Tyr 252. To study details of the catalytic 

mechanism, three invariant residues in the active site were selected: Glu 58, Tyr 94, and 

Cys 146. Another approach to studying the mechanism was through the use of the 

inhibitor, FdUMP. This compound was used to redetermine the structure of the 

inhibitory ternary complex, which is thought to be a close analog of a reaction 

intermediate (HI of Figure 1.3). All the residues considered in this work and their 

positions in wild-type TS are shown in Figure 1.5. 



Figure 1.5. Locations of residues considered in this work. Strands are labeled /-
and helices are labeled A-K. This figure was made with the program MOLSCRIPT 
(Kraulis, 1991). 



Various ligand combinations have been used to obtain different conformations 

and different crystal forms and to address specific catalytic questions. The TS ligands 

used in this work are shown in Figure 1.6. The top three compounds shown in Figure 1.6 

are the cofactor (CH2THF), a tight binding cofactor analog (PDDF), and the coproduct 

(DHF). PDDF has been shown to induce the closed conformation and stabilize the 

covalent bond between TS and dUMP in ternary complexes (Montfort et al., 1990; 

Matthews et al., 1990a). Because PDDF does not react beyond this point, it has been 

used in this work to study the closed conformation. The bottom three compounds listed 

in Figure 1.6, are the substrate (dUMP), the inhibitory substrate analog (FdUMP), and the 

product (dTMP). 

TS from E. coli has been used throughout this work because of its well 

established methods for overexpression and mutagenesis. Because TS is so highly 

conserved, principles learned from the study of the E. coli enzyme should apply to TSs 

from other species. 
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Figure 1.6. TS ligands used in this work 
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CHAPTER! 

MATERIALS AND METHODS 

2.1. Crystallization Method 

All crystallizations reported in this work were performed by the method of vapor 

diffusion from hanging drops. A typical semp consisted of 5 fxL drops containing protein 

and precipitant, placed in the center of 22 mm round glass coverslips, and suspended over 

the wells of a 24-wen tissue culture plate. Each well contained a 1 mL solution of buffer 

and precipitant. The system was sealed by placing microscope emersion oil around the 

rim of each well before placement of the coverslips. In the vapor diffusion method, 

crystal growth is driven by a slow equilibrium between drop and well through the vapor 

phase. In the setup employed here, the initial concentration of precipitant in the drop was 

half that of the well, causing the volume of the drop to decrease during equilibrium and 
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the concentration of both protein and precipitant to increase. Under appropriate initial 

conditions, the slow increase in protein and precipitant concentration will result in crystal 

growth. 

2.2. Preparation of Protein Solutions 

Cloning, protein expression, and protein purification was performed in another 

laboratory as previously described (Maley and Maley, 1988). The work presented here 

began with purified E. coli TS stored at -80° C as an ammonium sulfate precipitant. For 

a typical crystallization, the protein of interest was thawed and an aliquot of ~ 150 of 

slurry was dialyzed against a buffer containing 20 mM KH2PO4,4 mM DTT, pH 8.00. 

Dialysis was performed in 4x500 mL batches at 4° C with a minimum of 3 hours between 

buffer changes. After dialysis, the remaining insoluble material was pelleted in a 

microftige. The typical volume of the resulting solution was ~ 400 ^L. A 10 |aL aliquot 

of this solution was diluted 100-fold in dialysis buffer and used to determine the TS 

concentration. Concentration was determined by absorbance at 280 nm, using the 

extinction coefficient ^280 = 0-87 x 10^ M"' cm'' (Maley et al., 1995). The concentration 

of protein at this point was typically in the range of 10 - 25 mg/mL, depending on the 

solubility of the individual mutant. This protein solution was mixed with the appropriate 

ligand stock solutions to give the final solution containing ±e desired complex. Ligand 

stock solutions were made using a buffer identical to the dialysis buffer but made fresh 
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inunediately prior to setting up the drops to insure the presence of fresh reducing agent. 

The concentrations of the ligand stock solutions were 80 mM for the pyrimidines (dUMP, 

FdUMP, dTMP) and ~ 20 mM (based on estimated formula weights) for the folate 

analogs (PDDF, CH2THF). Concentrations in the final solution after adding ligand 

stocks were 4 mM pyrimidine, ~ 4 mM folate analog, and a protein concentration diluted 

to 75% of the original value (now 8-20 mg/mL). To set up a crystallization drop, this 

final solution was mixed in a 1:1 ratio with well buffer (see below) to give a drop volume 

of 5 |iL. 

2 J. Well Buffers 

Ammonium sulfate was used as the precipitant for all crystallizations. Well 

buffers contained 20 mM ICH2PO4,4 mM DTT, and 2.05 to 2.60 M (0.05 M increments) 

ammonium sulfate at a pH of either 7.50 or 8.00. The reducing agent, DTT, was added to 

the buffers immediately prior to setup of the drops. A 1 mL aliquot of each well buffer 

was then distributed to the wells of a 24-weII tissue culture plate. To set up the 

crystallization drops, 2.5 of each well buffer was mixed with 2.5 |aL of the final 

protein solution (see above) to give a 5 |iL drop with a precipitant concentration diluted 

to 1/2 the precipitant concentration of the well. 
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2.4. Obtaining DifTerent Crystal Forms 

This crystallization method when applied to TS gives four different crystal forms, 

cubic (/2i3), trigonal (P3i21), and two different hexagonal forms {P6\ and P6{). 

Unliganded TS or binary complexes of TS and pyrimidine normally grow in the cubic 

crystal form, while ternary complexes normally grow in one of the trigonal or hexagonal 

crystal forms. One of the hexagonal forms (P6\) did not diffi^ct well and was not used 

for data collection. The other hexagonal form (P6i) and the trigonal form (/'3i21) were 

both used for data collection and grew under similar conditions. The predominant crystal 

form seen with temary complexes varied between different mutants and with different 

ligand combinations. For the set of TSs used in this work, the nature of the pyrimidine 

appeared to have some influence over which crystal form was predominant; temary 

complexes with dTMP and FdUMP favored the trigonal form more than temary 

complexes with dUMP. Slightly altering the protein concentration also influenced the 

predominant crystal form for temary complexes. In general, the trigonal form grew at a 

higher protein concentration than the hexagonal form. Another general trend was that 

when both forms were present in the same drop, the trigonal form was favored. In such 

cases, seeding was required to obtain usable crystals of the hexagonal form. 
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2.5. Seeding Techniques 

In cases where the hexagonal crystal form was desired but did not grow 

spontaneously or grew poorly, it could often be obtained by seeding. The seeding 

approach was to introduce a microscopic crystal into an equilibrated drop that contained 

concentrated protein and precipitant. The first step was to thoroughly crush a previously 

obtained hexagonal crystal under a dissecting microscope until no large pieces were 

visible. The resulting microcrystalline solution was then diluted 10^ - 10^ fold in well 

buffer (containing ~ 2.20 M ammonium sulfate), and 0.5 of the diluted 

microcrystalline solution was introduced into the equilibrated drop. This procedure 

introduced I -10 (sub)microscopic seed crystals to the drop, which often grew to visible 

size (under the microscope) within a few hours. 

A modification of this seeding technique could often be used to obtain both 

trigonal and hexagonal crystal forms from the same set of drops, thus minimizing the 

amount of protein used and eliminating the need for a second plate. Under conditions 

where both forms grew, the trigonal form was predominant and appeared spontaneously. 

In such cases, after the trigonal crystals had been removed for data collection, the 

remaining drops could be used to grow hexagonal crystals. The remaining crystals 

(unused trigonal crystals and poorly formed hexagonal rods) were dissolved then 

re-equilibrated to conditions just below the point were crystals would spontaneously 

reappear. This was done by adding 5 |j.L of a buffer containing 0.6 - 0.8 M ammonium 
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sulfate (plus 20 mM KH2PO4,4 mM DTT, pH 8.00) to each drop. If this did not 

completely dissolve the crystals, 1 -10 |iL of water was added to the drop. The well 

buffer was then removed from the well and replaced with a well buffer containing a 

lower ammonium sulfate concentration. The concentration of ammonium sulfate in the 

new well buffer was chosen to be just below that which supports spontaneous crystal 

growth (i.e. without seeding, usually ~ 2.20 M). The drops were allowed to equilibrate 

for 24 - 48 hours and were then seeded with hexagonal seed crystals using the procedure 

described above. 

2.6. Structure Determinations 

Diffraction data were measured using an Enraf Nonius FAST area detecting 

diffractometer attached to a FR571 rotating Cu anode X-ray source. Indexing of 

reflections and collection of intensity measurements were performed with the software 

package MADNES (Messerschmidt and Pflugrath, 1987). Data reduction was performed 

with either PROCOR (Kabsch, 1988) or AGROVATA (Collaborative Computational 

Project, 1994). Previously determined isomorphous structures were used for initial 

phases and atomic positions. Refinement was performed by the method of least-squares 

using GPRLSA (Furey et al., 1982). Structure factors and electron density maps were 

calculated with the CCP4 suite of programs (Collaborative Computational Project, 1994). 
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Model building and map visualization was performed with the molecular graphics 

program FRODO (Jones, 1978; Pflugrath et al., 1984). 

After measurement of reflection intensities and reduction of the data, the resulting 

unique reflections and their intensities were used to calculate Fobs - Fobs difference maps 

using Fobs from the new data and Fobs and phases from a previously determined model 

structure. Such maps reveal any large changes that need to be made to the initial model. 

If a new ligand was present, a similar map was calculated with ligand atoms omitted from 

the calculation. An initial ligand model was then built into the resulting electron density. 

The first several cycles of least-squares refinement were performed using only data to 

3.0 A. Individual temperature factors were not refined in the initial stages, but held at a 

constant value of 18.00 A^, which is the approximate overall average observed in 

previously determined structures (Montfort et al., unpublished observations). When the 

refinement reached convergence with 3.0 A data, additional data to 2.8 A was included 

and the process was repeated. Data continued to be added in batches of 0.2 A until the 

limit of the data set was reached. At some point (usually after data to ~ 2.6 A had been 

included), the individual thermal factors were released from their constant value and 

allowed to vary during the refinement. As a general guideline, temperature factors were 

refined once the number of included reflections was four times the number of atoms in 

the model. Temperature factors were refined isotropically, and occupancies were not 

refined (assumed to be 1.0 for all atoms). Geometrical restraints were placed on the 
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model to maintain the RMS deviation for bond lengths at < 0.020 A and the RMS 

deviation for bond angles at < 3.0°. 

After the refinement had reached convergence with all of the data included, the 

model was subjected to a round of manual rebuilding on a graphics display. A series of 

Fobs - Fcaic omit maps were calculated with some of the atoms removed from the structure 

factor calculation. Such maps reveal electron density for the region that is omitted. This 

was done for the entire model in groups of either 15 residues (space groups /2i3 and 

P3121) or 30 residues (^63 space group). A separate omit map was calculated by 

omitting ordered water molecules and this was used to evaluate the placement of water 

molecules in the structure. The criteria used to justify placement of an ordered water was 

(1) well defined electron density in the omit map and (2) location within hydrogen 

bonding distance (< 3.5 A) of a protein or ligand atom. 

After a round of manual rebuilding, the model was subjected to several (5-10) 

more cycles of refinement. In most cases, the model was by now close to its final form 

and only needed to be checked for regions of poor geometry. The model was checked 

against a IFobs - Fcaic electron density map, and the geometry was checked with the 

program PROCHECK (Collaborative Computational Project, 1994). If any changes were 

necessary, 5-10 more cycles of refinement were run. This process was repeated until an 

acceptable model was obtained. 



2.7. Comparing Structures 

Structural comparisons were performed by first placing the structures being 

compared into the same region of coordinate space. This was done with the program 

LSQKAB (Collaborative Computational Project, 1994), which superimposes structures 

through a least-squares minimization between equivalent Ca positions. This is necessary 

since different crystal forms and variations in unit cell volumes place the individual 

structures into different regions of coordinate space. When two structures were 

superimposed, all Ca atoms from each structure were used in the calculation. All 

reported RMS deviations between Ca positions reported in this work were generated 

with the LSQKAB program, and all reported distances between atoms in different 

structures refer to structures that have been superimposed. 
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CHAPTERS 

STRUCTURES OF WILD-TYPE TS 

3.1. Introduction 

Structures of wild-type TS have been included in this work to (1) provide 

reference structures for comparing to mutants, (2) to determine the effects of crystal 

packing interactions, and (3) to determine the effects of a C5 substituent on the 

pyrimidine ring. 

Since the mutant structures presented in this work have been determined in 

severzil different ligand complexes and in three different crystal forms, several wild-type 

reference structures are needed to accurately distinguish the effects of mutation from the 

effects of different ligand combinations and crystal packing interactions. Six wild-type 

structures have been used for reference throughout this work and are listed in Table 3.1. 
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These references structures have been used for calculating difference maps, determining 

RMS deviations in Ca positions, and for visual comparisons. Three of these structures 

were previously determined by others; the other three were determined here. 

Ciystallographic data for the newly determined wild-type structures is included in 

Table 3.2. 

Table 3.1. Reference Structures 

Complex Crystal Form Reference 
WTdUMP-PDDF 

WT-dUMP 72,3 
WTdTMPPDDF P3i21 

WTFdUMP-PDDF ^63 
WTFdUMP-PDDF ^3121 
WTdTMPPDDF P62 

Weichsel & Montfort, unpublished 
Roberts &, Montfort, unpublished 

Weichsel & Montfort, unpublished 
This work 
This work 
This work 

All the structures presented in this work were determined in one of three crystal 

forms, and each form is represented by at least one of the wild-type reference structures. 

The cubic crystal form (/2i3) is the form that grows with binary complexes in the opjen 

conformation. In this crystal form, there is one monomer per asymmetric unit, and the 

dimer interface lies directly on a crystallographic two-fold axis. The two monomers of 

the fimctional TS dimer are thus identical in the /2i 3 crystal form. 

The ternary complex crystallizes in two different crystal forms, trigonal (P3i21) 

and hexagonal (P63). The TS conformation in both of these crystal forms is closed, and 

the two conformations are similar but not identical. Like the 7213 crystal form, the /'3|2I 



Tabel 3.2. Crystallographic Data for Wild-Type Structures 

Complex Wild Type Wild Type Wild Type 
FdUMP FdUMP dTMP 
PDDF PDDF PDDF 

Space Group i'3i21 P63 
Cell Constants (A) a= 126.71 a = 72.12 a= 126.37 

c = 67.57 c= 115.11 c = 67.39 

Resolution (A) 2.20 1.90 2.60 
Total Reflections 159,570 122,931 81,787 
Unique Reflections 46,694 34,529 24,043 
% Total Data 97 94 85 

R«in 
total 0.112 0.110 0.125 
outer shell 0.482 0.345 0.489 

RMS deviations 
Bond Distances (A) 0.019 0.019 0.017 
Bond Angels (deg.) 2.2 2.7 2.7 

Rcrwi (all non-zero data) 0.191 0.200 0.184 
Ave. Temp. Factors (A^) 

Protein Atoms 
monomer 1 14.8 17.9 16.0 
monomer 2 20.3 - 18.7 

Pyrimidine Atoms 
monomer 1 11.3 11.2 14.2 
monomer 2 14.9 - 13.9 

Folate (analog) atoms 
monomer 1 16.7 18.1 19.6 
monomer 2 23.8 - 26.6 
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form contains one monomer per asynmietric unit. In the P63 crystal form, the 

asymmetric unit contains the full TS dimer, and there are some slight structural variations 

between the individual monomers. In addition to representing all the crystal forms, these 

reference structures represent all the ligand complexes used in this work. Two 

exceptions, which are presented in Chapter 6, are an apparent product complex and a 

complex involving unreacted CH2THF. 

To determine the effects of crystal packing interactions, two identical 

WT-FdUMP-PDDF complexes have been determined in different crystal forms and 

P2\2\). Since these two structures differ only in the crystal form, they can be directly 

compared for the effects of crystal packing interactions. 

An additional objective in determining structures of wild-type TS is to better 

understand how the substituent at C5 of the pyrimidine ring affects the stability of the 

TS-nucleotide covalent bond. In two previously determined wild-type structures, 

WT dUMP-PDDF-P63 and WT dTMP-PODF-PSill (Table 3.1), the TS-nucleotide 

covalent bond is present in the dUMP-containing structure but absent fi-om the dTMP-

containing structure. One interpretation of this work is that the methyl group at C5 of 

dTMP destabilizes the covalent bond. This is expected based on the predicted reaction 

mechanism, since dTMP is the product of the reaction. However, the two structures were 

determined in different crystal forms, making it difficult to distinguish the effects of the 

5-methyl from those of crystal packing interactions. To resolve these issues, the structure 
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of the WT dTMP-PDDF complex was redetermined in the ^63 crystal form that is 

directly comparable to the dUMP-containing complex. 

3.2. Results 

\VTFdUMPPDDF-P63 

To address the effect of fluorine at C5 of the nucleotide, the 

WT-FdUMP PDDF-P63 structure was determined. Although a structure of this complex 

has been previously reported (Matthews et al., 1990a), it was determined in the P61 

crystal form, which was not used in this work. It has therefore been redetermined here in 

the P6^ crystal form to 2.2 A nominal resolution. The newly determined 

WT-FdUMP PDDF-P63 structure is very similar to the previously determined 

WT dUMP PDDF-/'63 structure. Both structures are in closed conformations and 

superimpose with a RMS deviation of 0.14 A in Ca positions. The only notable 

difference between the two structures is in the TS-nucleotide covalent bond. When the 

2Fo - Fc maps for the two structures are compared, electron density for the covalent bond 

is not as good in the FdUMP-containing structure. When the maps are contoured at la, 

electron density for the covalent bond is present in both. However, at a 2a contour level, 

electron density for the covalent bond is absent from the FdUMP-containing structure 

and present in the dUMP-containing structure. Figure 3.1 shows a portion of the final 
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PDDF PDDF 

FdUMP FdUMP 

Figure 3.1. Electron density for ligands in WT"FdUMP*PDDF-P63. Portion of the 
final IFo - Fc electron density map contoured at Icr above the mean density of the entire 
map. This figure and all similar figures showing electron density were made using the 
program O (Jones et al., 1991). 
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2Fo - Fc electron density map for the present structure contoured at Icr to show the 

electron density for the TS-nucIeotide covalent bond. It thus appears that the covalent 

bond in the WT-FdUMP-PDDF-/'63 structure is slightly less stable than in the analogous 

dUMP-containing structure. This effect is less pronounced in the second active site of 

the WT-FdUMP-PDDF-/'63 structure, which is reflected by the final refined distances for 

the TS-nucleotide covalent bonds. In the dUMP-containing structure, this distance is 

2.2 A for both monomers. In the FdUMP-containing structure, this distance is 2.3 A in 

monomer 1 and 2.0 A in monomer 2. 

WTFdUMPPDDF-/^3i21 

To address the effects of crystal packing interactions, the structure of the 

WT-FdUMP-PDDF complex was determined in the P3|21 crystal form to 1.9 A nominal 

resolution and compared to the identical complex determined in the P63 crystal form 

(above). This structure is in a closed conformation similar to that of the P63 structure, 

but unlike the P63 structure, the TS-nucleotide covalent bond is absent. This is clearly 

indicated in the 2Fo - Fc electron density map, which shows a planar pyrimidine ring and 

discontinuous electron density between Cys 146 and FdUMP (Figure 3.2). Even at very 

low contour levels (< la), there is no density for the covalent bond in the 2Fo - Fc map. 

Since the two monomers are structurally identical in the P2\2\ crystal form, the absence 
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PDDF 

FdUMP FdUMP 

Figure 3.2. Electron density for ligands in WT*FdUMP*PDDF-/^j21. 
final 2Fo - Fc map contoured at 2a. 

Portion of the 
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of a covalent bond holds for both subunits of this structure. The length of this bond in 

the final refined structure is 3.2 A. 

WTdTMPPDDF-P63 

To determine the effect of the dTMP 5-methyl group on the stability of the TS-

nucleotide covalent bond, the structure of the WT dTMP-PDDF complex was determined 

in the P6-i crystal form to 2.6 A nominal resolution. The refined structure is very similar 

to the analogous dUMP-containing structure, and the two structures superimpose with a 

RMS deviation in Ca positions of 0.18 A. Visual inspection of the superimposed 

structures reveals a slight structural adjustment in the dTMP-containing structure to 

accommodate the 5-methyl group. The side chains of Trp 80 and Tyr 94, which are in 

van der Waals' contact with the C5 methyl, move away from the pyrimidine ring by 0.2 -

0.3 A. The pyrimidine ring moves in the opposite direction by a similar magnitude. This 

structural adjustment is observed in both active sites of the WT-dTMP-PDDF-/'63 

structure. 

The most significant difference between WT-dUMP-PDDF-/'63 and 

WT-dTMP-PDDF-/'63 is that the TS-nucleotide covalent bond is absent from the dTMP-

containing structure. Difference electron density maps calculated with data from the 

dUMP-containing structure reveal negative electron density in the region between 

Cys 146 and dTMP. That the TS-dTMP covalent bond is absent is also apparent in the 
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IFo - Fc maps, which show a gap in the electron density between TS and dTMP even at 

very low contour levels. The distance between Sy and C6 in the final refined structure is 

3.2 A and 3.3 A in monomers I and 2, respectively. 

33. Discussion 

Three structures of wild-type TS have been determined to complete the set of 

reference structures, to determine the effects of the pyrimidine C5 substituent, and to 

determine the effects of crystal packing interactions. Two structures with C5 substituents 

on the pyrimidine ring have been determined in the P63 crystal form and can be directly 

compared to a previously determined dUMP-containing structure. The results show that 

the TS-nucleotide covalent bond is slightly weakened by the presence of a fluorine at C5 

and completely destabilized by a methyl group. The mechanism by which a C5 

substituent destabilizes the covalent bond is unclear. Based on chemical considerations, 

a less stable covalent bond is expected with dTMP, due to the mild electron donating 

potential of the methyl group. With FdUMP, however, the opposite is expected, since 

fluorine has an electron withdrawing effect. The slightly destabilized covalent bond 

observed in the FdUMP-containing structure suggests that steric effects may also be 

involved. A possible explanation may be that steric conflict between the C5 substituent 

and other groups in the active site cause a slightly enlarged active site cavity and thus 

destabilize the covalent bond. Three possible sources of steric conflict are Trp 80, 
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Tyr 94, and a fixed water molecule hydrogen bonded to the Tyr 94 hydroxyl. Both 

Trp 80 and Tyr 94 are invariant, and their roles are unclear. The present dTMP-

containing structure suggests that a steric conflict model may be possible, since it shows 

a slight shift in the Trp 80 and Tyr 94 side chains to accommodate the C5 substituent; 

however, the magnitude of these shifte (~ 0.2 A) is too small to lend strong support to the 

idea. These structural shifts are not expected to be the result of random error in the 

structure, since Trp 80 and Tyr 94 move as a unit, in the same direction and with the 

same magnitude. If steric conflict between the C5 substituent and other groups in the 

active site contributes to the stability of the TS-nucIeotide covalent bond, the effect is 

probably small and can be overcome by strong electronic effects. This is shown by 

preliminary results from the ternary complex with PDDF and the mechanism based 

inhibitor S-NOj-dUMP (Axendall and Montfort, unpublished results). In this structure 

there appears to be a very stable covalent bond between TS and S-NOj-dUMP despite the 

presence of the bulky 5-NO2 group. It thus appears that the strong electron withdrawing 

potential of the 5-NO2 group overcomes any steric effects that would disfavor covalent 

bond formation. The topic of steric conflict between the 5-methyl of dTMP and Tyr 94 is 

addressed again in Chapter 6. 

Two identical ternary complexes (WT-FdUMP-PDDF) have been determined in 

different crystal forms to determine the effects of crystal packing. In these structures, the 

TS-nucIeotide covalent bond is present in the P6-i structure but absent from the /'3i21 

structure. This is a general trend throughout this work. It is unclear whether crystal 



packing interactions in the P3i21 crystal form cause an unstable covalent bond or if 

structures in the /'3i21 crystal form represent a naturally occurring conformation in 

which the covalent bond is unstable. These two possibilities cannot be unequivocally 

distinguished, but a naturally occurring conformation appears more likely, since there are 

structures lacking a TS-nucleotide covalent bond that crystallize in the P62, form (e.g. 

WT dTMP-PDDF-/'63). The absence of a covalent bond alone is thus not enough to 

cause the PSiZl crystal form. There is also one example (presented in Chapter 6) of a 

TS-nucleotide covalent bond in a /'3i21 structure. It can thus be argued that the two 

crystal forms represent slightly different conformations that occur in solution. The 

conformations of the two WT FdUMP-PDDF structures presented here are similar, with a 

RMS deviation of 0.3 A in Ca positions (using monomer 1 of the ^63 structure). This 

similarity suggests that the TS-nucleotide covalent bond is sensitive and is destabilized 

by slight structural changes. 
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CHAPTER 4 

STRUCTURES OF NON-ACTIVE SITE MUTANTS 

Although the amino acid sequence of TS has been highly conserved through 

evolution, the roles of many invariant residues are poorly understood. Most of the 

invariant residues are located away from the active site and thus do not play a catalytic 

role. Mutational studies have shown that most single residue replacements do not 

inactivate the enzyme (Climie et al., 1990; Michaels et al., 1990; F. Maley, unpublished 

work). However, all known mutations result in an enzyme that is less active than 

wild-type, suggesting that TS has evolved for optimal activity. How specific residues 

contribute to this optimization is unclear. Observation of existing TS structures shows 

that most of the invariant non-active site residues are involved in hydrogen bonding 

networks that link together mobile regions. These hydrogen bond networks may insure 

that structural regions distant from the active site reach the appropriate positions during 
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the conformational change. To explore this possibility, and to better understand how 

specific residues contribute to optimal TS activity, structures of TSs with mutations at 

four invariant sites have been determined: Tyr 4, Tyr 181, His 212, and Tyr 252. 

Structures of these mutants have been determined in four difiTerent ligand complexes and 

three different crystal forms for a total of 11 structures. Crystallographic data for these 

structures is shown in Table 4.1. 

4.1. Tyr 4 

4.1.1. Tyr 4 Introduction 

Tyr 4 is located near the N-terminus in the A-helix (Figure 1.5). In wild-type TS, 

the side chain of Tyr 4 points toward the interior where its hydroxyl forms hydrogen 

bonds with the main chain carbonyl of Asn 170 and with a buried water molecule (Figure 

4.1). This water molecule is also hydrogen bonded to Oe of Gin 219 and to N(!^ of 

Lys 48. This hydrogen bond pattern links together four regions of secondary structure: 

Gin 219 is located in the K-helix, Asn 170 is located in the loop preceding the J-helix, 

and Lys 48 is located in an internal loop that proceeds the B-helix. Lys 48 is invariant 

and Gin 219, although not invariant, is found in all but three known TS sequences. The 

regions linked by this hydrogen bonding network all move as a unit during the 

conformational change, suggesting that Tyr 4 may be important for maintaining the 
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Tabel 4.1 Crystallographic Data for Non-Active Site Mutant Structures 

Complex Y4H Y4H Y4H Y4H Y4F Y4H 
dUMP dUMP FdUMP FdUMP FdUMP FdUMP 
PDDF PDDF PDDF PDDF 

Space Group P6, /2,3 P6, ^3,21 /'3,21 P6, 
Cell Constants (A) a= 127.00 a = 132.73 a= 126.96 a = 72.01 a = 72.10 a= 127.50 

c = 67.60 c = 67.57 c = 114.89 c = 114.95 c = 68.52 
Resolution (A) 2.50 2.20 3.00 1.83 2.20 2.50 
Total Reflections 132,728 94,994 64,701 113,471 54,750 108,755 
Unique Reflections 41,285 21,977 21,290 29,005 18,396 25,309 
% Total Data 100 100 100 91 90 95 

total 0.108 0.079 0.148 0.054 0.119 0.095 
outer shell 0.447 0.401 0.556 0.330 0.246 0.368 

RMS deviations 
Bond Distances (A) 0.019 0.019 0.020 0.019 0.020 0.019 
Bond Angels (deg.) 2.8 2.8 2.8 2.4 2.7 2.7 

Rct„, (all non-zero data) 0.174 0.198 0.196 0.204 0.201 0.195 
Ave. Temp. Factors (A") 

Protein Atoms 
monomer 1 17.8 20.8 ND« 21.5 15.8 \12 
monomer 2 23.0 - ND - - 23.1 

Pyrimidine Atoms 
monomer 1 16.3 30.6 ND 12.8 11.8 66.2 
monomer 2 19.3 - ND - - 60.0 

Folate (analog) atoms 
monomer 1 22.2 - ND 20.1 18.5 -

monomer 2 30.6 - ND - - -

*ND: not determined 



Tabel 4.1 Crystallographic Data for Non-Active Site Mutant Structures - continued 

Complex Y181L Y181L H212T H212T Y252S 
dUMP dUMP dUMP dUMP dUMP 
PDDF PDDF 

BME 
PDDF PDDF 

Space Group P63 n,3 P63 P63 P(>z 
Cell Constants (A) a= 126.83 a = 132.82 a= 127.69 a= 127.04 a = 126.53 

c = 67.76 c = 68.52 c = 67.69 c = 67.76 
Resolution (A) 2.50 2.50 2.60 2.20 2.50 
Total Reflections 85,163 87,677 95,346 85,697 108,862 
Unique Reflections 29,510 22,532 23,252 31,582 29,533 
% Total Data 81 99 92 100 100 

total 0.091 0.095 0.175 0.074 0.082 
outer shell 0.373 0.389 0.424 0.449 0.371 

RMS deviations 
Bond Distances (A) 0.019 0.017 0.020 0.018 0.020 
Bond Angels (deg.) 2.7 2.6 2.6 2.8 2.8 

Ravsi (all non-zero data) 0.180 0.189 0.185 0.194 0.187 
Ave. Temp. Factors (A*) 

Protein Atoms 
monomer 1 13.8 20.0 26.3 19.7 19.2 
monomer 2 19.4 - 33.4 23.5 21.6 

Pyrimidine Atoms 
monomer 1 12.8 48.9 22.2 18.1 20.6 
monomer 2 13.0 - 23.7 17.1 9.4 

Folate (analog) atoms 
monomer 1 15.9 - 63.8 25.6 29.9 
monomer 2 26.7 - 68.1 32.2 27.1 
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Figure 4.1. Arrangement of Tyr 4 in wild-type TS. This figure was made using 
coordinates from WT-dUMP PDDF-/'63 (Weichsel and Montfort, unpublished work). 
This and other similar figures were made using the program MOLSCRIPT (Kraulis, 
1991). 
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relationship. However, Tyr 4 is relatively tolerant to mutation. The Tyr 4 His mutant 

is 72% as active as wild-type (kcat), and the Tyr 4 —*• Phe mutant is 50% as active as wild-

type (F. Maley, unpublished work). 

Another interesting property of Tyr 4 is that, in himian TS, its replacement with 

His apparently results in relative resistance to FdUMP. A naturally occurring TS mutant 

was observed in a human colon cancer cell line that was resistant to FdUrd, the metabolic 

precursor to FdUMP (Berger and Berger, 1988; Berger et al., 1988). Further work on this 

mutant showed that Tyr 33, which is analogous to Tyr 4 in £. coli TS, had been replaced 

with His (Barbour et al., 1990). Expression of diis mutant TS in either mammalian or 

bacterial cells resulted in a 4-fold level of resistance to FdUrd (Barbour et al., 1992). A 

similar study showed that, in contrast to cells expressing the Tyr ->• His mutant, cells 

expressing the Tyr —> Phe mutant were not resistant to FdUrd (Hughey et al., 1993). 

Surprisingly, this same mutation in E. coli TS does not confer resistance to FdUMP (F. 

Maley, personal communication). The reason for this difference in behavior between 

human and E. coli TS is not known; however, human TS contains a 27-residue extended 

N-terminus, which may be involved. 

To better understand the role of Tyr 4, structures of the Tyr 4 His and 

Tyr 4 Phe mutants were determined. Although a structure of the Tyr 4 Phe mutant 

has been previously determined (Weichsel and Montfort, unpublished work), it was 

repeated here in a different crystal form. A total of 6 structures with point mutations to 

Tyr 4 are presented. 
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4.1.2. Tyr 4 Results 

Y4HFdUlVIPPDDF-«i21 

The highest resolution structure of the Tyr 4 -»• His mutant was the 

Y4H-FdUMP PDDF complex determined in the 7*3121 crystal form to 1.83 A nominal 

resolution. The electron density maps were readily interpreted and allowed unambiguous 

placement of the model. A portion of the 2Fo - Fc electron density map near His 4 is 

shown in Figure 4.2. The structural effects of the Tyr 4 -> His mutation are relatively 

minor, and the Y4H-FdUMP-PDDF-P3i21 structure is very similar to the analogous 

wild-type structure (WT-FdUMP-PDDF-/'3i21, Table 3.2). For comparison, a portion of 

the 2Fo - Fc electron density map for the wild-type structure is shown in Figure 4.3. The 

RMS deviation for Ca atoms between the two structures is 0.09 A. The only notable 

difference between the present structure and wild-type is in the region surrounding the 

mutation. In the wild-type structure, the hydroxyl group of Tyr 4 forms hydrogen bonds 

to a buried water and to the main chain 0170 (Figure 4.1). The Tyr 4 His mutant 

appears to maintain only one of these two hydrogen bonds. Depending on the 

interpretation, either one of the two hydrogen bonds found in wild-type could be 

maintained in the mutant, but not both. The ambiguity arises because the orientation of 

the His 4 imidazole ring cannot be unequivocally determined. Two orientations, 

differing by a 180° rotation, will both fit the electron density. Figure 4.4a shows the 
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Figure 43. Electron density near Tyr 4 in WT*FdUMP*PDDF-P3i21. Portion of the 
2Fo -  Fc electron density map contoured at 2a. 
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Figure 4.4. Two possible interpretations of data from Y4H*FdUMP*PDDF-F3i21 
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arrangement that maintains the hydrogen bond to the buried water molecule and loses the 

bond to 0170, and Figure 4.4b shows the arrangement that maintains the bond to 0170 

and loses the bond to the buried water molecule. Both orientations appear to be equally 

possible. It is also possible that the structure contains a mixture of the two arrangements. 

The Tyr 4 -> His mutation causes a slight collapse of the pocket surrounding 

residue 4, apparently to compensate for the shorter length and smaller volume of His 

relative to Tyr. In the mutant, the Ca atom of residue 4 moves ~ 0.3 A towards the 

interior relative to its position in wild-type, and the carbonyl of residue 171 moves 

~ 0.2 A toward His 4. These changes, although small, are ~ 3-fold above the RMS 

deviation of the entire structure with respect to wild-type. As is typical for the P3i21 

structures, the Y4H-FdUMP-PDDF-/'3i21 structure does not contain a TS-nucleotide 

covalent bond. 

Y4FFdUMPPDDF-«,21 

In wild-type TS, Tyr 4 forms two internal hydrogen bonds, and one of these bonds 

is maintained in the Tyr 4 -> His mutant. To determine the effects of eliminating both 

hydrogen bonds, Tyr 4 was replaced with Phe, which contains no hydrogen bonding 

groups on its side chain. The structure of the Y4F-FdUMP-PDDF complex was 

determined in the /'3i21 crystal form to 2.2 A nominal resolution. Since this structure is 

in the /'3i21 crystal form, it can be directly compared to the analogous wild-type and 
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Tyr 4 His structures. (WT-FdUMP-PDDF-P3,21 and Y4H-FdUMP PDDF-P3,21). 

When the Tyr 4 -> Phe structure is compared to wild-type, the RMS deviation between 

Ca atoms in the two structures is 0.16 A. These structural changes, although small, are 

greater than those of the analogous Tyr 4 His mutant, which maintains one of the two 

wild-type hydrogen bonds and deviates from wild-type with a RMS deviation of 0.09 A. 

A portion of the final 2Fo - Fc electron density map for the T>t 4 Phe structure is 

shown in Figure 4.5. Like the Tyr 4 —> His mutant, the structural changes in the 

Tyr 4 -> Phe mutant are largely localized to the region surrounding the mutation. In 

contrast to the Tyr 4 -> His mutant, in which the pocket surrounding His 4 collapses, the 

pocket surrounding Phe 4 in the Tyr 4 —>• Phe mutant slightly expands. The Ca atom of 

Phe 4 moves ~ 0.3 A away from the interior relative to its position in wild-type. This 

positional change in Phe 4 is opposite in direction to the positional change of His 4 in 

the Tyr 4 -> His mutant. 

As with the other P3i2\ structures thus described, the Y4F-FdUMP-PDDF-/'3i21 

structure does not contain a TS-nucleotide covalent bond. This structure is the only 

example of the Tyr 4 -> Phe mutant included in this work. 

Y4HdUMPPDDF-P63 

To determine the effects of the Tyr 4 His mutation on the stability of the TS-

nucleotide covalent bond, the structure of the Y4H-dUMP-PDDF complex was 
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Figure 4.5. Electron density near Phe 4 in Y4F*FdUMP*PDDF-/^i21. Portion of the 
2Fo - Fc electron density map contoured at 2a. 



68 

determined in the P6-i crystal form to 2.5 A nominal resolution. Because it is a ^63 

structure, it can be directly compared to the analogous wild-type structure 

(WT dUMP-PDDF-/'63, Table 3.1), which contains a stable covalent bond. The RMS 

deviation for Ca atoms between the present structure and wild-type is 0.14 A. The 

structural changes of Y4H dUMP-PDDF-P63 relative to wild-type are very similar to 

those described above for the analogous FdUMP-containing structure. The electron 

density maps for the Y4H-dUMP-PDDF-/'63 structure indicate the presence of the TS-

dUMP covalent bond in both active sites. Thus, replacement of Tyr 4 with His does not 

appear to destabilize the covalent bond under these conditions. 

Y4HFdUMPPDDF-P63 

The structure of the Y4H-FdUMP-PDDF complex was also determined in the P6i 

crystal form in addition to the P3i21 form described above. Surprisingly, ^63 crystals of 

this complex diffracted poorly and did not provide data beyond 3.0 A resolution. 

Because of the low number of reflections in the data set, temperature factors were not 

refined for this structure but held at a constant value of 18.0 A^. The poor crystal quality 

was apparently due to the presence of FdUMP, since crystals of the analogous dUMP-

containing complex diffracted well. Attempts to collect data from several different 

crystals failed to improve the resolution. A similar decrease in crystal quality was not 

observed in the analogous FdUMP-containing complex of wild-type TS (Chapter 3); the 



WT-FdUM?*PDDF-/'63 crystals provided data to 2.2 A resolution (Table 3.2). The 

Tyr 4 —>• His mutant is apparently more sensitive than wild-type TS to the presence of the 

C5 fluorine. The final 2Fo - Fc map for this structure shows that electron density is 

present for the TS-nucIeotide covalent bond, but it is not as good as in the analogous 

dUMP-containing structure. As with wild-type, the fluorine substituent at C5 appears to 

partially destabilize the TS-nucleotide covalent bond. 

Y4HdUMP-/2,3 

To explore the possible role of Tyr 4 in the conformational change, the structure 

of the Y4H-dUMP binary complex was determined in the 7213 crystal form to 2.2 A 

nominal resolution. Like the analogous wild-type structure (WT-dUMP-/2i3), the 

Y4H-dUMP-/2i3 structure is in an open conformation, and the TS-nucleotide covalent 

bond is absent. The RMS deviation in Ca positions is 0.14 A between Y4H-dUMP-72i3 

and WT*dUMP-/2i3. The structural effects of the mutation are largely localized to the 

region surrounding His 4 and are similar to those seen in the other Tyr 4 -> His 

structures. The collapse of the pocket surrounding His 4 is also observed in this structure 

but appears to be slightly more pronounced. 

To determine how the Tyr 4 -> His mutation influences the conformational 

change, the open and closed structures of both wild-type and mutant were superimposed 

and compared visually on a graphics display. This revealed that the amino end of the J-
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helix (residues 170-175) moves further during the Tyr 4 His conformational change 

than in wild-type. To quantify this, the distances between equivalent Ca atoms in the 

open and closed conformations of wild-type TS were determined and plotted against 

residue number. The process was repeated for the open and closed Tyr 4 —> His 

structures. The resulting plots for the wild-type and Tyr 4 -• His conformational change 

are shown in Figure 4.6. The two plots are very similar except for the peak centered at 

residue 173, which is ~ 0.3 A higher in the Tyr 4 His plot. 

Y4HFdUMP-/̂ 3 

The crystal form in which TS crystallizes is dependent upon the bound ligand 

combination. Under the conditions used in this work, binary complexes (TS-pyrimidine) 

usually crystallize in the cubic (7213) crystal form, and temary complexes 

(TS-pyrimidine-folate) crystallize in either the trigonal (/'3i21) or hexagonal (P63) crystal 

form. It was therefore surprising when a crystallization drop containing the Tyr 4 -> His 

mutant and FdUMP produced hexagonal crystals in addition to the normally observed 

cubic crystals. Data collected from one of these hexagonal crystals was used to 

determine the Y4H*FdUMP-/'63 structure to 2.5 A nominal resolution. The electron 

density maps contain well defined density for protein atoms, but density for FdUMP is 

poor. The final 2Fo - Fc map contains density for only the phosphate group of FdUMP 

when contoured at 2a above the mean. At lower contour levels, more FdUMP density 
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Figure 4.6. Comparison of conformational change in wild-type and Tyr 4 His. 
Change in Ca positions during the conformational change in wild-type (top) and the 
Tyr 4 -> His mutant (bottom). Peak heights indicate length of the vector between 
equivalent Ca positions in the open and closed conformations. The wild-type plot was 
made using the WT-dUMP-/2i3 (Roberts and Montfort, unpublished work) and 
WT-dUMP-PDDF-/'63 (Weichsel and Montfort, unpublished work) structures. The 
mutant plot was made using the Y4H-dUMP-72i3 and Y4H-dUMP-PDDF-/'63 structures. 
Numbers above peaks refer to residue number. Peak height for residue 264 is off the 
scale (~ 6 A). 
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becomes visible but remains incomplete for the pyrimidine ring. This poor electron 

density is reflected in the high temperature factors for FdUMP atoms, being ~ 3-fold 

higher than for protein atoms (Table 4.1). 

hi addition to its unique crystal form, this structure is in a conformation that is 

intermediate between the open and closed and not previously observed for TS. The RMS 

deviation in Ca positions for the present structure and WT dUMP-PDDF-/'63 (closed 

conformation) is 0.32 A, and for the present structure and WT-dUMP-/2i3 (open 

conformation) is 0.69 A. When all three structures are superimposed and compared 

visually, most atoms in the Y4H FdUMP-P63 structure are between the equivalent atoms 

in the other two structures. The new structure thus appears to be an intermediate along 

the pathway between the fully open and the fully closed conformations. 

4.2. Tyr 181 

4.2.1. Tyr 181 Introduction 

Tyr 181 is located near the midpoint of the large central a-helix (J-helix, Figure 

1.5). Like Tyr 4, the side chain of Tyr 181 points inward where its hydroxyl forms 

hydrogen bonds with a buried water molecule and with the side chain of His 147 (N5). 

Figure 4.7 shows the arrangement of Tyr 181 in wild-type TS. The buried water 

molecule forms two additional hydrogen bonds, one to the main chain carbonyl of 
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Figure 4.7. Arrangement of Tyr 181 in wild-type TS 
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His 147 and one to the side chain of Trp 98 (Ne). The role of Tyr 181 is poorly 

understood, since its replacement with Leu only reduces catalytic activity (kcat) by ~50% 

(F. Maley, personal communication). However, the invariant nature and partially reduced 

activity of the Tyr 181 Leu mutant suggests that Tyr 181 does serve some function. 

To better understand the role of Tjt 181, the structure of the Tyr 181 -> Leu mutant was 

determined in both the open and the closed conformations. 

4.2.2. Tyr 181 Results 

Y181L dUMP-/2i3 and Y181L dUMP PDDF-P63 

The Y181L-dUMP binary complex was determined in the 7213 crystal form, and 

the Y181L-dUMP-PDDF ternary complex was determined in the P6-i crystal form, both to 

2.5 A nominal resolution. The electron density for both structures is well defined and 

was easily interpreted. A portion of the final 2Fo - Fc map from the 

Y181L-dUMP-PDDF-P63 structure is shown in Figure 4.8. Like wild-type TS, the binary 

complex is in an open conformation, and the ternary complex is in a closed conformation. 

The RMS deviations in Ca positions for Y181L*dUMP-/2|3 and 

Y181L-dUMP-PDDF-P63 and the corresponding wild-type structures is 0.14 and 0.16 A, 

respectively. The TS-nucleotide covalent bond is present in the structure of the temary 

complex and absent from the structure of the binary complex. The electron density for 



Figure 4.8. Electron density near Leu 181 in Y181L*dUMP*PDDF-jP63. Portion of 
the 2Fo - Fc electron density map contoured at 2a. 
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the covalent bond in Y181L dUMP-PDDF-P63 is nearly as good as wild-type but slightly 

weakened in the second active site. 

The structural changes caused by the Tyr 181 Leu mutant are similar in both 

the open and closed structures and are largely localized to the region surrounding the 

mutation. Because the Leu side chain contains no hydrogen bonding groups, both 

hydrogen bonds made by Tyr 181 are lost in the mutant. However, loss of these 

hydrogen bonds appears to only slightly affect the structure. Figure 4.9 shows a portion 

of the model from the Y181L dUMP-PDDF-P63 structure. The side chains of His 147 

and Phe 150 move slightly into the Leu 181 pocket in apparent compensation for the 

smaller volume of Leu relative to Tyr. The buried water molecule, although no longer 

hydrogen bonded to residue 181, remains in roughly the same position and maintains its 

hydrogen bonds to Trp 98 and the main chain 0147. 

Surprisingly, the largest structural effect of the Tyr 181 Leu mutation is on 

Phe 149, a residue in the dimer interface. Phe 149 is within the loop between His 147 

and Phe 150 and forms a hydrophobic contact with Phe 149' across the dimer interface. 

Changes in the positions of His 147 and Phe 150 cause the intervening loop to buckle, 

which in turn alters the interaction between Phe 149 and Phe 149'. This occurs in both 

Tyr 181 -> Leu structures. Figure 4.10 compares the Phe 149 - Phe 149' interaction in 

wild-type and the Tyr 181 Leu mutant. In the mutant, the interaction is weakened, and 

the two Phe side chains move apart. Comparing the mutant structure with wild-type 



Figure 4.9. Model of Y181L dUMP PDDF-P63 near Leu 181 
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Figure 4.10. Change in the interaction between Phe 149 and Phe 149' in the 
Tyr 181 Leu mutant. Superimposed wild-type (white) and mutant (black) structures 
showing change in the Phe 149/Phe 149' interaction. For the wild-type structure, 
coordinates from WT-dUMP-PDDF-/'63 were used (Weichsel and Montfort, unpublished 
work). For the mutant, coordinates from Y181L-dUMP PDDF-P63 were used. 
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shows that the Ca atoms of Phe 149 and Phe 149' move apart by - 0.3 A relative to their 

positions in wild-type. 

The conformational change in the Tyr 181 Leu mutant was compared to the 

conformational change in wild-type by plotting the magnitude of the vectors between 

equivalent Ca atoms in the two conformations. The resulting plot, shown in Figure 4.11, 

is very similar to the analogous wild-type plot, indicating that the Tyr 181 —> Leu 

mutation does not greatly affect the conformational change. 

43. His 212 

4J.1 His 212 Introduction 

His 212 is located in the loop preceding the K-helix (Figure 1.5). Its side chain is 

projected into the interior where it forms two hydrogen bonds; N6 bonds with a buried 

water molecule, and Ns bonds with the main chain carbonyl of Pro 261. Figure 4.12 

shows the hydrogen bonding pattern of His 212 in wild-type TS. The buried water 

molecule forms two additional hydrogen bonds, one to the main chain nitrogen of 

Tyr 209 and one to the side chain of Asp 169 (05). Both Tyr 209 and Asp 169, which 

make contact with ligands. are invariant and sensitive to mutation (Climie et al., 1990; 

Michaels et al., 1990). To address the importance His 212 and its hydrogen bonding 
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Figure 4.11. Comparison of conformational change in wild-type and 
Tyr 181 —> Leu. Change in Ca positions during the conformational change in wild-type 
(top) and the Tyr 181 —> Leu mutant (bottom). Peak heights indicate length of the vector 
between equivalent Ca positions in the open and closed conformations. The wild-type 
plot was made using the WT-dUMP-y2i3 (Roberts and Montfort, unpublished work) and 
WT dUMP PDDF-P63 (Weichsel and Montfort, unpublished work) structures. The 
mutant plot was made using the Y181L-dUMP-/2i3 and Y181L dUMP*PDDF-P63 
structures. Numbers above peaks refer to residue number. Peak height for residue 264 is 
off the scale (~ 6 A). 
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Figure 4.12. Arrangement of His 212 in wild-type TS 



pattern, it was replaced with threonine, which has a side chain of similar size but with 

only one hydrogen bonding group. 

Effect of |3-Mercaptoethanol 

P-Mercaptoethanol (BME) has been found to have a inhibitory effect on TS 

activity. TS purified using BME as a reducing agent is -25% less active than TS purified 

using DTT (F. Maley, personal communication). Recent structural evidence suggests that 

the inhibition may be due to covalent modification of some cysteine side chains by BME 

(Weichsel and Montfort, unpublished observations). One common modification site is 

Cys 50. Structures of TS with BME-modified Cys 50 are generally more open than 

identical complexes of unmodified TS, suggesting that the modification may interfere 

with closing of the active site. Although originally considered to be a purification 

artifact, BME modification now can be used as a tool to understand the role of the 

conformation change. This has been applied to the His 212 —> Thr mutant to determine 

the combined effects of BME modification and mutation. 
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43^. His 212 Results 

H212TdUMPPDDF-i^3 

To detennine if His 212 is involved in the conformational change, structure 

determinations were attempted for both the open and closed conformations of the 

His 212 -> Thr mutant. Several attempts to crystallize the binary H212T-dUMP complex 

were unsuccessful, but the ternary H212T*dUMP-PDDF complex crystallized as readily 

as wild-type TS, and its structure was determined in the P6i crystal form to 2.2 A 

nominal resolution. The structural effects of the mutation are small, and the refined 

H212T-dUMP-PDDF-/'63 structure is very similar to the analogous wild-type structure. 

The RMS deviation for Ca atoms between H212T-dUMP-PDDF-P63 and 

WT dUMP-PDDF-P63 is 0.14 A. Visual inspection of the two superimposed structures 

shows them to be nearly identical except for some slight changes around the mutation 

site. Figure 4.13 shows a portion of the 2Fo - Fc electron density map, and Figure 4.14 

shows a portion of the final model in the region surrounding Thr 212. In wild-type TS, 

His 212 forms a hydrogen bond to a buried water molecule and to the main chain 0261 

(Figure 4.12). In the H2I2T-dUMP PDDF-/^63 structure, the hydrogen bond to 0261 is 

lost. The side chain of Thr 212 (Oy) retains the hydrogen bond to the buried water 

molecule and forms a new one to the main chain 0209. There is a slight change in the 

position of the surrounding atoms to compensate for the smaller size and different shape 



Thr212 Thr212 

Figure 4.13. Electron density near Thr 212 in H212T*dUMP*PDDF-/^3. Portion of 
the 2Fo - Fc electron density map contoured at 2a. 
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Figure 4.14. Model of H212T-dUMP-PDDF-/^3 near Thr 212 
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of Thr relative to His, but these changes are localized to the region surrounding Thr 212. 

The His 212 -> Thr mutation appears to slightly destabilize the TS-nucleotide covalent 

bond in the second monomer of H212T-dUMP-PDDF-/'63. 

H212TdUMPPDDFBlVIE-P63 

The structure of the His 212 Thr mutant was also determined from protein 

purified in the presence of BME, which allowed the combined effects of mutation and 

BME modification to be estimated. Crystals of the ternary complex containing dUMP 

and PDDF were obtained in the P()-i crystal form, and the structure was determined to 

2.6 A nominal resolution. 

Two Cys residues previously shown to be susceptible to BME modification are 

Cys 50 and Cys 192 (Weichsel and Montfort, unpublished work). In the P6-i crystal 

form, which contains the full TS dimer in the asymmetric unit, there are 4 possible sites 

that could be modified: Cys 50, Cys 50', Cys 192, and Cys 192'. Initial difference 

density maps for the present structure indicated extra electron density on Cys 50 and 

Cys 192 but not on Cys 50' or Cys 192'. BME molecules, covalently attached through 

disulfide bonds, were built into the model at both of these sites and left in place during 

refinement. Figure 4.15 shows a portion of the final IFo - Fc electron density map 

showing the extra electron density on Cys 50. Electron density for the BME is well 

defined near the disulfide bond but becomes more diffuse for atoms further away. 
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Figure 4.15. Extra electron density on Cys 50 in H212T*dUMP*PDDF*BME 
Portion of the 2Fo - Fc electron density map contoured at la. 
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Unlike the unmodified His 212 -> Thr mutant, which is relatively unchanged 

from wild-type, the structure of H212T dUMP-PDDF BME-/'63 is significantly altered. 

The RMS deviation in Ca positions for the present structure and urunodified wild-type is 

0.40 A. This structural difference is larger in magnitude than the effects of BME alone 

(0.25 A RMS deviation, Weichsel and Montfort, unpublished work), or the 

His 212 Thr mutation alone (0.14 A RMS deviation). Visual inspection of the 

structure shows it to be in a partially open conformation similar to that of 

Y4H FdUMP-P63 described above. The combined effects of the mutation and BME 

modification thus appear to be additive and result in a conformation that is intermediate 

between fully open and fiilly closed. 

Electron density at the mutation site of H212T dUMP-PDDF-BME-P63 is difficult 

to interpret and is not defined well enough for accurate orientation of the Thr 212 side 

chain. A slightly better fit to the density can be achieved if its orientation is ~ 180° from 

its orientation in the urmiodified structure (i.e. flipped relative to that shown in Figure 

4.14), but the true orientation cannot be unequivocally determined. Electron density 

maps show that the TS-nucleotide covalent bond is absent from both active sites of the 

BME modified His 212 —> Thr structure, indicating that the combined effects of BME 

modification and the His 212 Thr mutation are enough to completely destabilize the 

covalent bond, although it is not destabilized by either of these modifications alone. 



4.4. Tyr252 

4.4.1. Tyr 252 Introduction 

Tyr 252 is located at the base of the C-terminal strand (Figure 1.5). The 

arrangement of Tyr 252 in wild-type TS is shown in Figure 4.16. The hydroxyl of 

Tyr 252 forms two hydrogen bonds: one to the main chain 045 and one to the main 

chain N50. Sequence comparisons suggest that this internal loop is important, since it is 

one of the most conserved regions of the protein. All of the residues between Val 45 and 

Cys 50 are conserved, and three of these residues are invariant. The three invariant 

residues, Thr 46, Thr 47, and Lys 48, are sensitive to mutation (F. Maley, unpublished 

work). The possible role of Tyr 252 may be to maintain the integrity of this loop, 

although Tyr 252 is relatively tolerant to mutation; the Tyr 252 Ser mutant retains 

13% (kcat) of wild-type activity (F. Maley, unpublished work). To further understand the 

role of Tyr 252, the structure of the Tyr 252 Ser mutant has been determined. 



Tyr 252 

Figure 4.16. Arrangement of Tyr 252 in wild-type TS. 
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4.4.2. Tyr 252 Results 

Y252SdUMPPDDF-P63 

The structure of the Y252S dUMP-PDDF ternary complex was determined in the 

P63 crystal form to 2.5 A nominal resolution. As with the His 212 Thr mutant, 

attempts to crystallize the Y252S dUMP binary complex were unsuccessful. The 

structural effects of the Tyr 252 -> Ser mutation are minor and localized to the region 

around Ser 252. The RMS deviation in Ca positions for the present structure and 

wild-type is 0.18 A. In wild-type TS, Tyr 252 forms hydrogen bonds to two main chain 

atoms on either side of an internal loop (Figure 4.16). In the Tyr 252 Ser mutant, the 

Ser side chain is too short to form these hydrogen bonds. Instead, a water molecule 

becomes ordered near the position previously occupied by the Tyr 252 hydroxyl group. 

Additional water molecules become ordered and fill the void left by replacing the Tyr 

side chain with the smaller side chain of Ser. Figure 4.17 shows a portion of the final 

2Fo - Fc map for monomer 1 of Y252S-dUMP-PDDF-P63, which shows electron density 

for the three new water molecules. The same region of the refined model is shown in 

Figure 4.18. The arrangement in the second monomer is similar to that shown in Figure 

4.18, except only two new water molecules are present, the one replacing the Tyr 252' 

hydroxyl and the one bound to the main chain 050'. The result of this new arrangement 
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Val45 Cys50 Val45 Cys50 

Figure 4.17. Electron density near Ser 252 in Y252S*dUMP*PDDF-P63. Portion of 
the 2Fo - Fc electron density map contoured at Ict. 
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Figure 4.18. Mode! of Y252S dUMP PDDF-/^3 near Ser 252. 
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is the loss of a connection between the side chain of residue 252 and the rest of the 

structure, which in turn causes the chain centered at residue 252 to bulge outward. 

Another effect of the Tyr 252 Ser mutation is a large increase in temperature 

factors in the region surrounding the mutation. This change in temperature factors is 

shown graphically in Figure 4.19, which plots the temperature factor difference in mutant 

and wild-type Ca atoms. The two highest peaks are centered at residues 50 and 252 (50' 

and 252' for the second monomer). It thus appears that the strand centered at 252 and the 

internal loop normally bonded to Tyr 252 both become more disordered in the 

Tyr 252 —>• Ser mutant 

The TS-nucleotide covalent bond appears to be slightly destabilized in both active 

sites of the Y252S-dUMP-PDDF-/'63 structure. The weakened covalent bonds may be 

partially due to some BME modification of Cys 50 and Cys 50'. The Tyr 252 Ser 

mutant was purified using BME as a reducing agent, and although it was dialyzed and 

crystallized in the presence of DTT, the electron density maps still contained weak 

density for the BME modification at Cys 50 and Cys 50'. BME was modeled into the 

density at these two sites and left in place during the refinement; however, electron 

density for the BME modification was more diffuse than in the 

H212T-dUMP-PDDF-BME -P6t, structure (above). 
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Figure 4.19. Change in temperature factors between Tyr 252 —> Ser and wild-type. 
Isothermic temperature factors of Ca atoms in WT-dUMP-PDDF-/'63 (Weichsel and 
Montfort, unpublished) were subtracted from those of Y252S-dUMP-PDDF-P63, and the 
difference was plotted against residue number. The upper plot compares the first 
monomer, and the lower plot compares the second monomer. 
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4.5. Discussion 

A general result from the non-active site mutant structures is that the mutations 

only disrupt the local environment. The structures presented here are very similar overall 

to the analogous wild-type structures, having local changes to compensate for the 

mutations but only minor changes throughout the rest of the structure. Despite these 

small structural effects, most of the structures appear to have a slightly destabilized TS-

nucleotide covalent bond. The one exception is the Tyr 4 His mutant, in which the 

covalent bond is as stable as wild-type. The partial reduction in covalent bond stability is 

consistent with the partial reduction of catalytic activity in these mutants. It is 

noteworthy that the Tyr 4 -> His mutant, which has the most stable covalent bond, retains 

the highest amount of catalytic activity. These results add to the growing body of 

evidence pointing to the sensitivity of the TS-nucleotide covalent bond. The sensitivity 

of this bond is further indicated by the structures having both BME modification and the 

His 212 -> Thr mutation. While the covalent bond is not completely destabilized by 

either of these modifications alone, it is destabilized by the combined effects. It thus 

appears that one role of conserved non-active site residues may be to collectively 

maintain an overall geometry that stabilizes the TS-nucleotide covalent bond. 

Another role for conserved non-active site residues may be in stabilizing one of 

the two major conformations. Since the TS conformational change is large, the stability 

requirements may differ between the two major conformations. Some residues may thus 
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be important for stabilizing one conformation but be less important in the other 

conformation. His 212 appears to be such a residue. A ternary complex of the 

His 212 Thr mutant in the closed conformation is very similar to the analogous 

wild-type structure, with the mutation having only minor structural effects. The mutation 

appears to affect the open conformation more, since several attempts to obtain crystals of 

the binary complex were unsuccessful. Although this is a negative result, the binary 

complex usually crystallizes more readily than the ternary complex, so the inability to 

crystallize the binary complex suggests structural changes in the mutant. That the 

mutation could have a larger effect on the binary complex is consistent with the location 

of His 212 in the structure. The side chain of His 212 forms a hydrogen bond to the main 

chain carbonyl of residue 261 in the C-terminal strand (Figure 4.12). In the binary 

complex, this is the last connection between the C-terminal strand and the rest of the 

structure, so loss of the hydrogen bond, as occurs in the His 212 —> Thr mutant, could 

lead to disorder in the strand. In the ternary complex, the C-terminus makes contacts 

with the folate and the connection to His 212 may be less important. 

Some invariant non-active site residues may be conserved simply because they 

provide a general stability to the structure or maintain a specific local geometry. The 

structure of the Tyr 252 -> Ser mutant shows an increase in local disorder around the 

mutation, suggesting that Tyr 252 may play a general stabilizing role, and the 

Tyr 181 -> Leu structures show how local distortion could possibly influence the 

interaction between monomers. 
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Tyr 4 appears to play a more subtle role than the other residues, since the 

Tyr 4 -> His mutant appears to have a stable TS-nucleotide covalent bond. The internal 

hydrogen bonds formed by Tyr 4 may be structurally important, since the Tyr 4 His 

mutant, which retains one internal hydrogen bond, is more similar to wild-type than the 

Tyr 4 -> Phe mutant, which does not form internal hydrogen bonds. The importance of 

internal hydrogen bonds is further indicated by the higher catalytic activity of the 

Tyr 4 His mutant compared to the Tyr 4 -> Phe mutant. 

The observation of a partially closed binary complex of the Tyr 4 ->• His mutant 

suggests that this mutation may influence equilibrium between conformations. A similar 

conformation has been observed in a binary complex with wild-type TS (Strop and 

Montfort, unpublished work), but crystals of this complex were much more difficult to 

obtain and diffracted poorly. These observations suggest that the partially closed 

conformation is a naturally occurring state that is stabilized by the Tyr 4 -> His mutation. 

How Tyr 4 is involved in the conformational change is unclear, but comparison of the 

Tyr 4 His conformational change to that of wild-type shows that the amino end of the 

J-helix moves ~ 0.3 A further in the mutant, possibly influencing the energy barrier 

between the two conformations. 

Taken together, the results of the non-active site mutant structure suggest that 

some conserved non-active site residues play very subtle roles in TS fimction, and that 

the selective pressure for maintaining a maximum catalytic activity is strong. This is not 

surprising considering the rapid rate of DNA synthesis and the central role of TS in 



99 

supplying thymidine nucleotides. Such a strong selective pressure may explain why TS 

is so highly conserved, since mutations causing even a slight decrease in activity would 

be disfavored. 
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CHAPTERS 

STRUCTURES OF THE INHIBITORY TERNARY COMPLEX, 

TSFdUMPCHaTHF 

5.1. Introduction 

The TS-FdUMP-CHzTHF complex is thought to be a close analog of the central 

covalent intermediate in the TS reaction (III of Figure 1.3), differing only by the 

presence of fluorine in place of hydrogen at position 5 of the pyrimidine ring. A reported 

crystal structure of the complex showed FdUMP covalently linked to TS at C6 and to 

CHzTHF at C5 through a methylene bridge (Matthews et al., 1990b). Based on the 

existing model for the TS reaction mechanism, the conformation of ligands in this 

structure appeared to be inconsistent with the known stereochemistry of the reaction. 

Previous work had shown that when (6R, 115)-5,10-methylene[l 1-^H, ^H] 
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tetrahydrofolate is used as a cofactor, the resulting product is (5)-niethyI[mer/i3//-'H, 

^H]dTMP (Sleiker and Benkovic, 1984). The inconsistency arose from the hydride 

transfer step, which according to the proposed mechanism, would occur to the wrong face 

of the exocyclic methylene intermediate (V of Figure 1.3). A similar conclusion was 

reached from modeling of intermediate III based on the structure of TS dUMP PDDF 

(Finer-Moore et al., 1990). A second difficulty revealed by the crystal structure was the 

pseudoequatorial position of the pyrimidine C5 fluorine, a position that has also been 

observed by fluorine NMR (Byrd et al., 1978). The proton that occupies this position in 

dUMP is removed during the reaction, but a pseudoaxial position has been argued to be 

more favorable for abstraction. A third difficulty was the axial position of the C6 thiol 

adduct. It was argued that in this position, mtermediate III would be more likely to 

eliminate Cys 146 and return to starting materials rather than proceed toward products. 

To address these concerns, Matthews and co-workers proposed an isomerization of 

intermediate III before its breakdown into products (Figure 5.1). This proposed 

isomerization would rotate the methylene bridge so that hydride transfer would occur at 

the opposite face of C11, giving the experimentally observed stereochemistry. The 

isomerization would also reverse the axial/equatorial positions of the C5 hydrogen and 

the C6 thiol adduct, placing them in an arrangement more favorable for the forward 

reaction. 

This proposed isomerization was attractive at the time, because it addressed all of 

the difficulties described above. The isomerized complex was also consistant with the 
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ENZ ENZ 

ENZ ENZ 

Figure 5.1. Proposed isomerization of the covalent TS'dUMP'CHjTHF complex. 
(Matthews et al., 1990b). The upper model is based on the crystal structure of the 
TS-FdUMP-CHiTHF complex, and the lower model is the complex after the proposed 
isomerization. Important hydrogen atoms are black; all other atoms are white. 
According to this proposal, the methylene bridge at C5 and the covalent linkage to TS at 
C6 change from psuedoaxial to psuedoequatorial positions, and the C11 methylene group 
rotates by ~ 180°. 
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conformation determined by NMR after denaturation and proteolysis (James et al., 1976). 

However, modeling studies argue against the isomerization, since the isomerized 

complex will not fit into any known conformation of the TS active site (Hyatt et al., 

1997). Since the original proposal, TS structures have been determined in a number of 

conformations ranging from fully open to fiilly closed (Roberts and Montfort, 

unpublished work; Weichsel and Montfort, 1995; Hyatt et al., 1997; this work), and none 

of these structures will accommodate the isomerized ligand complex while maintaining 

the TS-nucleotide covalent bond. The difficulty with modeling the isomerized complex 

lies in the pseudoequatorial position of the thiol adduct after the isomerization (Figure 

5.1). A shift from the observed pseudoaxial position to a pseudoequatorial position 

would result in a large change in the angle of the complex, creating severe steric conflict 

with one side of the active site. The major adjustment in protein conformation that 

would be required to accommodate this isomerized complex argues against its 

occurrence. Since the proposed isomerization appears unlikely, there must be some other 

explanation for the observed stereochemistry of the reaction. To resolve this issue, the 

structure of the TS FdUMP CH2THF complex was revisited and has been determined in 

two crystal forms, PhxlX and FSa. This work provides views of the complex in two new 

crystal environments, since the structure reported by Matthews et al. was determined in 

the P6\ crystal form. 
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5.2. Results 

Structures of TS FdUMP CHzTHF 

Both the P63 and P3i21 crystal forms of the TS-FdUMP-CH2THF complex are 

isomorphous with the analogous WT-FdUMP-PDDF reference structures (Table 3.2). 

These reference structures were used as a source of initial coordinates for the 

TS FdUMP CHiTHF structures. Since the P63 space group contains a full dimer in the 

asymmetric unit, and the /'SiZI space group contains a monomer, the two structures 

presented here provide three separate views of the active site. Crystallographic data for 

the two TS-FdUMP-CH2THF structures are shown in Table 5.1. 

Difference electron density maps calculated with Fobs and phases from the starting 

models reveal a shift in the CH2THF position relative to that of PDDF. The major peaks 

in these maps are similar for all three views of the TS active site. Large positive and 

negative peaks on either side of the pterin and PABA rings indicate that, in the CH2THF-

containing complex, the pterin ring is shifted closer to FdUMP and slightly rotated. A 

positive peak between the CHiTHF and FdUMP moieties, averaging 13a in the three 

active sites, is consistent with methylene bridge formation between the two groups. A 

negative peak coinciding with the position of the PDDF propargyl group, which is not 

present in CH2THF, is also apparent in the map and averaged 11 a. Difference electron 

density for the covalent bond between Cys 146 and C6 of the FdUMP pyrimidine ring is 
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Tabel 5.1. Crystallographic Data for Structures of the Inhibitory Ternary Complex 

Complex Wild Type Wild Type 
FdUMP FdUMP 
CH2THF CHiTHF 

Space Group P3i2l P63 
Cell Constants (A) a = 72.10 a = 126.78 

c= 11527 c = 67.71 

Resolution (A) 2.2 2.6 
Total Reflections 76,346 63,040 
Unique Reflections 18,104 18,880 
% Total Data 90 100 

total 0.077 0.101 
outer shell 0.355 0.434 

RMS deviations 
Bond Distances (A) 0.019 0.017 
Bond Angels (deg.) 3.0 2.5 

Rcrra (all non-zero data) 0.178 0.180 
Ave. Temp. Factors (A") 

Protein Atoms 
monomer I 21.3 14.6 
monomer 2 - 20.3 

Pyrimidine Atoms 
monomer 1 16.1 13.6 
monomer 2 - 17.8 

Folate (analog) atoms 
monomer I 25.7 28.2 
monomer 2 ~ 33.7 

t 
I 
I 



106 

more difficult to interpret. In the PDDF-containing reference structures, this covaient 

bond is absent firom the /'3i21 structure but present in both active sites of the P63 

structures (Chapter 3). Difference electron density maps between the PDDF- and 

CH2THF-containing crystals indicate that, in the CH2THF- containing complex, there is a 

slight shift in the pyrimidine ring position and a slight rotation of the Cys 146 sulfur, 

consistent with partial covaient bond formation (discussed below). 

Initial models for the new complex were built into Fo - Fg "omit" electron density 

maps, where the ligands were removed fi-om the model before calculating structure 

factors. The positions of all ligand atoms are clearly indicated in these maps. Refinement 

was initially performed with the distance between the Cys 146 sulfur and C6 of FdUMP 

restrained to 1.85 A (the usual distance for carbon - sulfur bonds) but later to 2.1 A to 

achieve a better fit with the observed electron density. Electron density for ligands in the 

final IFo - Fc map is shown in Figure 5.2. 

The final TS-FdUMP-CH2THF models are very similar to one another and to the 

PDDF-containing structures. The RMS deviations between Ca atoms for the /'3i21 

CH2THF complex and each of the two active sites of the P63 CH2THF complex are 

0.28 A in both cases, and the RMS deviations between the CH2THF and PDDF structures 

are 0.14 and 0.12 A, respectively, for the /'3i21 and P63 crystal forms. The only 

significant differences between the PDDF- and CH2THF-containing structures are in the 

active site, where residues in contact with CH2THF shift slightly to accommodate the 

absence of a proparg>'l group and the slight changes in position for the ligands. Part of 
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FdUMP FdUMP 

Figure 5.2. Electron density for ligands and Cys 146 in TS-FdUMP-CHzTHF-FSill. 
Portion of the IFg - Fc electron density map contoured at 2a. Instability in the TS-
nucleotide covalent bond is indicated by a dashed line. 
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the gap created by the removal of the propargyl group is filled with a new water molecule 

that hydrogen bonds to both NIO of CH2THF (2.8 A) and Oe of GIu 58 (3.0 A). 

Unexpected Ligand Arrangements 

The resulting model for ligands, shown in Figure 5.3, is similar to that previously 

reported by Matthews and co-workers (Matthews et al., 1990b). The CI 1-C5 methylene 

bridge between CH2THF and FdUMP lies axial to the pyrimidine ring, and the fluorine 

lies in a pseudoequatorial position. The thiol linkage between Cys 146 and C6 of 

FdUMP is also axial. However, the new model differs from the earlier structure in that 

CI 1 is rotated around the CI 1-C5 bond by ~ 60°, such that the CI 1-N5 bond is gauche to 

the C5-F5 bond. This arrangement is observed in all three active sites of the structures 

reported here. The earlier structure reported these bonds to lie in an approximate syn-

periplanar arrangement. The complex reported here is therefore not aligned for an E2 syn 

elimination of THF across the C5-C1I bond 

The most significant result from these structures is that the electron density for C6 

and the C6-Cys 146 bond is considerably weaker than for the rest of the ligand atoms and 

has thus been indicated with a dashed line in Figure 5.2. The missing density is more 

apparent at higher contour levels, as shown in Figure 5.4. 
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Figure 53. Model of the active site region in TS*FdUMP*CH2THF-/^i21. Protein 
atoms are indicated by white bonds. Atoms m the FdUMP-CH2THF complex are 
indicated with black bonds. The N5-C11 bond is oriented gauche with respect to the 
C5-F bond, and a new ordered water molecule, WatiE58, is hydrogen bonded to both the 
side chain of GIu 58 and NIG of CH2THF. 
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FdUMP FdUMP 

Figure 5.4. Electron density showing the unstable TS-nucleotide bond in 
TS*FdUMP'CH2THF-/^i21. Difference (Fo - Fc) electron density where FdUMP and 
Cys 146 atoms where omitted from the calculated structure factors. The map is 
contoured at 8a above the mean value for the entire map. At this contour level, electron 
density for C6 is absent, while density for the other atoms in FdUMP and Cys 146 is well 
defined. 
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53. Discussion 

The accumulation of TS structural work has shown the TS-nucleotide covalent 

bond to be unstable (Weichsel and Montfort, 1995; Matthews et al., 1990a; Weichsel and 

Montfort, unpublished work). Data from previous chapters of this work are consistent 

with these observations, showing this covalent bond to be sensitive to the small 

perturbations caused by mutation or the presence of a pyrimidine C5 substituent. The 

present structures of the inhibitory TS-FdUMP-CH2THF complex also appear to have an 

unstable TS-nucleotide covalent bond, as indicated by poor electron density in this 

region. One factor leading to an unstable covalent bond may be steric strain between C6 

and Cys 146. The positions of the nucleotide and Cys 146 are tightly restrained in the 

active site by numerous hydrogen bonds (Montfort et al., 1990; Matthews et al., 1990a), 

which may prevent the two reacting groups from reaching an optimal bond distance. In 

agreement with this are several TS structures in which this bond consistently refines to a 

length that is ca. 0.3 A longer than expected for such C-S bonds (This work; Montfort et 

al., unpublished work). 

A second factor that may contribute to an unstable TS-nucleotide covalent bond is 

the electrostatic environment of the active site. A model to explain the poor electron 

density at C6 in the present structures is shown in Figure 5.5. Three states of the covalent 

bond are shown: fully linked, partially linked, and unlinked. The frilly linked state is 

analogous to the proposed central covalent intermediate in the reaction (III of Figure 
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Figure 5.5. Proposed model for poor electron density at C6 of FdUMP. Strain on the 
TS-nucleotide covalent bond favors electron withdrawal from the pyrimidine ring, 
leading to charge separation between N1 and the Cys 146 sulfur. A polarized TS-
nucleotide covalent bond (middle structure) would lead to partial charge separation, and a 
completely broken bond (right-hand structure) to full charge separation. Nearby ionic 
groups (shown in half circles) would serve to stabilize the ionic species. The ternary 
complex crystals may contain a mixed population of these three states, leading to the 
poorly defined electron density in this region. 
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1.3). Cleavage of the covalent bond would require rehybridization of C6 from sp^ to sp^ 

and a concomitant change in position. A mixed population of states in the crystal would 

lead to multiple positions for C6 and could explain the poor electron density. Formation 

of such an N1 iminium ion intermediate would be unlikely in solution due to the electron 

withdrawing effect of 02. However, the electrostatic environment in the active site may 

stabilize it in the enzyme. A negative charge on 146 Sy could be stabilized by nearby 

Arg 166, and a developing positive charge at N1 could be stabilized by the partial 

negative charge on 04 of the folate. This electrostatic environment coupled with the 

tight physical restraints of the active site may explain how the enzyme could stabilize an 

intermediate that would be unlikely in solution. 

Instability of the Thiol Adduct in Catalysis 

Based on the results presented here, a modified model of the TS reaction 

mechanism can be proposed that is consistent with the known stereochemistry of the 

reaction and does not require a large isomerization of the ligand complex (Figure 5.6). 

The first two steps in the model are identical to the model shown in Figure 1.3. Where 

the two models differ is in how the covalent ternary complex (3 or III) is converted into 

products. The model proposed here involves strain on the TS-nucleotide covalent bond 

and an N1 iminium ion intermediate similar to that of Figure 5.5. Since the electron 

density for the current structures suggests that an N1 iminium ion can form, it is possible 
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Figure 5.6. New proposed model for the TS reaction. Intermediates are labeled 1-7 
to distinguish them from intermediates in Figure 1.3 (labeled I - VI). The first two steps 
in this mechanism are the same as in Figure 1.3, and intermediate 3 is identical to III. 
Where the new model differs from the previous model is in the progression of 3 into 
products. Central to the new model is the unstable TS-nucleotide covalent bond. 
Cleavage of this bond in 3 leads to an iminium ion intermediate (4). Abstraction of the 
C5 proton would be more favorable in 4 than in 3 due to the electron deficiency in the 
pyrimidine ring. Elimination of THF (the step leading to 6) could occur with reformation 
of the N1 iminium ion (as drawn), or through reformation of the TS-nucleotide covalent 
bond. 
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that such an intermediate could be on the reaction pathway. In the first step after the 

formation of 3, steric strain and favorable electrostatic interactions lead to cleavage of the 

TS-nucleotide covalent bond and formation of a N1 iminium ion (intermediate 4). Such 

an intermediate would be electron withdrawing and reactive, leading to increased acidity 

of the C5 proton. In the currently accepted model for the TS reaction mechanism (Figure 

1.3), the first step in the breakdown of III is abstraction of the C5 proton. A difficulty 

with this model is the absence of a suitably located base strong enough to abstract C5H 

directly from the pyrimidine ring. In the model proposed here, strain on the TS-

nucleotide covalent bond increases the acidity of C5H enough for it to be abstracted by 

one of the nearby weak bases (discussed in Chapter 6). 

Modeling of intermediate 5 into the active site shows that, to maintain the same 

relative positions of the PABA and pterin rings, the methylene bridge must rotate ~ 180° 

from its position in the current TS-FdUMP-CHiTHF structures. Such a rotation is 

consistent with the known stereochemistry of the reaction and could explain the earlier 

discrepancy between observed and expected products. This rotation of the methylene 

bridge could occur either before or after abstraction of the C5 proton. Rotation before 

proton abstraction would place C5H in a pseudoaxial position, where it would be more 

acidic due to conjugation with the proposed N1-C6 double bond (in intermediate 4), 

although it is unclear whether this isomerization would be required for proton 

abstraction. It is possible that C5H could be abstracted while in the equatorial position. 

A study of bridgehead carbanions, derived firom piperazinediones suggests that equatorial 
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protons can be more acidic than previously thought (Williams et al., 1983). The model 

proposed here does not attempt to distinguish between these two possibilities but states 

only that the methylene bridge has rotated by the time intermediate 5 is reached. 

Another feature of this model is that abstraction of C5H and elimination of THF 

must occur in discrete steps to be consistent with the known stereochemistry. A 

concerted E2 elimination of THF would require either a syn- or anti-periplanar 

arrangement of the C5-H and CI 1-N5 bonds. An anti-periplanar arrangement is clearly 

not possible in the active site of any known TS conformation, and a syn-periplanar 

arrangement, as described above, would lead to a stereochemically incorrect product. 

However, a mechanism in which proton abstraction and THF elimination occur in 

discrete steps allows the methylene bridge to rotate into a position that is consistent with 

the known stereochemistry. Elimination of THF in the proposed model requires 

formation of a double bond between C5 and CI 1 to form an exocyclic methylene 

intermediate (6). This could occur either by reforming the N1 iminium ion intermediate 

(as drawn in Figure 5.6) or by reforming the C6-Cys 146 covalent bond. Based on the 

current evidence, it cannot be determined which of these two possibilities is more likely. 

A mechanism involving an unstable thiol adduct may be important to prevent the 

reaction from becoming trapped as a stable intermediate. Since the enzyme faces the task 

of first forming, then breaking a covalent bond, a highly stable TS-nucleotide covalent 

bond could trap the reaction in an energy well. Consistent with this idea is the chemical 

stability of the complex, which remains intact upon denaturation of the enzyme. A 
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mechanism involving an unstable thiol adduct may thus allow the reaction to pass 

through an otherwise stable intermediate without becoming trapped. 

Groups Involved in Proton Transfers 

Several steps in the TS reaction require proton transfers. A basic group is 

required to accept the proton from C5 of dUMP, and an acidic group is required for 

opening of the 5-membered ring of CH2THF. An additional acid/base catalyst may be 

involved in the elimination of THF from the covalent ternary complex and the 

subsequent hydride transfer step. The nature of these acid/base catalysts is unclear and 

has been a topic of considerable debate. In the original structure of the 

TS-FdUMP-CHiTHF complex. Matthews and co-workers report a fixed water molecule 

hydrogen bonded between Glu 58 and NIO of CH2THF, and proposed that Glu 58 

catalyzes CH2THF ring opening by shuttling a proton through this fixed water. The 

structures presented here also contain this fixed water, and its position and geometry are 

in agreement with the proposed role for Glu 58. This possible role for Glu 58 is 

addressed further in the next chapter. 

Another group required for proton transfers is a base to accept the C5 proton. 

Several candidates for this base have been proposed, including two separate water 

molecules (Matthews et al., 1990b; Fauman et al., 1994), N5 of the folate (Hardy et al., 

1995), and the Tyr 94 hydroxyl group (Matthews et al., 1990b). In the structures reported 



118 

here, the Tyr 94 hydroxyl is in van der Waals' contact with the C5 fluorine of the 

inhibitory covalent complex and would be in good geometry to accept the C5 proton in 

the analogous dUMP-containing complex. Based on this geometry, the Tyr 94 hydroxyl 

appears to be the most likely base for C5 proton abstraction. Other evidence consistent 

with this role comes from biochemical studies of the Tyr 94 -> Phe mutant, which is 

nearly devoid of catalytic activity but accumulates an intermediate containing covalently 

linked TS, dUMP, and CH2THF (F. Maley, unpublished results). A likely candidate for 

this complex is intermediate 3 (Figure 5.6). The accumulation of a covalent complex in 

the Tyr 94 -> Phe mutant is consistent with a role for Tyr 94 in progression of 3 into 

products. Tyr 94 may be involved in C5 proton abstraction, because it has not been 

associated with any other catalytic step. A difficulty with this proposal is that Tyr is a 

poor base, having a pKa of about 10. However, the pKa of Tyr 94 may be reduced, 

because it forms a strong hydrogen bond to the amide of Cys 146 and a second hydrogen 

bond to a fixed water molecule. That a nucleophillic form of Tyr 94 can occur is shown 

by the covalent addition of 5-(trifluoromethyl)-dUMP to the analogous Tyr of I. casei TS 

(Eckstein et al., 1994). The proposed mechanism for this addition involves nucleophillic 

attack by the tyrosine hydroxylate anion. The role of Tyr 94 will be further addressed in 

the next chapter. 
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CHAPTER 6 

STRUCTURES OF ACTIVE SITE MUTANTS 

Structures of active site mutants have been included in this work to gain a better 

understanding of the catalytic mechanism. Three invariant active site residues are 

considered: Glu 58, Tyr 94, and Cys 146. The roles of Glu 58 and Tyr 94 are not well 

established. Neither of these residues make direct contact with ligands, but both are 

located in the active site where they could participate in catalysis. They could also play a 

structural role by helping to maintain the geometry of the active site. Catalytic roles have 

been proposed for both Glu 58 and Tyr 94. Some of these proposed roles are tested here 

through crystal structures of Glu 58 and Tyr 94 mutants. A Cys 146 mutant vvdth low 

catalytic activity has been included to study the initial binding conformation of CH2THF. 

A total of 7 structures are presented. Crystallographic data for these structures are shown 

in Table 6.1. 



Tabel 6.1. Crystallographic Data for Acitve Site Mutants 

Complex E58D E58D E58D 
FdUMP dUMP dTMP 
PDDF PDDF PDDF 

Space Group P3i21 pi,a\ P3,21 
Cell Constants (A) a = 7221 a = 72.11 a = 72.13 

c= 115.14 c = 115.13 c = 114.71 
Resolution (A) 2.00 1.90 2.30 
Total Reflections 83,383 97,927 72,349 
Unique Reflections 23,527 27,398 17,907 
% Total Data 89 83 91 

Rsvm 
total 0.057 0.074 0.117 
outer shell 0.302 0.479 0.404 

RMS deviations 
Bond Distances (A) 0.019 0.020 0.019 
Bond Angels (deg.) 2.6 2.5 2.8 

Rovst (all non-zero data^ 0.188 0.198 0214 
Ave. Temp. Factors (A") 

Protein Atoms 
monomer ! 21.3 22.3 15.6 
monomer 2 - - -

Pyrimidine Atoms 
monomer I 16.7 17.5 9.4 
monomer 2 - - -

Folate (analog) atoms 
monomer 1 25.3 24.8 15.4 
monomer 2 - - -



Tabel 6.1. Crystallographic Data for Acitve Site Mutants - continued 

Complex Y94F Y94F C146S C146S 
dTMF dUMP dUMP dTMP 
PDDF CHzTHF CH,THF CHiTHF 

Space Group P3,21 P3i21 P3,21 ^3,21 
Cell Constants (A) a = 72.08 a = 71.91 a = 71.98 a = 72.03 

c = 115.21 c = 115.29 c= 115.26 c = 115.46 
Resolution (A) 2.00 2.00 2.00 1.90 
Total Reflections 80,850 81,824 74,121 98,690 
Unique Reflections 24,431 22,291 21,577 26,908 
% Total Data 82 88 82 89 

total 0.069 0.073 0.060 0.068 
outer shell 0.230 0.338 0.302 0.360 

RMS deviations 
Bond Distances (A) 0.018 0.018 0.019 0.019 
Bond Angels (deg.) 2.5 2.6 2.4 2.4 

Rotsi (all non-zero data) 0.191 0.188 0.193 0.188 
Ave. Temp. Factors (A^) 

Protein Atoms 
monomer 1 19.9 20.0 21.0 19.4 
monomer 2 - - - -

Pyrimidine Atoms 
monomer I 17.9 22.6 15.4 13.7 
monomer 2 - - - -

Folate (analog) atoms 
monomer 1 23.4 41.6 39.5 36.2 
monomer 2 - - - -
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6.1. Glu 58 

6.1.1. Glu 58 Introduction 

Glu 58 is an active site residue that is sensitive to mutation. The Glu 58 Asp 

mutation reduces kcat by 50-fold and the Glu 58 -> Gin mutation reduces kca by 2000-

fold (Hardy et al., 1995). Glu 58 is one of the most highly studied residues in TS, and 

several roles have been proposed. It is located near the middle of the B-helix and 

projects to the edge of the active site cavity where it is surrounded by hydrophobic 

residues (Figure 1.5). The side chain carboxylate of Glu 58 forms hydrogen bonds to Ne 

of invariant Trp 80 and to several fixed solvent molecules. The arrangement of Glu 58 in 

wild-type TS is shown in Figure 6.1. One of the waters bound by the side chain of 

Glu 58 is also bound to 04 of the nucleotide. An additional water molecule, not shown 

in Figure 6.1, has been observed in the inhibitory covalent ternary complex (Matthews et 

al., 1990b; Hyatt et al., 1997; Chapter 5 of this work). This water molecule is shown in 

Figure 5.3 and labeled watiE58. 

One of the proposed roles of Glu 58 involves the water molecule that is hydrogen 

bonded to 04 of the nucleotide. According to this proposal, Glu 58 assists catalysis by 

fixing the position of this water molecule, which in turn stabilizes the negative charge 

that is thought to build up on 04 during the reaction (Huang and Santi, 1994). A crystal 

structure of the Glu 58 —>• Gin mutant has been cited as evidence for this proposal (Sage 
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Figure 6.1. Arrangement of Glu 58 in wild-type TS. 
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et al., 1996). In this structure, the water molecule has moved ~ 0.3 A away from 04 

relative to its position in wild-type TS. This change in position for the water molecule is 

argued to account for the 2000-fold reduction in kcat of the Glu 58 -> Gin mutant. 

This same fixed water molecule is also implicated in a second proposed role of 

Glu 58. At some point after the formation of intermediate III (Figure 1.3), the proton 

attached to C5 of the pyrimidine ring is eliminated. The base that accepts this proton has 

been a topic of wide speculation but remains unresolved. One of the many proposed 

candidates for this base is the fixed water between 04 and Glu 58 (Matthews et al., 

1990b), Although this water molecule is in van der Waals' contact with the C5 fluorine 

of the inhibitory ternary complex (wat2E58, Figtire 5.3), the geometry is poor for proton 

abstraction making this role seem unlikely. Other evidence against this role is that 

Glu 58 mutants catalyze exchange of tritium from [5-^H]dUMP with solvent protons 

(Hardy et al., 1995). This reaction requires a functional base, and the tritium exchange 

activity of the Glu 58 mutants suggests that Glu 58 is not involved in this step. 

A third role proposed for Glu 58 involves opening of the CH2THF 5-membered 

ring. The currently accepted model for the TS reaction predicts that the 5-membered ring 

opens to form a reactive iminium ion at N5 (intermediate 11 of Figure 1.3) Opening of 

the 5-membered ring requires protonation ofNlO, and existing structvires reveal no acidic 

side chains suitably located to serve as proton donors. The observation of an ordered 

water molecule hydrogen bonded to both NIO and Glu 58 led to the proposal that Glu 58 

donates the proton to NIO through the intervening water molecule (Matthews, et al.. 
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1990b; Hyatt et al., 1997; Chapter 5 of this work). Results of a separate study were in 

agreement with this role (Zapf et al., 1993), but are difficult to interpret because of the 

authors' assumption that the 5-membered ring must open for CHiTHF binding. For 

Glu 58 to serve this role, it would have to have an elevated pKa and be in the protonated 

form. An elevated pKa is expected for Glu 58, since it is completely surrounded by 

hydrophobic residues. Whether the pKa would be elevated enough for Glu 58 to serve as 

a proton donor is unclear. 

Other evidence for the role of Glu 58 has come from biochemical studies of 

Glu 58 mutants. Studies carried out with the GIu 58 Ala and Glu 58 Leu mutants 

in L casei TS show accumulation of a complex containing covalently linked TS, dUMP, 

and CH2THF (Huang and Santi, 1994). Isotopic labels on either ligand ([6-^H]dUMP or 

[6-^H]CH2THF) accumulate in a complex that is stable to denaturation and 

electrophoresis. Upon extended incubation, the complex appears to be converted to 

products, because all labeled dUMP is converted to dTMP. This transient intermediate 

does not accumulate in the reaction with wild-type TS. 

Another consequence of some Glu 58 mutations is an uncoupling of pyrimidine 

C5 proton exchange from dTMP production. TS activity is usually assayed by following 

either the release of from [5-^H]dUMP or the production of dTMP. In wild-type TS, 

these two processes are coupled, and tritium is released at the same rate that dTMP is 

produced. In some Glu 58 mutants, the two processes become uncoupled, and the rate of 

tritium release is faster than dTMP production (Huang and Santi, 1994; Hardy et al.. 
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1995). It is unclear how mutation to Glu 58 results in an uncoupled reaction, partly 

because the mechanism of C5 tritium exchange in the mutant has not been established. 

It has recently been proposed that a negatively charged Glu 58 moderates the 

reaction through electrostatic interaction with a negative charge thought to build up on 

04 of the nucleotide during the reaction (Hardy et al., 1995). According to this model, 

electrostatic repulsion between 04 and Glu 58 disfavors an intermediate with a negative 

charge at 04. This idea is in sharp contrast to the proposal that Glu 58 helps to stabilize 

a negative charge at 04 

More than one of these proposed roles for Glu 58 could be correct. With the 

exception of the conflicting ideas on how Glu 58 affects the negative charge of 04, the 

other proposed roles are not mutually exclusive and could all be correct. In addition, 

Glu 58 probably serves a structural role. Glu 58 maintains a hydrogen bond to the side 

chain of invariant Trp 80, a residue that makes up part of the folate binding site. The 

water molecules that are hydrogen bonded to Glu 58 also make contact with ligands, so 

Glu 58 could indirectly influence binding affinities. 



127 

6.1.2. Glu 58 Results 

To address the issues surrounding Glu 58, three structures of the Glu 58 Asp 

mutant have been determined. All three are in ternary complexes containing PDDF and 

differ only in the nucleotide, having either dUMP, FdUMP, or dTMP. The three 

structures are crystallographically isomorphous and can be directly compared to each 

other and to the analogous wild-type reference structure (WT-FdUMP PDDF-PSiZl). 

E58DFdUMPPDDF-i»3,21 

The structure of the E58DFdUMPPDDF complex was crystallized in the PhxlX 

crystal form and data to 2.0 A was collected. The isomorphous wild-type structure 

(WT-FdUMP-PDDF-/*3i21) was used as a source of initial atomic positions. Difference 

maps calculated using Fobs and phases from the wild-type structure show a number of 

peaks at both positive and negative contour levels. Figure 6.2 shows a portion of this 

difference map superimposed on the model for the wild-type structure. As expected for 

the Glu 58 —> Asp mutant, there is a large negative peak (12a) centered on the Glu 58 

carboxylate group and a positive peak near Cy, consistent with the shorter side chain of 

Asp. Positive and negative peaks (7ct) on either side of the Trp 80 side chain are 

consistent with a shift toward residue 58. Additional positive and negative peaks near the 

Ser 180 side chain are consistent with a rotation into the residue 58 pocket. Negative 
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Figure 6.2. Difference map for E58D*FdUMP*PDDF-P3i2L Difference (Fobs - Fobs) 
electron density may calculated using FobsSnd. phases from WT-FdUMP-PDDF-/'3i21. 
The map is contoured at + 6o. Positive density is indicated by black solid lines, and 

r negative density is indicated by gray dotted lines. Protein atoms shown are from the 
( wild-type structure. 
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peaks (10a) centered on three fixed water molecules are constant with their absence at 

these positions in the mutant structure. Nearby positive peaks (7a) indicate possible 

new positions for two of these waters. The most significant feature of the difference map 

is a positive peak (12a) between Sy of Cys 146 and C6 of FdUMP, suggesting the 

presence of a covalent bond between these two atoms. Figure 6.3 shows the active site 

region of the difference map. In addition to the positive peak between C6 and Cys 146, 

the negative density below Sy of Cys 146 is consistent with the presence of a stable TS-

nucleotide covalent bond. 

The observation of a TS-nucleotide covalent bond was surprising since it had not 

been previously observed in the Pli\2\ crystal form. As shown with structures of 

wild-type TS (Chapter 3), structures determined in the /'3i2l crystal form usually do not 

contain a stable TS-nucleotide covalent bond. For example, when two identical 

complexes of wild-type TS (WT-FdUMP-PDDF) were determined in the P63 and P3i21 

crystal forms, the bond was present in the P6t, structure but not in the /'3i21 structure 

(Figures 3.1 and 3.2). The observation of a TS-nucleotide covalent bond in the 

E58D-FdlJMP-FDDF-/'3i21 structure suggests that it is stabilized by the Glu 58 —> Asp 

mutation, at least in the /'3i21 crystal form. 

The final 2Fo - Fc electron density map calculated for the refined 

E58D-FdUMP-PDDF-P3i21 structure is in agreement with the difference maps and 

clearly shows an intact covalent bond. The portion of the IFo - Fc map near Asp 58 is 

shown in Figure 6.4. One of the waters found near Glu 58 in wild-type TS is not found 
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FdUMP FdUMP 

Figure 63. Difference map for E58D'FdUMP*PDDF-F3i21, different view. Same 
difference map as in Figure 6.2 but in the region near Cys 146. 
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FdUMP FdUMP 

Figure 6.4. Electron density near Asp 58 in E58D*FdUMP-PDDF-/*3i21. A portion 

of  the  2Fo -  Fc  e lec t ron  dens i ty  map contoured  a t  la.  
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in the Asp 58 mutant; two other waters in this region change their positions and hydrogen 

bonding arrangement. The new arrangement is shown in Figure 6.5. A notable 

difference between the wild-type and Asp 58 structures is the position of the water that is 

hydrogen bonded to 04 of FdUMP, This water is 3.1 A away from 04 in wild-type TS 

and 3.4 A away in the Glu 58 Asp mutant. This water has also changed its hydrogen 

bonding partner in the residue 58 carboxylate group. In wild-type TS, this water forms 

hydrogen bonds to the same oxygen that is bound to Ns of Trp 80 (Figure 6.1). In the 

Glu 58—> Asp mutant, the water forms a hydrogen bond with the opposite oxygen of the 

Asp 58 carboxylate. 

The structural changes revealed by the difference maps are apparent in the refined 

structure when it is superimposed with the wild-type structure. There is a large shift in 

the B-helix centered at Ca of residue 58 (~ 0.5 A) to partially compensate for the shorter 

side chain of Asp. The direction of this shift is towards the active site. The hydrogen 

bond between Glu 58 and Trp 80 is retained in the Glu 58 Asp mutant (Figure 6.5). 

To maintain this hydrogen bond, the side chain of Trp 80 rotates ~ 10° toward Asp 58. 

As suggested by the difference maps, the side chain of Ser 180 is rotated into the Asp 58 

pocket. Despite these changes near residue 58, the rest of the structure remains largely 

unchanged. The RMS deviation in Ca positions for E58D-FdUMP-PDDF-/'3i21 and the 

analogous wild-type structure is 0.11 A. 



133 

Ser 180 Ser IgO 

A / 

TrpgO 
FdUMP>^ FdUMPj-^ 

R R 

Figure 6.5. Model for E58D-FdUMP-PDDF-P3i21 near Asp 58 
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E58DdUMPPDDF-/g,21 

A second Glu 58 —>• Asp structure was determined in a ternary complex with 

dUMP in the /'3i21 crystal form and refined with data to 1.9 A. That this complex 

crystallized in the P3\2\ crystal form was surprising since dUMP-containing complexes 

with wild-type TS had previously only been obtained in the ^63 crystal form. In addition, 

several attempts to crystallize this complex in the ^63 form were unsuccessful. The 

Glu 58 -> Asp mutation thus appears to have a subtle effect on the conformation that 

makes P'ixlX crystals grow more readily, and causes the normally observed P62 crystals 

to grow poorly. 

The dUMP-containing complex of the Glu 58 Asp mutant is virtually identical 

to the FdUMP-containing complex, and the RMS deviations in Ca positions for the two 

structures is 0.06 A. A difference map calculated using Fobs and phases firom the 

wild-type structure is identical to the map calculated for the FdUMP-containing structure 

except for a negative peak centered on the C5 fluorine, consistent with its absence in 

dUMP. As in the FdUMP-containing structure, the TS-nucleotide covalent bond is 

present in the dUMP-containing structure. 
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E58DdTMPPDDF-F3,21 

In all known dTMP-containing TS structures, the TS-nucleotide covalent bond is 

absent (Weichsel and Montfort, unpublished work; Chapter 3 of this work). For reasons 

that are still unclear, the presence of the methyl group attached to C5 of the pyrimidine 

ring destabilizes the covalent bond. Since the Glu 58 Asp mutation appears to 

stabilize the covalent bond in both the FdUMP- and dUMP-containing complexes, its 

effect on the covalent bond of the dTMP-containing complex was tested. The structure 

of the E58D-dTMP-PDDF-/'3|21 complex was determined in the P3i2I crystal form and 

refined with data to 2.3 A. The dTMP-containing structure is similar overall to the other 

two Glu 58 —> Asp structures. The RMS deviation in Ca positions for this and the 

FdUMP-containing structure is 0.15 A. To determine if a TS-dTMP covalent bond was 

present, a difference map was calculated using Fobs and phases from the 

E58D-FdUMP-PDDF-/'3i21 structure (which contains the covalent bond). A strong 

negative peak (13a) between dTMP and Cys 146 clearly shows that a covalent bond is 

not present in the dTMP-containing structure (Figure 6.6). In addition to this negative 

peak, the positive peak below Sy of Cys 146 is consistent with the absence of a TS-

nucleotide covalent bond. 
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Figure 6.6. Difference map showing absence of TS-nucleotide covalent bond in 
E58D'dTMP*PDDF-P3i21. Difference (Fobs - Fobs) electron density map calculated 
using Fobs and phases from E58D-FdUMP-PDDF-/'3i21 (which contains a TS-nucleotide 
covalent bond). The map is contoured at + 6a. Positive density is indicated by black 
solid lines and negative density is indicated by gray dotted lines. Atoms drawn are from 
the dTMP-containing structure. 
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6.2 Tyr 94 

6.2.1. Tyr 94 Introduction 

Tyr 94 is an invariant residue located in the G-helix (Figure 1.5). The side chain 

of Tyr 94 projects into the active site cavity on the C5-C6 side of the nucleotide, where 

its hydroxyl forms hydrogen bonds with a fixed water molecule and with the main chain 

nitrogen of Cys 146 (Figure 6.7). Observation of several existing TS structures shows 

that the main chain (j)/vj/ angles of Tyr 94 are consistently in a high energy conformation 

(Montfort et al., unpublished observations). The role of Tyr 94 is unclear, but at least 

three models are possible: (1) substrate/product discrimination, (2) abstraction of the 

proton from C5 of the pyrimidine ring, and (3) regulation of the TS-nucIeotide covalent 

bond. In addition, Tyr 94 probably plays a structural role and may help maintain the 

geometry of the loop containing Cys 146 through internal hydrogen bonds. 

The proposed role of Tyr 94 in substrate/product discrimination involves the fixed 

water molecule that is hydrogen bonded to Tyr 94 and is based on crystal structures of 

dTMP- and dUMP-containing ternary complexes (Fauman et al., 1994). In this work, 

low occupancy of the Tyr 94-bound water in a dTMP-containing ternary complex led to 

the suggestion that the water was displaced by the C5 methyl group resulting in a lower 

binding energy for dTMP. However, the presence of this water in the 

WT dTMP-PDDF-P63 structure argues against this model (Chapter 3). 
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dUMP dUMP 

Figure 6.7. Arrangement of Tyr 94 in wild-type TS. (WT-dUMP-PDDF-/'63) 
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The second proposed role for Tyr 94 is abstraction of the C5 proton during the 

reaction. This possibility was suggested based on the structure of the covalent inhibitory 

complex (Matthews et al., 1990b) but was considered less likely than a fixed water 

hydrogen bonded to Glu 58. In a second report of this structure (Hyatt et al., 1997; 

Chapter 5 of this work), Tyr 94 appeared to be the most likely candidate for the base. 

However, the Tyr 94 Phe mutant does retain some catalytic activity (kcat is 0.6% of 

wild-type, F. Maley, unpublished results), so if Tyr 94 is the usual base in the reaction, 

other groups must also be able to serve this role, or the reaction must be able to proceed 

in the absence of a general base catalyst. 

A third model for the role of Tyr 94 involves the TS-nucleotide covalent bond. 

This bond is absent from all known dTMP-containing structures, but it is not clear how it 

is destabilized by the presence of the dTMP methyl group. A possible explanation is the 

difference in reactivity between dTMP and dUMP. Because methyl groups are electron 

donating, it is expected that the TS-nucleotide covalent bond would be less stable in 

dTMP-containing complexes. However, the results of FdUMP-containing complexes 

suggest that other factors are involved. Because fluorine is electron withdrawing, it is 

expected that the TS-FdUMP covalent bond would be more stable than the TS-dUMP 

covalent bond, yet the FdUMP-containing structures appear to have a less stable covalent 

bond. Examination of the WT-dTMP PDDF structures suggests that Tyr 94 may be 

involved, because the Tyr 94 hydroxyl is in van der Waals* contact with the C5 methyl of 

dTMP and forms a hydrogen bond with the main chain nitrogen of Cys 146 (Figure 6.7). 
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This geometry suggests that steric conflict between the Tyr 94 hydroxyl and the dTMP 

methyl group could force the Cys 146-containing loop away from the nucleotide and 

increase the strain on the covalent bond. 

6.2.2. Tyr 94 Results 

To address the role of Tyr 94, structures of the Tyr 94 Phe mutant have been 

determined in two different ternary complexes. A dTMP-containing complex was used 

to test the possible role played by Tyr 94 in regulating the TS-nucleotide covalent bond. 

If steric conflict between the Tyr 94 hydroxyl and the dTMP methyl group contributes to 
i 
f an unstable covalent bond, then removal of the hydroxyl could relieve the steric conflict 

I and allow the bond to form. To test the possible role of Tyr 94 in proton abstraction, the 
i 

Tyr 94 -> Phe mutant was incubated with dUMP and CH2THF and crystallized in hopes 

of capturing the covalent complex that accumulates in solution. 

I Y94FdTMPPDDF-«i21 
i 
i 
f 

? To test the role of Tyr 94 in regulating the stability of the TS-nucleotide covalent 

bond, the structure of the Y94F-dTMP-PDDF complex was determined in the ^3121 

crystal form to 2.0 A nominal resolution. The presence of a TS-nucleotide covalent bond 

was determined by calculating a difference map using Fobs and phases from the 
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isomorphous E58D-FdUMP-PDDF-/'3i21 structure (which contains a covalent bond). 

The difference map contains a large negative peak between dTMP and Cys 146 (23cy) 

indicating that the covalent bond is absent (Figure 6.8). The map also contains a negative 

peak (18CT) indicating the absence of the Tyr 94 hydroxyl and a positive peak (8CT) 

suggesting a new position for the nearby fixed water molecule. Except for these peaks, 

the rest of the difference map is featureless. The refined structure is very similar to the 

wild-type reference structure (WT FdUMP-PDDF-f3i21), and the RMS deviation in Ca 

positions for the two structures is O.IO A. The final 2Fo • Fc map (Figure 6.9) can be 

readily interpreted and shows a planar pyrimidine ring, also consistent with the absence 

of the TS-dTMP covalent bond. 

Y94FdUMPCH2THF-«,21 

The Tyr 94 Phe mutant has recendy been shown to accumulate a complex 

containing dUMP and CH2THF, both covalently linked to the enzyme (F. Maley, 

unpublished results). In an attempt to capture this complex, the Tyr 94 Phe mutant 

was incubated with dUMP and CH2THF before crystallization. The complex crystallized 

in the P3i21 crystal form, and data to 2.0 A was collected. A difference map calculated 

using Fobs and phases from WT-FdUMP-PDDF-/'3|21, although difficult to interpret, 

contains a number of peaks indicating changes in the ligands. A second map, made by 

omitting ligand atoms from the structure factor calculation, shows that dUMP has been 
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FdXJMP I FdUMP V. 
Tyr94 

Cys 146 ^ Cys146 ^ 

Figure 6.8. Difference map showing absence of TS-nucleotide covaient bond in 
Y94F*dTMP*PDDF-P3i21. Difference {Fobs - Fobs) electron density made using Fobs and 
phases from ESSD-FdUMP-PDDF-PSill (which contains a TS-nucleotide covaient 
bond). Map was contoured at + 7<t. Positive density is indicated by black solid lines, 
and negative density is indicated by gray dotted lines. Atoms drawn are from the 
FdUMP-containing structure. 
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Phe 94 

dTMP dTMP 

Figure 6.9. Electron density near Phe 94 in Y94F*dTMP*PDDF-P3i21. A portion of 

the 2Fo - Fc electron density map contoured at 2<j. 
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converted to product (Figure 6.10). The electron density in the folate binding region 

could accommodate the coproduct, DHF, but is continuous between N5 and NIO, 

suggesting partial occupancy of unreacted CH2THF. This is possible since the CH2THF 

preparation used here contained a 1:1 mixture of (6/?)/(65) isomers. The (6R) isomer is 

the naturally occurring form of CH2THF, but the inactive (65) isomer is an inhibitor of 

TS and may bind to the folate binding site (Galivan et al, 1976). Under the conditions 

used here, uru"eacted (65)-CH2THF could be competing with DHF for the folate binding 

site, and either displacing DHF or causing a mixed population of DHF and (65)-CH2THF 

in the crystal. Because the initial difference maps indicated product formation, and 

because binding of (65)-CH2THF has not been confirmed, the structure was refined with 

DHF modeled into the active site. The refined structure is similar to the other P2\2\ 

structures, with a 0.11 A RMS deviation in Ca positions when compared to 

WT-FdUMP-PDDF-PS ,21. 

63. Cys 146 

6.3.1. Cys 146 Introduction 

A Cys 146 mutant with low catalytic activity was included here to address the 

binding of CH2THF. The conformation of all known TS-bound folates is bent, with the 

pterin and PABA rings lying at an angle of ~ 90° to each other. In contrast, the unbound 
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Trp 80 

Leu 172 

Asp 169 Asp 169 

Cys 146 

DHF? Leu 172 

Cys 146 

dTMP dTMP 

Figure 6.10. Electron density for ligands in Y94F"dUMP*CH2THF-F3i21. 
Difference (Fg - Fc) elecron density map calculated with ligand atoms omitted from the 
structrure factor calculation. Map is contoured at 4a. Density in the folate binding 
region will accomodate both DHF (as drawn), or CHaTHF (both 6{R ) and 6(S) isomers). 
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conformation of CH2THF, as determined by X-ray diffraction (Tamelen and Hopla, 

1979) and NMR (Poe et al., 1979), is relatively flat with the PABA ring extended away 

from the pterin ring. Modeling studies using the unbound CH2THF structure have shown 

that it will not fit into the TS active site (Matthews et al., 1990b; Finer-Moore et al., 

1990). This inability to model CH2THF into the active site has led to the suggestion that 

the 5-membered ring must open prior to or concomitant with binding to TS (reviewed in 

Carreras and Santi, 1995). However, modeling of CH2THF suggests that a conformation 

similar to that of TS-bound folates can be reached through bond rotation and a 

rehybridization of NIO from sp^ to sp^ (Hyatt et al., 1997). Such a model is readily 

accommodated by the active site and maintains all protein contacts observed in existing 

TS structures. These modeling studies suggest that opening of the 5-membered ring is 

not required for binding and that the enzyme can stabilize a CH2THF conformation that is 

different from that found in solution. 

Preliminary data from a complex containing TS, CH2THF, and the mechanism-

based inhibitor, 5-N02-dUMP, is in agreement with this idea (Arendall and Montfort, 

unpublished work). This structure appears to contain CH2THF bound in a bent 

conformation with an intact 5-membered ring. 5-N02-dUMP has been shown to bind TS 

and form a tight covalent complex, but does not appear to react with CH2THF (Wataya et 

al., 1980), probably due to the electron withdrawing effect of the NO2 group. Based on 

these preliminary results, it was assumed that CH2THF remains bound in an initial 

binding conformation because it can not react with the N02-modified pyrimidine ring. It 



therefore seemed reasonable that Cys 146 mutants would give similar results because 

they also carmot activate the pyrimidine ring. To test this possibility, and to determine 

the initial binding conformation of CH2THF, structures were determined for CH2THF-

containing complexes of the Cys 146 -> Ser mutant. 

63.2. Cys 146 Results 

C146SdUMPCH2THF-i^,21 

Crystals of the CI46SdUMPCH2THF complex were obtained in the P3\2l 

crystal form, and data to 2.0 A was collected. For an initial estimate of ligand 

conformation, aFo- Fc omit map was calculated using a ligand free structure 

(WT-FdUMP-PDDF-/'3121) as the source of calculated structure factors and phases. This 

map, although rough, shows continuous density between N5 and NIO of CH2THF 

indicative of an intact 5-membered ring. An initial CH2THF model was built into the 

electron density and refined with the 5-membered ring intact. After refinement, a second 

Fo - Fc omit map was calculated using the refined structure with ligands removed as the 

source of calculated structure factors and pheises. This map is more clear than the first 

and has well defined density for an intact 5-membered ring in CH2THF (Figure 6.11). 

Electron density for the PABA/Glu portion of the molecule is not as good, suggesting 

disorder in this region. The final model for CH2THF in the refined structure is in a bent 
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Figure 6.11. Electron density for ligands in C146S*dUMP*CH2THF-/*3i21. 
Difference {Fo - Fc) electron density map calculated with ligand atoms removed from the 
structure factor calculation. Map is contoured at 3 a. Portion of the map in the folate 
binding region is shown. Electron density clearly indicates an intact 5-membered ring. 
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conformation similar to other TS-bound folates. The conformation is also similar to that 

predicted by modeling studies (Hyatt et al., 1997), but with a slight difference in ring 

pucker and having more pyramidalization of NIO. In the nucleotide binding site, the 

omit map contains a small portion of extra electron density near C5, suggesting that some 

fraction of the dUMP has been converted to dTMP. This conversion of some dUMP is 

consistent with the residual activity of the Cys 146 —> Ser mutant. The protein 

conformation in the refined structure is closed, as in all previously observed temary 

complexes. The RMS deviation in Ca positions for the present structure and 

WTFdUMP-PDDF-P3,21 is 0.12 A. 

Because the CH2THF preparation used here contained a 1:1 mixture of {6R)/{6S) 

isomers, these results could be complicated by binding of the (65) isomer in the active 

site. Electron density in the folate binding region of the refined structure will 

accommodate a model of (65)-CH2THF, but the fit is not as good as to the (/?)-isomer. It 

is thus possible that the structure reported here contains a mixture of the two isomers. 

However, if there is bound (65)-CH2THF, it appears to bind with an intact 5-membered 

ring and in the same conformation as other TS-bound folates. 

Electron density for the fixed water molecule hydrogen bonded between Glu 58 

and NIO of CH2THF is not as good as in the TS-FdUMP-CH2THF structures (Chapter 5). 

Electron density for this water is absent from aFo- Fc omit map calculated with water 

molecules removed. There is electron density for this water molecule in the fined 2Fo - Fc 
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map, but the density is absent at a 2a contour level, suggesting that the water molecule 

may be disordered. 

C146SdT]VIPCH2THF-/^i21 

The partial conversion of dUMP to product observed in the dUMP-containing 

Cys 146 Ser structure suggests that some fraction of dUMP is activated by Ser 146. 

Because the residual activity complicated the interpretation, a similar structure was 

determined with dTMP in place of dUMP. A complex containing dTMP should be 

unreactive because of the destabilizing effect of the dTMP methyl on the TS-nucleotide 

covalent bond. The structure of the C146S-dTMP-CH2THF complex was determined in 

the F3i21 crystal form to 1.9 A nominal resolution. Despite having a less reactive 

nucleotide, the dTMP-containing complex was identical to the dUMP-containing 

complex, differing in Ca positions by only 0.08 A RMS. The only notable difference 

between the two structures is in the electron density near C5 of the nucleotide, which 

shows fiill occupancy of the dTMP methyl group. The electron density for CH2THF is 

identical to that for the dUMP-containing complex, and is consistent with an intact 5-

membered ring in CH2THF. 
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6.4. Discussion 

Binding and Activation of CH2THF 

The structures of the Cys 146 Ser mutant presented here contain CH2THF 

bound to TS with an intact 5-membered ring. The conformation of CH2THF in these 

structures is bent, similar to other TS bound folates but different from that of unbound 

CH2THF, which is more elongated. It has been argued, based on the solution structure of 

CH2THF (Poe et al, 1979), that the bent conformation would be energetically prohibitive 

because of strain in the 5-membered ring and could not be reached without ring opening. 

However, in agreement with earlier modeling studies (Hyatt et al, 1997), the present 

structures suggest that some of this strain can be relieved through a change in the 

hybridization state of NIO, which is planar and sp~-like in solution but sp^-like when 

bound to TS. That the enzyme-bound and unbound forms of CH2THF are different 

suggests that the enzyme-bound form is in a higher energy conformation that is stabilized 

by the enzyme. 

The conformation of CH2THF in the present structures appears to be suitable for 

ring opening and provides insight into the role of Glu 58. The form of CH2THF that 

reacts with dUMP is assumed to be an iminium ion with a positive charge at N5 (2 of 

Figure 5.6). Forming this intermediate requires protonation of N5, and the geometry of 

the TS bound CH2THF appears to be suited for such a protonation. The sp^ hybridization 
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state seen in the present structxires would make NIO more basic than in the sp^ state that 

occurs in solution, and thus more readily protonated. In addition, the lone electron pair 

of NIO is pointed directly at the fixed water molecule that is hydrogen bounded to 

Glu 58. As discussed above, Glu 58 may be involved in opening of the CH2THF 5-

membered ring by shuttling a proton through a fixed water molecule. It has recently been 

suggested that ring opening my occur by a concerted mechanism, concomitant with 

formation of the methylene bridge, rather than via the 5-iminium ion (Eldin and Jencks, 

1995; Hardy, 1995). The present structures do not directly address this issue, but the 

geometry of CH2THF and nucleotide make such a mechanism appear unlikely. 

Regardless of the mechanism involved, opening of the 5-membered ring requires 

protonation of N10. 

A difficulty with this model for NIO protonation is poor electron density for the 

fixed water molecule in the present structures. Although electron density for this water 

molecule is present, it is not as good as for other fixed waters in the active site. A 

possible explanation for the poor electron density is partial binding of the inactive (65) 

isomer of CH2THF. A model of (65)-CH2THF could be docked into the active site with 

its pterin ring in roughly the same position as in the (6R) isomer. However, the NIO and 

the PABA/Glu portions of the (65) isomer occupied slightly different positions. A 

second possible explanation for the poor electron density may be a mixed population of 

the open- and closed-ring forms of CH2THF. In the absence of an activated pyrimidine 

ring, the 5-iminium ion would not be able to react and would likely convert back to the 
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closed ring form. Either an equilibrium between the open- and closed-ring forms or a 

mixture of (6R) and (65) isomers would give multiple positions for the NlO-associated 

water and could explain its poor electron density. This could also explain the poor 

electron density for the PABA/Glu portion of CH2THF in the present structures (Figure 

6.11).  In the covalent inhibitory complex (Chapter 5),  electron density for the NlO-

associated water is well defined. In addition, the structure of the 5-N02-dUMP-

containing complex, which also appears to have a closed 5-membered CH2THF ring, 

contains good electron density for this water molecule (Arendall and MontforL, 

unpublished work). The proposed role of this fixed water molecule is thus not precluded 

by its poor electron density in the present structures. 

The results of the present Cys 146 -> Ser structures suggest that TS assists ring 

opening by stabilizing a CH2THF conformation that is suitable for reaction. The 

difference between TS-bound and unbound CH2THF suggests a possible role for the TS 

conformational change. The open conformation may form a loosely associated complex 

with the elongated form of CH2THF that is predominant in solution. This loosely 

associated complex would then become a tightly associated complex after conformational 

change in both the protein and CH2THF. The energy to stabilize the bent conformation 

would come firom the numerous favorable interactions with protein that are gained in the 

closed TS conformation. Such a mechanism may insure that the reactive open-ring form 

of CH2THF is not formed until it is isolated within the confines of the active site. 
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On the Role of Tyr 94 

The structures of the Tyr 94 —> Phe mutant presented here were determined to 

address two possible models of Tyr 94 function. The first model is that Tyr 94 

contributes to substrate/product discrimination through steric conflict with the dTMP 5-

methyl group, h was reasoned that removal of the Tyr 94 hydroxyl group through 

mutation to Phe would relieve the steric conflict and allow a covalent bond to form 

between TS and dTMP. The results of the Y94F dTMP-PDDF structure clearly show that 

the covalent bond is absent in this complex, and thus do not support the model. It is 

possible that simply removing the Tyr 94 hydroxyl does not relieve enough steric conflict 

to influence the covalent bond, but this cannot be determined from these results. 

The second model addressed by the Tyr 94 -> Phe structure was the role of 

Tyr 94 in abstraction of the C 5 proton. The results from the inhibitory 

TS-FdUMP-CHiTHF complex (Chapter 5) favored this role based on the geometry of 

Tyr 94. Also favoring this role are biochemical studies of the Tyr 94 —^ Phe mutant, 

which accumulates a complex containing covalently linked TS, dUMP, and CH2THF (F. 

Maley, unpublished results). In an attempt to capture this complex, the Tyr 94 Phe 

mutant was incubated with dUMP and CH2THF and crystallized. However, the covalent 

complex was not observed, and the dUMP was converted to product, reflecting the 

residual catalytic activity of this mutant. The covalent intermediate observed in solution 

is apparently too short-lived to be observed by these methods. However, product 
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formation indicates that the Tyr 94 hydroxy 1 is not essential for catalysis. The reaction 

either proceeds in the absence of a general base catalyst, or some group other than the 

Tyr 94 hydroxyl is able to serve this role. A possible candidate is the ordered water 

molecule normally hydrogen bonded to the Tyr 94 hydroxyl. In the present 

Tyr 94 Phe structure, the position of this water is closer to C5 than in wild-type and 

has a geometry such that it could serve as a substitute base in the reaction, although such 

a role for a water molecule would require that its pKa be altered by the active site 

environment. 

On the Role of Glu 58 

As discussed above, several roles have been proposed for Glu 58 including 

CH2THF ring opening, abstraction of the pyrimidine C5 proton, stabilizing catalytic 

intermediates, or partitioning intermediates during the reaction. However, none cf these 

roles have been confirmed, and the role of Glu 58 is still poorly understood. The 

biochemical evidence shows that the reaction catalyzed by Glu 58 mutants is uncoupled, 

with C5 proton release occurring faster than dTMP production. Some Giu 58 mutants 

have been shown to accumulate a stable intermediate containing covalently linked TS, 

dUMP, and CH2THF (Huang and Santi, 1994). An additional consequence of Glu 58 

mutation is shown by the results of this work, which suggest that the Glu 58 Asp 

mutation has a more stable TS-nucleotide covalent bond than wild-type TS. 
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There are three possible explanations for the increased stability of the TS-

nucleotide covalent bond. First, it may be an artifact of the crystal form. As described 

above, a stable TS-nucleotide covalent bond is not usually observed in the /'3i21 crystal 

form, either due to crystal contacts or the conformation that crystallizes in this form. If 

crystal contacts are involved, the mutation may alter the structure in a way that 

overcomes the crystal packing effects and allows the covalent bond to form. This 

possibility cannot be ruled out, but seems unlikely, because the present Glu 58 Asp 

structures are very similar overall to the other P3i21 structures and have the same crystal 

contacts. This idea also does not explain why C5 proton exchange is uncoupled from 

product formation, nor does it explain how a covalent intermediate could accumulate in 

Glu 58 mutants. 

A second possible explanation for the more stable TS-nucleotide covalent bond is 

that the mutation results in a geometry in which the bond is less strained. As described 

above, the accumulation of TS structural evidence suggests that the physical restraints of 

the active site usually result in a strained covalent bond. It is possible that the 

Glu 58 -> Asp mutation creates a geometry that places C6 and Cys 146 in positions more 

favorable for bond formation. 

A third possible explanation for the more stable TS-nucleotide covalent bond is 

that the Glu 58 -> Asp mutation may alter the electrostatic environment of the active site 

such that covalent bond formation is more favorable. This idea is based on the proposal 

by Hardy and co-workers that a negatively charged Glu 58 disfavors the accumulation of 
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a negative charge on nearby 04 of the pyrimidine (Hardy et al., 1995). In PDDF-

containing ternary complexes, like those presented here, formation of a TS-nucleotide 

covalent bond results in a negative charge on 04, because the pyrimidine ring cannot 

react further. Because the Glu 58 -> Asp mutation increases the 04/residue 58 distance 

by ~ 1 A, any electrostatic repulsion between the two groups would be reduced. Such a 

reduction in electrostatic repulsion could result in a more stable TS-nucleotide covalent 

bond and a reduced catalytic activity. This idea is consistent with the difference in 

activity between the Glu 58 -> Asp and Glu 58 ^ Asp mutants, because the electrostatic 

interaction between 04 and residue 58 is eliminated by the Glu 58 Gin mutation, but 

only reduced by the Glu 58 Asp mutation. 

A covalent bond stabilized either sterically or by electrostatic interactions would 

explain the reduced rate of catalysis in Glu 58 mutants, because the instability of the TS-

nucleotide covalent bond appears to be an element of the reaction (Hyatt et al., 1997; 

Chapter 5 of this work). A more stable covalent bond could also account for the transient 

covalent intermediate observed during the reaction with some Glu 58 mutants. 

Whether the increased stability of the TS-nucleotide covalent bond is related to 

the observed uncoupling of the reaction is difficult to determine because the mechanism 

of proton exchange in the mutants has not been established. When [5-^H]dUMP is used 

as a substrate for Glu 58 mutants, tritium is exchanged for solvent protons faster than 

dTMP is produced (Huang and Santi, 1994; Hardy et al., 1995). There are two models to 

explain how tritium could be exchanged without producing dTMP. In the first model, the 
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reaction proceeds to the point where the C5 proton is normally abstracted (4 of Figure 

5.6) but blocked at a subsequent step. Reprotonation of C5 by a solvent molecule during 

the reverse reaction would explain the observed tritium exchange. Because this 

mechanism requires formation of a covalent linkage between dUMP and CH2THF, the 

mutation would have to slow a late step in the reaction, after the C5 proton has been 

removed. 

A second model for C5 tritium exchange does not require a covalent linkage 

between dUMP and CH2THF. Evidence for an alternative mechanism of tritium 

exchange comes from the reaction with THF. Because THF does not contain the N5/N10 

bridged methylene (CI 1), it cannot form a covjdent ternary complex, yet THF catalyzes 

the tritium exchange reaction (Hardy et al., 1995). This could be due to THF-induced 

closing of the active site and TS activation of the pyrimidine ring through covalent bond 

formation. Reaction of the activated pyrimidine ring with an active site water, followed 

by base abstraction of C5-^H , would explain the observed tritium exchange. CHzTHF 

may catalyze a similar reaction if opening of the 5-membered ring is impaired (Figure 

6.12). Because opening of the 5-membered ring is apparently not required for CH2THF 

binding (This work; Arendall and Montfort, unpublished work), CH2THF could activate 

dUMP for proton exchange simply by stabilizing the closed conformation and allowing 

the covalent bond to form. In the absence of an activated imine form of CH2THF, the 

pyrimidine ring reacts with a water molecule and becomes diprotonated. Tritium 

exchange would occur through equilibrium of dUMP with the diprotonated form. 
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Figure 6.12. Alternative model for CH2THF-catalyzed tritium exchange. Because 
CH2THF is able to bind in the active site without opening of the 5-membered ring, it 
could catalyze the observed tritium exchange simply by closing the active site and 
inducing the TS-nucleotide covalent bond to form. If opening of the 5-membered ring is 
impaired in Glu 58 mutants, the activated imine form of CHjTHF would not occur, thus 
allowing the pyrimidine to react v^th an active site water molecule 
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Whether this model or the one described above is an accurate description of the tritium 

exchange reaction remains to be established. Understanding the mechanism of this 

reaction will be required for a complete interpretation of the Glu 58 results. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

Despite extensive study, the mechanisms by which enzymes exert such large 

increases in catalytic rates are not completely understood. TS is a good system for a 

detailed study of catalysis because there exists a large body of biochemical and structural 

data, and it catalyzes a complex multi-step reaction. In addition, well established 

conditions for mutagenesis, expression, and crystallization allow for a detailed analysis of 

the structural effects of mutation. In this work, 23 crystal structures of E. coli TS were 

presented. These structures are of wild-type TS and eight site-specific mutants bound to 

a number of different ligand combinations. 

In Chapter 3, the sensitivity of the TS-nucleotide covalent bond was shown. The 

stability of this bond was shown to vary with crystal form and the nature of the bound 

pyrimidine. Structures determined in the P63 and ^3121 crystal forms are in similar but 
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not identical closed conformations. The differences between these two crystal forms, 

although small, are apparently enough to affect the stability of the covalent bond, as 

shown by identical complexes (WT FdUMP-PDDF) determined in the two different 

crystal forms. The TS-nucleotide covalent bond is present in the structure but absent 

from the /'3i21 structure. The results of Chapter 3 also suggest that the TS-nucleotide 

covalent bond is sensitive to the nature of the substituent at C5 of the nucleotide, since it 

was completely destabilized by a methyl group (as in WT dTMP-PDDF-?63) and 

partially destabilized by fluorine (as in WT FdUMP-PDDF-P63). 

In Chapter 4, a number of structures with mutations to invariant non-active site 

residues were presented. The residues involved were Tyr 4, Tyr 181, His 212, and 

Tyr 252. In general, the structural changes caused by the mutations were small in 

magnimde and largely localized to the region surrounding the mutation. This observation 

is in agreement with results of in vitro activity assays showing that these 4 residues are 

not essential for TS activity (F. Maley, unpublished work). These mutations, with the 

exception of Tyr 4 -> His, appear to cause a small but observable decrease on the 

stability of the TS-nucleotide covalent bond, as shown by comparing dUMP-PDDF 

ternary complexes {P€>-i) to the analogous wild-type structure. This slightly destabilized 

bond despite the minor overall changes in the structure further indicate the sensitivity of 

the TS-nucleotide covalent bond. 

Two of these non-active site mutants, Tyr 4 —> His and Tyr 181 -> Leu, readily 

crystallized in a binary complex with dUMP, and are in open conformations veiy similar 



163 

to the wild-type binary complex. Comparing the open and closed conformations of these 

mutants showed that the conformational change is not appreciably affected by the 

mutations. In contrast, two other non-active site mutants. His 212 Thr and 

Tyr 252 Ser, did not readily crystallize in a binary complex, suggesting that the effects 

of these mutations may be more pronounced in the open conformation. One role of some 

conserved non-active site residues may thus be to stabilize one of the two major 

conformations. 

The results of Chapter 5 led to the proposal of a new model for the chemical 

mechanism of catalysis, based on the structure of the inhibitory TS-FdUMP-CH2THF 

complex in two new crystal forms. The ligand complex in these structures is in a 

conformation that places the C5-F bond gauche to the CI 1-N5 bond - an alignment that 

does not support an earlier proposal of a concerted E2 elimination of THF. These 

structures contain diffuse electron density for C6 of FdUMP and for the C6-Cys 146 

bond, suggesting that the TS-nucleotide covalent bond is unstable. The instability of this 

bond is central to the proposed mechanism, which does not require an extensive 

isomerization of the ligand complex to be consistent with the known stereochemistry of 

the reaction. This model proposes that strain on the TS-nucleotide covalent bond 

increases the reactivity of the covalent intermediate and prevents the reaction from 

becoming trapped in an energy well. 

In Chapter 6, structures of TSs with mutations to invariant active site residues 

were presented. The residues involved were Glu 58, Tyr 94, and Cys 146. The structural 
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changes caused by the Glu 58 -> Asp mutation are minor overall but significant in the 

region surrounding the mutation, where the positions of several surrounding protein 

atoms move to compensate for the shorter side chain of Asp. In addition, three ordered 

solvent molecules in the active site move to new positions. The Glu 58 -> Asp mutation 

appears to stabilize the TS-nucleotide covaient bond when either dUMP or FdUMP is 

bound. However, this effect is not enough to stabilize the bond when dTMP is bound. 

The mechanism of this increased stability is unclear and could involve either a change in 

geometry or the electrostatic environment such that covaient bond formation is more 

favorable. 

Structures of the Tyr 94 -> Phe mutant were determined to test the role of Tyr 94. 

Removal of the Tyr 94 hydroxyl group by replacing Tyr 94 with Phe could create 

additional room for the dTMP 5-methyl group, but this does not appear to increase the 

stability of the TS-nucleotide covaient bond. The Tyr 94 Phe mutant is able to convert 

dUMP and CH2THF to products, since incubation with these two ligands resulted in a 

product complex. The covaient ternary complex that accumulates in solution apparently 

does not last long enough to be observed in the crystal under the conditions used here. 

The structures of the Cys 146 Ser mutant indicate that CH2THF can bind to 

TS without opening of its five membered ring. Electron density in the folate binding site 

of these structures indicates that CH2THF binds in a conformation similar to that of 

previously observed TS-bound folates but different from the reported structures of 

unbound CH2THF. The conformation of bound CH2THF appears to be poised for ring 
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opening, suggesting that binding to TS assists this reaction. The large difference in 

conformation between TS-bound and unbound CH2THF suggests that one role of the 

ligand-induced conformational change may be to allow TS to bind both the predominant 

solution conformation of CH2THF and the reactive bound conformation. These results 

argue against models that require opening of the 5-membered ring for binding of 

CH2THF in the active site. 

Taken together, these results provide atomic detail on a highly studied enzyme. 

The minor structural changes caused by mutations to invariant residues suggests that TS 

is a highly optimized enzyme that is under strong selective pressure to maintain 

maximum catalytic efficiency. These results also cast doubt on several aspects of the 

previously published reaction mechanism, suggesting that TS makes use of strain, 

electrostatic interactions and conformational change to direct the reaction along a path 

that would not be favored in solution. 

7.1 Future Studies 

In Chapter 5, a new model for the mechanism of TS catalysis was proposed. 

Although this model is consistent with the currently available data, it has not been 

confirmed as an accurate description of the TS reaction. Specifically, the occurrence of 

an intermediate with a positive charge at N1 of the pyrimidine ring has not been firmly 

established (e.g. intermediate 4 of Figure 5.6). The mechanism proposed here suggests 
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that this intermediate is stabilized by favorable interactions in the active site. Altering 

these proposed interactions by mutation would be one approach to test whether such an 

intermediate could form. A possible residue for mutation is Arg 166, because its positive 

charge may help to stabilize the negative charge on Sy of Cys 146 in the proposed 

intermediate. 

More work needs to be done regarding the role of Glu 58. The results presented 

here are consistent with a role for Glu 58 in protonating NIO of CH2THF, but this idea 

has not been firmly established. Structural studies of the Glu 58 Gin mutant, which 

would be a poor proton donor, may be informative. Future work should also address how 

the Glu 58 Asp mutation could increase the stability of the TS-nucleotide covalent 

bond. One possible, although unlikely, explanation for the observed increase in stability 

is that it is an artifact of the crystal form. This possibility could be addressed through 

structures of the Glu 58 Asp mutant in different crystal forms. It would be interesting 

to compare the covalent E58D-FdUMP-CH2THF complex to that of wild-type to 

determine if the TS-nucleotide covalent bond is also stabilized in that complex. 

Another possible topic for future studies is how mutation of Glu 58 causes C5 

proton exchange to become uncoupled firom dTMP production. A possibility suggested 

here is that the uncoupling may simply be the result of impaired CHzTHF ring opening. 

It may be possible to test this idea with CH2THF analogs that carmot undergo the ring 

opening reaction. For example, an analog in which NIO is replaced by a carbon atom. If 



167 

such an analog can bind to TS and induce the closed conformation, it may cause proton 

uncoupling in the wild-type enzyme. 

The nature of the base that accepts the pyrimidine C5 proton during the reaction 

remains unclear. The hydroxyl of Tyr 94 is a possibility that was suggested here, but this 

idea needs to be tested further. Structures of Tyr 94 mutants may be useful to address 

this issue. The structure of the Tyr 94 —> His mutant would be interesting because 

histidine has a lower pKg and should serve as a better base than Tyr. 

The role of specific residues in the TS conformational change is still not well 

understood. While structures of single site mutants have not provided a definitive 

answer, structures of double mutants may be more informative. The result of the BME-

modified His 212 -> Thr mutant indicates that modifications can be additive and affect 

the structure more than a single modification. Structural studies of double mutations may 

thus be useful in understanding the roles of conserved residues in the TS conformational 

change. 
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