
X-ray structures of novel intermediates in the
thymidylate synthase models for chemical

mechanism and conformational change

Item Type text; Dissertation-Reproduction (electronic)

Authors Arendall, William Bryan

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 10:47:27

Link to Item http://hdl.handle.net/10150/279920

http://hdl.handle.net/10150/279920


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI films 

the text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter face, while others may be from any type of 

computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleedthrough, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author dkl not send UMI a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and continuing 

from left to right in equal sections with small overiaps. 

Photographs inciuded in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations appearing 

in this copy for an additional charge. Contact UMI directly to order. 

Bell & Howell Information and Learning 
300 North Zeeb Road. Ann Arbor, Ml 48106-1346 USA 

800-521-0600 





X-RAY STRUCTURES OF NOVEL INTERMEDIATES IN THE 

THYMIDYLATE SYNTHASE MODELS FOR CHEMICAL 

MECHANISM AND CONFORMATIONAL CHANGE 

by 

William Bryan Arendall III 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF BIOCHEMISTRY 

AND MOLECULAR BIOPHYSICS 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2 0 0  1  



UMI Number: 3002540 

® 

UMI 
UMI Microform 3002540 

Copyright 2001 by Bell & Howell Information and Learning Company. 
Ail rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

Bell & Howell Information and Leaming Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



2 

THE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by William Brvan Arendall III 

entitled X-RAY STRUCTURES OF NOVEL INTERMEDIATES IN THE 

THYMIDYLATE SYNTHASE MODELS FOR CHEMICAL 

MECHANISM AND CONFORMATIONAL CHANGE 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

/ / 
Jolfn^;A„-R^pley 

G?^rdon Tollin Date 

Date 

Date 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

V"i/cJf 
Dissertation Director W^iam R. Montfort Dafte ' 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgement of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when in 
his or her judgment the proposed use of the material is in the interests of scholarship. In 
all other instances, however, permission must be obtained from the author. 

SIGNED: 



4 

ACKNOWLEDGEMENTS 

Frank Maley and his laboratory supplied protein and some ligands for the studies 

discussed in this dissertation. Montfort laboratory members who have contributed greatly 

to the completion of this work are: Sue Roberts, Andrzej Weichsel, Dave Hyatt and 

Rogerio Sotelo-Mundo. I also thank Liu for her crystallization and data collection of 

Y209M*NDU as part of her rotation project. 

My committee members are thanked for their patience in dealing with my extended 

stay as a graduate student. I for one enjoyed it. 

Along those lines, I greatly thank Bill Montfort and Hans Bohnert for their support 

over the past years. Bill's allowing me to follow my interests into the field of complex 

systems is greatly appreciated and I consider it a prime example of trust and mentoring. 



DEDICATION 

I dedicate this dissertation to my parents and to the other great people of this world 

who unselfishly create freedom for others. The bestest one being Nic. 



6 

TABLE OF CONTENTS 

LIST OF ABBREVIATIONS 10 

ABSTRACT 11 

1 INTRODUCTION 13 

I. I Scope, Organization and Justification 13 
1.2 Models of TS Action 16 

1.2.1 Overview of TS Catalysis 16 
1.2.2 Review of Chemical Mechanism Model 20 

1.2.2.1 Ligand binding: Formation of state 1 20 
1.2.2.2 Movement through state II: MTF bending 30 
1.2.2.3 The ternary covalent intermediate: State III 32 
1.2.2.4 Completion of the reaction: States IV to VI 35 

1.2.3 Conformational Change 35 
1.3 Questions and Hypotheses 41 

2 MATERIALS AND METHODS 43 

2.1 Materials 43 
2.2 Methods 44 

2.2.1 Crystallization 44 
2.2.2 Diffraction Data Measurement 46 
2.2.3 Structure Refinement 46 
2.2.4 Structure Comparisons 48 
2.2.5 Volume Calculations 48 

3 STUDIES OF THE TS CHEMICAL MECHANISM 49 

3.1 Trapping a Closed-Ring MTF 51 
3.1.1 Rationale 51 
3.1.2 Electron Density 56 

3.1.2.1 Interpretation as intact-ring 56 
3.1.2.2 Challenges to interpretation 62 

3.1.3 Discussion 67 
3.2 TS Catalysis 73 

3.2.1 Description Of Protein - Ligand Interactions 74 
3.2.2 MTF Bending 83 
3.2.3 NIO Protonation 86 

3.3 Conclusions for Chapter 3 89 



7 

TABLE OF CONTENTS - continued 

4 STUDIES OF THE TS CONFOR>UTIONAL CHANGE 90 

4.1 Results 92 
4.1.1 Rationale 92 
4.1.2 Conformation Classifications 94 

4.1.2.1 RMSD comparisons 98 
4.1.2.2 Active site volumes 98 
4.1.2.3 C-terminus and Arg21 comparisons 101 

4.1.3 Covalent Bond Status 105 
4.1.4 Active site Geometry 105 
4.1.5 MTF Active Site Hole 110 
4.1.6 Crystallization Experience 112 

4.2 Discussion and Conclusions 113 
4.2.1 Dynamic Conformational Change 113 
4.2.2 Thiol Bond 116 
4.2.3 Prepositioning of Residues 118 
4.2.4 NDU: A Mechanistic Inhibitor 118 

5 SUMMARY AND PATHFORWARD 120 

5.1 Changes to Existing Models 120 
5.1.1 Chemical Mechanism 120 
5.1.2 Conformational Change 124 

5.2 Speculations & Pathforward 126 
5.2.1 Conformational Change Role 126 
5.2.2 Future Research To Address the Proposed Roles 127 

5.2.2.1 Investigate the cavity behind NIO 127 
5.2.2.2 Orientation requirements before covalent bond formation?... 128 
5.2.2.3 Kinetics of conf change and/or covalent bond formation 128 
5.2.2.4 Comparison to other structures with relevant chemistry 128 

APPENDIX: PEPC Structure Studies 130 

REFERENCES 140 



8 

LIST OF ILLUSTRATIONS 

Figure 1.1: Ribbon Drawing of TS Homodimer 18 
Figure 1.2: Substrate and Cofactor in TS Active Site 19 
Figure 1.3: Currently Accepted Chemical Mechanism 21 
Figure 1.4: Substrate, Cofactor and Their Analogs 23 
Figure 1.5: Native Substrate Binding to ecTS 24 
Figure 1.6: MTF Conformational States 27 
Figure 1.7: Conformational States of TS 38 
Figure 1.8: TS Conformational Change 39 

Figure 3.1 .a&b: Fo-Fc Electron Density For TS=NDU MTF Data 55 
Figure 3.2: 2Fo-Fc electron density of TS=NDU-MTF 58 
Figure 3.3: 2Fo-Fc electron density ofC146S TMP MTF 59 
Figure 3.4: SAomit electron density ofTS=NDU MTF 60 
Figure 3.5: SAomit electron density of C146S TMP-MTF 61 
Figure 3.6: 2Fo-Fc electron density of TS=NDU MTF 63 
Figure 3.7: SAomit electron density of TS=NDU MTF 64 
Figure 3.8: Electronic Structures of dUMP and NDU 71 
Figure 3.9: Main Chain Ca Distances 75 
Figure 3. lO.a&b: NDU in active site of TS=NDU-MTF 76 
Figure 3.11.a&b: MTF Binding in TS Active Site 77 
Figure 3.12: NDU & TMP In Active Site 80 
Figure 3.13.a&b: MTF in the TS active site 81 
Figure 3.14.a&b: Cofactor shift in TS=NDU*MTF vs. C146S*TMP»MTF 82 
Figure 3.15: MTF Bending 85 
Figure 3.16: Cavity found behind the MTF NIO 88 

Figure 4.1: Changes At the TS Active Site Upon Conformational Change 93 
Figure 4.2.a&b: Carboxyl-Termini Positions 104 
Figure 4.3 .a&b: SAomit maps of substrates 106 
Figure 4.4.a&b: Active Sites of TS,NDU Binary Complexes 107 
Figure 4.5: Active site of open and closed conformations 109 
Figure 4.6.a&b: MTF area of active site 111 



9 

LIST OF TABLES 

Table 2.1: Beginning Models for Refinement 47 

Table 3.1: Ternary Complexes Crystallographic Results 53 

Table 3.2: Ternary Models Quality 54 

Table 4.1. Crystallographic Results 96 

Table 4.2 Models Quality 97 

Table 4.3: RMSD Values vs. TS=FdUMP=MTF 99 

Table 4.4: RMSD Values vs. TS'dUMP 99 

Table 4.5 Active Site Volumes 100 

Table 4.6: H-Bonding by Arg21 and C-termini residues 102 

Table 4.7: B-factors For Conformation Classification 103 

Table 4.8: H-Bond lengths for substrate - TS binding 108 



10 

LIST OF ABBREVIATIONS 

TS thymidylate synthase 

dUMP 2'-deoxyuridine 5'-monophosphate 

NDU, 5-N02dUMP 5-nitro-2-deoxyuridine 5 '-monophosphate 

FDU, FdUMP 5-fluoro-2'-deoxyuridine 5'-monophosphate 

TMP 2'-deoxythymidine 5'-monophosphate 

MTF, CH2THF 5,10-methylene-5,6,7,8-tetrahydrofolate 

H4folate, THF 5,6,7,8-tetrahydrofolate 

DHF 7,8-dihydrofolate 

CB3717, PDDF 10-propargyI-5,8-didieazafolate 

PABA para-aminobenzoic acid 

RMSD root mean square deviation 

Rsym R-factor for symmetry related intensities 

Rfrcc crystallographic free residual 

Rcrvst crystallographic residual 

DTT dithiothreitol 

AS ammonium sulfate 

KPi potassium phosphate 

CA carbon -alpha 



11 

ABSTRACT 

The catalytic mechanism of thymidylate synthase (TS) was investigated using X-ray 

crystallography: four structures that yield new information about the early stages of TS 

action are reported. TS catalyzes the production of thymidylate (TMP), one of the four 

nucleotide bases of DNA, from the substrate, deoxyuridylate and cofactor, 

methylenetetrahydrofolate (MTF). Knowledge about the TS mechanism is important for 

both the medical and basic sciences. TS is the sole de novo source of TMP and it is thus a 

target for anti-proliferative drugs aimed at addressing cancer and other diseases marked 

by rapidly dividing cells. To aid this effort, past research on TS has developed two 

models to explain how TS works. A detailed, sequential chemical mechanism explains 

the methylene and hydride transfers from one cofactor to the substrate. And, a two state, 

dynamical model explains the conformational change that TS undergoes during its 

catalytic cycle. Combining these two models will lead to a fuller understanding of 

protein structure, function, and dynamics interrelationships. 

Two of the new structures contain cofactor in a heretofore unseen state, bound in the 

active site with its imidazolidine ring intact. Finding that this is an allowed enzyme-

co factor state indicates that ring opening and formation of the highly reactive iminium 

cation may occur relatively late in the methylene transfer, after preparation of the 
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substrate; and, the reaction may perhaps be concerted. Further, details of these two 

structures show that protonation of the correct imidazoiidine ring nitrogen (NIO) may be 

selected by the geometry and environment imposed on the bent cofactor by TS. N5, the 

"wrong" ring nitrogen, is blocked and in a hydrophobic environment, while NIO is 

rehybridized to sp3 and its lone pair (nascent hydrogen) is pointed into an aqueous cavity 

trapped within the enzyme. 

A proposal coming from this dissertation is for a combination of the two models 

describing TS catalysis. The chemical mechanism model and the conformational change 

model both describe the same phenomena and these models should be connected and 

combined into one larger model to further increase our knowledge of the connections 

between strucnare, dynamics and function. The four structures reported here begin that 

connection process. 
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ll/Here is tHe Ifnowledge we Rave lost in 

information? 

TS'EWiot 

1 INTRODUCTION 

l.l Scope, Organization and Justification 

This is a report of my investigations into the mechanism of action of thymidylate 

synthase (TS). The basic question is, "How does thymidylate synthase work in the early 

stages of its catalytic cycle?". These early stages include: ligand binding to the enzyme; 

enzyme directed preparation of the ligands for reaction, with covalent attachment of the 

substrate nucleotide deoxyuridine-monophosphate (dUMP) and attachment of the co-

factor methylenetetrahydrofolate (MTF) to the enzyme-nucleotide binary complex; and a 

ligand induced conformational change of the protein. Structure determination by protein 

X-ray crystallography is the method utilized. Substrate analogs were used to generate 

novel protein-ligand conformational states; four new structures will be reported herein. 

These structures allow further detailing of two models that describe TS action, the 

chemical mechanism and the protein conformational change. 

Our current understanding of how TS works is based on the two models. They also 

serve as the organizational framework for this dissertation. This chapter reviews the two 

models as they are developed in the scientific literatiire. In Chapter 3,1 present two novel 
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structures of two ternary complexes that address the chemical mechanism model. Both 

complexes contain a fully bent, correctly bound MTF cofactor in the enzyme's active 

site; and, surprisingly, the five-member imidazolidine ring is intact. This is a 

conformation of MTF and a state of the enzyme-nucleotide-cofactor not previously 

thought to exist. These results contradict some claims of the currently proposed 

mechanistic model. Chapter 4 presents two novel structures of two binary complexes that 

address the conformational change model. One of these structures is of the closed 

conformation, the other an open conformation; the difference between the two is 

apparently only one hydrogen bond between TS and the bound nucleotide. These results 

contradict some of the current thinking about the conformational change model After 

detailing four new structures and interpreting them in the light of 40+ years of TS work, 

it is time to summarize and speculate. In Chapter 5,1 discuss the changes to our existing 

models suggested by the results of this work and suggest future research ideas for 

thymidylate synthase. One point to be made is a proposal to begin combining these two 

mostly separate models of the same phenomenon. Two other chapters are included: 

Chapter 2 contains the materials and methods of this work. An appendix contains a short 

report on the results obtained for an unfinished project: the structure determination of 

phosphoe«c»/pyruvate carboxylase, a plant enzyme active in photosynthesis, basal 

metabolism and metabolite transport. 

Knowledge of how TS works is sought for both medical and basic science purposes. 

In the medical field, TS has been a long-standing target for anticancer and cell-anti-

proliferation drugs. Thymidylate synthase activity is the only de novo source of 
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thymidine; the ability to limit DNA synthesis by limiting the ability to produce thymidine 

is recognized as a key weapon against proliferative diseases like cancer. In basic science, 

the TS mechanism holds a keen interest. During a transfer of both a methylene carbon 

and then a hydride to reduce the carbon, the enzyme undergoes a conformational change. 

TS has become a well-developed tool for mechanistic studies: its genetics, molecular 

biology and biochemistry are known and manipulatable. In the last decade, structures of 

TS crystals in various states have been determined by X-ray crystallography. All of these 

tools combine to give us a rich system to investigate the bases for protein structure -

protein function relationships. 
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1.2 Models of TS Action 

One way of explaining enzymatic action is by identifying the states of protein and 

ligands that occur on the reaction pathway, ordering these states in the sequence in which 

they occur, determining the elapsed time between states, and proposing causal 

relationships between ordered states. Such descriptions of TS action are presently 

accomplished in two separate models: a reaction mechanism model and a protein 

conformational change model. In this section I review these two models, first with a 

general introduction (section 1.2.1), followed by discussions of TS mechanism (section 

1.2.2) and TS conformational change (section 1.2.3). 

1.2.1 Overview of TS Catalysis 

As shown in Scheme 1, TS catalyzes the conversion of dUMP and MTF into the 

products TMP and DHF: 

Scheme 1 dUMP + MTF TMP + DHF 

Methylenetetrahydrofolate (MTF) supplies a methylene carbon and hydride to methylate 

deoxyuridine-monophosphate (dUMP) forming thymidylate (TMP) and dihydrofolate 

(DHF). The reaction involves both a methylene transfer and a reduction/hydrogenation 

with MTF being the source for both. The overall reaction is apparently irreversible in the 

forward direction as written (Spencer, et ai, 1997). 

In animals and bacteria, TS activity has been localized to an enzyme, E.C. 2.1.1.45, 

which is an obligate dimer. In protozoa and plants, thymidylate synthase activity is co-

localized with dihydrofolate reductase activity to the bi-functional enzyme, TS-DHFR 



17 

(Ivanetich and Santi, 1990, Celia and Parisi, 1993). Regeneration of cofactor MTF from 

the TS co-product DHF proceeds via DHFR in both types of TS containing organisms. 

TS is one of the more conserved enzymes discovered to date with an homology of 18% 

identity in an alignment of 17 sequences ranging from bacteria to human (Perry, et aL, 

1990). TS has been best characterized from the bacteria Escherichia coli (£. coli, ec) and 

Lactobacillus casei {L casei, Ic). The E. coli enzyme, which is the form used in this 

work, is 264 amino acid residues in length, having a mass of about 30kDa. The 

biologically active unit is a homodimer. 

X-ray crystal structures have been determined of TS from numerous species: L 

casei, E. coli, T4 phage, L major, human, and rat (Hardy, et ai, 1987, Matthews, et ai, 

1990b, Montfort. etai, 1990, Finer-Moore, etai, 1994, Knighton, etai, 1994, Schiffer. 

et ai, 1995, Sotelo-Mundo. et ai, 1998). As would be expected from the high sequence 

homology, the structures from these various sources are similar. Although the first 

crystal structure to be solved was that of the L casei enzyme, the present work uses ecTS 

and that will be the form described in the following review. The structural fold and dimer 

orientation is depicted in the ribbon diagram of Figure 1.1. The dimer interface consists 

of extensive hydrophobic interactions between the S-stranded P-sheet of each monomer. 

TS forms an obligate homodimer because each of the two active sites contains residues 

from each monomer. The active site of TS=FDU=MTF (Figure 1.2) illustrates this. A 

note on the enzyme complexes nomenclature: in complexes for which the covalent 

bonding arrangements are known, the nomenclature to indicate such will use to 



Figure 1.1: Ribbon Drawing of TS Homodimer 
The geometry and secondary structure of the TS dimer backbone is shown using the 
convention that helices are drawn as a helical ribbon, ^-strands as arrows, and random 
coils as curves. The structure drawn is of TS=FDU=MTF (ITSN). The ligands, FDU 
and MTF. are shown in both active sites. 
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Figure 1.2: Substrate and Cofactor in TS Active Site 
Shown are select residues from the X-ray crystal structure of the ternary complex, 
TS=FDU=MTF (ITSN). ArgI26' and Argl27' are residues from the other monomer of 
the active dimer pair. 
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indicate covalent bond, to indicate non-covalent bonding, and to mean unspecified 

or unknown. The shared residues between active sites are not extensive - apparently 

only two arginines of the more than 20 residues which participate in ligand binding. The 

two arginines are conserved across most species; yet neutral, basic or acidic mutants 

complement (Climie. et al., 1990). The TS-nucleotide interactions tend to be 

electrostatic, while TS-cofactor interactions tend to be hydrophobic. 

1.2.2 Review of Chemical Mechanism Model 

A postulated, sequential, discrete, stepwise mechanism has been generated over the 

decades and is presented in Figure 1.3. This model is based on a combination of studies 

of model reactions, inhibitor and mutant protein studies, and enzyme structure 

determinations. Recent reviews by Carreras and Santi and by Montfort and Weichsel can 

provide further details (Carreras and Santi, 1995, Montfort and Weichsel, 1997). In the 

figure, the postulated states of enzyme-substrate-cofactor complexes are indicated by a 

chemical structure and given a roman numeral. The first three states shall be discussed in 

detail, as this is the area of interest for this dissertation. The mechanism for the first three 

states is further divided into: binding of the ligands, cofactor bending, nucleotide 

activation by covalent attachment with TS, and formation of the methylene bridge 

between MTF and dUMP. 

1.2.2.1 Ligand binding: Formation of state I 

Ligand binding to TS is of mixed order when the cofactor contains numerous 

giutamate substitutions, which is the native case in vivo (Lu, et al., 1984). In the mono-
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Figure 1.3: Currently Accepted Chemical Mechanism 
Proposed chemical mechanism for TS catalysis from numerous investigators. Note that 
both the nucleotide substrate and cofactor are partially shown. 
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gluiamate case, MTF binding is ordered with substrate nucleotide binding first 

(Lorenson, et ai, 1967, Santi, et ai, 1987, Spencer, et al., 1997). Either case leads to the 

state represented by state I of Figure 1.3: the two ligands are bound noncovalently and 

reversibly to TS. Two points bear further elaboration as state I is obtained. I) The 

nucleotide substrate, dUMP, binds initially noncovalently in the nascent active site. 

Eventually, a covalent bond forms between nucleotide and TS, but that thiol linkage 

occurs later (Bruice and Santi, 1982). 2) MTF binds initially with TS in its flat 

conformation (see below), but in an unknown orientation and state. This is unknown 

because perhaps the site(s) are non-specific or perhaps some difficulty in obtaining the 

state for observation. More discussion on both points follows. Several substrate and 

cofactor analogs have been used in previous studies, the ones pertinent to this work and 

the native substrate and cofactor are shown in Figure 1.4. 

Substrate orientation is controlled via numerous H-bonds and ionic interactions 

between it and TS. Native substrate binding to native ecTS is depicted in a stereo 

diagram. Figure 1.5. This and all stereo figures to be presented are of wall-eye type. The 

enzyme-substrate interactions depicted in Figure 1.5 are typical for other species and 

other analog or mutant TS pairs. The nucleotide is bound in an anti orientation with x = 

168° (the torsion angle about the ribose CI'and the pyrimidine N1 bond) (Finer-Moore, 

et al., 1993). All three moieties of the nucleotide - phosphate, ribose ring, and pyrimidine 

ring - are involved in specific noncovalent interactions with conserved residues. The 

phosphate group is oriented by hydrogen bonding and ionic interactions by four 

arginines: two, Argl26' and Argl27', are from the other monomer; two, Arg21 and 
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Chemical structures of the ligands used in this work are presented. 
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Figure 1.5: Native Substrate Binding to ecTS 
Select residues involved in nucleotide orientation are shown. This model is TS'dUMP, 
PDB code IBID. The protein is in "open" conformation. 
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Argl66, are from the monomer "containing" the active site. Also involved in phosphate 

moiety binding is Serl67. The ribose portion of dUMP hydrogen bonds to two conserved 

residues, His207 and Tyr209. The pyrimidine ring also participates in binding and 

orientation interactions: hydrogen bonding between backbone amide 169 and pyrimidine 

carbonyl 02 occurs, and a double H-bond interaction between Asp 177 and pyrimidine 

N3, 04 exists. The Asp 177 interaction is thought to exclude cytosine as a substrate (Liu 

and Santi, 1993). 

Both structural and solution data indicate that the thiol covalent linkage between 

Cys 146 and the C6 atom of dUMP is absent upon initial binding and orientation of 

nucleotide. In the crystal structure of the binary complex TS'dUMP, no electron density 

is present between the C6 and Cys 146 Sy; the atomic distance is refined to 3.1 A, too 

long for covalent bonding; and the pyrimidine ring remains flat, indicating C6 remains 

sp" hybridized (Figure 1.5). However, NMR studies indicate that a small population of 

the TS-dUMP complex may be covalently joined (Sigman and Mooser, 1975). Further, 

another NMR study indicates that a significant population of TS=FdUMP ("=" indicates 

covalently linked) occurs (Connick, et ai, 1994). Unfortunately, no native TS-FdUMP 

structures are published. However, in the two published structures of mutant TS-FdUMP 

binary complexes, neither is of a covalently linked nucleotide. In PDB database entry 

1VZC, FdUMP is bound in the active site of L casei in the E58Q (£". coli numbering) 

mutant with a flat pyrimidine ring and a refined C6 to Sy distance of 3.6 A (Birdsall, et 

al., 1996). In ITDB, FdUMP is not bound in the active site correctly in this C-terminus 

residue deletion mutant (Perry, et ai, 1993). So, it is possible that an equilibrium exists 
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between non-covalent, TS*FdUMP, and covalently bound, TS=FdUMP, binary 

complexes. Furthermore, a solution study of the inhibitor properties of 5-N02-dUMP 

(NDU) found a stable, but reversible covalent thiol linkage between the nucleotide and 

enzyme (Wataya, et ai, 1980). Note that in this series of 5-substituted nucleotides, 

increasing electronegativity (H < F < NOi) correlates with enrichment of the covalent 

bond formation of the binary complex. 

Thus, for the initial binding of nucleotide to TS: we see a consensus orientation of 

the substrate directed by numerous hydrogen bonds between it and TS involving both 

monomers. While there is potentially covalent bond formation between substrate and 

enzyme, this bond is not formed before binding / orientation of the nucleotide in the 

nascent active site. Formation of the bond correlates with the electronegativity of the 5-

substitution. 

Our knowledge of the MTF binding states and processes is limited. One window 

that is available is the conformation change that occurs in binding to TS. MTF in 

solution has an essentially flat conformation (Poe, et ai, 1979). The next unambiguous 

view of MTF known is of the TS=FDU=MTF ternary complex. Figure 1.6 presents these 

two states with the enzyme and nucleotide stripped away from the ternary complex. The 

changes to MTF are: 

• the pterin and PABA ring systems have bent from an essentially parallel 

relationship (flat), to a past perpendicular relationship in the enzyme active site; 

• the 5-membered imidazolidine ring located between the pterin and PABA rings has 

become open via loss of a covalent bond between CI I and NIO; 
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Figure 1.6: MTF Conformational States 
The flat structure shown at left is MTF energy minimized and represents the solution 
structure as determined by NMR. The bent structure at right is MTF as found bound in 
TS=FDU=MTF (ITSN). The imidazolidine ring has opened here. 
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• a methylene bridge between MTF and the nucleotide has formed involving Cll, 

available for bonding after imidazolidine ring fracture; and 

• NIO has rehybridized from sp" to sp^. 

Binding interactions between TS and cofactor involve several weak interactions. 

One important binding determinant is ring stacking of the MTF pterin ring on the 

pyrimidine ring of the nucleotide (Matthews, et al., 1990b, Montfort, et al., 1990). 

Another important set are the extensive hydrophobic interactions that occur on the trans-

nucleotide side of the pterin ring and those that surround the PABA ring (Figure 1.2). 

Electrostatic interactions of MTF with TS or the environment are few, with the exception 

of the glutamate tail. For the ring system portions, Asp 169 carboxyl forms a hydrogen 

bond with MTF N3; mutants at this residue are inactive, except for D169C. The only 

other direct TS - MTF hydrogen bonding is between the penultimate residue's carbonyl 

and the MTF amine group off of the pterin ring C2. Other interactions are water 

mediated: Arg21 to Nl, Asp 169 and penultimate residue amide to the C2 amine, and 

Glu58toN10. 

Attempts have been made to characterize possible intermediate states of MTF 

between solution conformation and the ternary covalent complex. No native TS, native 

MTF structure is known, but a binary complex of TS with CB3717, a commonly used 

cofactor analog (Figure 1.4) has been reported (Kamb, et ai, 1992). In this structure, TS 

was found to be of closed conformation and CB3717 bound partly in the nucleotide-

binding site. The CB37I7 glutamate, PABA ring, and propargyl moieties were 
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positioned as in a covalent ternary structure, but the poorly ordered quinazoline ring, 

which is analogous to the pterin ring system of MTF, appears to be hanging down into 

the position normally occupied by the nucleotide's pyrimidine ring. Two X-ray crystal 

structures utilizing mutant TS but native MTF are available. Perry et al. soaked MTF 

into crystals of a C-terminal mutant IcTS containing FdUMP (open conformation) (Perry, 

et al., 1993). This C-terminal mutant has previously been shown to be inactive, but able 

to form the covalent ternary complex of lcTS=FdUMP=MTF (closed conformation) 

(Carreras, et al., 1992). In this case, the natural substrate MTF is found to interact with 

IcTS in a flat conformation. As with the TS*CB3717 binary complex of Kamb, the 

glutamate and PABA ring portions are localized near their normal active site positions; 

however, in this case, the pterin ring is rotated away from the nucleotide pyrimidine and 

into the normal position of Trp83. Finally, ternary complex Dl69N*FdUMP»MTF was 

co-crystallized and found to be an open conformation enzyme (Sage, et al., 1998). MTF 

apparently assumed two conformations in this complex. In the prominent alternate-

conformation. MTF is found unbent with the PABA ring in its normal site but the pterin 

ring extending into the substrate-binding site. Trp80 and Trp83 are displaced in apparent 

accommodation. In the other alternate-conformation, the pterin ring has apparently 

flipped, extending through the active site and interfering with stabilization of the C-

tenninal tail in the closed conformation state. 

The common theme from these structures is that the glutamate and PABA ring 

moieties are bound in the same manner as with the bent folyl moieties. Thus, apparently 

these are the portions that bind to the enzyme first and are held in place during the 
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conformational change and bending of the rest of the MTF (more on this later). The 

pterin (or equivalent ring portion) is not bound to its eventual partners and apparently 

assumes its position later in the bending operation. 

1.2.2.2 Movement through state II: MTF bending 

Progression from state I (nucleotide oriented in the active site; MTF associated, flat 

conformation; TS open conformation) to state II is currently modeled as formation of the 

reactive iminium cation of MTF by ring opening of the 5-membered imidazolidine ring. 

To change the state of the MTF to that of II, these processes are proposed to occur: 

• conformational change of TS, which forms the active site and seals the ligands 

Inside that site; 

• bending of MTF to the bent conformation seen in Figure 1.6; and 

• ring opening to form the cation. 

The process of moving from states I to II is not clear, even to the point of uncertainty in 

the existence of state II.  

After binding both ligands, the enzyme undergoes a conformational change to form 

the active site, a change that is well characterized and will be discussed in section 1.2.3. 

The protein conformational change is suggested to participate in cofactor bending 

(Matthews, et al., 1990b) and in imidazolidine ring opening. The idea that MTF must 

somehow bend as part of its orientation into the TS active site was discussed above, and 

originates from the structural differences between the MTF solution structure and its 

conformation when enzyme bound. 
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Various proposals of how TS aids in bending MTF have been offered. 

Matthews et al. proposed that TS aids MTF bending via rehybridization of the folyl NIO, 

possibly by its protonation by Glu58 (Matthews, et al., 1990b). However, the NIO pKa is 

estimated to be low, about -1 (Kallen and Jencks, 1966a). They also suggested that the 

imidazolidine ring is puckered by steric hindrance with helix residues 51-56 and 

residues 77 -79. Santi et al. proposed that rotation of the cofactor's PABA ring about the 

NIO-PABA bond, caused by steric interactions with TS, would weaken n orbital bond 

conjugation of the PABA ring and NIO (Santi, et al., 1987). This in turn would lend 

more sp^ character to NIO perhaps raising its pKa. 

The part that is most unclear is ring opening of the 5-membered imidazolidine ring. 

Two questions remain unanswered: I) Does the ring fracture, forming the iminium 

cation independently of nucleophilic attack by C5 of the pyrimidine, and 2) If ring 

opening does occur before attack, when does it occur? The idea that MTF forms an 

iminium cation on the reaction pathway comes from the observation that nucleophilic 

attack on formaldehyde adducts like MTF proceed through sp*-hybridized carbon adducts 

rather than sp^-hybridized carbons (Jencks, 1964). The crystallographic study that 

claimed to see hydroxylated CI I MTF, may be taken as evidence of the formation of an 

iminium cation; but, it is probable that this structure is of an off-path reaction endpoint 

(Perry, et al., 1993). Finally, it is argued that the observation of the iminium cation will 

be difficult as such cations are very reactive and thus short-lived (Eldin and Jencks, 

1995). 
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Ring opening has been proposed to occur at initial binding (Perry, et al., 1993) or 

during MTF bending. The observation during dissociation of TS=FDU=MTF([^H]CH2-

[2-'"'C]H4folate) of a normal kinetic isotope effect (Bruice and Santi, 1982) and a 

resonance RAMAN study (Austin, et al., 1995a) suggest reactive iminium cation is 

formed during bending of the MTF. 

Thus, TS may assist ring opening in several ways: 

• Protonation of NIO making it a better leaving group and determining NlO-Cl 1 as the 

scissile bond. 

• Breakage of n-bond system conjugation between NIO and the aromatic ring. In the 

flat conformer of MTF, the n-orbitals of NIO and the PABA ring are in the right 

geometry for conjugation (Poe, et al., 1979). Rotation of the PABA ring relative to 

the N10 Ti-orbital would eliminate the conjugation. 

• Imidazolidine ring strain through twisting and straining perhaps weakening and 

lengthening the N5-C11-NlO bonds or the angles. 

•Specific interaction with a residue. Sage et al propose that the inactivity of the D169 

mutant and its apparent inability to yield imidazolidine ring opening imply a special 

positioning function for that residue (Sage, et al., 1998). 

1.2.2.3 The ternary covalent intermediate: State III 

Existence of the ternary covalent intermediate proposed in 1971 is well established 

and its state well characterized (Kalman, 1971). The intermediate was trapped by 

trichloroacetic acid quenching of TS from both wild-type and Glu58 mutants (Moore, et 
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a/., 1986a, Huang and Santi, 1994). Structural analogs of the purported intermediate are 

reported by NMR and X-ray techniques (Byrd, et ai, 1978, Matthews, et al., 1990b, 

Montfort, et al., 1990, Hyatt, et ai, 1997). The processes purported to lead to this 

intermediate from state II (TS closed, nucleotide oriented, cofactor bent and in the 

iminium cation form) are: 1) ionization of active site sulfur of Cysl46; 2) nucleophilic 

attack of Sy* on nucleotide C6, linking TS and nucleotide; and 3) nucleophilic attack of 

nucleotide C5 on the iminium cation of MTF, linking the TS=nucleotide binary complex 

with MTF, yielding the ternary covalent intermediate. 

Prior to formation of the thiol covalent bond, the proton of the Cysl46 sulfur is 

removed forming the thiolate anion. Based upon the structure of an open IcTS 

conformation. Hardy et al. argue that the conserved Argl66 may act to stabilize the 

nearby nascent thiolate (Hardy, et al., 1987). Alternatively, a complex proton abstraction, 

termed a "proton wire", involving Asp205, His207, Argl26', Serl67 and three bound 

water molecules is proposed (Phan, et ai, 2000). Basing their argument upon kinetic and 

crystallographic studies of Serl67 mutants, they claim that the dUMF interaction with 

Argl26' triggers proton abstraction from Cysl46 to the His207-Asp205 dyad. If their 

proposal is correct, then proton abstraction occurs with the conformational change, as 

Argl26' is not thought to be interacting with dUMP in the protein's open conformation. 

The initiating event for chemical change is the Cysl46 sulfur (Sy") nucleophilic 

attack on C6 of the nucleotide pyrimidine ring. Formation of a covalent linkage between 

nucleotide and enzyme increases the electron density in the pyrimidine ring, thereby 

activating ring member C5, preparing it for attack on electron-poor CI 1 of the cofactor's 
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iminium cation. The evidence for an Sy" nucleophilic attack is very strong. Studies of 

the enzyme complex with dUMP and MTF have yielded a peptide containing Cys-

dUMP-MTF (Moore, et ai, 1986b). The X-ray crystal structure of TS=FDU=MTF, 

shown in Figure 1.2, gave definitive evidence for this bond. Additionally, TS is found to 

be capable of catalyzing the dehalogenation of 5-substituted BrdUMP and IdUMP 

(Garrett, et ai, 1979). It is proposed that this reaction requires thiol linkage as with 

native dUMP. 

A key point in arguments to be developed later is the timing of the formation of the 

thiol, covalent linkage relative to the TS conformational change. The evidence indicates 

in the case of wild type TS and native substrate dUMP that the bond is formed after the 

conformational change. As with numerous other enzyme-substrate complexes, 

noncovalent interactions position the substrate before chemical modifications occur. 

Measurements of kinetic isotope effects with FdUMP in trapping the ternary complex 

show that the thiol bond is formed after the rate-determining step (Bruice and Santi, 

1982). The rate-determining step in ternary covalent intermediate formation is either the 

MTF ring-opening or the conformational change. Also, mutations of Asnl77, a residue 

that forms two hydrogen bonds with the nucleotide, increase Km and decrease kcat values 

for steady state kinetic measurements (Liu and Santi, 1993). This is consistent with the 

model of binding before reaction. If binding were irrelevant to the chemical step of 

thiolate attack, then kcat would not have decreased. 

Formation of the covalent linkage between TS and pyrimidine activates the C5 

carbon for nucleophilic attack on the waiting iminium cation, forming the methylene 
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bridge and yielding the ternary covaient intermediate. III. Again, strong evidence for the 

existence of this ternary complex exists and was referenced above. 

1.2.2.4 Completion of the reaction: States IV to VI 

The remainder of the mechanism consists of disassembling the ternary intermediate. 

First, the exocyclic methylene intermediate V is formed via elimination of H4folate. It is 

thought that this occurs by removal of the C5 proton, although the base is unidentified 

(Matthews, et al., 1990b, Huang and Torrence, 1977). Recent evidence for the existence 

of the exocyclic methylene intermediate was generated by trapping it in a thiol reaction 

(Barrett, et al., 1998). Hydride transfer from the H4folate then reduces the methylene to a 

methyl. The mechanism for this step is not clear; but is thought to occur by positioning 

of the two reacting groups. Finally, elimination of the enzyme from pyrimidine C6 gives 

TMP. 

1.2.3 Conformational Change 

The second major model used in describing how thymidylate synthase works is a 

physical - mechanical model of its conformational change. That thymidylate synthase 

changes its conformation in response to its environment was first shown by observations 

of a decrease in Stokes' radius in conjunction with the addition of reaction substrates 

(Lockshin and Danenberg, 1980). Substrate binding and conformational change appear to 

be coincident. Addition of MTF to crystals of open conformation binary complexes 

TS'dUMP or TS*FdUMP leads to crystal cracking (Perry, et al., 1993). Spectroscopic 
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changes linked to the conformational change also implicate the coincidence of MTF 

binding and bending to protein conformational change (Spencer, et al., 1997). 

Determinations of the X-ray crystal structures of TS*Pi, TS'dUMP, 

TS=FdUMP=MTF and TS=dUMP*CB3717 allowed a structural description of the 

difference between the apo-, binary, and ternary complex conformations. These and most 

other structures to date have fallen into two classes: "open" and "closed". The open 

conformation is defined as that of TS*Pi and TS'dUMP, while the closed conformation is 

based upon the TS=FdUMP=MTF and TS=dUMP*CB3717 structural models. Open 

conformations have been associated experimentally with the conformation that TS 

assumes in the absence of ligands and with only the nucleotide ligand (Hardy, et al., 

1987). Closed structures have been associated with presence of both ligands (ternary 

complexes) and in one case a cofactor binary complex (Carreras and Santi, 1995, Kamb, 

etal., 1992). 

Figure 1.7 shows backbone ribbon drawings of open and closed conformations of a 

TS monomer. Figure 1.8 is an overlay of select portions of the main chain showing 

concerted movement of the chains inward making the active site smaller in the closed 

conformation. Components of the TS conformational change, as determined by 

comparison of open and closed structures, consist of numerous smaller shifts of 

secondary strucmral elements around the active site rather than larger shifts of a domain 

or subdomain more commonly seen in protein conformational changes (Montfort, et al., 

1990). The regions of movement are color ramped in Figure 1.8 from blue through green 

to red and are composed of the residues: 18 - 26,50 - 91, 103 - 121,141 - 146,208 - 226 
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and 251 - 264. RMSD differences in these runs between open and closed conformations 

are of the order of 0.5 A, with departures of 1.0 A and more seen in 21-25, 210-212 and 

the final four C-terminal residues, 261-264. The C-terminal residues show the largest 

differences with shifts increasing from a:2 A of residue 261 to *6 A of residue 264. 

Much of the discussion of the differences between the open and closed conformations has 

focused on this C-terminal movement and on the ordering and movement of Arg21, 

which binds to the nucleotide. In closed conformation, the C-terminal tail closes the 

active site via its interaction with the nucleotide phosphate and cofactor. These 

interactions, besides being a primary indicator of the conformational state, are also 

apparently necessary for enzyme activity as deletion of the C-terminal side chain or entire 

residue leads to enzyme inactivity (Aull, et al., 1974, Carreras, et al., 1992). Another 

method of conformation classification is active site volume calculation. In open 

conformations, the active site (570 A*) is larger compared to the closed conformation 

active site (330 A") (SR Roberts, unpublished results). 

Two concepts to explain the timing and causation of the conformational change 

exist. In one, the conformational change is viewed as ligand induced and occurring only 

after both ligands are bound. The alternative concept holds that the conformational 

change can occur in the absence or presence of ligands and that the open / closed ratio is 

a dynamic equilibrium shifted by ligand presence. Experimental support for the static, 

ligand-induced conformational change are the Stoke's diameter measures and the crystal 

structures to date, which are of the open conformation as unliganded or binary 



Figure 1.7: Conformational States of TS 
Ribbon drawings showing backbone position for the "open" (top, TS'dUMP) and 
"closed" (bottom, TS=FdlJMP=MTF) are shown. 



Figure 1.8: TS Conformational Change 
An open and a closed TS structure were superimposed using the canonical core of Ca 
main-chain atoms (colored gray). The remainder of the open structure is colored gold. 
The remainder of the closed structure is color ramped to indicate Ca differences from 
blue (0.4 A) through green to red. 
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complexes, and of closed conformation as ternary complexes. The dynamic, equilibrium 

model is supported by the results of two experiments, both of which indicate that TS 

exists in solution in two states, which correlate with ligands type and concentration. One 

experiment measured the state of the iodoacetate labeled C-terminus by EPR 

spectroscopy (Carreras, et al., 1994). The other study used protease digestion of TS and 

saw two populations of peptide fragments, the ratios of which varied with ligand type and 

concentration (Mohsen, et al., 1995). 
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1.3 Questions and Hypotheses 

The review presented in section 1.2 points at some possible areas of investigation: 

Imidazolidine ring states 

Evidence for the postulated early formation and stable existence of the iminium 

cation is scarce and contraindications are appearing. A recent kinetics investigation 

concludes that the unopened ring form is the predominant form of MTF that is 

present on the reaction path (Spencer, et al., 1997). Another study suggests that the 

reactivity of the iminium cation is so great that a concerted breakage and reaction is 

probable (Eldin and Jencks, 1995). 

MTF bending 

It seems almost obvious that the bending of MTF from its flat solution conformer to 

its perpendicular enzyme-bound conformer is somehow related to cofactor - enzyme 

interactions, principally the protein conformational change. Some possible 

enzymatic aids to cofactor bending have been suggested, yet remain largely 

unsupported. 

Conformational change dvnamics / causes 

There are two models for the conformational change causation: a static model and a 

dynamic model. 

Model connections 

Two separate models describing different aspects of TS action have arisen from the 

past research. These two models - the chemical mechanism and the physical, 

conformational change - should be combined for a better understanding of TS 
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catalysis. Further detailing of the two models in suspected areas of connection may 

reveal the needed connection points. 

Experimental rationale is treated in the introductory section of chapters 3 and 4, but 

an overview is given here. We took two classical approaches. To further detail the early 

steps of the reaction mechanism model, we attempt to stop the reaction process before 

formation of the covalent ternary intermediate. This is attempted through reduction of 

the nucleophilicity of pyrimidine C5. Per the reaction mechanism, the attainment of 

sufficient nucleophilicity at this carbon atom, and presence of the iminium cation leads to 

methylene bridge formation. Prevention of this step should allow inspection of the state 

of MTF and aid in answering: "When does the iminium cation form?". To stop the 

reaction from proceeding to formation of the methylene bridge we used a nucleotide 

analog, 5-nitro-dUMP. The nitro substitution is sufficiently electronegative to reduce the 

C5 carbon nucleophilicity. So, the classic approach of breaking a process and seeing 

what is present was used in investigating the chemical mechanism. 

Another approach in studying a process is to change the initial conditions and see 

how the process runs from this new point; one changes the process inputs. This approach 

is used to study the conformational change. We used a nucleotide diat forms a strong, yet 

still reversible thiol covalent bond with TS. That nucleotide analog is also 5-nitro-

dUMP. 
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2 MATERIALS AND METHODS 

2.1 Materials 

Protein used in all crystallization experiments was produced in the laboratory of Dr. 

Frank Maley, our long-time collaborator. They produce recombinant ecTS via 

transformation of an £. coli thyA- deletion mutant with an ecTS expression plasmid. The 

over-expressed protein is purified using low-pressure chromatographic methods and 

isolated as an ammonium sulfate precipitate, which is how we receive and store the 

protein (Maley and Maley, 1988). Two ligands were also supplied by the Maley 

laboratory: (6R,S) 5,10-methylenetetrahydrofolate (MTF), prepared from folic acid as 

described (Galivan. et al., 1976) and 5-nitro-deoxyuridylate (5-N02-dUMP, NDU), 

prepared as described (Huang and Torrence, 1977). Thymidylate (TMP) was purchased 

from Sigma Chemical. Chemical structures for the ligands and analogs are presented in 

Figure 1.4. All other organics and inorganics used in crystallization were laboratory 

stocks of reagent grade purchased from chemical supply houses. 
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2.2 Methods 

2.2.1 Crystallization 

TS protein was prepared for crystallization by dialyzing the ammonium sulfate 

pellet against 20 mM potassium phosphate (KPi), pH 7.5 and 4-8 mM dithiothreitol 

(DTT) at 4 °C. DTT was dissolved in the chilled dialysis buffer immediately before use. 

Typically, a volume of 25-40 |aL thawed pellet slurry, obtained by thawing the -80° C 

pellet on water ice, was dialyzed against 1 L buffer. Buffer was exchanged every 3 to 6 

hours for a total of 4 L buffer. Diasylate volume was measured upon completion and 

protein concentration was measured by UV-280 nm absorbance, e28o = 0.87 x 105 M''cm" 

' (Maley, et al., 1995). The dialyzed protein solution was stored at 4 °C until used for 

crystallization. 

Crystallization of the protein was effected by the hanging-drop method with 

supersaturation created by vapor diffusion using ammonium sulfate (AS) as the 

precipitant. Hanging drops were prepared using 24 well Linbro Plates. In the well, 

0.7 mL buffer was added. The general protocol was; AS concentration varied across the 

grid typically in the range of 2.0 - 2.5 M. Each well also contained 20 mM KPi, pH 7.0 -

8.0, and 4 mM DTT. A protein solution of about 16 mg/ml protein, 10 mM NDU, and 

5 mM MTF was prepared as needed for the experiment. On a silanized glass coverslip, I 

added equal volumes of well buffer and protein solution to form a mixed drop; total 

volume of drops were 5 (iL to 10 |iL. If the plate contained MTF in any of the drops, the 

plate was also wrapped in aluminum foil to minimize exposure to light. 
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Ternary complexes typically spontaneously nucleated after about 2 days; both 

TS=NDU*MTF and C146S*TMP*MTF crystals were of trigonal morphology. X-ray data 

were measured on a crystal of TS=NDU*MTF, of dimensions 600 ^m x 300 ^m x 

300 |am, from a hanging drop of pH 7.7, 16 mg/mL TS, 10 mM NDU, 7.5 mM MTF, 

2.75 M AS, 20 mM KPi, 4 mM DTT. The C146S*TMP*MTF crystal measured 400 ^im x 

300 |im X 300 ^im. 

Y209M=NDU crystals spontaneously nucleated after one day yielding a crystal of 

cubic morphology. The crystal was of 450 ^m x 450 ^im x 250 ^m dimensions coming 

from a drop of pH 7.5, 14 mg/mL TS, 10 mM NDU, 2.2 M AS, 20 mM KPi, and 4 mM 

DTT. There were indications of TS oxidation with BME in an initial data set. The 

protein was dialyzed against 8 mM DTT to reduce the sulftiydryl; a new crystal grown, 

and data measured again. 

TS=NDU crystals did not spontaneously nucleate even though we screened broadly 

in our standard range of conditions. Seeding with cubic crystals (open conformation) of 

mutant TS'FdUMP and unliganded wtTS yielded no crystals. Seeding with 

TS=NDLJ*MTF trigonal crystals yielded trigonal crystals. These crystals were then 

propagated by showering and microseeding to grow a crystal of sufficient size for data 

collection: 180 nm x 120 (im x 120 ^im from conditions of pH 7.7, 16 mg/mL TS, 10 mM 

NDU, 2.5 M AS, 20 mM KPi, 4 mM DTT. Third generation crystals were used; there 

was no residual MTF in the crystallization solution. 
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2.2.2 Diffraction Data Measurement 

All diffraction data used in generating the original models reported here were 

measured on the X-ray generator and area detector in the Montfort laboratory at room 

temperature. An Enraf-Nonius FR571 rotating Cu anode generator operating at 40kV 

potential and 95 mA current generated X-rays. Reflections were measured on an Enraf-

Nonius FAST area detector. Indexing and conversion of photons to intensities were 

performed with the software package MADNES (Messerschmidt and Pflugrath, 1987), 

followed by data reduction and absorption corrections with PROCOR (Kabsch, 1988). 

Data merging and further processing of intensities into amplitudes was done with 

subroutines of the CCP4 package (CCP4, 1994). 

2.2.3 Structure Refinement 

Initial phases were calculated from the beginning models listed in Table 2.1. 

During the refinement, attention to the potential problem of phase bias was addressed by 

subjecting the models to simulated annealing as implemented in the XPLOR software 

package (now CNS) (Brunger, 1988, Brunger, 1992b). A beginning temperature bath of 

3000 °K was used as the first cycle of refinement. Subsequent rounds of refinement 

included simulated annealing at 1500 °K and / or positional refinement (Powell method 

of XPLOR/CNS). Structure factors and electron density maps were also calculated with 

XPLOR/CNS. Model rebuilding was visualized using the molecular graphics program O 

(Jones, et al., 1991). Geometry quality was monitored through the use of numerous 
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Table 2.1: Beginning Models for Refinement 

Structure Initial model 

TS=NDU the partly refined TS=NDU«MTF structure 

TS=NDU'MTF TS=FdUMP=MTF (Hyatt, et al., 1997) for the protein 

atoms. The initial NDU and MTF structures were built and 

energy-minimized in Insightll 

Y209M=NDU TS'dUMP (SR Roberts, unpublished data) with the NDU 

coming from TS=NDU. 
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packages: XPLOR, OOPS (KJeywegt and Jones, 1996), Procheck (Laskowski, et al, 

1993) and Whatif (Vriend, 1990). Additionally, the two ternary models reported here 

were subjected to a method of refinement called maximum-likelihood in an effort to 

improve the MTF models (Pannu and Read, 1996). 

2.2.4 Structure Comparisons 

Least-squares minimization methods were used to compare positions of atoms in the 

various models. LSQMAN was used to superimpose the structures and calculate the 

RMSD values presented in chapters 3 and 4 (Kleywegt and Jones, 1994b). In some 

cases, it was most appropriate to use the entire protein chain in superpositioning; in other 

cases, it was more appropriate to use only the part of the chain that does not move in 

response to ligand binding. This portion is called the "canonical core" and consists of the 

following residues: 2-18, 26-50, 91-103, 121-141, 144-176, 178-208. Molscriptand 

Bobscript were used in generation of protein structure figures (Kraulis, 1991, Esnouf, 

1997). 

2.2.5 Volume Calculations 

Both the active site volumes and the volume of a cavity behind the active site were 

measured by use of Voidoo, an Uppsala utility program (Kleywegt and Jones, 1994a). 

For the active site calculations, I used program parameters originally developed by S.R. 

Roberts for her measurements of TS active site volumes. Critical parameters were: probe 

radius = 1.4 A, VD W growth factor =1.1, grid shrink factor = 0.9. For calculation of a 

smaller, water-containing cavity the probe radius was reduced to 1.2 A to allow 

calculation stability. 
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3 STUDIES OF THE TS CHEMICAL MECHANISM 

In the review of thymidylate synthase action, I raised these points as possible areas 

of further study in understanding the catalytic mechanism: 

• the presence of the iminium cation of methylenetetrahydrofolate on the reaction 

path. Does this cofactor cation form as a ring fracture independent of the 

chemistry occurring at the substrate nucleotide, or is it a concerted reaction with 

the nucleotide? 

• the apparent bending of the cofactor, methylenetetrahydrofolate. How does TS, if 

it does, aid in bending MTF? Does bending aid in catalysis? 

• the protonation of MTF NIO. Why is it selected instead of N5? 

In this chapter, I present two new X-ray crystal structures both of which trap MTF 

in the active site with an intact imidazolidine ring. These two structures offer a unique 

view of the interactions between enzyme and its natural cofactor, allowing us to further 

define enzyme action. This previously unidentified enzyme-substrate-cofactor state 

shows that the MTF cofactor can exist bound in the enzyme's active site fully bent; 

thereby, showing that ring strain is not sufficient for ring firacture. Observation of this 
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state also contributes to a better understanding of MTF binding. A new end state is 

identified allowing computational modeling of the energy states of flat and bent 

conformations. Finally, these new structures lead to a new hypothesis of why the NIO 

imidazolidine nitrogen is protonated rather than N5. 



51 

3.1 Trapping a Closed-Ring MTF 

3.1.1 Rationale 

A standard method in studying a process is to break or stop it, and then examine the 

resulting pieces. The questions posed above require that we stop the reaction path before 

formation of the covalent ternary intermediate, state III in Figure 1.1, but after binding of 

both TS ligands, state I. Stopping the reaction between these two states has not 

previously been reported. A previously characterized substrate analog, 5-N02-dUMP 

(NDU), unused in crystallographic studies, was an available candidate inhibitor (Wataya, 

et al., 1980). There was reason to think (in retrospect) that the action of this inhibitor 

stopped the reaction before formation of a methylene bridge, as the binary complex 

between TS and NDU shows no stabilization in the presence of the cofactor, unlike 

binary complexes of other nucleotides. We serendipitously found that substitution at C5 

with the nitro- group, a group more electronegative than fluorine, stalls the reaction, 

allowing formation of the TS-substrate thiol bond but preventing the formation of the 

methylene bridge. The reaction mechanism and previous results with the nucleotide 

analog 5-Fluoro-dUMP (FdUMP) indicate a possible reason for accomplishing this block 

(Hyatt, et al., 1997). Progression to state III appears to require sufficient nucleophilicity 

of the attacking carbon atom, C5, of the nucleotide's pyrimidine ring. When the inhibitor 

FdUMP is used, the covalent ternary complex is formed as with dUMP, as activation of 

C5 by thiol bond formation leads to sufficient buildup of electron density at C5 to favor 

attack by it and subsequent bond formation. In contrast, substitution of the highly 
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electronegative nitro- group on C5 apparently results in sufficient depletion of electron 

density at C5 to preclude nucleophilic attack. 

The TS=NDU»MTF complex was crystallized as discussed in section 2.1 and the 

resulting crystals were isomorphous with the TS=FdUMP=MTF covalent ternary 

complex, ITSN (Hyatt, et al., 1997). Diffraction data were measured to 1.95 A nominal 

resolution, and the structure determined using difference Fourier techniques (Chambers 

and Stroud, 1977) and simulated annealing (Brunger, 1988). Data collection statistics 

and refined model quality are good as assessed by the quality parameters detailed in 

tables 3.1 and 3.2. One monomer is found in the crystallographic asymmetric unit. 

Calculation of a (Fo-Fc) difference map, where the structure factors for Fo were 

those of the ternary complex TS=NDU*MTF and the structure factors Fc and phases were 

calculated from the starting model TS=FDU=MTF, indicated that significant differences 

existed in the active site region. Figures 3.1a and 3.1b show the negative and positive 

peaks, respectively, of the difference map in the active site area. Negative density with a 

peak height of 8cy (o is the standard deviations of the peak normalized to average peak 

height) between nucleotide C5 and cofactor indicates that the methylene bridge is absent. 

Surprisingly, positive density with a peak height of lOo is found in the area between N5 

and NIO of the cofactor, indicating that the imidazolidine ring is unopened. These two 

observations led us to recognize that indeed, as desired, the process has been stopped 

before formation of state III. 

David Hyatt then realized that the general approach of reducing nucleophilicity of 

pyrimidine C5 may and should allow trapping of closed-ring MTF in other systems. He 
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Table 3.1: Ternary Complexes Crystallographic Results 

TS-NDU-MTF C146S-TMP-MTF 

space group P3|21 P3|21 

cell constants (A) 
a = 71.9 a = 72.0 

cell constants (A) cell constants (A) 
c= 115.5 c= 115.5 

resolution (A) 10.2-1.95 6.7-1.92 

total reflections 101,604 93,083 

unique reflections 25,412 25,993 

completeness (%) 

overall 99.1 97.4 

outermost shell 100 97.4 

Rsym' 6.6% 7.5% 

mean 1 / o(I) 

overall 11.1 11.4 

outermost shell 3.7 2.7 

(shell range. A) (2.00-1.95) (1.97-1.92) 

' Rsym = R-factor for symmetry related intensities. 
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Table 3.2: Ternary Models Quality 

TS=NDUMTF C146STMPMTF 

Rcryst 19.1 19.8 

Rfrce 22.2 24.4 

rms deviation in: 
bond lengths (A) 0.008 0.010 

bond angles (deg) 1.57 1.67 

most favorable phi/psi (%) 91.7 92.2 

no. solvent molecules 99 + 2 (Pi) 94 + 2 (Pi) 

average B factor (A') 
protein 25.50 22.37 

nucleotide 20.00 15.41 

MTF 40.40 41.97 

'Rcryst = Crystallographic R-factor for all non-zero data. Calculated without 
reflections used in Rft-ee-
"Rfree = R-factor for a randomly selected 5% of reflections not included in the 
refinement, as implemented in X-PLOR (Brunger, 1992b) 
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Figure 3.1.a&b: Fo-Fc Electron Density For TS=NDU'MTF Data. 
The initial difference map cut from experimental data and beginning model. Top is (a), 
the negative density above 3.5a, while bottom is (b), the positive density at the same 
contour level. 
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postulated that a TMP product, MTF complex with no thiol linkage should be sufficiently 

unreactive at C5 to yield a bent, but closed-ring MTF. He crystallized and measured data 

for the C146S TS mutant, TMP and MTF complex, for which the structure was re-refined 

using simulated annealing techniques and as part of the present work, is also presented 

here. 

3.1.2 Electron Density 

3.1.2.1 Interpretation as intact-ring 

Simulated annealing refinement with Rfree blocking of 5% of the total reflections 

was used to reduce phase bias (Brunger, 1992a). Positional refinement of the protein, 

ligands and solvent followed. Electron density maps with phases calculated fi^om the two 

refined structures indicate that the imidazolidine ring is intact for the complexes 

TS=NDLJ*MTF and C146S*TMP*NDU. Maps of 2Fo-Fc density are shown in figures 

3.2 and 3.3 for the two models, respectively. Simulated annealed omit (SAomit) maps 

for both structures are shown in figures 3.4 to 3.5. SAomit maps, calculated by omitting 

the ligand from the model and then annealing from an energy level of 1000°K, are less 

affected by model bias than are other map types, but also degrades the signal for the 

omitted portion of the structure. 

For the TS=NDU*MTF complex, all atoms in the cofactor are well represented in 

the electron density except for C6 and C7, which have poor electron density (figures 3.2 

and 3.4). Likewise, for the C146S*TMP*MTF complex, the electron density maps 

indicate the imidazolidine ring is intact; but, in this case, atom NIO is not well 
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represented in the simulated annealing map (Figure 3.5). Also poorly represented by the 

electron density of the mutant are the PABA and glutamate moieties. These atoms are 

often more poorly ordered in TS ternary complexes, although usually not to the degree 

found here. Still, the conclusion that the imidazolidine ring is intact is supported by both 

structures. As the contouring level decreases, all of the imidazolidine ring atoms do 

come into the calculated density. For the refined model, the highest peak in the Fo-Fc 

difference map is 5cr. 

Weaker electron density for C6 and C7 in the maps is consistent with steric 

interference between these atoms and the NO2 group of NDU. This is also seen by 

comparing the nitro functional group geometry between TS=NDU*MTF and the binary 

TS=NDU, to be presented in Chapter 4. In the ternary complex, the nitro- group forms 

less of an angle to the pyrimidine ring than in the binary, much as if the group is being 

pushed downward slightly by the C6 - C7 atoms of MTF. 

Electron density for NDU is shown in Figures 3.6 (2Fo-Fc) and 3.7 (SAomit). 

These maps show that NDU is well resolved, including the thiol covalent bond between 

NDU C6 and CI46 Sy. This bond in structures of dUMP and FdUMP ternary complexes 

is not nearly so well resolved. Hyatt et al. discuss the possibility that the instability of 

this bond, as perhaps represented in the indefiniteness of the density, may be important in 

the mechanism (Hyatt, et al., 1997). This well-defined density supports the reasoning 

that substitution at C5 affects the strength of the covalent bond, and likewise, that 

formation of the covalent bond affects electron density at C5. 
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Figure 3.2: 2Fo-Fc electron density of TS=NDU*MTF 
Map is contoured at ICT. 



Figure 3.3: 2Fo-Fc electron density of C146S*TMP*MTF 
Map is contoured at la. 



Figure 3.4: SAomit electron density of TS=NDU*MTF 
Map contour level is 2.5o. 
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Figure 3.5: SAomit electron density of C146S*T]VIP*MTF 
Map contour level is 2.5o. 
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3.1.2.2 Challenges to interpretation 

Due to the uniqueness of our interpretation - that MTF is correctly bound In the 

active site, fully bent, but has a closed imidazolidine ring - we have thoroughly tried to 

disprove this interpretation. Three previous studies, reviewed in Chapter 1, speak to the 

disposition of MTF in ternary complexes before formation of the methylene bridge. In 

the first, Perry ei al. report a hydroxylated cofactor at N5 being formed with addition of 

FdUMP and MTF to a C-terminus truncated IcTS (Perry, et al., 1993). They correctly 

point out that this is evidence for prior ring-opening into the iminium cation probably 

followed immediately by reaction with water to yield the hydroxyl-methyl. But, they 

erroneously extend this to infer that ring opening occurs independently (and before) 

conformational change of the enzyme. Eldin and Jencks present evidence that the 

iminium cation has a diffusion-controlled half-life, on the order of 5x10"' s (Eldin and 

Jencks, 1995). Formation of the iminium cation in the aqueous environment of the open-

conformation TS would lead to hydroxylation, as reported by Perry et al., and not to 

formation of intermediate HI (figure 1.3). 

To test if our diffraction data could be better explained by loss of the methylene 

from MTF, we refined a model containing dihydrofolate (DHF) or equivalently 

tetrahydrofolate (H^folate). This change lead to a slight increase in both Rcryst and Rfree, 

to 19.40% and 22.36% versus using MTF in the model, indicating a worsening of 

agreement between model and data. Rcryst and Rfee for MTF, as given in Table 3.1 are 

19.17% and 22.26%, respectively. A Fo-Fc difference map, using phases and structure 

factors calculated from the refined model with DHF, shows positive density between N5 
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Figure 3.6; 2Fo-Fc electron density of TS=NDU*MTF 
Map is contoured at ICT. 
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Figure 3.7: SAomit electron density of TS=NDU*MTF 
Map contour level is 2.5o. 
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and NIO, indicating that the carbon has not been lost. 

In a RAMAN spectroscopy study, Austin et al. characterized the state of MTF in a 

ternary complex of ecTS, NDU and MTF (Austin, et al., 1995b). They report that they 

see no evidence for methylene bridge formation between nucleotide and cofactor, which 

is in agreement with the structure reported here and with the earlier evidence that Ka for 

the nucleotide is not decreased in the presence of the cofactor (Wataya, et al., 1980). 

Austin et al. also claim that the methylene bridge between CI I and NIO is also not 

present: that either the MTF exists in the active site with NDU as the iminium cation or 

has lost the carbon (as formaldehyde) and exists as tetrahydrofolate (H4folate). The 

possibility of our data being explained as H4folate was addressed by the refinement of a 

TS=NDU*H4folate model as explained above, which indicates that this is not the case. 

Possibly the change in RAMAN spectra could be explained by the bond nature of the 

MTF. 

To address the other possibility that the ring has opened into a stable iminium 

cation, we refined that as our model. Again, R^ryst and Rfree went up, in this case to 

19.46% and 22.38%. Again, the Fo-Fc map for this model shows positive density 

between N5 and NIO, indicating presence of Cll. Thus, the cofactor populating the 

active site as an iminium cation is not as good an explanation of the experimental data as 

is existence as a closed ring MTF. But later, I will argue that perhaps a small percentage 

of the MTF is in this form. 

The third study speaking to the state of MTF in the TS active site is the pre-steady 

state kinetics study and kinetic isotope effect study reported by Spencer et al. (Spencer, et 
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al., 1997). As I reviewed in Chapter 1, this group suggests that the predominant species 

of MTF found on the reaction pathway of the TS mechanism is that of the bound MTF 

with an intact imidazolidine ring; they do not however speak to its conformation. Their 

kinetic / isotope effect results agree with our structural results. The agreement is 

appealing; the Spencer study is the first comprehensive kinetic treatment of native TS and 

native substrates. Finally, support for an intact ring hypothesis comes from the Eldin & 

Jencks paper cited above. In it they conclude that the reactivity of the iminium cation 

would probably necessitate that TS use a concerted reaction to form and immediately use 

the cation. 

We have also considered that the observed disorder at C6 in the electron density for 

TS=NDU*MTF may be due to a mixture of MTF stereoisomers at carbon 6. Our 

laboratory stock of MTF contains a mixture of (6R) and (6S) isomers, in roughly 

equimolar amounts. Modeling of the two isomers suggests that C6 and C7 would flip 

with respect to the plane of the pterin rings, which would contribute to the reduction of 

electron density at this position. To investigate this possibility, both isomers were refined 

in separate models of the structure, yielding similar structures except at positions C6 and 

C7. The model containing 68, the non-native isomer, refined to a higher Rcryst and Rfree 

indicating that 6R better fits the data. Model building suggests the 65 isomer can less 

readily adopt the observed bent conformation than 6R, due to steric hindrance between 

the PABA ring and C6. In the C146S*TMP*MTF complex, C6 and C7 are represented 

by good electron density, and the electron density indicates binding of the correct 6R 

isomer. The active isomer {6R) was used to produce both final models. 
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Yet another challenge germinated from our claim that if the MTF is in the closed 

ring form, then it should still be a viable substrate upon release from the enzyme, or upon 

entry of a reactive nucleotide species. Frank Maley tested this prediction. He incubated 

TS with NDU and MTF overnight and monitored degradation of the MTF. None was 

found, as judged by the lack of absorbance change in the MTF at 340 nm (Wahba and 

Friedkin. 1962). Upon adding fresh TS and dUMP to the mixture and monitoring 

production of dihydrofolate (DHF), complete conversion of MTF to DHF occurred. 

Thus, the MTF bound in the TS=NDU*MTF complex, which binds only weakly and 

therefore should exchange rapidly, is released fi-om the complex unchanged, consistent 

with our structural results. 

3.1.3 Discussion 

Imidazolidine ring opening and formation of the resultant iminium cation is a 

critical point on the path from dUMP and MTF to TMP and DHF. The iminium cation is 

very reactive and short-lived in aqueous solvent (Kallen and Jencks, 1966b). As such, 

premature formation of the iminium cation can lead to wasteful by-products, such as the 

hydroxylated cofactor seen with C-terminal truncated TS (Perry, et al., 1993). So, an 

attractive possibility is that TS controls the MTF imidazolidine ring opening such that all 

other components for the methylene bridge formation are prepared beforehand. This then 

allows trapping of the iminium cation through reaction with substrate to proceed with 

high efficiency. The discussion of how the enzyme may do this will be delayed until the 

next segment of this chapter. 
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To repeat the question for this section: what is the state of the MTF when it is fully 

bent and bound in the active site of TS? The currently accepted chemical mechanism 

purports that the MTF exists as a ring-opened iminium cation when bent. Our results are 

not consistent with this hypothesis. Rather, we propose that the predominant species of 

MTF bound in the active site is the closed ring form, a fully bent, yet intact imidazolidine 

ring. 

Are there reasons to assign these results as artifactual? 

Improper positioning of the cofactor in the active site may preclude ring fracture. 

As will be shown in the description of the refined models, the MTF molecules in 

these two structures are in the same orientation and are making the same contacts 

when compared with either MTF in the covalent ternary complex or with cofactor 

analog inhibitors. For the reaction progress to have stalled solely due to orientation, 

catalysis would need to be exquisitely sensitive to positioning and the correct 

position unavailable to our crystal conformations. Instead, the better argument is 

that the reaction has stopped because of insufficient nucleophilicity at C5. 

(SVMTF rather than (R) is bound in the active site. 

Our attempt at refining a model containing only (S), with the concomitant increase in 

residual error (R-factors) between data and model indicates that this is not probable. 

The imidazolidine ring opens and recloses as the normal reaction path is blocked 

further do\vnstream. 

Spencer et al. propose this in their previously cited pre-steady state kinetic study 

(Spencer, et al., 1997). They proceed to construct an argument based on kinetic 
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isotope effects and kinetic results that the predominant species of MTF is closed ring 

conformation. They do not claim that this species is bent, though. This does not 

undermine the arguments that we make here that the bound, bent MTF conformation 

with a closed imidazolidine ring is a populated state on the reaction pathway. If the 

equilibrium favors this state then it will be populated. Additionally, the Eldin & 

Jencks result that the iminium cation is highly reactive indicates that ring-closure is 

probably faster than ring-opening and thus the closed-ring form is favored. 

An interesting difference between TS=NDU*MTF and C146S*TMP*MTF is the status of 

the covalent thiol bond between the active site cysteine sulfur atom and the pyrimidine 

carbon atom in the nucleotide. In the NDU complex, this bond is formed while in the 

TMP complex it is not (Figure 3.7). Yet even with this important difference, the enzyme 

is closed, MTF is bent and except for some small shifts in ligand positions, the active 

sites are similar. It shall be argued in Chapter 4 that formation of this thiol bond is not 

necessary for the TS conformational change, and the mutant structure reported here is 

further evidence supporting that conclusion. 

So why has the reaction stopped before methylene bridge formation in these two 

complexes? For the NDU containing complex, bond formation between nucleotide 

pyrimidine C5 and co-factor iminium cation CI 1 is apparently prevented by effective 

removal of electron density at C5 due to high electronegativity of the substituted nitro-

group. Figure 3.8 shows the electronic structures for dUMP and NDU. dUMP is capable 

of developing a favorable (for reaction) carbanion at C5; while NDU is not. Also note 

that the nitrogen atom of the nitro group can possess a positive charge. Its vicinity to the 
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developing iminium cation may contribute to the stability of the bound, closed-ring, 

neutral form of MTF. Even though the thiol bond formation has activated the pyrimidine 

ring system, these extra electrons are effectively removed by the nitro substitution. Thus, 

the C5 atom is not sufficiently activated by the thiol bond formation unlike the case with 

native substrates or with FdUMP. The TMP case is different. Here, the thiol bond is not 

formed and the C5 is thereby not activated for bridge formation. Still, MTF is bound and 

bent correctly as part of the physical process before chemical progress to methylene 

bridge formation. 

The two new structures give strong evidence that the imidazolidine ring of MTF can 

exist as a closed ring when MTF is bound normally in the active site. Our results agree 

with a recent pre-steady state kinetics and kinetic isotope effect study that concludes that 

the MTF predominant form, of several possible in rapid equilibrium is the intact 

imidazolidine ring form (Spencer, et al., 1997) and with kinetic measurements of 

iminium cation lifetimes (Eldin and Jencks, 1995). We challenged our conclusions 

thoroughly and did not find a better interpretation of the data. Our results do not favor 

either of the models as to how the ring is opened: whether solely by ring strain, and thus 

independent of active site chemistry or by inducement from other chemistry in the active 

site, such as the concerted reaction mechanism proposed by Walsh (Walsh, 1979) 

These results are rational considering the reactivity of the cofactor's iminium cation. 

Organization of all needed ingredients for a successful reaction seems to be a good plan 

before opening up the least stable ingredient. Once sequestered, the MTF can safely 

undergo ring breakage without side-reaction of the highly reactive iminium cation and. 
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Figure 3.8: Electronic Structures of dUMP and NDU. 
Lone pair electrons are shown as pairs of dots. Sigma lone pairs are circled and not 
included in the valence structures. Pi lone pairs are not circled and shown only in top 
structure. 
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potential loss of the methylene carbon 

Although the thiol adduct appears to be required for obtaining the methylene bridge, 

the NDU structure shows that it is clearly not sufficient. The thiol bond formation is also 

not necessary to induce conformational change. Wataya and Santi had previously 

reported that, unlike with FdUMP, NOidUMP binding is not enhanced in the presence of 

CH2THF (Wataya, et al., 1980). The reason for this is now clear: there is no covalent 

link formed between the two ligands in the TS active site, despite the strong covalent 

bond between NOidUMP and Cysl46. 
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3.2 TS Catalysis 

Thymidylate synthase faces at least two challenges in respect to use of its cofactor 

methylenetetrahydrofolate. First, TS must bind a relatively flat, solution conformation of 

MTF, and then, before the reaction may proceed, TS must fold the molecule past 

perpendicular. Figure 1.6 presented this bending with the two known end points: the flat, 

solution conformation and the bent covalent ternary intermediate. The second challenge 

addressed by the enzyme is that it must help protonate NIO of the imidazolidine ring, and 

not select N5 for protonation even though in solution N5 is more basic. The two 

structures presented in this work, and new theoretical calculations of the bending 

conducted by Dr. Adam Jarmula, provide insight into how TS may accomplish these 

tasks. 

In the remainder of this chapter, I describe: 

• the interactions of TS and bent, ring-closed MTF comparing and contrasting with 

previous structure determinations, 

• the discovery of a water-filled cavity within the enzyme and in contact with NIO, 

that may be important in the NIO protonation, and 

• briefly, some preliminary results of Dr. Jarmula's theoretical calculations 

investigating the bending mechanism of MTF. 

We propose that: (I) the protein conformational change guides the bending of MTF, and 

the energy for bending comes from binding and dehydration of the co-factor; and that (2) 
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TS chooses the scissile bond in the imidazolidine ring by both increasing the pKa of NIO 

and preventing the protonation on N5. 

3.2.1 Description Of Protein - Ligand Interactions 

In both new structures, the protein is of the closed conformation, which is typical for 

ternary complexes. Main chain atom positions, after least-squares superpositioning of the 

non-mobile core alpha carbons with TS=FdUMP=MTF (ITSN), yield RMSD ofO.155 A 

and 0.160 A, respectively for TS=NDU*MTF and C146S*TMP*MTF. The small 

deviations indicate that the three ternary structures are essentially isotropic. Figure 3.9 

compares the distances between matching Ca of the two subject structures and the 

reference covalent ternary. A surface loop, residues 102 to 108, shows variance in Ca 

distances between the three structures. Another region of variance between ITSN and 

TS=NDU*MTF is at residues 84 to 86; this is also at a surface loop. Neither of these two 

differences is relevant for this work. 

Relevant differences between the covalent ternary intermediate structure (state III) 

and the two subject models are mostly limited to differences in the ligands and active 

sites. Good electron density allows placement of the ligands in each model. NDU and 

TMP are found interacting with TS as in other ternary complex structures. However, 

differences are seen between MTF in these two subject structures, which have a closed 

imidazolidine ring, and other cofactor molecules in complexes that do not. Figures 

3.10(a, b) to 3.1 l(a,b) depict select TS-ligand interactions in TS=NDU*MTF. Each 

figure is a stereo drawing, with a) and b) parts being orthogonal views. For clarity of 
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presentation, NDU and MTF are shown in separate panels. Also, not all active site 

residues are depicted. 

The following show the greatest differences between the two new structures and 

TS=FDU=MTF, a high quality ternary covalent intermediate. 

Nucleotide 

In TS=ND(J*MTF, thiol bond formation has yielded pyrimidine C6 saturation and 

rehybridization to sp^ as occurs with other complexes containing dUMP and 

FdUMP. The effect is to pull the entire ring towards the Sy-Cysl46 (downwards as 

a frame of reference). In TMP, this does not occur; the pyrimidine ring remains 

planar and lies further away from the C)Y-Serl46. Figure 3.12 depicts these 

differences in positioning of the nucleotides in the active sites of the two subject 

structures. While the ribose and phosphate moieties overlay, absence of covalent 

bonding between the pyrimidine ring C6 and the active site cysteine leads to a shift 

of about 0.3 A in the pyrimidine ring between the two. 

MTF 

MTF cofactors in both subject models are bound in the active sites in the same 

orientation as seen for MTF in TS=FdUMP=MTF and as seen for the cofactor 

analog in TS=dlJMP*CB3717 (Matthews, etal., 1990a, Hyatt, et al., 1997, Montfort, 

et al., 1990, Matthews, et al., 1990b). The agreement between the co-factors' 

orientations in their respective active sites is shown in Figure 3.13a. While the 

overall orientation is similar for the new model CI46S*TMP*MTF, the cofactor is 

shifted slightly backwards compared to the placements seen in the NDU and FdUMP 
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containing structures. Figure 3.13b shows this shift of about 0.5 A backwards (away 

from the Sy-CysI46). Since a large factor in MTF positioning is thought to be the 

ring stacking of the pterin and pyrimidine rings, this shift backwards may be due to 

the lack of covalent bonding between TMP and TS. Likewise, lack of the 

C 146S*TMP covalent bond leads to a shift upwards of the MTF of about 0.6 A. This 

difference in placement is manifested mostly in the imidazolidine, PABA and 

glutamate moieties; the pterin ring is not so greatly shifted upwards. 

TrnSO and Trp83 

These two residues interact with the PABA ring of the cofactor. The slight shifts 

described above in the PABA ring have also led to slight compensating shifts in the 

indole rings of these two residues (Figure 3.14). In Trp80, the indole ring is rotated 

towards the rearward shifted PABA ring of C146S mutant complex. Rotation is 

about the Cp -Cy bond of about 7°; dihedral angles for Ca-CP-Cy-C52 are -81.4° 

and -74.1° for wild-type and mutant complexes respectively. In Trp83, the shift is of 

the main chain towards the MTF active site pocket in TS=NDU*MTF, apparently 

due to the nucleotide and cofactor shifts downwards. 

C-terminus 

The final three residues of C146S«TMP*MTF are slightly more closed than in the 

NDU ternary complex; the residues have moved relatively closer to the cofactor. 

The greatest difference is seen in placement of residue 264, which has shifted 

0.30 A. This shift is probably due to the cofactor being deeper into the active site 

pocket. 
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only the canonical core. The NDU substrate analog is black, the product TMP is gray. 
Only select residues of the wild-type enzyme are drawn. 
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Figure 3.13.a&b: MTF in the TS active site. 
a) Compares orientation of MTF in the refined models TS=NDU*MTF and 
TS=roU=MTF. Cofactor for the former is black. Select residues fi-om the FDU 
complex are shown. 
b) Same as in a) with the structural model of C146S*TMP*MTF substituted for 
TS=NDU»MTF. 
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Figure 3.14.a&b: Cofactor shift in TSsNDU'MTF vs. C146S*TMP*MTF 
a) Same view of active site as 3.1 la. TS=NDU*MTF is gray. 
b) Same as in a) but orthogonal viewpoint. 
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The TS=NDU*MTF and C146S«TMP*MTF structural models represent a different 

"on-path" state which is intermediate to ligand binding, state I (Figure 1.3) and covalent 

ternary formation, state III. This state is not equivalent to state II of the currently 

proposed mechanism, which models the cofactor MTF as an open-ring iminium cation. 

3.2.2 MTF Bending 

The imidazolidine ring connecting the two major ring systems of MTF, the pterin 

and PABA rings, reinforces the overall flat geometry of the solution conformer of MTF. 

In the solution conformer, N5 and NIO are sp* hybridized, which, because of their 

position in the imidazolidine ring and that ring's position between the pterin and PABA 

rings leads to a planar arrangement of these rings (Poe, et al., 1979). Contributing to 

planarity is the conjugation between the NIO unpaired electrons and the PABA Ji-orbital 

system. It has been proposed that TS aids MTF bending by counteracting these two 

factors which favor planarity: by protonating NIO and thereby changing its hybridization 

to sp^; and by twisting the PABA ring relative to the pterin ring thereby breaking the jc-

orbital conjugation. Protonation of NIO is discussed in section 3.2.3. 

These two new structures compared with the covalent ternary intermediate and with 

energy-minimized MTF molecules are consistent with TS using this approach. The 

models of the closed-ring conformation, figures 3.1 la, b, and 3.14a, b clearly show that 

the PABA ring has been twisted away from its co-planar energy minimum that occurs 

when NIO is sp*. However, the ring does not assume its perpendicular state that would 

be seen when NIO is sp^ and energy minimized. 
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In figure 1.6, MTF bending was depicted as that of the solution conformer to the 

next known end state - the covalent ternary intermediate. With the identification of a 

closed ring intermediate state, the bending can be more easily depicted and more tractable 

to computation. Figure 3.13. Dr. Adam Jarmula of our laboratory is studying the energy 

relationships between the flat and bent conformers of MTF via computational chemistry. 

His preliminary results indicate that it is the desolvation of MTF as it binds in the active 

site that contributes most to the free energy of bending. This is an interesting and novel 

proposal, which should be investigated experimentally. If true it changes our perspective 

on the causative agent in co-factor bending. His results indicate a contributory but minor 

role for the previous two factors, NIO rehybridization and conjugation breakage. 

In summary, the present results support the idea of TS aiding bending of the 

solution conformation of the MTF. TS apparently directs the bending of the co-factor but 

may do so by desolvating the ligand, rather than applying force on the molecule. Other 

possible bent conformations are available to MTF; but the active site of TS presents a 

mold to direct the correct choice. 

The key discovery here about the TS bending of its co-factor is timing: formation of 

the iminium cation is prevented until the non-polar, water-free environment about N5 is 

properly setup. Else, formation of the highly reactive iminium cation and its probable 

side reaction with water would be wasteful. 
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Figure 3.15: MTF Bending 
Solution (flat) conformation of MTF shown at left. Enzyme bound (bent) conformation of 
MTF shown at right. 



86 

3.2.3 NIO Protonation 

Protonation of NIO is required during the reaction (Figure 1.3). Protonation sets the 

leaving group fcr imidazolidine ring opening, and it occurs before the ring fractures (Fife 

and Pellino, 1980). The pKa of NIO is low, about -1, which presents a challenge for 

protonation. Also, N5 is nearby and is more basic, so that the NIO protonation 

mechanism must be specific. It is not clear what the acid is or the discernment method 

between ring nitrogens. One suggestion is that Glu58 serves as the acid (Matthews, et al., 

1990b, Hyatt, et al., 1997). An elevated pKa for Glu58 would be required then for this 

proposal. The ternary complex structures provide more insight into possible methods 

available to TS for NIO protonation. 

Comparing the environments of N5 and NIO in the bent cofactor, it appears that the 

N5 is sterically precluded from accepting a proton. The PABA ring is bent back upon N5 

effectively blocking access to its lone pair on one side. Ring slacking with the nucleotide 

protects the other. The groups surrounding N5 are hydrophobic. N5 can't be protonated 

in this arrangement. NIO appears to be put into an environment conducive for its 

protonation. NIO is found to be rehybridized to sp^ and to have its lone pair of electrons 

removed from conjugation with the PABA ring and directed into a pool of water that was 

trapped by the protein's conformational change (Figure 3.16). The lone pair of electrons 

of NIO or perhaps the hydrogen atom is sticking out into a polar environment which is a 

sealed cavity filled with water of volume 120- 150 A^. The closest fixed water, 

WatlESS, is within H-bonding distance of NIO ( 3.30 A) and Glu58 ( 2.63 A). While 

this cavit>' does create a unique environment for NIO and Glu58, it is not immediately 
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obvious if this is sufficient to lead to an elevated pKa for either group. One attractive 

possibility is that the energy penalty to be paid in sealing off the charged glutamate upon 

conformational closure will raise the pKa of NIO through electrostatic interactions. 

Support for this comes from studies of E58D, which removes the direct position of the 

carboxylate, but is still active. Possibly this reactivity is due to long-range electrostatic 

interactions. 

TS appears to use multiple methods in directing the protonation of NIO. To recall, 

the pKa of NIO must be altered from an estimated -1.5 to about 7. The key factors 

thought to be responsible for the reduced NIO pKa are conjugation between NIO and the 

PABA ring, which is electron withdrawing, and the higher pKa for nearby N5, which, 

upon protonation, would reduce the pKa of NIO through electrostatic repulsion. Both of 

these  fac tors  a re  a f fec ted  on  b ind ing  to  TS.  On b ind ing ,  the  con juga t ion  be tween  NIO 

and the PABA ring is lost through twisting of the ring, and the basicity of N5 is greatly 

reduced through sterically blocking the protonation sites above and below the pterin ring, 

as previously noted. 



Figure 3.16: Cavity found behind the MTF NIO 
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3.3 Conclusions for Chapter 3 

My theses in this chapter are: 

• We have trapped a state of the natural cofactor, MTF, in a crystal structure that 

displays an intact imidazolidine ring. This is a novel result which is consistent with 

either ring-opening occurring after binding and bending of MTF or the ring-opening 

reaction being fully reversible when cofactor is correctly bound and protected from 

side-reaction. 

• MTF bending is driven by TS and cofactor interactions. The key factors are NIO 

rehybridization and protonation, PABA rotation to weaken ring n-bond 

coordination and N5 preparation to enter iminium cation form (flat). 

• TS contributes guidance to fold to the appropriate folded geometry by its 

conformational change. This probably sends the bending MTF down a path that 

will end at the structure seen in TS=NDU*MTF. The energy for bending may come 

from desolvation of the MTF sandwiched between the nucleotide and the protein. 

• Combination of these results with calculations on the energy relationships of MTF 

bending, gives new insight into the enzymatic role in cofactor binding and bending. 

A new model is proposed below in Chapter 5. 

• The new structural model hints at how TS may catalyze ring opening and formation 

of the iminium cation postulated in the reaction mechanism model. 
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A process cannot 6e understood6y stopping it 

Vniferstanding must move witH tHe flow of tHe 

process, must join it and flow with it. 

Tran^JferSert 

4 STUDIES OF THE TS CONFORMATIONAL CHANGE 

The review of the current model of the TS conformational change, presented in 

Chapter 1, pointed out that: 

• structures solved to date fall into two classes with few exceptions; 

• the "open" state is favored in the absence of ligand or in a binary complex with 

nucleotide, while the "closed" state is favored by binding MTF or both ligands; and 

• the cause of the conformational change is not clear; in one case a specific ligand-TS 

interaction is claimed and in another case a dynamic, equilibrium process is 

proposed. 

In this chapter, I present two new X-ray crystal structures of binary complexes of 

TS and S-NOi-dUMP, the same substrate analog used in Chapter 3. The two structures 

are of different conformations; one is open, one closed. The only difference between the 

two is mutation of residue 209 from tyrosine to methionine, a loss of one hydrogen-bond 

involved in substrate binding. The closed conformation structure, ecTS=NDU, is the first 
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known nucleotide binary complex of closed conformation. Determination of these two 

structures: 

• supports the dynamical model of conformational change, 

• shows that the conformational change does not require cofactor, 

• shows that covalent bond formation is not sufficient to stabilize the closed 

conformation, and 

• allows a unique look at the hole in the active site created by the absence of MTF. 
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4.1 Results 

4.1.1 Rationale 

In the previous chapter, the catalytic mechanism of thymidylate synthase was 

investigated by stopping the process and then determining the state of the protein and 

ligands. In this chapter, another major action of TS, its conformational change, is studied 

by a different method: watching the process under different starting conditions. 

This research began with a simple idea: investigate the energy barrier of 

conformational closure using the substrate analog NDU and TS active site mutants. One 

simple model for the conformational change is that the substrate binds to one "wall" of 

the active site and upon / during closure forms new interactions, principally the thiol 

covalent bond between C6 of the substrates pyrimidine ring and Sy of Cysl46, see 

Figure 4.1. NDU was known to form a stable covalent bond with TS even as a binary 

complex and, thus, of interest (Wataya, et al., 1980). The experimental idea then was to 

crystallize the TS=NDU complex to determine what interactions were present in the 

active site. Possible results were: 

• TS conformation is open, NDU forming typical "one wall" interactions, and no 

covalent bond; 

• TS conformation is open, NDU does not form typical "one wall" interactions, and 

the covalent bond is formed; 

• TS conformation is open, NDU does form typical "one wall" interactions, and the 

covalent bond is formed; and 
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Figure 4.1: Changes At the TS Active Site Upon Conformational Change. 
Selected residues of open (TS'dUMP, light) and closed (TS=FDU=MTF (ITSN), dark) 
structures are displayed. The structure models were superimposed on the Ca's of the 
canonical core. 
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• TS conformation is closed, does form typical "one wall" interactions, and the 

covalent bond is formed. 

To anticipate our results, we found the last possibility: a closed conformation with 

all interactions as in a closed ternary complex structure. This result led to the next 

experiment, removal of noncovalent interactions to yield an open conformation. Residue 

209 was chosen as it forms one hydrogen bond to the substrate, and it is surprisingly 

sensitive to mutation compared to other residues which apparently only share one 

hydrogen bond with the substrate, (and it was available). 

4.1.2 Conformation Classifications 

Crystallization of the two NDU containing complexes was effected by the hanging 

drop method as described in Chapter 2, section 2.2.1. The mutant complex, 

Y209M=NDLJ, crystallized easily; the wild-type complex did not and seeding was 

necessary. Further description of the TS=NDU binary complex crystallization is given in 

section 4.1.6. Data collection on the two crystals was done on the Montfort laboratory 

X-ray generator, as described in Chapter 2. Collection statistics are given in Table 4.1. 

Model refinement is also described in Chapter 2, model quality is given in Table 4.2. 

Classification of whether a subject structure is of open or closed conformation is 

made via comparison of three characteristics between it and reference structures. In this 

work, TS'dUMP is the reference open structure and TS=FdUMP=MTF is the reference 

closed structure. The comparison characteristics are: 

1) RMSD values for alpha-carbon (Ca) positions in superimposed structures, 

2) calculated active site volumes, and 
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3) comparisons of the C-terminal and Arg-21 loops for placement, B-factor, and 

interactions with ligands and protein. 

Structural alignments of the protein backbone, also known as superimposition or 

overlays, did not typically utilize the entire TS chain. Rather, it is the laboratory 

convention that the alignment is based on a subset of residues that are position invariant 

in a large set of TS structures. These residues are called the "alignment core" and for 

ecTS consist of residues 2 to 18, 26 to 50,91 to 103, 121 to 141, 144 to 176, and 178 to 

208. The Ca positions of these residues are used for superpositioning open and closed 

conformations. 

The binary comple.x TS=NDU was determined to be of the closed conformation, 

while Y209M=NDU is of the open conformation. 
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Table 4.1. Crystallographic Results 

TS=NDU Y209M=NDU 

space group P3i21 12,3 

a = 71.6 

cell constants (A) c= 115.3 a = 133.0 

resolution (A) 35 - 2.70 35 - 2.32 

total reflections 51,961 102,677 

unique reflections 9,772 19,978 

completeness (%) 
overall 99.6 99.9 

outermost shell 100 99.9 

Rsym' 12.4% 8.1% 

mean 1 / cj(I) 

overall 10.3 7.5 

outermost shell 3.2 1.8 

(shell range. A) (2.79-2.70) (2.46-2.32) 

'Rsym = R-factor for symmetry related intensities. 
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Table 4.2 Models Quality 

TS=NDU Y209M=NDU 

R^ryst 18.5 16.9 

2 *^free 23.9 21.4 

rms deviation in: 
bond lengths (A) 0.006 0.009 

bond angles (deg) 1.41 1.52 

most favorable phi/psi (%) 89.1 91.3 

no. solvent molecules 49+2 (Pi) 80 

average B factor (A") 
protein 29.20 33.25 

nucleotide 28.30 25.16 

'Rcryst = Crystallographic R-factor for all non-zero data. Calculated 
without reflections used in Rfi-ee-

"Rfree = R-factor for a randomly selected 5% of reflections not included in 
the refinement, as implemented in X-PLOR (Brunger, 1992b) 
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4.1.2.1 RMSD comparisons 

Tables 4.3 and 4.4 summarize RMSD values for various sets of atoms for the 

models after superpositioning Ca positions for the alignment core. Table 4.3 compares 

the two subject structures to the reference closed structure TS=FdUMP=MTF, while 

Table 4.4 compares the subject structures to the reference open structure TS'dUMP. 

From the RMSD values presented, we see that the backbone position of TS=NDU is 

more like the backbone position of the closed model, while the backbone position of 

Y209M=NDU is more like the open structure. 

4.1.2.2 Active site volumes 

It has been observed that the active site volumes of numerous open and closed 

models fall into two groupings, paralleling their previous classification as to 

conformation state. As measured by the software program Voidoo, open conformation 

structures have active sites of the order of 550 to 650 A^. They are larger than the closed 

conformation active sites, which typically are in the range of about 300 to 400 (S. 

Roberts, unpublished observations). Using the same calculation methods as Roberts, I 

calculate an active site volume for TS=NDU of 380 A^, consistent with its proposed 

closed conformation and an active site volume for Y209M*NDU of 520 A^, consistent 

with its proposed open conformation. Table 4.5 summarizes the calculated volumes for 

these and reference structures. Both monomer active site volumes are listed; even though 

the monomers are identical, different volumes are calculated due to calculation grip 

orientation. 



Table 4.3: RMSD Values vs. TS=FdUMP=MTF 

atoms in comparison TS=NDU Y209M=NDU TS-dUMP 

CA-alignment core 0.20 0.20 0.27 

CA-all protein 0.22 0.69 0.76 

main chain (CA-N-C) 0.21 0.69 0.76 

extended main (N-CA,CB-C-0) 0.25 0.70 0.79 

all 0.53 0.98 1.17 

Table 4.4: RMSD Values vs. TS*dUMP 

atoms in comparison TS=NDU Y209M=NDU TS=FdUMP=MTF 

CA-alignment core 0.35 0.18 0.27 

CA-all protein 0.78 0.23 0.77 

main chain (CA-N-C) 0.77 0.22 0.76 

extended main (N-CA,CB-C-0) 0.79 0.25 0.79 

all 1.17 0.81 1.17 
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Table 4.5 Active Site Volumes 

Average (10 runs) Range (10 runs) 

Overall 
Model Vol (S.D.) VoKS.D.) VoKS.D.) 

Monomer Monomer 
A B 

TS'dUMP 573 (35) 
(12,31) 

557 (33) 588 (37) 518-598 537-616 

TS=FDU.CB3 332(37) 
(P3,2I) 

331 (28) 333 (47) 290-378 284-437 

Y209M=NDU 51 g (27) 
(12,31) 

529 (23) 507(27) 511-576 481-568 

TS=NDU 385 (50) 
(P3,21) 

368 (38) 402(57) 301-425 282-478 

TS=NDU*MTF 324(14) 
(P3,21) 

329(14) 320(13) 306-348 300-348 
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4.1.2.3 C-terminus and Arg21 comparisons 

The five residues of the C-terminus tail undergo displacement during the 

conformational change of TS; the Ca of the last residue (Ile264) moving about 5 A in 

closing the active site. In doing so, it interacts with the MTF directly and through 

ordered waters and with Arg21 through a water bridge (Montfort, et al., 1990, Matthews, 

et al., 1990b). The interactions found for the C-terminus tail and Arg21 residues of the 

two subject and two reference structures are listed in Table 4.6. The lack of better 

agreement between TS=NDU and TS=FDU=MTF is explained by the binary complex not 

having MTF in its structure, thus not being able to form matching interactions, and the 

binary model having fewer ordered solvent molecules, possibly some of those missing in 

the listed interactions for the ternary model. Placement of both the TS=NDU and 

Y209M=NDU C-terminus tails was possible in the electron density maps. SAomit maps 

for each of the subject models are shown in Figures 4.2a, b. In these figures note the 

distances between the C-terminus tails and the substrate molecule. A final comparison 

that can be used to classify the subject models is between refined B-factors for the subject 

and reference models. Table 4.7 summarizes the refined B-factors for all protein in the 

model, and normalized B-factors for Arg21 and residues 260-264 (the C-terminus tail). 

Again, the best explanation for the data are that TS=NDU is closed and Y209M=NDU is 

open. 

As with the overall chain positioning and active site volumes comparisons discussed 

above, comparison of C-terminus and R21 loop positioning supports the conclusion that 
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Table 4.6: H-Bonding by Arg21 and C-termini residues 

H-Bond TS=FDU=MTF TS=NDU Y209M=NDU TS'dUMP 

R21 NE-(dUMP) OP X X 

R21 NH-H2O- MTFNl X X 

R21 NHl - 1264OT X X 

P261 0- H2O- N 2 I I  ODl X 

P261 0- H2O X X X 

P26I 0-H2I2NE2 X X X X 

V262 0 - H2O X 

A263 N-H20-D169 OD X 

A263 N - H2O MTF NH. X 

A263 0 - MTF NH2 X 

A263 0-H20-R21 NH2 X 

A263 0 - H2O- MTF NI X 

1264 OT - H2O X X 

1264 OT - H2O - T22 0 X X 
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Table 4.7: B-factors For Conformation Classification 

Normalized Values' 

Structure 
B-factor 
model 

<all prot> 
(s.d.) 

i <res. 21> 
i <res. 260-264> 

(s.d.) 

TS'dUMP individual 27.2(11.0) 2.68 1.08(0.33) 

C146S*TMP«MTF individual 22.4 (8.70) 1.12 1.25 (0.14) 

TS=FDU=MTF individual 20.4 (8.20) 1.27 1.38(0.12) 

TS=NDU'MTF individual 25.4 (8.00) 1.09 1.28 (0.20) 

Y209M=ND(J 2 / res 33.4(15.5) 1.67 1.05 (0.17) 

TS=NDU 2 / res 29.2(14.1) 1.18 1.38(0.74) 

TS-dUMP(lBID) individual 26.9(12.7) 2.94 l.Ol (0.18) 

' Normalized to average B-factor of all protein. 
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b) 

Figure 4.2.a&b: Carboxyl-Termiiii Positions 
The C-terminus tail in TS=NDU, (a), top. is in the "closed" conformation, as the SAomit 
density shows. In the Y209M=NDU structure, the SAomit density also allows placement 
of the tail, but further away from the nucleotide and not in the "closed" position. 
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the wild-type, NDU binary has crystallized as a closed conformation, while the Y209M, 

NDU binary is of the open conformation. 

4.1.3 Covalent Bond Status 

The covalent bond formed between substrate and TS is important in catalysis. It is 

thought to initiate the reaction , stabilize the closed conformation, orient the nucleotide 

and perhaps fluctuate in strength to facilitate the reaction progress (Montfort and 

Weichsel, 1997, Hyatt, et al., 1997). 

In both of the NDU binary complexes the covalent bond between enzyme Sy and 

substrate C6 is represented by good electron density. Figures 4.3a, b display SAomit 

electron density around the nucleotide. Density for the bond is seen to a peak height of 

5.3a in the TS=NDU structure and 4.5o for the Y209M=NDU structure. Refined thiol 

bond length in TS=NDU is 1.83A and 1.92A for Y209M=NDU. 

4.1.4 Active site Geometry 

Figures 4.4 a, b show positioning of NDU in the TS active site. Probable hydrogen 

bonding is detailed in Table 4.8. Looking at this table, one can discern very few 

differences between active site interactions of open and closed conformations. The 

Arg21 side chain is not ordered in open structures and thus cannot be claimed to 

participate in binding interactions. There are fewer hydrogen bonds in open structures, 

but the ones that do form seem to be of the quality as in closed structures. 

Figure 4.5 looks at this conundrum by overlaying the Y209M=NDU and TS=NDU 

models with the canonical core residues yielding the very similar active sites for the two 
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M209 M209 

NI77 

Figure 4.3.a&b: SAomit maps of substrates 
a) (top) TS=NDU model with some select residues of TS active site shown, contour level 
is 2.0a 
b) (bottom) Y209M=NDU model as above, contour level is 1.5o. 
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Figure 4.4.a&b: Active Sites of TS^NDU Binary Complexes. 
The closed conformation TS=NDU binary complex is shown in a), top of page. The open 
conformation Y209M=NDU, is shown in b), bottom. 



Table 4.8: H-Bond lengths for substrate - TS binding 

Partners 
TS'dUMP 1 

(IBID) Y209M=NDUi TS=NDU TS=FDU=MTF 

04-N177 ND 2.8 2.9 3.0 2.9 

N3 -N177 OD 3.0 2.9 I 3.0 2.9 

02-D169N 2.8 2.9 2.8 3.0 

0R3 - H207 NE2 2.9 2.8 2.6 2.6 

0R3 - Y209 OH 3.0 n.a. 2.6 2.8 

OPl -S167 OG n.p. 2.7 2.6 2.7 

OPl - R166 NH 2.8 2.8 3.0 2.7 

OP2-R166 NH 3.2 2.8 2.7 2.7 

OP2-RI27'NE 2.9 2.9 2.9 

OP2-R127'NH 2.7 2.8 2.7 

0P3-R126'NH 3.0 

OP3-R21 NE 2.8 2.8 

OR5-R126'NH2 3.2 2.90 

OR5-R21 NH 3.0 3.1 

OPl -R126'NE 3.1 

05 - Y940H 3.1 
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R126 

R2l 

R127' R127' 

Figure 4.5: Active site of open and closed conformations 
Shown are the residues interacting witii NDU in the TS active site. Black is 
Y209M=NDU. white is TS=NDU. 
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different conformations. A slight shift is seen in the pyrimidine ring plane of about 0.2 A 

below the pyrimidine ring plane of Y209M=NDU. Also, the ribose ring is shifted 

slightly towards the right. Neither of these shifts is greater than the model error of 0.25 A 

and 0.29 A, for Y209M and wild type, respectively. 

Comparing TS=NDU to TS=NDU«MTF using the core alignment atoms, we find no 

discernible difference. Comparing Y209M=NDU to TS'dUMP a shift of about 1 A in 

positioning of the nucleotide is seen. 

4.1.5 MTF Active Site Hole 

The structure of the closed binary complex provides a unique opportunity to look at 

the MTF binding site cavity without the co-factor in the site. That comparison is shown 

in Figure 4.6 a, b. Surprisingly, not only the main chain, but also the side chain residues 

overlay well. The C-terminal 3 residues, 262, 263 and 264, have moved ftirther into the 

active site in the binary complex than with the ternary. Ala 263 makes hydrogen-bonding 

contact with the cofactor's N2, when the MTF is present. Apparently the C-terminus is 

capable of swinging further. The side chain of Lys259 has assumed a different position, 

however, the density and B-factor for the side chain in the binary complex are poor and 

so its different positioning is suspect. Three other side chains move slightly, Phel76, 

His51, and Leu 143. RMSD for all atoms of the binary and ternary in the MTF active site 

(excluding the C-terminal 3 residues and Lys259) are only 0.37 A. 
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Figure 4.6.a&b: MTF area of active site 
a) and b) are ortiiogonal views of TS=NDU*MTF (black) and TS=NDU (gray). 
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4.1.6 Crystallization Experience 

Our experience with the crystallization of the TS=NDU binary complex may yield 

some hints at the conformational change process. Hanging drop crystallization 

experiments with complexes of wild-type TS and the nucleotide analog NDU did not 

yield spontaneously nucleated crystals. This was somewhat surprising as crystals of 

TS=NDU*MTF were readily obtained. Seeding of the crystal drops did lead to crystal 

formation, but only when the seed crystal was a closed conformation structure. Open 

conformation seeds did not lead to further crystal nucleation or growth. This was the 

case whether the seed was a washed, crushed seed (micro-seeding) or a washed, larger 

seed (macro-seeding). One crystallization drop was macro-seeded with both trigonal 

(closed conformation) and cubic (open conformation) crystals, resulting in dissolution of 

the cubic crystal while the trigonal crystal remained. To remove the possibility of MTF 

contamination (TS=NDU*MTF crystals were used in the original seeding); only washed, 

crushed crystals were used in subsequent seeding and grown through generations to 

produce diffraction collection specimens. The crystal used in the TS=NDU dataset is 

third generation and there was no indication of MTF in the crystal. Y209M=NDU 

crystals spontaneously nucleated, no seeding was necessary for this binary complex. 
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4.2 Discussion and Conclusions 

Determination of the X-ray crystal structure of TS=NDU and Y209M=NDU, the 

two new nucleotide binary complex structures presented in this chapter, allows further 

detailing of the events in TS catalysis. First, these results support the dynamic, 

equilibrium model of conformational change; second, and in agreement with the 

dynamical model, these results show that MTF is not necessary for conformational 

change - a result which contradicts a leading hypothesis of the triggering event; third, the 

results show that a strong covalent linkage is not sufficient to effect the conformational 

change; and fourth, we have a structure which allows our first look at residue positioning 

in the active site in the absence of the cofactor. 

4.2.1 Dynamic Conformational Change 

The conformational change of TS was described in section 1.2.3. Two competing 

models to explain the timing of the protein movement were described. The "static", 

ligand- induced model holds that the switch between the two conformations is solely 

determined by binding of the ligands. When no ligands or only nucleotide is present, TS 

is dynamically moving, but only about its canonical open structure, not into the closed 

structure. Movement into the closed conformation is triggered only after nucleotide and 

cofactor bind to the enzyme, or, perhaps the cofactor alone (Kamb, et al., 1992). So, in 

this model there appears to be a requirement for a switch to signal the need for a 

conformational change. One research group has proposed that this switch is interaction 

of conserved residue D221 with the cofactor's N3 (Sage, et al., 1998). 
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The "dynamic", equilibrium model holds that TS can sample both conformers no 

matter the presence or absence of ligands. This model says that there is no switch. The 

equilibrium between open and closed conformers is determined by the respective free 

energies of conformation and a small transition state barrier apparently separates these 

two states. In the absence of ligand, the open conformation is more stable, of lower free 

energy, and is thus favored in the equilibrium. In the presence of increasing amounts of 

ligand - both concentration and type may be important - this equilibrium begins to favor 

the closed conformer (Carreras, et al., 1994, Mohsen, et al., 1995). So, in this model, the 

protein dynamics drives TS to continually sample open and closed conformers with no 

switch being necessary. 

The results presented here favor the dynamic equilibrium model of conformational 

change. A key difference between the two models is this concept of a switch. 

Combining the closed binary nucleotide complex reported here and the previous report of 

a closed cofactor binary complex imply that there is no switch. With each individual 

ligand capable of stabilizing the closed conformation, the existence of a switch that both 

activate is less tenable. The physical manifestation of a switch which is both activated by 

both ligands and yet overridden by the presence of either becomes difficult to imagine 

and biologically irrelevant. A switch receiving its signal from cofactor binding makes 

biological sense as the kinetic data favor dUMP binding before MTF. A system with a 

signal for closure coming from the first ligand to bind would not be efficient. The 

simpler explanation is there is no switch and that the binding energy / transition state 

barrier is what determines the form(s) we see in solution. 
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Others have proposed that the substrate must be correctly bound in the nascent 

active site before covalent linkage occurs between it and TS. The recent results of Phan 

implies that binding of dUMP precedes and may be causative for activation of the 

cysteine sulfur anion (Phan, et al., 2000). This order of events - nucleotide orientation in 

the active site preceding conformational change and thiol bond formation - is also 

consistent with pre-steady state kinetic studies and kinetic isotope effects (Bruice and 

Santi, 1982, Spencer, et al., 1997). Extension of these results to the phenomena shown 

by NDU may not be valid however. The previous results were with dUMP and FDU. 

Both of these nucleotides have a weaker electronegative atom bound to the C5 position. 

The study by Connick indicates that an increasing electronegativity of the pyrimidine 5-

position substitution increases the fraction of covalently joined binary complexes of TS 

and nucleotide (Connick, et al., 1994). The open conformation of Y209M=NDU is 

especially difficult to interpret this way. If it were true that NDU binds first to Y209M, 

the conformational change occurs with covalent bond formation, followed by subsequent 

reopening, then that process would be stronger evidence for the dynamic, equilibrium 

model. Still, the simpler explanation for what we see in Y209M=NDU doesn't involve a 

conformational change. 

The crystallization behavior of these complexes can also be interpreted as 

supporting the concept of a dynamic equilibrium. Apparently, the TS=NDU 

crystallization is delayed, because mixed population of open and closed conformers is 

present, neither of which reaches sufficient super-saturation to spontaneously nucleate 

and then grow. The closed conformer is probably predominant and a small push toward 
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favoring it, by seeding with closed conformation crystals, is sufficient to allow 

crystallization. The crystal itself may contain both forms, or maybe even intermediates, 

as the nominal diffraction resolution is lower for it than is typical for TS ternary 

complexes in the P3|21 space group. Also, the crystallization of TS=NDU»MTF as a 

ternary complex is evidence that the dynamic model holds; the binary complex is 

sometimes closed as shown by the present structures. For MTF to bind to the binary 

complex, the conformation must reopen. 

4.2.2 Thiol Bond 

The four models presented in this dissertation show that the thiol covalent bond is 

neither necessary nor sufficient for conformational closure. If present it adds to the 

stabilization energy favoring the closed conformation, if absent, it doesn't add, but 

neither does it preclude the closed state. Y209M=NDU has a well resolved thiol bond 

between nucleotide and enzyme, yet it is of the open conformation. In contrast, 

C146S*TMP*MTF has no thiol bond yet is of the closed state. 

This chapter started with the use of a simple model of the TS conformational change 

in explanation of the rationale for our experiments. The Y209M=NDU binary complex 

disproves that model. In Y209M=NDU, the covalent bond is well defined and yet the 

structure is of the open conformation of the enzyme. The large electron-withdrawing 

capacity of the 5-nitro group allows for a strong and stable thiol bond between ligand and 

protein. This bond is seen as well in the closed wild type TS structure as in the open 

Y209M TS structure. Thus, formation of this bond is not sufficient for causation of the 

conformational change in the mutant. 
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The existence of open and closed structures with well-formed thiol linkages shows 

that residues involved in orienting the nucleotide in the active site exhibit plasticity. As 

detailed in Table 4.8, the orienting hydrogen bonds between enzyme and nucleotide are 

found to occur in both open and closed structures. Still, the covalent bond does 

contribute to stabilization and formation of the closed conformation as is evidenced in the 

fact that the Y209M=NDU main chain moves toward the closed conformation as 

compared to the TS'dUMP open conformation. 

Others have shown that formation of the covalent bond is not necessary for 

completion of the conformational change. As mentioned in section 4.1.1, two studies 

have detected an equilibrium mixture of open and closed conformations in the absence of 

nucleotide, both with and without cofactor being present in the complex (Carreras, et al., 

1994, Mohsen, et al., 1995). Also, the closed structure with cofactor being the only 

ligand present in the crystallization mixture and structure is consistent with the 

conclusion that the thiol linkage is not necessary for conformational change (Kamb, et al., 

1992, Sage, et al., 1998). Evidence that the covalent bond may form in open 

conformations with other nucleotide ligands was claimed in enzyme kinetic studies 

(Spencer, et al., 1997). 

As is shown by our TS*NDU structure and the cited results of others: MTF or a 

cofactor analog is not a necessary component for the conformational change to occur. 

TS'NDU is the first reported structure of a closed conformation without cofactor being 

present. Looking at the positioning of the residues involved in TS-cofactor interactions 
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in this closed conformation may give some hints about some of the important 

interactions. 

4.2.3 Prepositioning of Residues 

Results section 4.1.5 above drew comparisons of the side chain positions in the 

MTF portion of the active site with (TS=NDU*MTF) and without (TS=NDU) MTF being 

present. The finding was that most residues are in the same position implying that the 

residues are prepositioned, perhaps rigidly to shape and contort the MTF. The only 

residues not aligning well are Phel76 and the final three residues of the C-terminus. 

Phel76 apparently moves upon ring opening, as the comparison between closed ring 

TS=NDU*MTF and open-ring TS=FdUMP=MTF pointed out earlier (section 3.2.1 and 

figure 3.13.). 

The implications of this result is that the information for closed conformation 

inheres in the binary combination of TS and NDU. In other words, the MTF binding 

energy is not needed for TS conformational change and is available for other purposes. 

4.2.4 NDU: A Mechanistic Inhibitor 

The original investigation of the mode of interaction between NDU and TS suggested 

that NDU is a mechanistic inhibitor, binding in the active site as does dUMP, the native 

substrate, and forming the covalent bond but not able to proceed further in the reaction 

scheme. Our results support this hypothesis. 

The structures showing that NDU binds in the same geometry as the substrate 

nucleotide confirm the hypothesis of Wataya and Santi (Wataya, et al., 1980). In that 

work, the authors were able to isolate a peptide containing the active site cysteine residue 
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and NDU covalently linked. They showed that this bond is strong but reversible. They 

and others attribute the bond strength to the strong electron-withdrawing ability of the 

nitre group. Consistent with kinetic results showing that NDU is a competitive inhibitor 

we show that NDU binds at the TS active site and additionally in the same geometry as 

the substrate dUMP and another mechanistic inhibitor FdUMP. 
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5 SUMMARY AND PATHFORWARD 

5.1 Changes to Existing Models 

It is a theory wHicH decides wHat we can oBserve. 

Of course, every new tHeory is true, providietfyou 

suitaSfy associate its symBoCs witH oSservedquantities. 

Albert 'Einstein 

5.1.1 Chemical Mechanism 

The discovery of a new conformation state available to the MTF-thymidylate 

synthase pair negates some previous hypotheses, supports others, and forms new ones. 

Two new structures reported in Chapter 3 describe a fiilly bent, correctly bound cofactor 

with its imidazolidine ring intact. This result falsifies the hypothesis that the iminium 

cation, formed when the imidazolidine ring opens, occurs early in the binding of MTF. 

The early-opening scenario doesn't seem likely anyway as the iminium cation is very 

reactive and would stand a good chance of reacting with water before the substrate is 

brought in to place. Two possibilities remain then for the timing of the cation formation. 

One school of thought is that the iminium cation forms due to strain impressed on the 

imidazolidine ring and that this occurs sometime during bending of the PABA and pterin 

rings, or perhaps at the completion of bending. A competing hypothesis is that the 
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reaction leading to formation of the cation is concerted. Scheme 2 reproduces the 

concerted mechanism proposed by Walsh and supported recently by Jencks (Walsh, 

1979, Eldin and Jencks, 1995). 

Scheme 2 

IM, O-N-tl 
R Cl4« Cl4« 

The results presented in Chapter 3 do not allow selection of either hypothesis. It 

would seem that the concerted proposal is favored from the determination of a closed-

ring MTF, but as was discussed in section 3.1.3, a positive charge on the NDU nitro-

group nitrogen (Figure 3.8) may disfavor ring opening. Steric effects from the nitro-

substitution may also disfavor ring opening. The closed-ring MTF in CI46S*TMP*MTF 

would downplay the nitro- charge effect, but does not address the steric blocking 

rationalization. Knowing that this new state - enzyme closed, substrate bound, MTF 

bound with a closed imidazolidine ring - exists allows its addition to the reaction 

mechanism. Yet, we can not put it in place of state II. 

We can also check past hypotheses about methods that TS uses in catalysis and 

folding of the MTF molecule from its geometry. One of the problems that TS has to 

solve in the present chemical mechanism is selection of the scissile bond in imidazolidine 

ring fracture: the fracture should yield an N5 iminium cation not an N10 iminium cation. 
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While there may be some differential strain in the N5 - CI I versus the NIO - CI I bonds 

allowing discrimination, such selection solely by ring strain is not clear. Fife and Pellino 

report that with imidazolines, the leaving nitrogen is determined by its protonation before 

the bond breaks (Fife and Pellino, 1980). If this is the case for TS catalysis, then 

selection of which ring nitrogen to protonate is selection of the scissile bond. The 

differing environments imposed on the two imidazolidine ring nitrogens by the enzyme, 

the substrate, and the rest of the MTF molecule itself explains the selection of NIO as the 

nitrogen which gets the proton. N5 is in a hydrophobic environment imposed from below 

by the stacking of MTF on the dUMP pyrimidine ring, and from above by the PABA 

ring. The PABA ring has been bent to such a degree that the distances of N5 to closest 

PABA ring members are 3.2 A and 3.5 A. In contrast, the NIO lone pair of electrons is 

placed into an aqueous cavity trapped within TS as it closes. Also in that small pond are 

the sidechain of Giu58 and a few fixed waters. One of those waters is hydrogen bonded 

to both Glu58 and NIO. Thus, it appears that TS is instrumental in selection of NIO for 

protonation. 

Another of the recognized difficulties in MTF bending is the need to change the 

NIO bonding geometry from trigonal to tetrahedral. Others have proposed that TS assists 

this by twisting the PABA ring, relative to the imidazolidine-pterin plane, thereby 

reducing the 7i-orbital conjugation between NIO and the PABA ring, and thereby 

disfavoring the planar arrangement of the two ring systems. Another proposal to explain 

the NIO geometry change is that protonation of NIO occurs early in the bending, breaking 

the n-orbital conjugation. Protonation and PABA twisting appear to be related, as 
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breaking the conjugation favors protonation as does increasing the sp^ character of NIO. 

Chapter 4 of this work reported the structure of a substrate binary complex which was of 

closed conformation. With MTF absent from the complex, a comparison of its active site 

versus the active site of TS=NDU*MTF showed changes in side chain positioning due to 

MTF - TS interactions. Surprisingly few differences were found. The largest differences 

were the C-terminus tail residues (262-264) and Phel76, while the remainder were little 

impacted from the presence or absence of MTF. The C-tail had swung in to form a 

slightly tighter complex in the absence of the cofactor. The Phel76 movement is 

unexplained. Phel76 interacts with the PABA ring; but when comparing the positions of 

Phel76 from TS=FDU=MTF, TS=NDU, and the two subject ternary complex structures, 

I find the TS=NDU binary complex to be between the Phel76 ring positions of the two 

ternary complexes. 

That the closed-ring MTF conformation actually exists was useful knowledge in Dr. 

Adam Jarmula's project investigating the energetics of the MTF conformers. His 

preliminary results indicate that while protonation and PABA twisting do contribute to 

MTF bending, they are not the main contributors. He purports that the main contributor 

is dehydration of the MTF molecule. In other words, as the MTF binds and solvation 

water is removed, this drives bending of the conformation. This is an interesting 

proposal, as it could change our thinking about roles of enzyme and co-factor in the 

conformational change process. If MTF is folding from flat to bent upon water removal, 

perhaps the role of the enzyme is to only direct the MTF folding, guiding it into the final 
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conformation we see through the limited conformational substates (see section 5.2) 

available to the enzyme. 

5.1.2 Conformational Change 

Crystallizing a nucleotide binary complex of the closed conformation also falsifies 

some models, supports others, and allows us to hypothesize about the conformational 

change process. This new substrate binary complex is TS=NDU. The other structural 

model described in Chapter 4 is Y209M=NDU, essentially the same complex the only 

difference being the mutation of residue number 209 to methionine from tyrosine. 

Tyr209 in wild-type binary and ternary complexes forms a hydrogen bond between its 

hydroxyl hydrogen and the substrate's ribose oxygen at the 5' position. Removal of 

(apparently) just one hydrogen bond led to crystallization of a binary complex of the open 

conformation. 

The substrate binary complex of closed conformation is not consistent with a 

leading model of conformational change causation. In that scheme, closure is signaled 

and caused by the binding of MTF to TS. There is no MTF, or cofactor analog, in the 

substrate binary complex, thus MTF can't be the cause. The closed binary complex 

structure supports another scheme of conformational change causation: that of a dynamic 

equilibrium between both conformers, with the equilibrium being set by the type of 

ligand present. Thus, one of the conclusions from this work is that the TS conformational 

change is best modeled as a dynamic equilibrium between its two conformers. 

Consideration of the other (open) substrate binary complex expands the concept into 

the idea that the closed conformation is stabilized by sufficient, numerous interactions 
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between TS and its ligands: a closure-energy bank account, if you will. In absence of 

ligand, the open conformer is favored. When the sum total of the protein iigand 

interactions is sufficient, then the closed conformer is stabilized. In the TS=NDU case, a 

strong covalent bond between substrate pyrimidine C6 and enzyme CysI46 Sy further 

stabilizes the closed conformation. While this favors the closed state, crystallization was 

not spontaneous, possibly indicating no predominant conformer. Apparently, removal of 

a hydrogen bond in the Y209M=NDU complex was enough to favor the open rather than 

the closed conformation. Crystallization was spontaneous, indicating a predominant form 

existed. It should be noted that the strength of hydrogen bonds is variable, so this 

concept is qualitative. Addition of MTF to this complex should cause the complex to be 

of closed conformation, but we have not tried this test. With native substrate dUMP as a 

binary complex, the thiol-covalent bond is either not formed or is sufficiently weak as to 

not shift equilibrium appreciably; but, upon addition of MTF there is sufficient energy to 

stabilize closure. 

The electronegativity of the pyrimidine 5-substitution greatly affects the strength of 

the covalent bond. This was seen in the NMR studies of Connick and in structural 

studies as better defined electron density for the thiol covalent bond with the FdUMP vs. 

dUMP. The nitro group 5-substitution of NDU supports this contention. Our electron 

density maps showed a well resolved covalent bond between enzyme and substrate. The 

open binary complex is an interesting model fi-om the perspective of the conformational 

change causation question. For dUMP and FDU, kinetic data and kinetic isotope effect 

data indicate that nucleotide binding precedes formation of the covalent bond. If binding 
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necessarily precedes covalent bond formation and if covalent bond formation does not 

occur in the open conformation, then the Y209M=NDU structure is strong evidence of 

closure, then reopening. In other words, that structure represents the process: open --> 

closed (thiol bond formation) —> open (structure determined). Unfortunately though we 

do not know if binding and then covalent bond formation occurs or if the pyrimidine C6 

position is reactive enough due to the nitro-group at C5 so as not to require alignment. 

5.2 Speculations and Pathforward 

5.2.1 Conformational Change Role 

Earlier work in the Montfort laboratory and elsewhere led to the following five 

proposals for the role of the TS conformational change (Hyatt, et al., 1997): 

(i) it allows binding of ligands in their ground-state conformers; 

(ii) it provides a means for stabilizing the higher energy "bent" conformer of MTF; 

(iii) it prevents the reactive intermediates from occurring until they are in a position to 

react with one another; 

(iv) it actively assists in catalysis by straining the Cysl46-dUMP thiol adduct to help 

generate polar bonds at N1 and C6 and increase the acidity of C5H; and 

(v) it helps prevent the thiol adduct from adopting a stable conformation and falling 

into a "thermodynamic hole". 

To continue and e.xtend these: 

(vi) it provides a sealed, hydrophobic environment, as it strips water from MTF during 

the bending of cofactor MTF and the protein conformational change; 

(vii) it directs MTF bending, sending it down the correct path, due to the 

conformational substates available to the protein; and 
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(viii) it creates an aqueous cavity, which is instrumental in selection and protonation of 

the imidazolidine ring NIO while desolvating near N5. 

5.2.2 Future Research To Address the Proposed Roles 

The above eight items are quite a lot for one small conformational change. Within 

the scope of evolution of function, it is difficult to see that there would not be conflicting 

aims. On the other hand, perhaps this hints at why TS is so conserved in Nature, yet 

when mutated in the laboratory and tested for a small subset of its functions is so plastic. 

The following few research proposals are aimed at further characterizing one or more of 

the proposed functions. 

5.2.2.1 Investigate the cavity behind NIO 

Burying such a large cavity internal to a protein is not a random occurrence, it is too 

large to be just a void in the packing. Plus, its location, at the NIO lone pair, and its 

contents, waters and Glu58, would appear to give it functionality. 

Hypothesis: This cavity's function involves protonation of NIO. 

One idea of how it aids protonation is that as TS closes, the sequestration of negatively 

charged Glu58 becomes energetically unfavorable. This favors protonation of Glu58 that 

grabs a proton from bulk water before the cavity gets closed. The study should first start 

out with trying to find analogous cavities in other TS species. Experimental knobs of 

interest would be: size of cavity, other charges in cavity. 
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5.2.2.2 Orientation requirements before covalent bond formation? 

For NDU, we need to know if the nucleotide gets oriented in the active site before 

the covalent bond is formed. With this information, we can better interpret results of the 

binary complex structures. 

Hypothesis: Orientation is required before bond formation 

E.xperimental approaches could be repeats of the dUMP and FDU pre-steady state and 

kinetic isotope effects studies. A new twist to this work wouid be to test various 

truncations of the pyrimidine ring, such as no phosphate group, no ribose or phosphate, 

only fragments of the ring, etc. 

5.2.2.3 Kinetics of conformational change and/or covalent bond formation 

The reasoning for the need of this is given above. But even more, good consistent 

measures of this data for the battery of substrate and cofactor analogs is sorely needed. 

Hypothesis: CB3717 is not a representative cofactor analog 

I picked this hypothesis because of a gut feeling that I've gotten from becoming very 

familiar with the TS literature. CB3717 is used because its stability is many times that of 

MTF, so experimentation with it is much easier. The problem is that as an analog, it 

does not match a key characteristic of MTF. That characteristic is a resistance to bending 

and/or, if Dr. Jarmula's work is correct, an inherent bending tendency. 

5.2.2.4 Comparison to other structures with relevant chemistry 

Although TS is probably the body of literature to which the more recent enzymes 

study refer, it doesn't hurt to see what has been proposed and the analogies that can be 
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drawn. A cursory look at serine hydroxymethyltransferase (SHMT) found a recently 

published structure that has the analogous Glu58 residue conserved and in the same 

relationship to the NIO of SHMT's product, MTF. SHMT also involves a conformational 

change with its catalysis. 
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TRere never are any unsucces^Ce:(periments. 

Claude (Bernard 

APPENDIX: PEPC Structure Studies 

My initial dissertation project was aimed at determining the X-ray crystal structure 

of a plant form of the enzyme phosphoe«o/pyruvate carboxylase (PEPC). Work on this 

project was aborted when it became apparent that structure determination was not 

imminent. In this appendix, I document the data and methods from this project; I do not 

attempt to discuss the project as a scientific inquiry into PEPC function. 

PEPC is an important, well-studied enzyme for which at the time no structural 

information was published. A Japanese group had been attempting since before 1987, 

with no success (more later), to determine £. coli PEPC structure via X-ray crystallo

graphy. I decided to attempt to determine plant PEPC structure via x-ray crystallography 

as my dissertation project working in Hans Bohnert laboratory with training and advice 

from William R. Montfort. We have been able to crystallize tobacco PEPC from 

expression and purification in E. coli. These crystals do not diffract well enough to solve 

the structure without significant further developments. From the data collected thus far 

we can say something about PEPC in this crystal form. We report on our efforts to 

express and purify two PEPC proteins, our crystallization efforts with tobacco PEPC and 

our data collection efforts to overcome tobacco-form lack of diffraction. 
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Introduction 

Phosphoewo/pyruvate carboxylase (PEPC, E.C.4.1.1.31) is a cytoplasmic enzyme 

found in plants, bacteria and algae. It functions anaplerotically by replenishing 

oxaloacetate (OAA) into the citric acid cycle. In some plants, those that photosynthesize 

via the C4 or Crassulcean acid metabolism (CAM) pathways, PEPC also functions as the 

initial point of CO2 fixation. OAA is first converted to malate and then CO2 is released 

from malate in either a spatially different (C4) or temporally different (CAM) event. 

While these are the two major functions for PEPC, in various tissues PEPC is also 

reported to function in: nitrogen assimilation, stomatal movement and CO2 scavenging 

from respiration (for a recent review see, (Chollet, et ai, 1996)). 

In some if not all cases, the photosynthetic and anaplerotic enzymes are isozymic 

(Cushman, et al., 1989, Lepiniec, etai, 1993, Hudspeth and Grula, 1989). Apparently, 

the PEPC gene has undergone duplication and one copy has evolved to function with the 

same substrates and products, but to serve another role under different metabolic controls. 

For the plant isozymes, PEPC is a homotetramer of approximately 400-440k Da. Even 

though the isozymic subunits coexist in some cells, no evidence for a heterotetramer has 

been reported. Substrates for the enzyme are phosphoeno/pyruvate and bicarbonate ion, 

proceeding irreversibly to products OAA and inorganic phosphate. A divalent cation 

(Mg^"^ in vivo) is required, but no other co-factors are needed (O'Leary and Hermes, 

1987). A kinetic study of maize PEPC indicates that CO2 is the reactive species formed 

on the reaction pathway and that carboxy-phosphate is also formed (Jane, et ai, 1992). 

From site-directed mutational studies, the active site is expected to include a lysine and 
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histidine residues (Jiao, et al., 1990, Terada and Izui, 1991). These residues are conserved 

in all reported sequences. Photosynthetic PEPC activity is highly regulated. For example, 

for the well-studied maize C4 PEPC, reported methods of control are: transcriptional 

regulation both developmentally and environmentally, cell-specific transcription 

(Schaffner and Sheen, 1992), reversible phosphorylation (Jiao and Chollet, 1990), 

ailosteric effectors (O'Leary, 1982), and oligomerization (Willeford and Wedding, 1992). 

This plethora of control schemes appears to be widespread as seen for the CAM PEPC of 

ice plant, but the presence of oligomerization has been discounted (Winter, 1982, Baur, et 

al., 1992, Bohnert, et al., 1992, Weigend and Hincha, 1992). 

PEPC is an interesting model for studying evolution of structure within and across 

species. The isozymic enzymes show differential and tunable activity yet high sequence 

similarity as they are derived from gene duplication(s). Another reason to seek the atomic 

structure of PEPC was to aid in understanding its reaction mechanism. PEPC is the only 

known enzyme that uses bicarbonate as a carboxylation reagent but does not require 

biotin as a co-enzyme. 
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PEPC Expression and Purification 

Construction and engineering of a full-length cDNA clone of tobacco PEPC into a 

PEPC-deficient strain of E. coli was previously described (Koizumi, 1993). Culture 

growth in LB media at 37 °C led to protein sequestration in inclusion bodies. Refolding 

of denatured, sequestered PHFC was not attempted; rather, conditions to produce active, 

soluble PEPC were searched. Cultures of a glycerol stock (-70 °C) are grown at 25-27 °C 

to OD600 of 0.3 in ZB media against 200 ^ig/mL carbenicillin; this media contains no 

lactose-equivalents, so that PEPC expression from the LacZ-containing plasmid is 

minimized in the preculture stage. Cells are concentrated from preculture by 

centrifugation (4k G) and the pellet is resuspended in LB media. Cells are then cultured at 

25 °C in LB media to an OD600 of I - Again, cells are pelleted at 4k G and are 

resuspended in extraction buffer of 100 mM Tris'Cl, pH 7.5, 10 mM MgCl2, 10 mM 

6ME, 1 mM PMSF, 10 |aM EDTA, 10 ^M leupeptin and I ^iM pepstatin. After 

sonication, insoluble material is removed by centrifugation at 10k G for 20 minutes. This 

yields a translucent yellow solution of about 150 mg protein per liter of culture, of which 

about 4.5 mg/1 culture is PEPC. Ammonium sulfate precipitation at 55% saturation and 

centrifugation (10k G, 30 min) of the PEPC containing agglomerates allows for 

intermediate storage and buildup of material for chromatography. 

PEPC is purified to homogeneity in a three step preparative, low pressure 

chromatography scheme: 1) Hydrophobic, 2) Anion-Exchange and 3) Hydroxyapatite 

matrices. Purification data are summarized in Table A.I. 
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Table A.1; Typical PEPC Purification Yield 

Step total protein total activity Specific Activity Yield (%) Purification 
(mg) (units) (U/mg) Factor 

extract 150 140 0.93 - -

Phenyl product 7.2 52 7.2 37 7.7 

DEAE product 1.5 33 22 24 24 

HA product 1.06 30 28 21 30 

Values are per liter of Escherichia coli culture from six preparations. Individual 
preparations were between 10-21 L total volume. 
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1) Hydrophobic chromatography: The extract pellets are first dissolved in 

extraction buffer and then brought to 20% ammonium sulfate saturation so that the final 

volume is about 10 mL/g pellet. Insolubles are separated via centrifugation (10k G, 

20 min) and the supernatant after being diluted to 4x volume is fed to a phenyl-Sepharose 

FF (Pharmacia) packed column. Elution of PEPC is effected by step-wise gradients of 

3%, 2%. 1% and 0% ammonium sulfate. PEPC activity appears in the 1% elution. Active 

fractions are pooled, brought to 20% AS saturation and recharged to a smaller column of 

phenyl-Sepharose whereby they are concentrated by elution of 0% AS buffer (J. Porath, 

personal communication). Active fractions from the concentrating-column are 

precipitated at 60% AS. 

2) Anion-Exchange chromatography: AS pellets are dissolved in a minimum of 

e.xtraction buffer and desalted with PD-10 columns (Pharmacia). The desalted solutions 

are fed to a DEAE-Sepharose FF (Pharmacia) packed column and eluted with a 0 to 400 

mM NaCl linear gradient. Active fractions are centered on the 80 mM NaCl effluent. 

Active fractions are concentrated with Centriplus membrane concentrators (Amicon) and 

then brought to 60% AS to pellet the protein. 

3) Hydroxyapatite chromatography: Pellets from step 2 are dissolved in a minimum 

of 50 mM potassium phosphate buffer, pH 7.5 (with 10 mM BME) and desalted on PD-10 

columns. Desalted solution is fed to a hydroxyapatite (BioRad) packed column and eluted 

by linear gradient of 50 to 250 mM phosphate buffer. Active fractions are pooled and 

bringing the solution to 60% AS precipitates protein. 

The resulting protein is pure as visualized on commassie-stained SDS-PAGE gels 

(Figure 1). Specific activity, as measured by coupled-enzyme spectrophotometric assay, 

of the purified enzyme is 30 U/mg, close to the specific activity (32 U/mg) of plant-

derived enzyme (Sato, et al., 1988). N-terminus sequencing of the purified enzyme gives 
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Figure A. 1: Integrity of purified and crystallized PEPC. 

The SDS-PAGE shows two sets of lanes containing 500 ng (left) and 250 ng, 
respectively, of purified and crystallized PEPC monomer. Three lanes are shown for 
each set. 
"PEPC purified" - dialyzed pellet from the combined active fractions of hydroyapatite 
columns. 
"PEPC crystallized" - PEPC from dissolved crystals. 
The third lane in each set contains equimolar amounts of protein of purified and 
crystallized PEPC, the same amount as in each of the other lanes. 
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ATRSLEKLASID... which align with residues 2 to 13 of the cDNA predicted sequence. 

This is important in that the phosphoryiated residue is thought to be S-11 for the 

consensus motif matching that of other protein (Jiao and Chollet, 1990). The enzyme can 

be stored for months as an ammonium sulfate precipitate at -80 ̂ C. 

Crystallization and initial difTraction results 

Crystals are obtained under a variety of conditions. The initial conditions yielding 

crystals were optimized to solutions of 25 - 50 mM tris*Cl(or *804), 20 mM MgS04, 

5 mM aspartate (free acid or Mg^"*" salt), 2 mM DTT and PEG4000; conditions that are 

similar to those published for E. coli PEPC (Inoue, et ai, 1989). Screening has shown 

that for size and form optimization PEG concentrations between 7 to 9%, a pH range of 

7.1 to 7.4, and protein concentration of 6-10 mg/mL are best. These crystals appear as 

plates, cubes, and blocks (see Figure A.2). All three forms are isomorphous and diffract 

beyond 3.2 A nominal resolution. Density measurements via Ficoll solutions give a 

crystal density of 1.15 mg/mL (Matthews, 1985). Washed, dissolved crystals consist of 

pure PEPC as shown by SDS-PAGE (Figure A.l) and retain activity in the 

spectrophotometric assay. Other conditions yielding crystals are: 1) sodium citrate, pH 

5.5 and PEG3350 which gave thin plates and 2) cacodylate, pH 6.5, MgCl2 and PEGIOOO 

which gave needles (S Sarfaty & WGJ Hoi, personal communication). These were not 

examined further. 

Diffraction data were measured on our in-house Enraf-Nonius FR571 rotating anode 

generator equipped with a FAST area detector. The space group is P222 with a unit cell 

of a= 165 A, b= 170 A, c= 190 A. With a density of 1.15 g/cc, this indicates that the 

asymmetric unit consists of four monomers and that the crystal is 60% solvent. The 

native dataset is 98% complete, multiplicity of 3 at 4 A resolution and has required seven 
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crystals to compose. Rsym for this dataset is 20% with scaling and merging done through 

use of AGROVATA. Crystal beam-life is not good, with resolution falling below 4.5 A 

after about 15° rotation. Cryo-crystallography at 115 after flash cooling crystals in 20 

to 25% ethylene glycol was done to collect better native data. Screening for heavy atom 

derivatives was not successful. 



139 

Figure A.2; PEPC crystal forms. 
Crystals were grown in a PEG4000, tris'Cl, aspartate, MgS04, DDT solution 
system. The print shows lOX magnified crystals in a hanging drop. 
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