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The Crystal Structure of
the tRNA-Modifying Enzyme

E. coli Pseudouridine Synthase I
by

Paul G. Foster

Abstract

Pseudouridine synthases are a family of enzymes that catalyze the isomerization

of specific uridine residues to the pseudouridine in many stable RNAs within the

cell. An unusual nucleoside with a C-C glycosyl bond, pseudouridine is the most

abundant base modification found in RNA. Although no biological function has

been attributed to this modification, it is found at highly conserved sites in the

catalytic regions of many stable RNA, including the peptidyl transfer region of

rRNA. Relatively little is known regarding the mechanism of pseudouridine

synthesis or how these enzymes recognize their RNA substrates. In this thesis I

present the crystal structure of Escherichia coli pseudouridine synthase I, which

modifies positions 38, 39 and/or 40 in trNA. The structure, the first of any

member of the pseudouridine synthase family, reveals a dimeric protein with

two positively charged clefts along the surface of the protein. An invariant

aspartic acid is located at the center of either solvent-exposed cleft, poised to act

as the catalytic nucleophile. The cleft is formed at the interface of the two

domains that comprise each Psu■ monomer, and presents an ideal site for

binding tPNA. In addition, both domains in each monomer demonstrate a

vii



topological similarity to the structures of a class of RNA-binding proteins,

though the mode of interaction with trNA is likely to be unique. The structure

of Psu■ , a dimer both in the crystal and in solution, suggests a model in which a

dimer is required for binding transfer RNA and subsequent pseudouridine

formation.

Robert M. Stroud, Ph. D.

Advisor and Committee Chairman
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Chapter 1

1.1 Introduction

The ability to store, access and transmit the genetic information that describes the

individual organism is fundamental to life. The unidirectional flow of

information from DNA to protein was first proposed forty years ago as the

Central Dogma of Biology (Crick, 1958). As indicated in Figure 1-1, DNA is the

central component that functions to store and replicate the genetic information

within the cell. The information in DNA is accessed through the synthesis of

RNA molecules, which play two key roles in the flow of information from gene

to protein. The transcribed RNA serves as either (1) an intermediate message

(mRNA), which codes for the protein to be synthesized; or (2) as stable RNA,

which modifies (snRNA) or translates (tRNA and rRNA) the RNA message into

protein. In the final step, this information is translated into the specific proteins

that carry out the biochemical and biophysical processes necessary for life.

While the genetic information of each cell is encoded in the chemical structures

of its nucleic acids, it is the molecular interactions between nucleic acids and

proteins that governs the processes of replication, transcription and translation.

For example, the RNA components of the translational apparatus must interact

with numerous proteins, such as aminoacyl synthetases, elongation factors,

ribosomal-binding proteins, etc. Thus, the ability to modulate protein-nucleic

acid interactions is fundamental to the regulation of these basic cellular

processes. One way to fine-tune these interactions is through the chemical

modification of bases within DNA and RNA. In fact, many of the stable RNA

molecules in the cell are highly modified; it has been estimated that -1% of the E.

coli genome is dedicated solely to enzymes that modify trNA (Björk et al., 1987).
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Such an extraordinary commitment of cellular energy and resources to catalyze

small changes in the bases of tRNA suggests that these modifications important

for protein-nucleic acid interactions.

Modification of Uridine. Among the many enzyme-catalyzed base modifications

identified in DNA (Roberts and Macelis, 1999) and RNA (McCloskey and Crain,

1998) are several modifications of pyrimidines which involve the electrophilic

substitution of alkyl groups for the hydrogen atom attached to the 5-carbon (C5)

of the pyrimidine ring. In particular, a variety of uridine nucleotides and

polynucleotides are substrates for similar C5-alkylation reactions. The products

of these reactions include thymidylate (dTMP), 5–hydroxymethyl

deoxyuridylate (5-hmdumP), 5-methyluridine (m’U) and pseudouridine (Figure

1-2). dTMP and 5-hmdumP are both required as precursors for DNA synthesis

in their respective hosts, while m’U and pseudouridine are modifications that

occur at the polynucleotide level in both trNA and rRNA.

Electrophilic substitution at C5 requires the abstraction of the C5-proton, which

is weakly acidic (pKa > 50) and thus unlikely to be removed by any base within

an enzyme active site. However, it is known from model chemical studies that

nucleophilic attack at the unsaturated C6 atom of the pyrimidine ring would

result in the formation of a dihydrouridine intermediate, which is a more

reactive substrate than parent uridine (Santi and Brewer, 1973). Each of the

aforementioned modifications is catalyzed by a distinct enzyme (Figure 1-1), yet

it appears that they all share one common feature: the utilization of a
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dihydrouridine intermediate, or Michael Adduct, in the reaction pathway

(Ivanetich and Santi, 1992).

1.2 Background

Thymidylate Synthase and dTMP synthesis. Thymidylate synthase (TS) catalyzes

the reductive methylation of duMP, using the cofactor methylene

tetrahydrofolate (CH2H4folate) as the single carbon donor and reductant, to

release the products dTMP and H2folate. TS provides the sole de novo pathway

for biosynthesis of dTMP and is the only enzyme in folate metabolism to oxidize

CH2H4folate during one-carbon transfer (Santi and Danenberg, 1984). In

addition, its role in dTMP synthesis has also made it a target for the development

of numerous chemotherapeutic and antiproliferative agents (Reyes and

Heidelberger, 1965; Appelt et al., 1991; Varney et al., 1992; Shoichet et al., 1993;

Stout et al., 1999). The chemical and structural details of the TS mechanism have

been elucidated through the use of selected tools, such as model compounds

(Santi and Brewer, 1973; Pogolotti and Santi, 1974; Santi and Danenberg, 1984),

site-directed mutagenesis (Climie et al., 1990; Michaels et al., 1990) and

crystallographic analysis (Hardy et al., 1987; Finer-Moore et al., 1990; Matthews et

al., 1990; Montfort et al., 1990). Thus, TS serves as a paradigm for studies on the

structure-function relationship of an enzyme (Stroud and Finer-Moore, 1993;

Carreras and Santi, 1995) and for studies of other enzymes that catalyze

electrophilic substitution at C5 of pyrimidine heterocycles (Ivanetich and Santi,

1992).
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The mechanism of TS involves multiple steps, which are detailed in Figure 1-3.

First, duMP is activated for methylene transfer by a nucleophilic attack at C6 of

the pyrimidine by the catalytic cysteine (Cys198, L. casei numbering) of the

enzyme to form the dihydrouridylate intermediate. Next, the CH2H4folate

cofactor binds in the active site and its imidazolidine ring opens to give a reactive

iminium ion (I). The iminium ion of the cofactor readily condenses with the

activated C5 atom of the substrate to form a methylene bridge across the two

ligands (II). Abstraction of the C5 proton leads to breakdown of the methylene

bridge, which is followed by a rapid hydride transfer from C6 of the cofactor to

reduce the transferred methylene to a methyl group (III), and finally the release

of the products from the enzyme.

Crystallographic studies of various species of TS with ligands bound in the active

site, along with mutant structures and kinetic studies, have defined the roles of

numerous residues that take part in binding the substrate and cofactor (Stroud

and Finer-Moore, 1993; Carreras and Santi, 1995). These include the N229

residue that discriminates between duMP and d(SMP (Liu and Santi, 1992; Finer

Moore et al., 1998), the E60 residue that takes part in proton abstraction from C5

of the substrate (Huang and Santi, 1994; Sage et al., 1996), and the hydrophobic

C-terminus that sequesters the ligands in the active site (Finer-Moore et al., 1990;

Carreras et al., 1992; Perry et al., 1993).

du MP HMase and the hydride transfer step of TS. Several of the known Bacillus

subtilis bacteriophages carry the base hydroxymethyluracil in place of thymine
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in their DNA (e.g., SPO1, be, H1, 925, 2C, SP8 and SP82G) (Hemphill and

Whiteley, 1975). The synthesis of this novel base is carried out at the nucleotide

level by the enzyme duMP hydroxymethylase (dUMP HMase) in a mechanism

analogous to dTMP formation by TS (Kunitani and Santi, 1980; Carreras and

Santi, 1995). Both duMP HMase and TS utilize a cysteine nucleophile to catalyze

the CH2H4folate-dependent methylene transfer to the substrate d'UMP.

However, duMP HMase can not catalyze the final hydride transfer step that

completes the dTMP synthesis; instead, reduction of the methylene is carried out

by a water molecule (Figure 1-4) (Kunitani and Santi, 1980; Schellenberger et al.,

1995). Thus, knowledge of the duMP HMase structure, when compared to the

known structures of TS, could provide valuable insight into the mechanism of

hydride transfer in TS.

dUMP HMase demonstrates limited homology with all TS sequences and is most

similar to E. coli TS (~22% identitical). Many of the residues conserved between

dUMP HMase and TS are those involved in binding the dLMP substrate.

However, key mutations are found in residues that bind the CH2H4folate

cofactor (Wilhelm and Ruger, 1992), and the duMP Hmase sequence extends 82

residues beyond the highly conserved C-terminus of TS (see Figure 5–1). In fact,

the last 120 residues of duMP HMase do not align with any region of the C

terminus of TS, nor are they homologous to any other sequence in the protein

database. It is notable that E. coli T4 phage dOMP HMase, which is homologous

to both duMP HMase and TS but acts on dCMP instead of duMP, is completely

missing the C-terminus present in TS (Lamm et al., 1987). Thus, it appears that
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the loss of the hydride transfer step in either the dLMP HMase and dcMP

HMase reactions is the result of an extension or a deletion of the C-terminus in

each enzyme. In the case of duMP HMase, it is possible that the extended C

terminus folds into a separate domain with an unknown function.

The formation of 5-methyl-LI54 in trNA. m’U, or ribothymidine, is present at

position 54 in the tRNAs of most organisms (Sprinzl et al., 1998). Synthesis of

m’U is carried out in an S-Adenosyl-L-Methionine (SAM) dependent reaction

by tPNA-U54 methyltransferase (RUMT), the gene product of E. coli trma (Björk

and Isaksson, 1970; Santi and Hardy, 1987; Kealey et al., 1994). Although m’U is

not required in trNA (Björk and Isaksson, 1970; Hopper et al., 1982), the

disruption of the trma locus is lethal to the host (Persson et al., 1992). This

suggests that the action of RUMT on its tRNA substrate, while highly conserved

across evolution, might be secondary to a separate, yet unknown, function.

The mechanism of RUMT (Figure 1-5) involves the activation of C5 of the target

U54 base by attack at C6 of the pyrimidine using a catalytic cysteine (C324)

(Kealey and Santi, 1991). This generates a dihydrouridine-tRNA intermediate

with the enzyme in a manner similar to the TS and duMP HMase reactions

(Santi and Hardy, 1987; Kealey et al., 1994). In the RUMT reaction, however, the

methylation occurs through a different one-carbon donor (SAM) by a single

displacement mechanism (Kealey et al., 1991). After methyl transfer, abstraction

of the C5-proton leads to break down of the Michael adduct and release of the

tRNA.
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Pseudouridine synthases and RNA. Pseudouridine is the most abundant modified

nucleoside in RNA, and was first identified as a component of tRNA some forty

years ago (Davis and Allen, 1957). Since its initial discovery in trNA,

pseudouridine residues have been identified in a variety of stable RNA. These

include rRNA (Maden and Wakeman, 1988; Lane et al., 1992; Bakin and

Ofengand, 1993; Ofengand et al., 1995), small nuclear RNA (snRNA) (Hall and

McLaughlin, 1991; Gu et al., 1996) and a tRNA-like molecule (tmRNA) that

initiates a protein degradation pathway for misfolded polypeptides still attached

to the ribosome (Felden et al., 1998). While no definitive biological role has been

attributed to this nucleoside, many of the pseudouridine residues identified are

found at highly conserved sites within their respective RNAs (Cortese et al., 1974;

Bakin et al., 1994; Yu et al., 1998).

The first pseudouridine synthases identified (Psu■ and Psull) were associated

with well-known sites in various trNA substrates (Schaefer et al., 1973; Ciampi et

al., 1977; Green et al., 1982; Kammen et al., 1988; Samuelsson and Olsson, 1990).

Recently, the explosion of genomic sequence data has led to the identification of

numerous putative pseudouridine synthases (Gustafsson et al., 1996; Koonin,

1996). Several of these enzymes have been cloned, purified and demonstrated to

be specific for variety of RNA substrates (Table 1-1) (Nurse et al., 1995;

Wrzesinski et al., 1995; Conrad et al., 1998; Huang et al., 1998; Lecointe et al., 1998;

Raychaudhuri et al., 1998). Still, several of the putative pseudouridine synthases

have yet to be associated with a specific modified site in RNA. Therefore, efforts

are underway to identify the pseudouridine synthases associated with the
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remaining sites (Conrad et al., 1998; Huang et al., 1998; Lecointe et al., 1998;

Raychaudhuri et al., 1998).

The Mechanism of Pseudouridine Synthesis. The minimal chemical mechanism for

pseudouridine formation requires the cleavage of the N-glycosidic bond of the

target uridine residue, followed by a rotation of the uracil to reposition C5 of the

pyrimidine ring near C1'of the ribose and formation of the new C5-C1' bond.

Based on initial model studies which demonstrated the ability of acids to

hydrolyze uridine (Prior and Santi, 1984), a general enzyme mechanism was

proposed for pseudouridine formation similar to that of TS (Figure 1-6)

(Ivanetich and Santi, 1992). In this mechanism, a nucleophile of the enzyme

attacks C6 of the uridine to form a 5,6-dihydropyrimidine Michael adduct with

the RNA. This would achieve two goals: (1) the promotion of the glycosyl bond

cleavage and (2) allow the enzyme to reposition C5 near C1' by rotation of the

uracil base around the C6-N3 axis. Following the formation of the new C5-C1■

bond, abstraction of the C5-proton would result in the breakdown of the Michael

adduct and release of the modified RNA from the enzyme. By analogy to TS, it

was noted that a cysteine residue in the enzyme could serve as the catalytic

nucleophile for this reaction.

Initial support for this mechanism was found in E. coli Psu■ , where inhibition of

the enzyme with thiol derivatives suggested that one of three cysteine residues

could be the catalytic nucleophile (Kammen et al., 1988). However, studies using

site-directed mutants of each cysteine residue demonstrated that none were

involved in catalysis (Zhao and Horne, 1997). Subsequently, an invariant
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aspartic acid residue was identified in a single motif found in all known

pseudouridine synthase sequences. This conserved residue was tested by site

directed mutagenesis and demonstrated to have an essential role in the Psu■

catalytic mechanism (Figure 1-6) (Huang et al., 1998). Thus, the mechanism first

proposed likely to be correct, except that the role of the catalytic nucleophile of

the enzyme is served by an aspartic acid residue instead of a cysteine.

1.3 Significance

The synthesis of uridine modifications is fundamental import to various

processes in the cell, from replication of DNA to the production of mature, active

stable RNAs. The wealth of information provided by the studies of Michael

adduct formation in TS, combined with sited-directed mutagenesis and kinetic

assays, provides a blueprint for these studies with the tRNA-modifying enzymes

RUMT and Psu■ . While protein-RNA interactions are fundamental to numerous

biological functions in the cell, relatively little is known about the structural basis

for their association, and only a handful of protein-RNA complexes exist in the

structure database. What are the important contacts between the protein and the

RNA? How much of the RNA is required for recognition by the protein?

Recently, some of these questions were addressed with trNA-modifying

enzymes, and from this work the enzymes have been assigned to different

groups (Grosjean et al., 1996). According to this work, the enzymes that modify

bases along the acceptor stem above the tRNA “core", such as RUMT and Psull,

do not require the whole tRNA to catalyze their modification (Figure 1-7).

Enzymes that act on the anticodon loop and below the tRNA “core", such as

10
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Psu■ , require the whole tRNA as a substrate in order to catalyze their

modification.

1.4 Overview of the Projects

The main goal of this work was to determine the structures of the tRNA

modifying enzymes RUMT and Psu■ bound to their tRNA substrates in order to

elucidate the structural basis for the enzyme-catalyzed formation of m’U and

pseudouridine in RNA. Prior to work on the tRNA-modifying enzymes, I began

with structural studies of substrate binding in TS, with the goal of learning the

fundamentals of x-ray crystallography. With the help of Eric Fauman and Janet

Finer-Moore, I conducted structural studies on the details of duMP-binding in

the active site of TS. Later, I expanded on this work by elucidating the chemical

and structural basis for inhibition of TS by the nucleotide analog CF3dUMP in

collaboration with Jens Eckstein of the Santi Lab.

My interest in the molecular basis for protein-nucleic acid interactions, combined

with an interest in both macromolecular structure and enzymology, resulted in

the collaboration to conduct structural studies on RUMT project with Jim Kealey

(1991/92). Jim had recently identified the catalytic nucleophile of the enzyme,

and was in the midst of determining the stereochemistry of the reaction when I

joined the effort. Much of the first 9 months was spent growing cells and

purifying the enzyme, though very little progress was made. After Jim

developed a new expression system that allowed large quantities of the enzyme

to be purified in two steps, my focus shifted towards the crystal trials. I also

11
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purified T7 RNA Polymerase as a prelude to synthesizing milligram quantities of

tRNA for RUMT-tRNA cocrystal trials; yet over the next two years, I had little

success in obtaining RUMT crystals. It was also during this time that I began

work on duMP HMase as a secondary project for my orals examination (1994).

Crystals of duMP HMase were easily grown, efforts were directed more towards

this project and less on the RUMT project. Although duMP HMase crystals were

easily grown, they were also consistently disordered. Finally, I had the

opportunity to take on the pseudouridine synthase I (Psu■ ) project in

collaboration with Lixuan Huang (Santi lab). The goal was to identify the

structural determinants of tRNA-binding and mechanism of pseudouridine

formation.

1.5 Organization of the Thesis

The thesis is organized around the chronological progression of work on the

individual projects. Chapter 2 contains a reprinted article that describes the

structural basis for phosphate and duMP binding to Lactobacillus casei TS.

Chapter 3 follows this work with a reprint of the biochemical and structural

elucidation of the mechanism of inhibition of TS by the anti-viral drug

CF3dUMP. The next two chapters focus on two structural projects that were not

completed due to either a lack of crystals or crystals that were inherently

defective. Chapter 4 briefly covers the purification and crystallization trials of

the tRNA-modifying enzyme RUMT, along with work to synthesize tRNA by in

vitro transcription. Chapter 5 details the purification and crystallization of

12
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du MP HMase and the attempts to determine its structure using E. coli TS as a

model for molecular replacement. Chapter 6 presents the details of the

crystallization, heavy atom derivative search and structure determination of

Psu■ . Finally, Chapter 7 presents the structure of Psu■ and a model for binding

tRNA in a paper (submitted) with references within.

13
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Figure Legends

FIGURE 1-1: The Central Dogma of Biology.

A schematic representing the unidirectional flow of information in a biological
system. Genetic information is stored in DNA and is regulated at the level of
transcription and through the biochemical pathways that support replication.
Information flows to an intermediate molecule, RNA, which serves as genetic
messenger coding for protein, and as stable components of the splicing (snRNA)
and translational (tRNA, rRNA) machinery. The resulting protein molecules
function as catalysts and regulators in most cellular processes, but can not be
translated back into genetic information. The uracil-modifying enzymes (purple)
are critical to the synthesis of DNA and the maturation of the stable RNA
molecules.

FIGURE 1-2; Common Modifications of Uracil.

The chemical structures of four uracil modifications, each the result of alkylation
at the C5 position of the pyrimidine ring (red). Deoxythymidylate and
5-hydroxymethyl-deoxyuridylate are nucleotide precursors required for DNA
synthesis in their respective hosts, while 5-methyluridine and pseudouridine are
present in the stable RNA of most organisms. Three of the four modifications
(dTMP, hydroxymethyl-du MP and 5-methyl-U) involve methylene or methyl
transfer to C5, while pseudouridine formation requires cleavage of the N1-C1'
glycosyl bond and reattachment of the pyrimidine by a new C5-C1' bond.

FIGURE 1-3: TS is a Model System for Enzyme Structure-Function Studies.

A schematic depicting the mechanistic features of thymidylate synthase (TS), as
elucidated from chemical and structural studies. A central component of the
reaction is the nucleophilic attack at C6 by the catalytic cysteine (green), which
generates a dihydrouridine intermediate activated at the C5 position. Multiple

14
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enzymatic steps catalyze the bipartite methylene transfer (II; red) and hydride
transfer (III; yellow) to generate the methyl addition at C5.

FIGURE 1-4; duMP HMase Catalyzes a Partial TS

A mechanistic scheme for 5-hydroxymethyl-d'OMP formation catalyzed by
B. subtilis duMP hydroxymethylase is analogous to dTMP formation catalyzed
by TS. Both enzymes act on the same substrate and cofactor, and utilize similar
residues for binding and catalysis. However, in the duMP hydroxymethylase
reaction the hydride transfer step is replaced by the addition of water to reduce
the methylene.

FIGURE 1-5: RUMT Catalyzes SAM-Dependent Methyl Transfer to Uracil.

The mechanism of RUMT involves nucleophilic attack by a cysteine residue in
order to generate an activated C5. Methyl transfer comes from the cofactor SAM
in a single displacement reaction. Following methyl transfer, proton abstraction
from C5 leads to the breakdown of the Michael Adduct and release of the

modified tRNA.

FIGURE 1-6. Pseudouridine Synthase Catalyzes the Formation of a Novel C-C
Glycosidic Linkage in RNA.

The proposed mechanism for Pseudouridine synthase I utilizes an aspartic acid
nucleophile to generate a Michael Adduct with the tRNA. This leads to cleavage
of the glycosyl bond, and following a rotation about the N3-C6 axis, a
reattachment of C5 to C1' of the ribose to generate the pseudouridine residue.

FIGURE 1-7: trNA Modifying Enzymes Recognize Different RNA Substrates.

The structure of tRNA and the positions of three conserved modified bases.
Modifications that occur in the acceptor stem of the tRNA, such as mu54 and

:
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u■ 55, do not require the whole tRNA as a substrate for catalysis. Modifications
that are found in the anticodon stem and loop of the tRNA, such as U39, typically
require the whole tRNA as a substrate for catalysis.
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Uracil Nucleotide Modifications

H
OH H

deoxythymidylate 5-hydroxymethyl
deoxyuridylate

Uracil RNA Modifications

HN
-

HN NH

º P■ 2.

H H H

H | H H H

OH º OH

** ‘.…"

5-methyl uridine pseudouridine
e.g., U54-tRNA e.g., "I'38, 39 and/or 40 in tRNA

FIGURE 1–2

18



Chapter 1

S-Enz

H4 folate
-)G)

*5
HN’SQ-9"2 {H}Base

S- cys-198

II enzyme ls
O N S-Enz

2 ribose

O º O G) O
) J J

HN C2CH2 HNT \s CH 3 H N CH 3

ls
—º- C Fº

O N S-Enz O Nº CS-Enz O 's-Enz
H~~ III ~ ribose

FIGURE 1-3

-

:

19



Chapter 1

O THF
| 2-rurPºlerº

HNT S
O N

S-Cys162 |

8-Y

*S-Cysió2
H

S-Cys162

R = deoxyribose-5'-monophosphate
THF = tetrahydrofolate

FIGURE 1-4

20



Chapter 1

HN | =-r-
O N A| TS-CVS324

R y &
cº*2.

Water

Or

2-> :B-Enz
H

CH3 H*, Enz CH3

HN HN |º %, Y º
i l, scys324 i S-Cys324
R R

R = trNA

SAM = S-AdenosylMethionine
SAHC = S-AdenosylhomoCysteine

FIGURE 1–5

21



Chapter 1

O H

1 6 O

o” Nº. - jºo (
RO RO D60D60

R"O OH R"O OH

H
2^ l

HNT S HN

w St Jº-H

O’ ‘N
tº 4 zºº’s %.6–4O + H

R S D60 9. RO S D60180°

R"O OH R"O OH

**
ºr se.

RO O D60

R"O OH

R = RNA

FIGURE 1-6

S

2.*

22



Chapter 1

w ~ * [- r)
R A \l

-

* A () C- |-

* *
Acceptor

Stem

4—3P
CO1'e

Anti-codon
Stem

O O

CH,
HN

*>
O’ >N o” Sº

l R

ribothymidine pseudouridine

FIGURE 1–7

23



Chapter 1

Known and Putative

Pseudouridine Synthases
from E. coli and S. cerevisiae

\p■ \■ s Protein Known or Putative u■

Organism Synthase Class MW RNA Target Position

E. coli Psul II 30 kD tRNA 38, 39 and/or 40
wn Psull I 35 kD tRNA 55

Rsu/A I 26 kD 16S rRNA 516
Rlua IV 25 kD 23S rRNA 746

-- tRNA 32

wn
Rlub (Ypul) 1 26 kD 23S rRNA 2605
RluC (YCeC) III 36 kD 23S rRNA 955/2504/2580

r: Rlud (Yfil) II 37 kD 23S rRNA 1911/1915/1917

YoiL N.D. 32 kD 23S rRNA N.D.
YbC N.D. 32 kD 23S rRNA N.D.
YgcB N.D. 30 kD 23S rRNA N.D.
Ymf(C N.D. 24 kD 23S rRNA N.D.

S. cerevisiae Puslp IV 62 kD tRNA 27/28
ºr ww. U2 snRNA 44

Pus2p I 42 kD tRNA 55
Pus3p II 51 kD tRNA 38 and/or 39
Pus4p I 45 kD tRNA 55
Cbf5p N.D. 55 kD 16S/23S rRNA* N.D. (various?)

Class I; single site; single substrate
Class II: multiple (adjacent) sites; single substrate
Class III: multiple (distant) sites: single substrate
Class IV: multiple sites; multiple substrates

*

º

)

.

N.D. Not Determined

* associated with Box H/ACA snoRNA

TABLE 1–1

:
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The following chapter was originally published in the Journal of Molecular Biology

(Finer-Moore, et al., 1993) and is reproduced here from the original, with

permision (see Appendix 1).

º

º:

Sº

º

2.

º

26



Chapter 2 º,

Refined Structures of Substrate-bound and Phosphate-bound
Thymidylate Synthase from Lactobacillus casei

Janet Finer-Moore, Eric B. Fauman, Paul G. Foster
Kathy M. Perry, Daniel V. Santi and Robert M. Stroud

Department of Biochemistry and Biophysics
University of California, San Francisco
San Francisco, CA 94143-0448, U.S.A.

(Received 14 December 1992; accepted 5 April 1993)

Crystal structures of two crystal forms of the complex of Lactobacillus casei (TS) with its
substrate d'UMP have been solved and refined at 2:55 A resolution. The two crystal forms
differ by approximately 5% in the c-axis length. The TS-dûMP complexes are symmetric
dimers with d0MP bound equivalently in both active sites. dCMP is non-covalently bound
in the same conformation as in ternary complexes of TS with duMP and cofactor or cofactor
analogs. The same hydrogen bonds are made between TS and substrate in the binary and
ternary complexes.

We have also determined the 2:36 A crystal structure of phosphate-bound L. casei TS.
This structure has been refined to an R-factor of 19.3% with highly constrained geometry.
Refinement has revealed the locations of all residues in the protein, including the disordered
residues 90 to l 19, which are part of an insert found only in the L. casei and Staphylococcus
aureus transposon Tn4003 TS sequences.

The 29 A multiple isomorphous replacement (MIR) structure of L. casei TS in a complex
with its substrate du MP has been refined to a crystallographic R-factor of 15.5%. Reducing
agents were withheld from crystallization solutions during MIR structure determination to
allow heavy-metal labeling of the cysteine residues. Therefore, the active-site cysteine
residue in this structure is oxidized and the dLMP is found at half-occupancy in the active
site.

No significant conformational difference was found between the phosphate-bound and
dLMP-bound structures. The TS-d UMP structures were better ordered than the phosphate
bound TS or the oxidized TS-dûMP, particularly Arg23, which is clearly hydrogen-bonded
to the phosphate group of du MP.

A large and a small P6122 crystal form are observed for both phosphate-bound and
du MP-bound L. casei TS. The small cell forms of the phosphate-bound and duMP-bound
enzyme are isomorphous, whereas the cell constants of the larger cell form change slightly
when du MP is bound (c = 240 A versus c = 243 Å). For both liganded and unliganded
enzyme, conversion from the small to the large crystal form sometimes occurs
spontaneously, and the crystal packing changes at a single interface. Conversion may be the
result of a small change in pH in the mother liquor surrounding the crystal. A single
intermolecular contact between symmetry-related Asp287 residues is disrupted on going
from the small to the large crystal form.

Keywords: enzyme: X-ray crystallography; folate; structure; pyrimidine

CH, Hafolate to the substrate d'UMP to yield dTMP
and dihydrofolate. The first chemical step in the TS
reaction (Fig. 1), Michael addition of a protein
nucleophile to C-6 of the substrate pyrimidine ring,
may be common to many other enzyme-catalyzed
reactions of pyrimidine metabolism (Ivanetich &
Santi, 1992). The structure and mechanism of TS
are of particular interest because TS is the final step
in the sole de novo biosynthetic pathway to dTMP,
an essential component of DNA; thus it is a target

C. ^T)

)

s

º,

º

1. Introduction

Thymidylate synthase (TST, EC 2.1.1.45) cata
lyzes methyl transfer from the cofactor

f Abbreviations used: TS, thymidylate synthase;
CH, Hafolate, 5,10-methylenetetrahydrofolate; du MP,
2'-deoxyuridine 5'-monophosphate; dTMP, thymidine 5'-
monophosphate; CB3717, 10-propargyl-5,8-dideazafolate;
MIR, multiple isomorphic replacement, P, inorganic
phosphate; r. m.s., root-mean-square. º

º
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Figure 1. The chemical mechanism for thymidylate synthase involves Michael addition of Cys 198 of the enzyme to C
of duMP followed by, first, methyl transfer, then hydride transfer from cofactor.

for antiproliferative drug design. We therefore
solved the structure of TS from Lactobacillus casei
by MIR methods (Hardy et al., 1987). Subsequently,
we and others solved structures of TS from
Escherichia coli (Monfort et al., 1990; Perry et al.,
1990; Matthews et al., 1990a,b).

The extremely high level of sequence conserva
tion of TS (18% identical residues among 17 species:
Perry et al., 1990) is consistent with a complex
enzymatic reaction involving many residues. Some
of the conserved residues may perhaps have some
other, non-enzymatic function. Substrate and
cofactor bind synergistically to the large, open
binding cavity, which closes down as the ternary
complex is formed (Stroud & Finer-Moore, 1993;
Monfort et al., 1990; Matthews et al., 1990b). In the
ternary complex, the pterin ring of the cofactor lies
over the d0 MP, and the complementary binding
surfaces of these two substrates helps ensure their
proper orientation in the ternary complex (Finer
Moore et al., 1990; Matthews et al., 1990a).
Structural studies of wild-type and mutant
complexes (binary and ternary complexes of reac
tants, products and substrate analogs) coupled with
kinetic studies help to define the roles of individual
residues in the reaction.

Most mechanistic information on TS derives from
studies of the L. casei enzyme obtained from over
producing strains (Crusberg et al., 1970) of the
bacteria, therefore the L. casei protein is most rele
vant for studying effects of amino acid changes on
the kinetics of the TS reaction. To this end, the
L. casei enzyme was the first TS species for which a
crystal structure was determined (Hardy et al.,
1987). The L. casei TS gene has been chemically
synthesized, cloned, and expressed in E. coli (Pinter
et al., 1988; Climie & Santi, 1990), and many mutant
proteins designed from the structure to test
concepts have been produced (Climie et al., 1990,
1992; Santi et al., 1990; Liu & Santi, 1992).

We have now determined by difference Fourier
methods the structures of TS-du MP in two crystal
forms, one of which is identical with that of the
MIR structure, the other of which has an approxi
mately 5% longer c-axis. We have also determined
the structure of phosphate-bound TS to 2:36 A.
These are the base structures from which all struc
tural changes that accompany mutation or binding
will be assessed. We have extensively refined the
2.9 Å MIR structure. Refinement has revealed that
the active-site cysteine residue was oxidized and
half a molecule of du MP was present in the active

site. In the remainder of the paper we refer to these
four structures as form I TS-d'OMP, form II TS
duMP, phosphate-bound TS, and oxidized TS
du MP, respectively.

2. Materials and Methods

(a) Crystallization
TS was isolated (Wataya & Santi, 1977) from a metho.

trexate-resistant strain of L. casei (Crusberg et al., 1970)
The first crystallization of TS, data collection to 29 A.
and structure solution by MIR methods have been
described (Hardy et al., 1987). The crystals belong to
space group P6,22, with a = 788 A, c = 230.2 A, and 1
promoter in the asymmetric unit (so-called form I
crystals). Reducing agents were omitted from crystalliza
tion mixtures to facilitate heavy-atom labeling for the
MIR method. Although TS activity is sensitive to oxida
tion (Dunlap et al., 1971), oxidation of the enzyme has no
observable effect on precession photographs of the
enzyme (Hardy et al., 1987) and, we have since confirmed,
no perceptible changes in tertiary structure at atomic
level beyond oxidation of the active-site cysteine residue.
dUMP was included in crystallization mixtures, but there
was no evidence that it was bound in the crystals until
after extensive refinement of the crystal structure.

A second cell form with the same space group and
slightly different cell constants, a = 783 A and
c = 243.2 Å (form II), was obtained under identical condi
tions but at a slightly higher pH (7:4 compared to 6-8) and
without addition of duMP. Form I crystals occasionally
convert to form II, but the reverse transition is observed
very rarely. Conversion is spontaneous and may result
from a local change in pH of the mother liquor
surrounding the crystal in the X-ray capillary.

Crystals of form I TS-dûMP were prepared by the same
procedure as the oxidized TS-duMP crystals, but with the
addition of dithiothreitol to the crystallization mixture.
During data collection, the form I TS-dûMP converted to
form II, with a = 78.6 Å and c = 2402 A.

(b) Data collection; phosphate-bound TS and TS-dû MP
Data were collected from a single form II crystal of

phosphate-bound L. casei TS on a Siemens IPC area
detector with a 3-circle goniometer using 100 pm focal
size Cuko. X-rays from a Rigaku rotating target tube
with Franks' focusing mirrors. The closely spaced diffrac
tion spots along c" were clearly resolvable at the crystal
to detector distance of 34 cm used for data collection.
A modified version of the data collection software of
Blum et al. (1987) was used to process data frames.
Oscillation widths were 12 min and the counting time per
frame varied from 6 min for low-resolution data
(20 = 10°) for 8 min for high-resolution data (20 = 30°).
Data were initially reduced to intensities using the
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programs of Howard et al. (1987). However, the ln(Fº) did
not fall off linearly with sin”6/2”, and a large percentage
of the atomic B-factors for the protein refined to values
less than 2 A* with these data. Intensities were therefore
rereduced with XDS programs of Kabsch (1988). Eleven
batches of data, collected from different orientations of
the crystal or different 20 settings of the detector, were
processed and redundant reflections within each batch
were averaged. The intensities for the different batches
were scaled and averaged using Rotavata/Agrovata from
the CCP4 suite of programs, Daresbury, England. The
XDS data reduction routines were able to more accur
ately determine intensities and backgrounds for the weak,
high-resolution reflections, resulting in a more linear
Wilson plot.

Data for TS-d'UMP were collected from a single crystal
on a Siemens IPC area detector with a 3-circle goniometer
using 200 um focal size Cuka X-rays from a Rigaku
rotating target tube with a graphite monochromater.
Oscillation widths were 15 min and the 20 setting was 25°.
After 720 frames (180°) of data were collected, the crystal

converted to the larger, form II unit cell, and 720 frames
of data in each of 2 orientations were collected from the
transformed crystal. The integration program SCAN
(Blum et al., 1987) and the scaling program SCALEI
(Howard et al., 1987) were used to integrate and scale
intensities. Table 1 shows crystallographic data statistics
for the phosphate-bound and duMP-bound TS structures.

(c) Structure solution and refinement
The structure of phosphate-bound L. casei TS was

solved by rigid body translation and rotation grid search
against 4 Å resolution data starting with the MIR struc
ture using the program SIXDREF (V. Ramalingam,
personal communication). The search model in optimum
orientation was refined for 10 cycles using the restrained
least-squares refinement program of Hendrickson &
Konnert (1981) vectorized to run on a FPS264 (Furey et
al., 1982).

For the initial stages of refinement, the oxidized TS

Table 1
Statistics for X-ray data for four crystal structures of TS

Resolution No. No. unique Rym" R.,.” Average Aq,"
(A) I■ a (I) observations reflections % Complete (%) (%) (deg.)

A. Oridized form I d'UMP compler P6,22, a = 788 A, c = 230-2 A
5.1 36.9 10,281 1982 99.6 33 18.0 39.7
4.1 57-9 21, 104 1822 100-0 4-1 12.1 47.4
3-6 41-3 17,804 1797 100-0 5-4 13-1 55-1
3-2 25-6 15,773 1773 100-0 7.5 16.7 57.2
3-0 14.8 13,018 1757 99-9 11.6 18.9 69-3
2-9 na" na. 502 53.8 na 20-5 52-0

Total 35-5 77,980 96.33 95-6 6-8 15.5 53-3

B. Form II phosphate compler P6,22, a = 78.3 A, c = 243.2 A
5-l 15.4 7546 2039 97.1 3-6° 21:4
4-2 15-2 5315 1462 91-6 4-0 14 l
3-6. 12.6 96.72 1774 96-7 4.8 15-6
3-2 10-3 13,460 2083 99.5 6-6 17.2
3-0 7.1 13,999 2243 99.5 9-5 20-6
2-8 5-6 12,593 2439 99-2 12.8 23-9
2.6 4:0 7577 2468 93.2 18-0 23-3
2.4 2.9 6925 2973 7 1-2 24.0 25-2

Total 9-4 77,087 17,481 91-2 7-0 19-3

C. Form I TS-du MP compler P6,22, a = 788 A, c = 230-2 A
4-6 11-3 2466 | | 1.4 42-1 7.3 16.4
3.7 10:3 6673 2413 97.7 8-7 14-2
3-2 4.6 5505 2312 95-6 16.8 17.9
2.9 2-0 4102 2l 17 88-9 31-6 22.1
2.7 1.2 3032 1875 79-1 43-0 26-4
2-6 0-7 1443 1069 45.2 51-1 29-5

Total 9.4 23,221 10,900 74.4 12.4 18.6

D. Form II TS-dû MP compler P6,22, a = 786 A, c = 240.2 A
4-6 14.4 4839 1281 46.8 8.4 16-3
3.7 13-0 12,626 2535 99-1 10-4 14.8
3-2 5-9 l 1,030 2482 98.8 20-4 18.5
2.9 2.7 8622 2414 97.6 34-7 22.9
2.7 1.5 6307 2286 93.3 45-7 25-0
2-6 0-8 2964 1593 65-0 52-1 27.4

Total 9-4 46,338 12,591 83.0 15-6 19-1

: Rym = (Pºl■ 2.[(1...- I.)]o [I)]*|X|1,wa■ a (I)]*)}” x 100%.Rºry, = crystallographic R-factor (as 9%), excluding data less than 7 A.
* Avgåd = average difference in final calculated phases from experimental (MIR) phases.
* Statistics were compiled after data reduction and averaging only for data up to 3 A resolution. “R.I., -

PI(I-Imean(i))|Insan(i)] × 100%, where, In...(i) is the average intensity of reflection i and all redundant or symmetry-equivalent
measurements. The Rºmerse terms are similar to the Rºrm terms calculated by XDS for a single batch; the redundance within most batches
was less than 2.

assrºº
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Table 2
Refinement statistics for oxidized TS-d'UMP (oxidized, form I), phosphate-bound TS (TS-P), form I

TS-dû MP (TS-dû MP, I) and form II TS-du MP (TS-du MP, II)

Oxidized, form I TS-P, TS-duMP, II TS-duMP, I

Parameters
No. atoms 2640 2634 2643 2640
No. water molecules 30 36 33 30
No. discretely disordered side-chains 0 0. 0 0

Diffraction agreement
Resolution (A) 7-00–2-90 7:00–2-36 7:00–2-55 7:00–2-55
No. reflections 8786 16,619 9566 8.192
Sigma cutoff 0 0 2 2
Reº (%) 15.5 19-3 19-1 18-4

Stereochemical ideality
Bond lengths (A) 0-013 0.018 0-014 0-017
Bond angles (deg.) 3-l 3-6 3-4 3-6
Torsion angles (deg.) 24.8 25.4 24-9 25-9
Average B all atoms 29-6 26-7 17.4 18
Average B, 90–139 omitted

21:9 20-5 13-9 13.5

Average atomic B-factors are listed for all the atoms in the structure, and for all the atoms except the highly mobile residues 90 to 139
in the small domain. The B-factor model is restrained, isotropic.

dLMP and phosphate-bound structures were assumed to
be the same and were refined alternately as follows. After
a portion of one structure was rebuilt using FRODO
(Jones, 1985) and refined by restrained least-squares it
was rotated into the other unit cell, where it was refined
and rebuilt against the data corresponding to that cell
form. After all residues were thus modeled, each structure
was refined independently by the simulated annealing
method as implemented by Brunger et al. (1987) in the
program XPLOR.

All refinements were carried out with 7 to 2.90 A data
for oxidized TS-duMP crystals and 7 to 2:36 A data for
phosphate-bound crystals. However, including the low
resolution data (50 to 7 A) when calculating density maps
was crucial for interpreting the most disordered regions
of the structure. A correction for diffraction by the bulk
solvent was not done; rather, the calculated structure
factors, F., were scaled to the observed structure factors,
F., using a sin”6/4” zonal scaling method (Chambers &
Stroud, 1977). The (2F,-F.)asale and the (F. — F.)&eals
maps were good enough to eventually interpret density
for all of the structuret.

The structure of form I TS-dûMP was solved by differ
ence Fourier methods starting with the refined oxidized
TS-dûMP coordinates with the dLMP and ordered water
molecules removed. d'UMP was built into the initial
(F.—F.)&eals map and some side-chain conformations were
rebuilt using FRODO. The structure was then refined by
energy minimization using XPLOR. The structure of
form IITS-dûMP was solved by rigid body refinement of
the form I TS-dûMP structure, followed by simulated
annealing and energy minimization, all using XPLOR.
Water molecules were chosen from (F. – Fe)asals maps and
their density was checked in omit maps after they had
been refined. Crystallographic refinement statistics for all
4 structures are given in Table 2. Fig. 2 shows B-factor
plots for 3 of the 4 structures.

(d) Comparison of structures
To assess differences in the 4 L. casei TS structures, we

superimposed 2 structures by minimizing the differences
in the coordinates of their backbone atoms. We then
estimated expected errors in the coordinate differences of
the overlapped structures axy-, as a function of tempera
ture factor, B, using an equation of the form:

asy,(B) = (abº + b B+c),
where constants a, b and c were determined by curve

75

45 Ts' dump

15

75

45 Ts-P

15

75

Oxidized TS duMP
45

15

f Coordinates and structure factors for phosphate
bound L. casei TS and duMP bound L. casei have been
submitted to the Brookhaven Protein Data Bank under
codes 4TMS and 1TDM, respectively.

100 200
RESI DUE

Figure 2. Plots of average atomic B-factor (A*) for all
atoms in a residue versus residue number for form II
TS-dLMP, form II phosphate-bound, TS, and oxidized
form I TS-dûMP. The data sets for the 3 structures have
Wilson B-factors of 15 A*, 41 A* and 66 A*, respectively.
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Figure 3. Stereo ribbon drawing (Kraulis, 1991) of L. casei TS showing nomenclature used for helices. Helix G, which
is partially obscured by helices C, E and F, is not labeled. The 5 major fl-strands in the B-sheet interface are numbered i
to iv beginning from the left side. The secondary structure corresponds to sequence as follows: helices A, 1 to 16; B, 54 to
67; C, 71 to 78; D, 83 to 91; D', 104 to 109; E, 113 to 131; F, 133 to 140; G, 145 to 152; H, 162 to 174; I, 186 to 191; J, 222
to 245, K, 264 to 272; and B-strands —i, 18 to 20; i, 27 to 38; ii, 250 to 262; iii, 210 to 222; iv., 198 to 207; v, 180 to 184;
Ia, 153 to 155; Ib, 159 to 161; IIa, 281 to 285; IIb, 298 to 302.

fitting to a plot of a A, versus B (Chambers & Stroud, 1979;
Perry et al., 1990). The aa, terms were determined by
binning the atoms according to B-factor and fitting a
Gaussian to histograms of Ar for a given range of
B-factors, where Ar is the distance between 2 corre
sponding atoms in the overlapped structures (Fauman &
Stroud, unpublished results). Coordinate differences
greater than 20, were considered significant.

Since precise side-chain conformations could not be
determined on the basis of the moderate-resolution (29 A
and 24 A) electron density maps for the structures, we
also assessed differences in side-chain structure using
volume overlap integrals as a description of the percent
age volume in each structure that overlaps (Schiffer et al.,
1990).

3. Results

Refinement of the oxidized TS-dLMP and phos
phate-bound TS structures required local rebuilding
and adjusting sequence registration for short
stretches of the chain. Nevertheless, the MIR struc
ture we presented in Hardy et al. (1987) is correct in
almost all respects. In particular, we noted several
residues in the active-site cavity that were later
shown to be involved in ligand binding in the
ternary complex of E. coli TS with duMP and the
cofactor analog CB3717 (Montfort et al., 1990;
Matthews et al., 1990a).

The structures of L. casei TS and E. coli TS are
highly conserved, particularly in the active-site

cavities (Perry et al., 1990). Therefore, even though
we do not yet have a structure for a ternary
complex of L. casei TS, we have deduced the roles of
individual residues in ligand binding from the
E. coli ternary complex structures (Montfort et al.,
1990; Finer-Moore et al., 1990; Matthews et al.,
1990a,b; Kamb et al., 1992a).

The ribbon drawing of one monomer of the
enzyme, Figure 3, shows the nomenclature for
secondary structure used in the remainder of the
paper. Corrections to the L. casei structure that
affect residues in the active site include rebuilding of
the loop between helix H and 3-strand V, which
brings Arg178't into the active site to hydrogen
bond to the phosphate group, and reregistration of
the sequence in 3-strand ii, which puts His259 in the
place originally assigned to Tyr261, and repositions
Tyr261 slightly in the active-site cavity. Both
Tyr261 O" and His259 N* hydrogen bond to the
3'-hydroxyl group of the dOMP ribose moiety.
Other adjustments eliminated the steric clashes we
expected between protein and duMP. Registration
of the sequence in the C-terminal loop was adjusted
(Fig. 4) and all of the residues were identified in
density maps.

-

Helix I, originally identified as a 310 helix, is

f Residues from the “second” protomer that enter
into discussion of the first are indicated with a prime.
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Figure 4. Stereo plots from a (2F,-F), as map from the 23 A phosphate-bound TS structure showing density for
residues 301 to 307 in the C-terminal loop. These residues were not located in the partially refined structure reported
earlier (Hardy et al., 1987). All density plots in this paper were made by interfacing FRODO-formatted density (Jones,
1985) with MOLSCRIPT (Kraulis, 1991). In this and all other stereo plots in this paper, the left pair of structures is a
crossed-eye stereo pair and the right pair is a divergent-eye stereo pair.

better described as one turn of 2-helix followed by
one turn of 310 helix. This helix contains two proline
residues and only three NH ... O hydrogen bonds.
Helix K, residues 264 to 272, which was originally
modeled as 310 helix, is an 2-helix. Several B-strands
were not identified in the original paper. These
include residues 18 to 20, which form the outer
strand of the B-sheet at the dimer interface, and two
B-ribbons; (Trp153 to Thr155; Asp159 to Ile161)
and (Thr281 to Asn285; Asp298 to Leu302).

As shown in Figure 5, backbone torsion angles are
all within or close to allowed regions of the
Ramachandran diagram (Ramachandran et al.,
1963) after rebuilding of the structure. In all, 78%
of the side-chains for the 2:36 A phosphate-bound
structure and 73% of the side-chains for the 2.9 Å
oxidized TS-duMP structure adopt one of the stan
dard conformations observed by Ponder &
Richards (1987), +/-2a, as determined by dihedral
angles.

(a) Hydrogen bonding of conserved side-chains
Side-chains of several conserved residues form

hydrogen bonds between segments of protein,
ensuring their concerted movement toward the
active site when cofactor binds to the protein
(Montfort et al., 1990; Kamb et al., 1992b: and see
Table 3). The N terminus of helix J contains a
conserved proline residue that prevents the
carbonyl groups of residues Ile222 and Phez23 from
hydrogen-bonding to the backbone of the helix,
though both residues are in a helix conformation.
These carbonyl groups are hydrogen-bonded to
Lys60 Nº of the folate-binding loop and Tyrö O" of
helix A, respectively. The so-called folate-binding
loop, residues 44 to 51, connects fl-strand i with
helix B and contains several basic residues impli

cated in binding of the polyGlu tail of CH2 Hafolate
and identified in the X-ray structure (Maley et al.,
1982; Kamb et al., 1992a). Other conserved residues,
Thr48, Thr49, Glu3, His264, Arg274 and Tyr204,
link helix A, the folate-binding loop, helix K and
segments of the long C-terminal loop that emerges
from helix K and traverses the protein (see Fig. 3).
These segments are on the left of the TS protomer as
in Figure 3 and are those that show the most
dramatic movement during the folate-induced
conformational change (Table 3A). The link
between their shifts and the binding of folate may
be the invariant residue Phez28, in the N-terminal
half of helix J, which is the major hydrophobic
contact of the p-aminobenzoic acid moieties of
CH, Hafolate and CB3717 (Finer-Moore et al., 1990).
Glu3, which hydrogen bonds to the folate-binding

go 5 -go
PHi

Figure 5. Ramachandran diagram showing a plot of
(q, ,) angles for the polypeptide chain of phosphate
bound L. casei TS, excluding glycine residues. The plots
of the dOMP-bound structures were very similar.
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1 adic 3

Segmental shifts and hydrogen bonds in E. coli TS-dûMP-CB3717 compared to unliganded E. coli TS

Segment Segment name Residues Shift|atom (A)

A. Segmental shifts
l Helix A 3–14 0.44

2 Phosphate-binding loop 20–22 0.97
3 Beta strand i 23–30 1-07
4 Folate-binding loop 44-54 0-74

10 Helix J 219–231 0.67
14 Beta-strand ii 256–261 0.67
15 Helix K 262–271 1.34
16 C-terminal loop 272–281 0-82
19 C-terminal loop 302–307 0-67
20 C-terminal loop 308-313 1-12
21 C-terminal loop 314–316 5:03

Residue Atom Segment Residue Atom Segment Distance (A)

B. Intramolecular hydrogen bonds
Glu5 (): 1 l Thr49 Oy 4 2.78
Glu5 ():1 l Thrá9 N 4 3.15
Glu5 O-2 l Thr48 O7 4 3.01
Glu5 Oºz l Thr48 N 4 3-11
Tyró O" l Wat:321 2.61
Tyró O" 1. Ilex 22 O 10 2.64
Thrá8 O7 4 Arg277 N 16 2-84
Lys30 N: 4 Wat:321 3.39
Lyss0 N; 4 Phezz3 O 10 3.02
His264 Nº.2 15 Pro813 O 20 2.45
(ºln:271 Nº.2 15 Wat:321 2.62
}lnz71 O't 15 Thr49 Oy 4 3.08

Arg274 NH2 16 Thr49 O 4 2.78
Arg274 NH2 16 Pro808 O 20 2-88
Tyr204 ()" 19 Lyss0 O 4 3.05
Tyr204 O" 19 Leu37 () 4 2.66
Tyr204 O” 19 Val■ 2 N 4 2.89
Asp22 O31 2 Tyr261 O" 14 3.01

The segments are numbered as in Montfort et al. (1990). The shift|atom is the vector sum of the shifts of all atoms in the segment
divided by the number of atoms in the segment. The second part of the Table shows the intramolecular hydrogen bonds with conserved
side-chains in L. casei TS. Residues in bold type are conserved in 17 published sequences of TS (Perry et al., 1990). Gln271, in italics, is
conserved in 16 of the sequences.

loop, is not strictly conserved, but is always either
an acidic residue (Glu or Asp) or the N-terminal
residue of the protein, as in E. coli TS. In the latter
case, the N terminus is modified by carbamylation
and the modified N terminus hydrogen bonds to the
folate-binding loop in the same way as Glu2 in
L. casei TS (Fauman et al., unpublished results).
Wat:321, which is part of the hydrogen-bonding
network, is conserved in E. coli TS (Montfort et al.,
1990; Matthews et al., 1990a), phage T4 TS (Finer
Moore et al., unpublished results) and human TS
(Schiffer et al., unpublished results).

(b) The L. casei insert is helical and poorly ordered
Residues 90 to 139 in L. casei TS are an insert in

the small domain of the protein so far found in only
one other species of TS (Perry et al., 1990), the
Staphylococcus aureus transposon Tn4003 (Rouch et
al., 1989). Residues 91 to 1 18 are poorly ordered and
could not be interpreted in MIR maps or in
(2F, - F.)&eale maps during the initial stages of
refinement. Density in this poorly ordered region
was first modeled as unconstrained “water

molecules”. As continuous backbone structure could
be deciphered, the water molecules were replaced
with the protein model. Although this region has an
average B-factor of 78 A* in the phosphate-bound
TS structure, density in (2F, - F.)2, ale maps is fairly
continuous for the backbone (Fig. 6) and all but one
side-chain could be built into appropriate density.
Furthermore, the structure for this region is
sensible: (■ p, y) angles fall within energetically
favorable regions of the Ramachandran diagram
(Fig. 5); hydrophobic residues are buried and hydro
philic residues are exposed (Fig. 6).

The complete structure of the L. casei TS small
domain (residues 71 to 139) shown in the 2-carbon
tracing of the protein (Fig. 7) consists of five
a-helices, labeled C, D, D', E and F. Helix D',
residues 104 to 109, is only one and a half turns long
and includes some of the most disordered residues in
the structure. His 106 in this helix is hydrogen
bonded to the C terminus in both form I and form
II structures and is close to the very poorly ordered
loop, residues 21 to 26, (Fig. 8). His25 juts out into
the solvent region away from His106 and the C
terminus, but side-chain density for this residue is
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Figure 6. Stereo plots of sections from a (2F,-F)2 calc map through the middle of the poorly ordered L. casei insert,
residues 90 to 139, of form IITS-dûMP. Hydrophobic residues are clustered in the interior of the domain. The L. casei
insert was built from phosphate-bound TS and oxidized TS-dûMP density maps, but is much better ordered in the form
IITS-dûMP structure shown here (KB) = 36 A*).

poor and extra density in difference maps suggests
an alternative position next to the C terminus.
B-factors for His 105, His25 and the C terminus,
Val216, are 88 A*, 93 A* and 67 A*, respectively.

(c) The small domain contains a single variant
ligand-binding residue, Trps2

Trp82 is implicated as a major binding deter
minant for folate; its side-chain stacks against the
pterin ring of CH2 Hafolate (or of analogs of
CH2 Hafolate, such as CB3717) in ternary complexes
of E. coli TS (Montfort et al., 1990; Matthews et al.,
1990a,b; Kamb et al., 1992a) and in binary TS
CB3717 complexes (Kamb et al., 1992b). Trp82
serves also to sequester the substrate and cofactor
from solvent. It is the only completely conserved
residue in the small domain among known
sequences of TS. When the structures of phosphate
bound E. coli, L. casei, and TS from phage T4 are
overlapped, the side-chains of Trp82 in each struc
ture superpose, even though the small domains in
the three enzymes have very different structures.

When the E. coli TS-dûMP-CB3717 complex is
formed, the carboxy terminus shifts 5 Å into the
active site to hydrogen bond to Trps5 and Arg23
(Finer-Moore et al., 1990). The penultimate carbonyl
group then provides one of only two direct hydrogen
bonds between the protein and the pterin ring of the
folate cofactor. Trp85 also stacks against the pterin
ring in the E. coli ternary complex. However, in the
L. casei enzyme, Trp35 is rotated about 180° about

its CP-C bond relative to the E. coli structure,
though it is oriented so that it could hydrogen bond
to the C terminus once the C terminus had swung
into the active site to form the ternary complex. In
phage T4, as well as all eukaryotic species, residue
85 is asparagine. Thus, the role of residue 85 in
hydrogen bonding to the C terminus may be
conserved, but its role as hydrophobic binding
surface for cofactor is not.

(d) du MP binding in TS-d'OMP complexes
In the form I and form II binary complexes of TS

with d0MP, substrate is non-covalently bound to
protein in the same conformation as in E. coli TS
ternary complexes (Monfort et al., 1990; Matthews et
al., 1990a,b; Kamb et al., 1992a). The orientation of
the pyrimidine ring is anti with X, the torsion angle
about bond Can-Na (Saenger, 1984) = –168°. The
orientation about the Cay-Caso bond is -sc (trans,
gauche: W. Saenger, 1984). Hydrogen-bonding
contacts between du MP and the protein (Fig. 9) are
essentially the same as in the ternary complexes,
although limited resolution of the phosphate moiety
prevents precise identification of the hydrogen
bonds between the phosphate group and the
surrounding arginine residues.

No significant conformational difference is found
between the two TS-d'OMP crystal forms, nor is
there any difference in main-chain conformation
between duMP-bound and phosphate-bound TS.
The atomic B-factors for both the binary complexes
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Figure 7. (a) Stereo view of a smoother a-carbon tracing of L. casei TS highlighting the small domain (filled coils),
produced with the program MOLSCRIPT (Kraulis, 1991). The position of Trp82, an important ligand-binding residue
that is conserved among all known TS sequences, is labeled. (b) Sequence of small domain with helices indicated by
broken lines below the sequence.

Figure 8. Stereo plot of sections from a (2F,-F.)&
carboxyl group with His 106 in the small domain and the highly mobile loop containing Arg23 and His25. The
conformation of Val216 is ambiguous, so the hydrogen bonds indicated by broken lines are tentative. The atomic
B-factors in this region are all over 60 A*, thus the density does not present the quality of most of the map. His25 may
exist in a second conformation, as seen by extra density near His 106.

sale map at the C terminus showing the proximity of the terminal
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Figure 9. Stereo plots from an omit map calculated using TS-duMP coordinates excluding the dLMP. Coordinates for
TS-dûMP are overlaid on the map. Hydrogen bonds to duMP are shown by broken lines, water molecules are shown
with spheres.

are less than for unbound TS (Fig. 2, Table 2),
indicating that ligand binding serves to order the
protein. Density for the poorly ordered small
domain, in particular, is improved. Density for
residues 20 to 26, which was difficult to interpret in
the phosphate-bound structure (Fig. 8) is also much
clearer. In the TS-du MP complexes, Arg23 is in
the same site as in the E. coli ternary complexes
(Montfort et al., 1990; Matthews et al., 1990a,b;
Kamb et al., 1992a), where it makes two hydrogen
bonds with the phosphate moiety of duMP. The
Arg23 side-chain still has a high average B-factor of
43 A*, which, while less than the average B of 74 A*
seen in phosphate-bound TS, is still much higher
than in E. coli TS-d'OMP-CB3717. The side-chain of
His25 is also in a different conformation from that
in the phosphate-bound structure.

In several investigations only a single molecule of
dUMP binds per molecule of L. casei TS dimer
(Galivan et al., 1976; Leary et al., 1975). Danenberg
& Danenberg (1979) found that the two subunits in
the L. casei TS dimer react sequentially with their
ligands; that is, substrate and cofactor bind to one
active site before the second site is accessible. These
results suggest that the binding of duMP to one
active site induces an asymmetry in the dimer that
prevents du MP from binding to the second active
site. In the crystals of L. casei TS-duMP, the dimer
2-fold axis coincides with a crystallographic 2-fold
axis, thus the two active sites are necessarily seen as
being equivalent. To make sure there was no slight
asymmetry between protomers that was undetected
when assigning the space group, we also calculated

maps with a large data set in which reflections
related by the crystallographic 2-fold were not
averaged (space group P61). In these maps, where
equivalence of protomers was not enforced by crys
tallographic symmetry, we found equivalent density
for duMP in both active sites. We did not detect
any disordered regions in the active site suggesting
the structure was an average of asymmetric dimers
rotated with respect to one another by 180° about
their 2-fold axes, and the d0 MP site was fully
occupied. Therefore, binding of dOMP to one active
site does not preclude binding to the second.

(e) du MP binding in oxidized TS-dû MP
When reducing agents are withheld from L. casei

TS, the enzyme loses activity without major pertur
bations to the tertiary structure of the protein. The
minor changes to the phosphate-binding loop
(residues 21 to 26) and the decrease in B-factors
compared to unliganded TS do not occur in oxidized
TS-duMP. The small domain and phosphate
binding loop are even less well ordered than in the
phosphate-bound structure and no orientation for
either Arg23 or His25 is defined in convincing
density.

Density for duMP in oxidized TS-dûMP showed
up in density maps only after refinement of the
protein was nearly complete (Fig. 10). Although the
dLMP density in (2F. - F.)&sale maps is well defined,
it integrates to about one half the expected number
of electrons for a fully occupied site. Integration of
density at the phosphate site, which may be occu

:
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Figure 10. Stereo plot of an (Fe-F)&sale map calculated after refinement of the protein, but before building duMP
into the structure. The final structure, including refined duMP, is shown overlaid on the difference density. A phosphate
ion at the phosphate-binding site had been included in the structure throughout refinement, thus there is no difference
density for the phosphate moiety of duMP.

pied either by P, or the phosphate moiety of duMP,
indicates that it is fully occupied. We found that
during our 2.9 Å resolution refinement, the
B-factors and occupancies of the du MP were highly
correlated, therefore, they were not refined simul
taneously. The occupancy of dOMP atoms,
excluding those in the phosphate moiety, were fixed
at 0.5 and atomic B-factors were refined. The
average B-factor of the dLMP refined in this way
was 20 A*.

The conformation of the dLMP is different from
that in the unoxidized TS-dûMP complexes
(Fig. 11). The phosphate moiety of the substrate is
in the same binding site as in the unoxidized binary
complex, but rotation about the Can-Cºn bound to
the +sc (gauche, gauche) orientation has the effect of
moving the pyrimidine out of its normal binding
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site. The pyrimidine ring in the syn orientation with
= -56°. In the ternary complex, the 0°of Asn229

is a hydrogen bond acceptor from N-3H on d'UMP
and N* is a hydrogen bond donor to 0-4 of
dUMP. Shifting of the pyrimidine ring in the
oxidized binary complex alters this hydrogen
bonding scheme (Fig. 11). Asn229 forms a single
hydrogen bond to duMP, between Asn229 N* and
O-4. These differences in binding mode are due to
oxidation of the active-site sulfhydryl Cys198.
Extra density, which partially blocks the pyrimi
dine binding site, was seen attached to the Cys 198
sulfhydryl even in early maps (Hardy et al., 1987).
This density is weak and poorly resolved in differ
ence maps, thus it is difficult to interpret at an
atomic level. The only other cysteine residue in the
protein, Cys244, is near the surface of the protein,

C198

R218

Figure 11. PLUTO stereo plot of duMP in the oxidized L. casei TS binary complex, showing surrounding residues.
dLMP from the form ITS-dûMP structure is plotted with open bonds for comparison. Hydrogen bonds are indicated by
broken lines.

1.
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Figure 12. PLUTO stereo plot of water molecules in the alternative binding site found for the quinazoline ring of
CB3717 (Montfort et al., 1990). Watl and Wató are equivalent to Wl and W6 of the E. coli TS-dûMP-CB3717 structure
referred to in Finer-Moore et al. (1990). Hydrogen bonds are indicated by broken lines. Residues Glu50, Trp32, Asn229
and Tyr233 are conserved among 17 published TS sequences (Perry et al., 1990).

but its side-chain is partially buried and not
oxidized. There is no evidence in density maps for
methionine oxidation.

(f) Solvent structure
Thirty-six water molecules with good hydrogen

bonding geometry were identified in phosphate
bound TS (2F, - F)&eale maps, and 19 of these are
visible in oxidized form I TS-dûMP maps. All but
four of these 19 common water molecules are
conserved in E. coli TS-duMP-CB3717 ternary
complexes. Three of the four non-conserved water
molecules lie at a crystal contact region in L. casei
TS; crystal contact water molecules are highly vari
able between non-isomorphous crystal forms of pro
tein or homologous proteins (Finer-Moore et al.,
1992). The three buried waters at the dimer inter
face in E. coli TS-duMP-CB3717 (Montfort et al.,
1990) are conserved in both form I and form II
structures. These interface water molecules are
hydrogen-bonded to side-chains that are highly
conserved among TS species (Montfort et al., 1990).

While five water molecules that are hydrogen
bonded to ligand-binding residues are conserved
between the E. coli ternary complex and phosphate
bound L. casei TS, none of the water molecules
directly bound to ligands in the ternary complex is
found in the L. casei phosphate-bound or oxidized
TS-dûMP structures. The five conserved water
molecules are buried and are well ordered, as
reflected by the low B-factors. However, in TS
dUMP, where du MP is bound as in the E. coli
TS-duMP-CB3717 structure, Watl of TS-dûMP
CB3717 (Finer-Moore et al., 1990), which is hydro

gen-bonded to 0-4 of dOMP, is conserved. This
water molecule is found in all ternary complexes of
TS so far solved (Montfort et al., 1990; Matthews et
al., 1990a,b; Kamb et al., 1992a; Fauman et al.,
unpublished results). This water molecule is part of
a network of hydrogen-bonded water molecules in a
cavity of the protein lined with highly conserved
side-chains (Fig. 12). This cavity closes down some
what on ternary complex formation and contains
two less water molecules in E. coli TS-duMP
CB3717 than in L. casei TS-duMP. In crystals of
TS-duMP-CB3717 that are not fully reduced, this
cavity binds the quinazoline ring of CB3717
(Montfort et al., 1990). The physiological relevance
of this alternative folate-binding site, if any, is not
known.

(g) Packing differences between form I
and form II TS

We compared the r. m.s. deviations of the over
lapped structures of oxidized form I TS-d'OMP and
phosphate-bound, form IITS. Although each struc
ture had been initially refined using the other for
reference, each had later been refined independently
by molecular dynamics as well as by inspection of
diffence maps. The significance of any differences in
the structure was evaluated as a function of
B-factor of the compared atoms (Chambers &
Stroud, 1979; Perry et al., 1990; Fauman & Stroud,
unpublished results). By this criterion, there was no
significant (greater than 20) difference in the
backbone atoms of the oxidized TS-dûMP and
phosphate-bound structures.

When these two structures were overlapped, 258
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Figure 13. PLUTO stereo plot of the intermolecular contact between Asp287 and Asp287 in form I L. casei TS. The
structure of form II L. casei TS is overlaid (open bonds).

of their side-chains overlap by more than 75% of
their volumes. The 58 side-chains with less than
75% overlap are concentrated in the high B-factor
region of the poorly ordered small domain, residues
90 to 120, where the exact conformations of the
side-chains are sometimes ambiguous, and at a
region of the C-terminal loop, residues 287 to 297,
that is at a crystal interface in form I but not in
form II. The non-overlapping side-chains that are
not in one of these two regions are mainly isolated,
external residues with several conformational
degrees of freedom, such as lysine.

Besides the interface involving residues 287 to
297, all other crystal interfaces are approximately
the same in form I and form II crystals. When the
unit cell contents of phosphate-bound form II TS
and oxidized form I TS-dûMP are overlapped by
minimizing the coordinate differences between one
corresponding protomer from each cell, the atoms in
the symmetry mates that are within 5 A of a crystal
interface (not including the dimer interface or the
interface unique to form I) overlap with an r. m.s.
deviation of 1.2 Å (0.58 A for only backbone atoms).
Five ordered water molecules at crystal interfaces
other than the dimer interface were conserved
between form I and form II. Intermolecular
hydrogen-bonding contacts for the two crystal

forms are equivalent except for a contact between
Asp287 O” and its symmetry mate, Asp287' 0",
which is present in form I but not form II crystals
(Fig. 13). This contact of 335(+0-21) A represents a
long hydrogen bond or possibly a hydrogen bond
mediated by a water molecule: the side-chain is very
solvent-accessible. This contact may be disrupted
by a change in pH, triggering the transformation to
the larger cell form.

4. Discussion

Two different crystal forms of L. casei TS have
nearly identical conformations. The larger unit cell
crystal (form II, c = 243 A) is slightly more stable
than the smaller cell form (c = 230 A), as evidenced
by a lower overall B-factor for the data (41 A*
versus 66 A*) and the fact that form I crystals
frequently convert to form II, but the reverse tran
sition has been observed only once. The c unit cell
dimension changes by 13 A in the transition, from
c = 230 A to c = 243 Å, and the transition occurs
cooperatively throughout the crystal. The dOMP
complex of L. casei TS also crystallizes in two
similar crystal forms with space group P6122. The
smaller cell form is isomorphous to the small cell of
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unliganded enzyme and can convert to the larger
form, which has a c-axis of 240 A.

The two crystal forms observed for phosphate
bound L. casei TS differ at a single crystal interface.
Specifically, one intermolecular contact between
Asp287 and its symmetry mate is apparently
disrupted at higher pH, forcing the symmetry
related molecules apart in the c direction. Proximity
of Asp287 and Asp287 may alter the pK, of these
side-chains, which would normally be charged at
pH 6:8. A similar modulation of pKa values is seen
in the aspartic proteinase structures, where two
adjacent aspartic acid residues are thought to be
hydrogen-bonded to each other through their O’
atoms (Davies, 1990). At slightly higher pH, the
Asp287 side-chains may lose a proton, creating an
unfavorable interaction. A shift in pH of the mother
liquor surrounding a crystal may occur at higher
temperature, triggering the change in unit cell that
we have frequently observed during data collection.
Alternatively, the pK, of the Asp side-chain may be
temperature-dependent.

The small domain of L. casei TS contains a 42
residue insert that has been found only in this
enzyme and in TS from S. aureus transposon
Tn4003, out of 25 published TS sequences (Perry et
al., 1990). However, the sequence similarities
between L. casei TS and TS from the S. aureus
transposon Thé003 are as high for this insert as for
the rest of the sequence, indicating evolutionary
pressure to conserve it (R. Reid, personal communi
cation). This region is very disordered and
previously 30 of the residues were not visible in
density maps. We have now determined that the
structure of the entire domain is primarily a-helical.
The L. casei insert extends across the bottom of the
active-site cavity bringing His 106 on the far side of
the domain next to the C terminus of the protein
and to His25, which is unique to the two TS species
with this insert. His25 and His 106 are two of the
most disordered residues in the structure, and the C
terminus is very mobile. A strong ion pair or hydro
gen bond interaction between His25 and C terminus
might interfere with the conformational change
accompanying ternary complex formation.
Possibly, proximity of His106 to His25 is necessary
to destabilize such an interaction so the conforma
tional change can occur.

The conformation of du MP and its contacts with
the protein are the same as in ternary complexes of
E. coli TS, except that there is no covalent bond to
the active-site cysteine residue. du MP binds to TS
without affecting the tertiary structure of the pro
tein. Changes in side-chain orientations of phos
phate-binding residue Arg23 and His25 as well as a
lower overall B-factor compared with phosphate
bound TS are the primary structural effects of
dLMP binding. du MP is demonstrated to bind
equivalently to both active sites in the dimer. This
result does not rule out the possibility that there is
cooperativity of binding to the two active sites in
the dimer. Since even duMP binding induces some
minor structural changes in the protein, the affinity

of duMP for TS is likely to be affected by the
ligation state of the enzyme. However, under the
conditions used for crystallization (5 mM duMP), a
structural basis for asymmetric behavior of the
active sites cannot be discerned.

Our finding that duMP binding has little effect on
the conformation of TS is consistent with the
observation that binding of dOMP has only a small
effect on the ultraviolet light, circular dichroism and
fluorescence spectra of TS (Galvin et al., 1975; Leary
et al., 1975; Donato et al., 1976). In contrast, when
folates bind to the enzyme, several secondary struc
ture elements shift towards the active site. Most
dramatically, the C terminus moves 5 Å into the
active-site. The net effect of these segmental shifts is
closing down of the active-site cavity around the
substrates in ternary complexes of TS (Montfort et
al., 1990; Matthews et al., 1990a,b; Kamb et al.,
1992a,b).

Oxidation of L. casei TS inactivates the enzyme by
modification of the active-site cysteine residue, with
no alteration of the protein conformation. There is
no evidence in difference maps for oxidation of the
other cysteine residue or the methionine residues in
the structure. In our structure of oxidized TS,
dLMP is well ordered, but it has an occupancy of
about 0.5 and its pyrimidine ring is pushed slightly
out of its normal binding site. This crystal structure
has a protomer in the asymmetric unit with the
dimer 2-fold coincident with the crystallographic
2-fold. We did not detect any breakdown of the
2-fold symmetry in the data, nor did we see any
disorder of the protein in density maps. Therefore,
we conclude that the protomers are genuinely iden
tical in structure, and not an artifact of the
symmetry of the assigned space group. The half
occupancy of duMP results from decreased binding
affinity rather than asymmetric binding to a single
active site per dimer.

Eighteen water molecules were located in L. casei
TS that were conserved in the E. coli TS ternary
complex TS-duMP-CB3717. As expected (Finer
Moore et al., 1992), most of these are well-ordered
(average B-factor, 22 A*) internal water molecules.
The active-site water molecules bound directly to
the ligands in ternary complexes of TS are not
visible in density maps for our phosphate-bound or
oxidized duMP-bound structure. However, in our
TS-duMP complexes, the water molecule that is
hydrogen-bonded to 0-4 of duMP in TS-duMP
CB3717 is conserved. In TS, as in other proteins,
ordered water molecules are an important part of
the ligand-binding site and help determine the speci
ficity of the protein for its ligands (Stroud & Finer
Moore, 1993; Quiocho et al., 1989). The large active
site cavity of TS appears to be filled with disordered
water molecules, some of which are recruited, at an
entropic cost, for binding ligands. Several of the
ordered water molecules bound to ligands are
conserved among binary and ternary complexes of
TS. Not only do they contribute to ligand binding
energies but they may also play a role in catalysis
(Finer-Moore et al., 1990).
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5. Conclusion

Refinement of two crystal forms of L. casei TS
has revealed the entire structure of the small
domain of the enzyme. The function, if any, for the
highly mobile L. casei insert in this domain is not
known, though it is clearly under evolutionary
pressure. Deletion of the insert yields inactive
enzyme (D. W. Santi, unpublished results). Much
shorter inserts, only 16 amino acid residues long, in
the analogous positions of eukaryotic species are
highly conserved, suggesting a conserved function
distinct from catalysis in eukaryotes but not pro
karyotes. Residues 82 and 85, which are highly
conserved among all TS species, are in the sequence
immediately preceding the insert and are part of the
cofactor-binding site.

We have solved binary complex structures of TS
in two crystal forms. The protein conformation is
identical in phosphate-bound and duMP-bound TS
and their crystal forms are isomorphous. Therefore,
we are now in a position to study crystal structures
of binary complexes of L. casei TS mutants, and
correlate structural information with kinetic data
on reactions such as 5-hydrogen exchange and
debromination of Brd UMP, which mimic the first
steps of the enzymatic reaction.

We are grateful to Dr W. Montfort for his valuable
assistance with data collection and refinement. We thank
Dr V. Ramalingam for assistance in running his
programs. Research was supported by National Institutes
of Health grant ROl-CA-41323. Computations at the
Pittsburgh Supercomputer Center were supported by
National Science Foundation grant DMB890040P.
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ABSTRACT; Thymidylate synthase (TS) from Lactobacillus casei is inhibited by 5-(trifluoromethyl)-2'-
deoxyuridine 5'-monophosphate (CFadumP). CFAdUMP binds to the active site of TS in the absence of
5,10-methylenetetrahydrofolate, and attack of the catalytic nucleophile cysteine 198 at C6 of the pyrimidine
leads to activation of the trifluoromethyl group and release of fluoride ion. Subsequently, the activated
heterocycle reacts with a nucleophile of the enzyme to form a moderately stable covalent complex.
Proteolytic digestion of TS treated with [2'-'H]CFAdul MP, followed by sequencing of the labeled peptides,
revealed that tyrosine 146 and cysteine 198 are covalently bound to the inhibitor in the enzyme-inhibitor
complex. The presence of dithiothreitol (DTT) or B-mercaptoethanol resulted in the breakdown of the
covalent complex, and products from the breakdown of the complex were isolated and characterized.
The three-dimensional structure of the enzyme-inhibitor complex was determined by X-ray crystallography,
clearly demonstrating covalent attachment of the nucleotide to tyrosine 146. A chemical reaction
mechanism for the inhibition of TS by CFAdLMP is presented that is consistent with the kinetic,
biochemical, and structural results.

Thymidylate synthase (TS,' EC 2.1.145) catalyzes the
reductive methylation of 2'-deoxyuridine 5'-monophosphate
(dUMP) to thymidine 5'-monophosphate (dTMP) with the
concomitant conversion of CH2H4folate to H2folate. Since
TS is the last enzyme in the sole de novo pathway for dTMP
synthesis, it has been a important target for antineoplastic
agents. Considerable efforts have been devoted to the
discovery and understanding of inhibitors of this enzyme.
As early as 1965, it was reported that 5-(trifluoromethyl)-
2’-deoxyuridine 5'-monophosphate (CFAdUMP) was an ir
reversible inhibitor of TS in extracts of Ehrlich ascites cells
(Reyes & Heidelberger, 1965). 5-(Trifluoromethyl)-2'-
deoxyuridine (CF■ durd), a metabolic precursor of CFAdLMP,
is a potent inhibitor of cell growth (Umeda & Heidelberger,
1968) and has been tested extensively both as a chemothera
peutic agent and an antiviral agent (Heidelberger & King,
1979). Currently, CF3dUrd serves as a topical agent to treat
Herpes keratitis (Carmine et al., 1982). Although the
inhibition of TS by CFAduMP has been recognized for almost
3 decades and various elements of the interaction have been
proposed, the mechanism of inhibition remains to be
elucidated.
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CA-14394 (D.V.S.) and CA-41323 (J.F.M.) from the National Institutes
of Health. P.G.F. is supported by NIH Training Grant GM-08382-06.
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* Present address: Mitotix Inc., One Kendall Square, Cambridge,

MA ()2.139.
"Graduate Group in Biophysics.
+ Department of Biochemistry and Biophysics.
* Present address: Faculty of Pharmaceutical Sciences, Okayama

University, Tsushima, Okayama 700, Japan.
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| Abbreviations: TS, thymidylate synthase; CFdurd, 5-(trifluorom

ethy)-2'-deoxyuridine; CFdUMP, 5-(trifluoromethyl)-2'-deoxyuridine
5'-monophosphate; duMP, 2’-deoxyuridine 5'-monophosphate, dTMP,
thymidine 5'-monophosphate; CH-Hafolate, 5,10-methylenetetrahydro
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lysylendopeptidase, DTT, dithiothreitol; rms, root mean square.

A key feature of the irreversible inhibition of TS by CFA
dUMP is the cleavage of its carbon-fluorine bonds. Al
though carbon-fluorine bonds generally are quite strong,
B-elimination of a fluoride ion may occur when a negative
charge is generated on the carbon adjacent to a C-F bond
(Sakai & Santi, 1973). The resultant olefinic carbon may
undergo attack by a nucleophile, and if additional fluorine
atoms are attached, successive addition-elimination reactions
result in the cleavage of all C-F bonds. In model studies,
attack of a nucleophile at C6 of 1-substituted 5-(trifluoro
methyl)uracils activates the trifluoromethyl group and leads
to carbon-fluorine bond cleavage (Santi & Sakai, 1971).
The loss of the first fluoride ion produces an exocyclic
difluoromethylene carbon that is susceptible to the addition
of a second nucleophile (Scheme 1) (Santi & Sakai, 1971;
Wataya et al., 1987) and ultimately an acyl derivative of
that nucleophile. Under basic aqueous conditions, a series
of addition-elimination reactions results in 5-carboxyuracil,
which is the major metabolite of 4-(trifluoromethyl)uracil
and CFAdUrd degradation in vivo (Heidelberger et al., 1965).

For the inhibition of TS by CFAdUMP, Santi and Sakai
proposed that a nucleophilic catalyst of the TS reaction (Cys
198) in the active site functions as the activating nucleophile
(Santi & Sakai, 1971). Addition of this nucleophile to the
C, of CFAdUMP results in the formation of an exocyclic
difluoromethylene intermediate, which could then be attacked
by a nearby second nucleophilic residue, irreversibly acy
lating the enzyme.

With crystal structures of TS available, we revisited
questions on the mechanism of CFAdUMP inhibition; we
asked whether earlier proposals were viable in the context
of the structure and attempted to identify the putative residue
of TS that was covalently modified. Using the Lactobacillus
casei TS-duMP crystal structure, we modeled a TS-CF3
dUMP complex. Analysis of this model indicated that no
nucleophilic residues of the enzyme were within covalent
bond-forming distance of the CF, moiety of CFadumP, but

C.T.
* **.
*-*

mºsº

45



Chapter 3

Scheme 1

(e cf. †) 2- o ( :Nu

* { 3. unºs,” HN *rº-º-º:
| :Nu | h | H

:Nu

Nu
| o
cF COOH

o

2 -

Hn - 2 F HnI_1 -- *- JJ
o n H o N H

| |
R R

R = 2'-deoxyribose-5'-monophosphate

that His 199 and Tyr 146 were the most likely candidates
for the acylated nucleophiles, with distances from the CF3
group of 4.5 and 4.3 Å, respectively. In the present work,
we describe experiments that verify old and uncover new
aspects of the mechanism of TS inhibition by CFAdUMP and
identify the acylated residue of TS as Tyr 146.

MATERIALS AND METHODS

Materials. CF3dUrd was purchased from Sigma and
converted to CFadump with wheat germ phosphotransferase,
as described for nucleotide monophosphate production
(Prasher et al., 1982). CFAdUrd and CF, duMP were purified
with HPLC system A (see the following). [2'-'H]CFadu (11
Ci/mmol) was purchased from Moravek (Brea, CA). Ly
sylendopeptidase (LEP) was purchased from Wako. All
other chemicals were bought from commercial sources and
used without further purification. TS was purified by an
automated purification system described previously (Kealey
& Santi, 1992). TS activity was assessed by a spectropho
tometric assay (Pogolotti et al., 1986), and purity was
monitored by 12% SDS-PAGE stained with Coomassie
Blue R250 (Laemmli, 1970). Protein concentrations were
estimated according to Bradford (1976), and concentrations
of pure enzyme were determined by using an e278 of 1.25 x
10° cm-' Mº' for TS dimer (Greene et al., 1993). Enzyme
concentrations in all TS-CF3dUMP reactions are for TS
monomer, except where noted. The standard TES buffer
consisted of 50 mM TES, 25 mM MgCl2, 6.5 mM HCHO,
and 1 mM EDTA and was used for all experiments except
where noted. Amino acid sequencing was carried out at the
Biomolecular Resource Center, UCSF. Peptides and reaction
products were analyzed using electrospray mass spectroscopy
at the UCSF Mass Spectroscopy Facility.

HPLC. All chromatography was carried out at room
temperature. System A: Rainin HPXL solvent delivery
system with Dynamax UV-1 detector; Altex Ultrasphere-IP
column 5 um, 4.6 x 250 mm. Data acquisition and analysis
were done using a Rainin software package operating on an
Apple Macintosh computer. The following conditions were
used: flow, 1 mL/min; injection, 25 min at 100% solvent A
(5 mM KP, 5 mM tetrabutylammonium hydrogen sulfate,
and 10% CH3CN, pH 7), followed by a 10 min linear
gradient to 60% solvent B (5 mM KP, 5 mM tetrabutylam
monium hydrogen sulfate, and 60% CH3CN, pH 7). System

B: Hewlett-Packard Aminoquant 1090 Series II system
connected to a Hewlett-Packard HPLC ChemStation, Brown
lee Labs narrow bore C-8 RP300 column, 2.1 x 30 mm.
The following conditions were used: flow, 200 ul/min:
injection, 5 min wash with 100% solvent C (0.1% trifluo
roacetic acid in water), followed by a 25 min linear gradient
to 90% solvent B (70% CH3CN and 0.1% trifluoroacetic
acid/water). Absorbance was monitored at 215 nm on a
Hewlett-Packard diode array detector. System C. Pharmacia
HR10/10 fast desalting FPLC column; flow, 2 mL/min:
mobile phase was water. System D. preparative Econosil
RP18 column, 10 x 250 mm; flow, 1 mL/min, wash with
solvent A (10 mM NH4+HCOOT, pH 7.5) followed by a
linear gradient of 10–60% solvent B (MeOH).

Degradation of the TS-CF;dUMP Complex with DTT
A preformed complex containing 250 uM CF3dUMP and
50 um TS was treated with 30 mM DTT, and aliquots
removed at various times were either diluted 60-fold into
solutions for activity assay or filtered through a Sephadex
G-25 superfine column (NAP-25 column, Pharmacia) to
separate enzyme from free ligand prior to activity assay. Gel
filtration chromatography was carried out at 4 °C in buffer
containing 50 mM N-methylmorpholine, 25 mM MgCl2, and
1 mM EDTA (pH 74).

UV/Visible Spectroscopy. All spectra were recorded on a
Hewlett-Packard 8452A diode array spectrophotometer.
Difference spectra were obtained by subtracting the spectrum
of enzyme from the total spectrum. Corrections were made
for dilution and light scattering.

Filter Binding Assays. A reaction mixture containing 10
aMTS and 30 um [2'-3H]CF,dUMP (158 Ci/mol) in TES
buffer was incubated with and without 70 puM CH2HAfolate;
25 ul aliquots (14 000 dpm) were removed over 90 min
and applied to a nitrocellulose filter (BA-85, Schleicher and
Schuell). The filter was washed and counted as previously
described (Bruice & Santi, 1982).

Fluoride Ion Determinations. Fluoride ion release was
measured using an Orion fluoride electrode (Model 94-09)
and an Orion pH/millivolt meter (Model 611). The electrode
was calibrated by serial dilution of a 0.1 M NaF standard
solution (Orion). In all experiments, 1 1:1 TISAB (total ion
strength adjustment buffer)/CDTA (trans-1,2-diaminocyclo
hexane-N,N,N',N'-tetraacetic acid) solution (Orion) was used
to adjust conductivity to 50 mS. *F NMR spectra were
recorded at 282.3 MHz on a GE 300 NMR spectrometer,
employing CFCl, as an external reference. The concentra
tions of TS and CFAdUMP were 110 and 200 um, respec
tively.

Peptide Mapping and Amino Acid Sequencing. A 350 ul
reaction mixture containing 43 puM TS and 50 puM [2'-
3H]CFAdUMP (171 Ci/mol) in TES buffer was incubated at
room temperature for 90 min and then digested with 550
aL containing 0.2 unit of LEP in 5 M guanidine hydrochlo
ride and 50 mM Tris-HCl (pH 8.9) for 30 h at 30 °C. The
mixture was analyzed using HPLC system B. Amino acid
sequences of HPLC-purified peptides were determined by
Edman degradation, as previously described (Kealey & Santi,
1991). The phenylthiohydrantoin derivatives from each
sequencing cycle were collected, and 40 ul aliquots were
counted in 8 mL of Aquasol II/2 mL of H2O on a Beckman
LS 3801 liquid scintillation counter.

Isolation and Purification of Reaction Products. Method
1: A 1 mL reaction mixture containing 4 um TS, 1.8 mM
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[2'-3H]CF,dUMP (140 nGi/umol), and 6 mM DTT in TES
buffer was incubated at room temperature for 84 h. The
mixture was applied to Whatman 3 mm chromatography
paper (28 x 40 cm) and developed with isobutyric acid/0.5
NH4OH (6:10, v/v), yielding two spots, product A and
product B. The second band from the top (R = 0.43) was
the main product. Method 2: A 4 mL reaction mixture
containing 120 um TS and 250 um CFAdUMP in TES buffer
was incubated at room temperature for 1 h, followed by the
addition of DTT to 20 mM with continued incubation at room
temperature for 2 h. The enzyme was removed using a
Centricon 30 concentrator (Amicon, 3 x 15 min at 3000g).
The solution was evaporated in vacuo, redissolved in 5%
MeOH/H2O, and subjected to HPLC using system D, and
products were identified by UV/vis spectra.

Autoradiography. A 1 mL reaction mixture containing
8.5 um TS and 10 um [2'-'H]CF3dUMP (600 uCi/umol) in
TES buffer was incubated for 40 min. The reaction mixture
was analyzed by SDS-PAGE and prepared for autoradiog
raphy as described previously (Chamberlain, 1979).

Molecular Modeling. CF3dUMP was modeled into the
active site of the TS-dUMP binary complex (Finer-Moore
et al., 1993) using QUANTA/CHARMm (Molecular Simula
tions, Inc., Waltham, MA) on a Silicon Graphics Personal
Iris workstation. CF3dUMP was placed into the active site
by first superimposing it with bound duMP. A bond was
constructed between the sulfur of the active site cysteine and
C6 of CFAdLMP, followed by a shift of the Cs—C6 double
bond to a C5-C1 double bond and removal of one fluoride
ion from the trifluoromethyl group carbon C7. The structure
was energy minimized using the steepest descent algorithm
followed by Adopted-Basis Newton Raphson minimization.

TS-CF du/MP Crystallization. Crystals of TS-CFy
dUMP complex were obtained as previously described for
the L. casei TS-duMP structure (Finer-Moore et al., 1993),
except all solutions contained TES buffer (100 mMTES (pH
7.4) and 0.1 mM EDTA) in place of phosphate. Prior to
crystallization, 13 mg/mL TS was dialyzed overnight against
TES buffer and incubated for 30 min with 1 mM DTT. After
the removal of exogenous DTT by gel filtration (NAP-5
column, Pharmacia), the protein fraction was mixed with CF
dUMP and used for crystallization by hanging-drop vapor
diffusion against TES buffer. Crystallization drops contained
10 mg/mL TS, 0.5 mM CF3dUMP, and 1–2% saturated
(NH4)2SO4 in TES buffer.

X-ray Data Collection. Diffraction data from a single
crystal of TS-CF3dUMP were collected on a Fuji Image
Plate (R-Axis IIC) using a 300 um collimated beam of
graphite-monochromated Cu Ko X-rays generated by a
Rigaku rotating anode. Thirty data frames were collected,
each covering a 2° oscillation range over 40 min, with a 26
setting of 19° and a crystal to detector distance of 23.6 cm.
The data were indexed and reduced using the R-Axis.[IC
automated programs (Higashi, 1990; Sato et al., 1992).
Additional data from a second crystal were collected on a
Siemens area detector, using a 300 um collimated beam of
graphite-monochromated Cu Ko X-rays generated by a
Rigaku rotating anode. Oscillation widths were 0.2° in a
and counting times were as high as 6 min/frame for the
higher resolution data (26 = 22°). The crystal to detector
distance was 30 cm. These data were indexed and integrated
using the program XDS (Kabsch, 1982) and then scaled and
merged using the program Rotavata/Agrovata (CCP4, Dares

Table 1: Crystallographic Data Statistics for TS-CF,dUMP
X-ray detection image plate area detector
space group P6,22 P6122
resolution (A) co–2.3 oo-2.6
total observations 43699 15737
unique reflections 14543 81 17
I/OI 5.35 8.55
Racio (%) 11a 6.1°
completeness (%) 89 77

* Rector = Rºmerse for data collected from the image plate, where Rimerse
= X.n (I) - II/XI. "For data collected from the area detector, Rico,
= Rom, where Ron = [[X,X.ºw (L. - 1)/[X,X.ºw (I)]}", I,
= 1/NY.11, and w = 1/02.

Table 2: Crystallographic Refinement Statistics for TS-CF,dUMP
total no. atoms 2681
total no. waters 48

Diffraction Agreement
total unique reflections 15500
Rixto" (%) 21.3

Stereochemical Ideality
bond lengths (Å) 0.018
bond angles (deg) 3.7
dihedrals (deg) 25.2
av B-factor (■ ”) 17

“Rºtor – 2 Feb. - Fealed!/2. Fealed.

bury England). The space group and unit cell dimensions
were the same as those obtained from image plate data, and
all reflections were later merged using a locally written
program with Wilson scaling (D. A. Agard, personal com
munication). Statistics for the crystallographic data are given
in Table 1.

Structural Solution. The structure was deduced from
difference Fourier (Fo – Fe)0 calcd maps, where Fe and Ocaled
were derived from a highly refined, phosphate-bound L. casei
TS structure with coordinates for the phosphate removed
(Finer-Moore et al., 1993). The CF3dUMP was buuilt into
the initial (Fo – Fe)ocaled map; in later (Fo - Fe)ocaled maps
the degradation product 5-carboxy-dLMP was modeled into
additional electron density within the active site. The model
was refined using the program XPLOR (Brünger et al., 1987)
by alternating 40 cycles of energy minimization with 5 cycles
of individual restrained B-factor optimization until it reached
convergence. Additional waters were identified from (Fo
– F.)ocaled maps, and after further refinement, the density
for each was checked using omit maps. Crystallographic
refinement statistics are given in Table 2.

Structural Comparison. Superposition of the TS-CF3
dUMP structure with the refined L. casei TS-duMP
structure was accomplished by aligning the two structures
such that the rms deviation in the Ca positions was minimized
(Kabsch, 1978) using the program GEM (Fauman, 1993).

RESULTS

UV/Visible Difference Spectra. Treatment of L. casei TS
with CF3dUMP in the absence of thiols led to the formation
of a new chromophore absorbing between 290 and 340 nm,
which was stable for at least 1 h (Figure 1). Spectral titration
of a constant amount of CF3dUMP (10 um) with TS showed
that the stoichiometry of the interaction was 1 CFAdUMP
per TS monomer (Figure 1, inset), giving a Aesos of 4600
MT' cm" per monomer. Using 8.5um TS and 10 um CF,-

*
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wavelength (nm)

FIGURE 1: Difference spectra of a reaction mixture contain
ing 8.5 am TS and 10 uM CFadumP in a total volume of 1 mL.
Spectra were recorded immediately after the addition of
CFAdUMP (–) and after 310 s ('' ''). The final spectrum was stable
for at least 1 h. The third spectrum (- - -) was recorded 30 min
after the addition of 6 mM DTT to the reaction mixture and
the reference. Inset: Spectral titration of CFAdUMP with TS.
The final concentration of CFAdLMP was 10 um (total volume, 1
mL in standard TES buffer). The ratios of absorbance changes
with varying TS concentrations (AOD504mm) to the maximal
absorbance change (AOD504mm mas) are plotted against TS concentra
tions.

dUMP, the apparent first-order rate constant for the absor
bance increase at 304 nm was 7.2 × 10^*s" (tiz as 96 s).

Addition of 3-mercaptoethanol or DTT to the preformed
enzyme-inhibitor complex gave similar spectra that dem
onstrated a time-dependent increase of the absorbance
between 290 and 340 nm and the appearance of a shoulder
at 240 nm. In a reaction mixture containing 8.5/1M TS, 90
AuM CFAdUMP, and 6 mM 3-mercaptoethanol, the absor
bance at 304 nm increased rapidly within the first 10 min,
followed by a slower increase that was complete after 3 h.
When 3 mM DTT was used, the increase at 304 nm was
complete after 30 min, and the end point was 7 times lower
than that with 3-mercaptoethanol; the final spectrum is shown
in Figure 1.

Nitrocellulose Filter Binding and Gel Filtration. When
TS was incubated with excess [2'-3H]CF3dUMP in the
absence of thiols, the enzyme-inhibitor complex could be
isolated on nitrocellulose filters. The complex formed with
k = 7.7 x 107°s" (t1/2 = 90 s) and was stable for at least
2 h. The presence or addition of DTT to the preformed TS
[2'-3H]CF;dUMP complex resulted in the slow release of
the label from the protein (data not shown), with k = 1.8 ×
107° ST" (t1/2 = 650 min).

A preformed complex of TS-CF,duMP treated with DTT
was either diluted in assay buffer and assayed directly or
filtered through Sephadex G-25 to remove free ligand prior
to assay. Without gel filtration, TS activity was undetectable
for as long as 8 h; however, when gel filtration was used to
remove small molecules, there was a slow recovery of
activity (ca. 60% in 8 h).

SDS-PAGE. In the absence of thiols, the TS-[2'-3H]CF3
dUMP complex can be isolated on SDS-PAGE (Figure 2A).
When 10 um TS was incubated with 10 MM (2'-3H]CF3
dUMP, two protein bands, corresponding to 34 and 37 kDa,
were observed on SDS-PAGE. The 37 kDa band cor
responded to unmodified TS and was about 5-fold more

1 2 3 4

FIGURE 2: (A) Visualization of the enzyme-inhibitor complex on
SDS-PAGE. The complex was formed by incubating TS with
CFadUMP for 1 h. A new band with an apparent molecular weight
of 34 000 appeared (unliganded TS migrates with an apparent MW
of 37 000). (B) Degradation of the tritium-labeled complex in the
presence of 3-mercaptoethanol. Lane 1, SDS-PAGE of untreated
complex; lane 2, SDS-PAGE of complex treated with 3-mercap
toethanol; lanes 3 and 4, autoradiography of lanes l and 2.

Table 3: Measurement of Fluoride Ion Release in the Reaction of
L. casei TS with CF3dUMP"

A B Cº De

[TS monomer] 50 (1) 180 (3) 50 (1)
(CF,dUMP) 200 (4) 60 (1) 200 (2) 114 (1)

[F] released 100 (2) 120 (2) 150 (3) 350 (3)
* All concentrations are given in micromolar, followed in parentheses

by the number of fluoride equivalents released. TS-CF;dUMP reaction
incubation times were 30 min. TISAB (4 mL) was added to all
reactions prior to measurement. No fluoride release was detected in
control reactions containing either TS or CFAdUMP alone." A 60 min
reaction with 35 mM DTT followed TS-CF3dUMP incubation.
* Hydrolysis of CF,duMP at pH 13, 37 °C, in the absence of TS (72
h).

intense than the 34 kDa band. Autoradiography showed that
the radioactive label was present only in the 34 kDa band
(Figure 2B, lanes 1 and 3). When the preformed complex
was boiled in loading buffer containing 50 mM 3-mercap
toethanol before application to the gel, the intensity of the
34 kDa band became weaker and finally disappeared (Figure
2B, lanes 2 and 4).

Inhibition of TS Activity. Incubation of 8.5 um TS with
50 um CF,dUMP resulted in time-dependent loss of TS
activity with k = 7.7 x 107° sº" (tin & 90 s), similar to the
time course of the spectral change at 304 nm and formation
of the complex isolable on nitrocellulose filters.

Fluoride Release. *F NMR and a fluoride-specific
electrode were used to show that treatment of CF3dUMP with
TS in the absence of thiols results in the release of fluoride
ions. In 19F NMR, free CF3dUMP showed one sharp singlet
signal with a chemical shift of -67 ppm, relative to CFCl3.
Upon addition of TS, this signal disappeared and a new signal
at –124 ppm was observed, characteristic of free fluoride
ions (Sohar, 1984). Addition of NaF to this mixture
increased the intensity of this peak.

The release of fluoride from CF3dUMP was quantitatively
monitored with a fluoride-sensitive electrode. In the absence
of thiols, and using either limiting TS (Table 3, column A)
or limiting CF3dUMP (Table 3, column B), 2 equiv of
fluoride was released for every TS-CF3dUMP complex
formed, leaving one fluorine atom in the complex.
When DTT was added to the complex, an additional
equivalent of fluoride was released within 20 min (Table 3,
column C).

Identification of a Covalently Modified Peptide Fragment.
The TS-[2'-'HJCF3dUMP complex formed in the absence
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FIGURE 3: (A) Cartoon depicting radiolabeled peptides from LEP digestion of the TS-CF3dUMP complex isolated by HPLC. Arrows
indicate N-termini found in amino acid sequencing. (B) Peptide sequencing of tritium-labeled LEP digestion peptide 1 by gas-phase Edman
degradation. Phenylthiohydantoin fractions were collected and counted in a liquid scintillation counter.

of thiols was digested with LEP, and the products were
separated by HPLC and collected. Radioactivity wasrecov
ered in three separate peaks, which were subjected to
N-terminal sequencing. The first peak contained 70% of the
label and had the N-terminal sequence YGDLG, correspond
ing to LEP peptide 139–157 of TS (Figure 3). Mass
spectroscopy showed a peptide of 2224.99 Da, in agreement
with the theoretical value of 2224.09 Da for LEP peptide
139–157. The expected CF;dUMP-modified peptide was
not detected, indicating that the bound nucleotide was
unstable under the conditions of mass spectral analysis. The
peptide was sequenced in its entirety, with the collection of
each phenylthiohydantoin product for quantitation of radio
activity. As shown in figure 3, the major peak of radioactiv
ity was released in the cycle corresponding to Tyr 146. The
second and third HPLC peaks each contained about 15% of
the radioactivity found in the first peak. The second peak
contained the N-terminal sequences YGDLG and GDTID,
corresponding to LEP peptides 139-157 and 158–172,
respectively. The third peak had the N-terminal sequence
THPYS, corresponding to LEP peptide 173–210, which
contains Cys 198. Neither the second nor the third HPLC
peak was submitted for mass spectral analysis due to the
relatively low amount of radioactive label detected in either
peak and the unstable nature of the bound nucleotide.

These data may be explained as follows (Figure 3). LEP
digestion generated three CFAdUMP-bound peptides emanat
ing from residues 139–210 by cleavages at residues 158 and
173. The first peptide contains residues 139-157, with the
nucleotide covalently bound to Tyr 146. The second peptide
contains an incomplete digestion product, which contains
residues 139–157 and residues 158-210, cross-linked by

covalent linkages to the nucleotide via Tyr 146 and Cys 198.
Alternatively, the free LEP peptide 158–172 coeluted in the
second peak with the LEP peptide 139-157–CFAdLMP
adduct. The third peptide contains residues 173–210 and
has the nucleotide covalently linked to Cys 198.

Isolation of Reaction Products. Two different procedures
were employed for the isolation of the reaction products
resulting from the incubation of TS, CF3dUMP, and DTT.
Application of the reaction mixture to paper chromatography
yielded two major reaction products. The first product (Amaz
= 268 nm at pH 6 and pH 13; Amin = 238 nm at pH 6 and
246 nm at pH 13) was unstable in 0.1 NHCl and converted
into the second product. The second product (Amax = 275
nm at pH 6 and 273 nm at pH 13; Amin = 243 nm at pH 6
and 241 nm at pH 13) was stable in acid, but degraded into
5-carboxy-dUMP when treated with NaOH. Both products
exhibited absorbance maxima that were shifted toward longer
wavelengths, indicating a change in substitution at C3
(Mason, 1962).

A mixture of reaction products with UV/vis spectra similar
to those of the products isolated by paper chromatography
was also isolated using reverse-phase HPLC. Electrospray
mass spectroscopy of the HPLC-purified product pool yielded
signals for mass to charge ratios of 471.2 and 663.2, in accord
with proposed structures VI and VIa (Figure 4). There were
also associated signals with 38 Damass differences attributed
to the complexation of nucleotides with potassium ions,
similar to that seen in the spectra of synthetic oligonucle
otides containing sodium adducts (Stults & Marsters, 1991).

Crystal Structure of TS-CF;dUMP Complex. Hexagonal
bipyramidal crystals grew in 1 week at room temperature to
average dimensions of 0.7 x 0.3 × 0.3 mm. The space
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inhibitor complex by DTT.

group was P6122, with unit cell dimensions of a = b = 78.4
Å and c = 242.2 Å, similar to those determined for previous
L. casei TS structures (Finer-Moore et al., 1993; Hardy et
al., 1987). The initial difference Fourier maps using either
the 2.3 Å image plate data or the 2.8 Å area detector data
against the phosphate-bound L. casei TS structure gave
similar results, and both clearly indicated density in the active
site for CF3dUMP (Figure 5). The R-factor between these
two data sets was 6% on amplitudes after Wilson scaling,
and a difference map calculated using the terms (F1 =
F2)0 caled, where F and F2 are the amplitudes from the two
scaled data sets, was featureless. Therefore, the image plate
and area detector data were merged for structural refine
ment.

Positioning CF,duMP into the difference density put C,
of the pyrimidine within 1.5 Å of the hydroxyl group of Tyr
146, indicating covalent attachment (Figure 5). The electron
density indicated a nearly tetrahedral arrangement of atoms
about C, suggesting the attachment of a substituent in
addition to Tyr 146; IIIa shows a hypothetical structure
where water has added to C, and enzyme has been eliminated
from III. However, the close proximity of C6 to the Cys
198 sulfur (3.0 Å) and the absence of electron density for
Cs suggested that the crystal may be a mixture of species
III, where C6 is covalently bound to the active site sulfhydryl,
and a structure like IIIa, where it is not. Refinement of either
species gave the same R-factor +0.2% and left the pyrimidine
ring centered in the original difference density shown in
Figure 5.

Comparison of the refined TS-CFAdUMP and TS-duMP
binary complexes indicates that the protein structures are
nearly identical, with rms deviations within 0.5 Å for
superimposed Ca positions. While the phosphate group of
CFadumP occupies the same position as the phosphate of

250 zoo 350-450 450
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FIGURE 4: Electrospray mass spectrum and proposed chemical structures for isolated reaction products from the degradation of enzyme
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dUMP in the TS-duMP structure, the most significar
difference between the two structures is in the relativ
positions of the pyrimidine and ribose. A 30° change in th
glycosidic bond torsion angle X (X = 160° for CF3dUM
and x = –168° for duMP; Saenger, 1984) is seen for CF.
dUMP relative to duMP, although both nucleotides ar
bound in the anti conformation (Saenger, 1984; Finer-Moor
et al., 1993). Furthermore, both dihedral angles 3 and
(P-O5–C5’-C4' and O5–C5’-C4'-C3", respectively
Saenger, 1984) for CFAdUMP differ by 120° from the sam
angles in the dOMP structure. The cumulative effect of thes
differences is an apparent translation of 3.2A and a rotatio
of nearly 85° by CFAdUMP toward Tyr 146 about an axi
connecting the atoms O4 of the pyrimidine and P of th
phosphate of CFAdUMP (Figure 5). The hydrogen bond from
the ribose 3'-hydroxyl to the Tyr 261 hydroxyl observed i
the TS-dLMP structure has been disrupted and replace
by an intervening water molecule. Arg 23, which i
disordered in the L. casei phosphate-bound structure, shift
by nearly 2 Å to interact with both the CFAdUMP ribos
hydroxyl and the phosphate. All water molecules identifie
in the CFAdUMP structure are also present in the duM.
binary complex, except that the water that has been pro
posed to discriminate between substrate and produc
(Fauman et al., 1994) has been replaced by the C7 atom o
CFadumP.

Electron density corresponding to the degradation produc
5-carboxy-duMP (VII in Scheme 2) was also observed i
initial difference Fourier maps, and this ligand was refine
separately (data not shown). While there is overlap for th
phosphate moiety of CFAdUMP and 5-carboxy-duMP, th
density for 5-carboxy-duMP does not allow covalent at
tachment to the enzyme.
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FIGURE 5: Stereoview of the original omit F. - F. map for CFsdUMP (black), clearly revealing a covalent attachment to Tyr 146. The
superposition of d'UMP (gray) demonstrates the change in position of the nucleotide within the active site to allow interaction with Tyr 146
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DISCUSSION I, causing the expulsion of a fluoride ion from C7 and the
Scheme 2 shows a proposed mechanism for the interaction formation of the reactive exocyclic difluoromethylene in

of TS with CFAdLMP. After reversible binding of CFduMP termediate II. Subsequently, the electrophilic C of II reacts
to the active site, the thiol of Cys 198 attacks C6 of nucleotide with the hydroxyl group of Tyr 146, resulting in the release
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of a second fluoride ion and the formation of covalent
complex III. In this complex, TS is cross-linked between
Cys 198 and Tyr 146 by the inhibitor.

The evidence that supports the conversion of I to III is as
follows. (i) Formation of a covalent TS-nucleotide complex
was demonstrated by the inactivation of TS by CFAdUMP
and the isolation of a TS-nucleotide complex using nitrocel
lulose filtration, gel filtration, or SDS-PAGE under non
reducing conditions. (ii) The UV/vis spectral changes and
the release of two fluoride ions demonstrate modification of
CF3dUMP at C5 (Mason, 1962) and are in accord with the
conversion of I to III. The necessity for nucleophilic attack
at C6 to activate the 5-CF3 group of CF3dUMP for such
transformations is well established (Santi & Sakai, 1971;
Wataya et al., 1987). (iii) The time courses of enzyme
inactivation, binding to nitrocellulose filters, changes in the
UV/vis spectra, and fluoride release were similar, suggesting
that all experiments monitor the same process (i.e., conver
sion of I to III). (iv) Nonreducing SDS-PAGE showed
the TS-CF3dUMP complex migrating faster than TS (MW
34 000 versus 37 000); the complex could be dissociated and
TS regenerated by treatment with thiols. Cross-linking of
proteins, as proposed for III, can lead to smaller hydrody
namic volumes and enhanced motility on SDS-PAGE
(Pollitt & Zalkin, 1983). (v) Sequencing of peptides isolated
from LEP digestion of the complex unambiguously identified
Tyr 146 as the site of covalent attachment of the inhibitor.

The refined crystal structure, with a final R-factor of 20%
and excellent geometry, verified the covalent attachment of
the inhibitor to the enzyme at Tyr 146. The covalently bound
CF3dUMP is tethered to the dLMP binding site by its
phosphate group (Finer-Moore et al., 1993), but the pyri
midine and ribose groups occupy different positions com
pared to the TS-duMP binary complex. Combined changes
in CFAdLMP dihedral angles X, B, and y give a net 3 Å shift
and 90° rotation for CFAdUMP with respect to the position
of duMP in the TS-dUMP structure. This shift in position
allows CFAdUMP to interact with Tyr 146 while simulta
neously displacing a conserved water molecule adjacent to
C5. The hydrogen bond from the ribose 3'-hydroxyl to the
Tyr 261 hydroxyl has been replaced by an intervening water
molecule, and Arg 23 shifts by 2 Å relative to its position
in the TS-P, structure to coordinate both the ribose hydroxyl
and the phosphate groups of CFAdUMP. Species III seems
to be present in the crystal structure, but it is accompanied
by a species in which C7 is nearly tetrahedral and which
does not have the electron density expected of a covalent
linke to C6. Refinement of the complex with or without a
covalent bond between C6 and the Cys 198 sulfur (species
III and IIIa) yielded the same R-factor and similar 2F, -
Fe difference density. The weak electron density between
these two atoms probably resulted from a mixture within
the crystal of covalently and noncovalently bound species.
To explain this, we suggest that a water molecule may
reversibly add to C of III with concomitant cleavage of the
bond to Cys 198 to form species IIIa. We recongize that
this should be unstable in solution; however, it could be
stabilized by the enzyme, and it accommodates the structural
and biochemical data.

The remainder of the mechanism was deduced from Studies
of the treatment of the preformed complex with thiols. As
shown in Scheme 2, it is proposed that a thiol group adds to
C, of III to eliminate the third fluoride ion from the complex

and form IV. The addition of a second thiol group” of DTT
to C, of IV would eliminate Tyr 146 to give V. Finally,
nucleophilic attack of another thiol or a water molecule at
C; of V would liberate nucleotide VI.

The mechanism in Scheme 2 is supported by the following
experimenal findings. (i) Treatment of the enzyme-inhibitor
complex with thiols resulted in changes in the UV/vis
spectrum and release of the third fluoride ion from the
complex. These results are consistent with conversion of
the enzyme-inhibitor complex III to an intermediate(s)
where the fluoride of III is replaced by thiol (IV and V,
Scheme 2). (ii) Thiol treatment also resulted in slow
destruction of the covalent complex and formation of a tightly
bound noncovalent complex VI. Destruction of the covalent
bond was shown using nitrocellulose filtration, gel filtration,
and nonreducing SDS-PAGE; the formation of a tightly
bound noncovalent complex was indicated by the require
ment of gel filtration to restore enzyme activity. (iii) Finally,
we isolated two reaction products from the reaction of the
enzyme-inhibitor complex with DTT, and their masses
agreed with those of the proposed structures VI and VIa
(Figure 4 and Scheme 2). The predicted chemical stability
of these products in acid or base is compatible with that of
the proposed structures VI and VIa; however, we could not
find analogous structures in the reported literature and cannot
cite precedent for the proposed properties. Protonation of a
sulfur in VI would release DTT and result in VIa, which
should be stable in acids. It is also reasonable to suggest
that hydroxide would eventually degrade VIa, but not VI,
by addition-elimination reactions to give the observed
5-carboxy-dUMP.

When modeled into the nucleotide binding site of TS, the
CF, group of II is rigidly held some 3.5 A away from the
Tyr 146 hydroxyl; one would not normally predict that these
two groups would react. The fact that a covalent bond is
formed is an indication of the conformational flexibility of
the protein or the ligand within the active site. Indeed, when
Tyr 146 reacts with the C of CF3dUMP, the pyrimidine is
displaced from its binding site and the covalent complex
relaxes to the structure dictated by the new covalent bond.
This indicates that a reactive electrophile, generated from a
mechanism-based inhibitor, and the enzyme nucleophile with
which it reacts need not initially be in perfect proximity for
covalently bond formation. Indeed, trans-5-(3,3,3-trifluoro
1-propenyl)-2'-deoxyuridylate is also a potent inhibitor of
TS (Wataya et al., 1979), although the CF, moiety must be
projected quite differently in the active site than it is in the
TS-CF3dUMP structure. It may be speculated that even
more effective inhibitors of TS might be obtained by
structure-guided design of CF3dUMP analogs that better
position the reactive group with respect to Tyr 146. In a
broader context, certain mechanism-based inhibitors may not
require as stringent juxtaposition of reactive groups as
generally believed. If correct, this would expand the number
of potential reactive nucleophiles in target proteins and allow
considerably more flexibility in the design of mechanism
based enzyme inhibitors.

*The mechanism shows the reaction with DTT, with 2-mercapto
ethanol, the intramolecular reaction would be depicted as an intermo
lecular reaction with another molecule of 2-mercaptoethanol.
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CHAPTER 4

Crystal Studies of tRNA U54-methyltransferase from

Escherichia coli
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4.1 Introduction

The goals of this project were (1) to elucidate the structural basis for the

mechanism of RUMT-catalyzed and SAM-dependent methylation of U54 in the

T-loop of tRNA, and (2) to identify the structural determinants necessary for

recognition of tRNA. To achieve these goals, I set out to determine the structure

of both RUMT and a complex of RUMT with tRNA bound. First, it was

necessary to express and purify large quantities (> 50 mg) of RUMT for

crystallization trials and structure determination; a description of the purification

and crystallization trials of RUMT are presented in the first portion of this

chapter. The crystallization trials of RUMT in complex with trNA were also

dependent on a large, homogenous supply of a tRNA substrate, such as Yeast
PhetRNA “. The second portion of this chapter details the expression and

purification of T7 RNA polymerase (T7 RNAP), and its use in large-scale in vitro
Phetranscription syntheses of Yeast tRNA “. The chapter concludes with a brief

description of the crystallization trials of RUMT with various trNAs, which
Pheinclude tRNA “ and other purified wild-type E. coli trNA.

4.2 Purification of RUMT

Purification of RUMT expressed from pl/TXR1. Initial attempts to purify

quantities of RUMT suitable for biophysical studies were limited by low levels of

expression from the clone pNMTXR1 (Gu and Santi, 1990) and often gave poor

yields of the enzyme (4 mg/l cells). Purification of the enzyme expressed from

this construct involved a lengthy protocol that included purification over a

tRNA-affinity column. To prepare the tRNA-agarose matrix, the 3' end of tRNA
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is oxidized with NaIO4 and coupled to an agarose-hydrazine resin. First, 338

mgs of Brewer's Yeast trNA (Boehringer Mannheim Biochemicals) are dissolved

in 5 mls of 1 M NaOAC, pH 5.0, and mixed with 4 mls of 0.5 M NaIO4 in 0.1 M

NaOAC, pH 5.0. The oxidized tRNA is ethanol precipitated at −20 °C, spun at

5,000 rpm and washed twice with cold 80% ethanol. The pellet is resuspended in

25 mls of 0.1 M NaOAC, pH 5.0, mixed with an equal volume of resin pre

equilibrated in the same buffer, and stirred overnight at room temperature. A 25

ml column is poured with the tRNA-agarose resin and washed with 2 M KCl

until the A260 < 0.2. To test the concentration of tRNA coupled to the resin, a

small aliquot of tRNA-agarose (~0.1 g) is digested with 1 M KOH (overnight at

30 °C) and the supernatant measured at A260. A typical preparation yields 5

mg/ml tRNA substitution. The column is then equilibrated with 100 mM KPO4,

pH 7.2,0.5 mM DTT and 10% glycerol.

In a typical preparation of RUMT from pmTXR1, 4 liters of E. coli HB101

transformed with pmTXR1 are induced with 5 mM IPTG (A600 = 0.6) followed by

an additional 5 hours of growth. The cells are spun down (25-30 mg) and

resuspended in 25 mls of breaking buffer (10 mM Tris-HCl, pH 7.6, 10 mM

MgCl2, 0.5 mM DTT and 10% glycerol), then passed twice through a French Press

Cell (18,000 p.s.l.). An equal volume of dilution buffer (10 mM Tris-HCl, pH 7.6,

10 mM MgCl2, 0.5 mM DTT, 1 M KCl and 10% glycerol) is added and the cells

are clarified by centrifugation (15 minutes at 12,000 rpm).

s
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After lysis, polyethyleneimine (1.2 mls of a 50% solution, pH 8.0) is added

dropwise while stirring on ice, and the lysate spun (15 minutes at 12,000 rpm) to

pellet any nucleic acid precipitate. The polyethyleneimine is then removed by

slowly precipitating the protein through the addition of 36 g of ammonium

sulfate (0.6 g/ml) at 4 °C. Once precipitated, the solution is spun at 12,000 rpm

for 30 minutes and the protein is recovered in the pellet. The ammonium sulfate

is then removed by an overnight dialysis against 10 mM Tris-HCl, pH 7.6,0.5

mM DTT, 0.1 mM EDTA and 10% glycerol. The protein solution is diluted in

half with buffer A (10 mM KPO4, pH 6.5,0.5 mM DTT, 0.5 mM EDTA and 10%

glycerol) and loaded onto a 35 ml phosphocellulose column equilibrated against

the same buffer. The column is washed with 20 volumes of buffer A, and the

protein is eluted by a linear gradient of 100 mls of buffer A vs. 100 mls buffer B

(350 mMKPO4, pH 7.2,0.5 mM DTT, 0.5 mM EDTA and 10% glycerol). The

column fractions are assessed by SDS-PAGE, checked for activity (Santi and

Hardy, 1987) and pooled together. The pooled fractions are then dialyzed

against buffer C (100 mM KPO4, pH 7.2,0.5 mM DTT and 10% glycerol) prior to

chromatography over a tRNA-agarose column.

The pooled fractions from the phosphocellulose column are slowly (0.5 ml/min)

loaded onto a 25 ml tRNA-affinity column and washed with 20 volumes of

buffer C. Often the column flow through must be passed over the column a

second time, to ensure that the enzyme binds to the column. Once the enzyme is

bound to the column and contaminants are washed away, the column is eluted

º -º º
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by a linear gradient using 80 mls of buffer C vs. 80 mls of buffer D (400 mM

KPO4, pH 7.2, 1 mM DTT, 5 mM EDTA and 10% glycerol). As some tRNA elutes

off of the column with the protein, it is necessary to remove the tRNA from the

protein sample. The pooled fractions from the tRNA column are dialyzed

overnight against buffer C. The dialysate is then applied to a 20 ml DEAE

column equilibrated with the same buffer, washed with 20 column volumes and

eluted with a linear gradient of 70 mls of buffer C vs. 70 mls of buffer D. As done

with the other column steps, the fractions are assessed by SDS-PAGE, checked

for activity (Santi and Hardy, 1987) and pooled together. The final yields from

several preparations of RUMT using this procedure averaged approximately 10

mgs per 4 liters of cells.

Purification of RUIMT expressed from p■ Ktrma. The difficulties in using the first

protocol to purify RUMT were alleviated by the development of a higher

expressing RUMT clone (nearly 50% of soluble protein; Figure 4-1A) based on

the pBT15b vector (Novagen) (Kealey and Santi, 1994). The pBT-based

expression system gave a 10-fold higher yield of the enzyme and led to a

streamlined protocol that reduced the purification from 2 weeks to 2 days

(Figure 4-1). The remaining purifications of RUMT were carried according to

this procedure (Kealey and Santi, 1994), described as follows.

Approximately 3 liters of p■ Ktrma-transformed E. coli B121-DE3 are induced with

1 mM IPTG (A600 = 0.6) followed by an additional 3-4 hours of growth. The cells

are spun down and the pellet is resuspended in 25 mls of lysis buffer (150 mM
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KPO4, pH 6.8, 1 mM DTT, 0.1 mM EDTA and 10% glycerol; conductivity, or Q, =

42 mS). The cells are lysed by passage twice through a French Press Cell (18,000

p.s.i.) and spun at 12,000 rpm for 20 minutes to remove the cell debris. The lysate

is passed over a 12 ml DEAE column, washed with 50 mls of the lysis buffer and

the flow through, which contains the enzyme, is collected. The pooled fractions

(~75 mls) are diluted with 75 mls of cold water (Q = 7 mS) and loaded onto a 40

ml phosphocellulose column equilibrated with buffer A (100 mM KPO4, pH 7.2,

1 mM DTT, 0.1 mM EDTA and 10% glycerol; Q =9 mS). After washing the

phosphocellulose column with 150-200 mls of the same buffer, RUMT is eluted

by a linear gradient of 100 mls buffer A vs. buffer B (500 mMKPO4, pH 7.2, 1 mM

DTT, 0.1 mM EDTA and 10% glycerol; Q = 42 mS). The column fractions

collected are assessed by SDS-PAGE for purity and assayed for activity (Santi

and Hardy, 1987).

The final yields from two separate preparations averaged over 120 milligrams

for 3 liters of cells (PF2.61h and PF3.30a). The pooled fractions from these

preparations were estimated to be >90-95% pure by Coommasie-stained SDS

PAGE (Figure 4-2). When assayed for *H-release (Santi and Hardy, 1987), the

purified sample was slightly higher in activity (2-3 pmol mg" min") than

previous preparations of RUMT. It should be noted that the stability of RUMT

was initially thought to be dependent on the presence of high concentrations of

phosphate buffer (~300 mM) and glycerol (5-10%) (JK, personal communication).

=
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Assessment of RUIMT Molecular Weight. Purified RUMT occasionally appeared as

two or three separate bands on Coommasie-stained SDS-PAGE, with a molecular

weight difference of 2-5 kD (Figure 4-2). While the multiple bands on SDS-PAGE

were likely an artifact of the denaturing conditions, two experiments were done

to test for the possibility of protease contamination in the purified RUMT

sample. First, purified RUMT was subjected to electrospray mass spectrometry

analysis to assess the mass and homogeneity of the sample. ~0.5 mg of RUMT

were applied to a C18 reverse-phase HPLC column and eluted with a gradient of

0–100% acetonitrile, 0.1% TFA. The single peak that eluted from the column

(53% acetonitrile) was collected and submitted to the UCSF Mass Spec Facility

for analysis. The results demonstrated a single species of 41,976 daltons (+/- 7.85

daltons; Figure 4-4), in agreement with the calculated mass of 41,967 daltons;

thus, RUMT appeared to be homogeneous, with no indication of any proteolytic

degradation during its purification.

In the second set of experiments, SDS-PAGE was used to test for protease

contamination in the purified RUMT sample. 1-2 ug aliquots of purified RUMT

were incubated from 0 to 50 minutes at 37 °C and applied to SDS-PAGE; yet no

change was observed in the intensity or in the number of bands corresponding to

RUMT. Additionally, a 5pg aliquot of RUMT was incubated for 12 hours (37°C)

and then assayed for activity and analyzed by SDS-PAGE. It demonstrated the

same specific activity (~4 pmol mg' min') as a sample stored at −20 °C, and

SDS-PAGE showed no change in the pattern of bands. Thus, purified RUMT

s
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appeared to be free of any protease contamination and satisfactory for

crystallization trials.

4.3 RUMT Crystallization Trials

All crystallization trials were conducted using the hanging drop vapor diffusion

technique with a drop volume of 5-10 ul. Initial trials were performed with

purified RUMT at concentrations of 10–20 mg/ml using an incomplete factorial

screen (Hampton Crystal Screen I) (Jancarik and Kim, 1991). Several small

crystals were observed in these initial trials, although each of the identified

conditions contained either Mg” or Ca”. When tested for diffraction, these

crystals turned out to be salt. It was proposed that the crystals were MgHPO, or

CaFIPO4, probably a result of the high concentrations of phosphate present in the

purified protein. To reduce the phosphate concentration in the protein sample,

the protein was dialyzed against several buffers and then tested for any loss of

enzyme activity. Samples of RUMT were dialyzed individually against 20 mM

TES, 20 mM MOPS and 20 mM Hepes (all pH 7.2, with 1 mM DTT, 0.1 mM

EDTA, 10% glycerol). When tested, no precipitation or loss of enzyme activity

was observed in any sample, contrary to earlier evidence. Thereafter, RUMT was

dialysed against two buffers prior to crystallization trials (either 2 mM KPO4,

pH 6.8, 1 mM DTT, 0.1 mM EDTA, 10% glycerol, or 20 mM Hepes, pH 7.2, 1 mM

DTT, 0.1 mM EDTA, 10% glycerol).
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A second set of crystallization trials utilized a variety of screens, along with the

original factorial screen. These additional screens included a 0.35–3.5 M

ammonium sulfate grid screen (Cox and Weber, 1988), a PEG6K grid screen (Cox

and Weber, 1988) and a reverse solubility screen (Stura et al., 1994). Trials were

conducted with 10-20 mg/ml RUMT apoenzyme and RUMT (5-10 mM SAM or

SAHC) mixed 1:1 with the individual well solutions. No crystals were identified

in the factorial screen, PEG screens or the reverse solubility screen. However, the

ammonium sulfate grid screen (20 mg/ml RUMT, 4 mMSAM, 22°C) presented a

cluster of crystalline plates in two conditions (Figure 4–5). Attempts to refine the

conditions by adjusting the salt concentration (1.0-2.5M, in 75 mM steps) and the

protein concentration (2-20 mg/ml) proved unsuccessful. When the original

crystals could not be reproduced, one crystal was used for streak seeding into

several fresh ammonium sulfate conditions (Stura and Wilson, 1991). Numerous

microcrystals were obtained by this technique, yet they never grew larger than

5 p along the longest edge (Figure 4-5) and could not be reproduced. Although

efforts to obtain crystals of the RUMT apoenzyme or a SAM-binary complex

continued, a higher priority was given to generating a RUMT ternary complex

with SAM and tRNA for crystallization trials.

4.4 Purification of TV RNA Polymerase and In vitro Transcription

of Yeast trN APhe

Crystallization trials of a RUMT-tRNA complex required milligram quantities of

tRNA. Unmodified Yeast tRNA" was chosen as an initial target for three

reasons: (1) it is an excellent substrate for RUMT; (2) it could be produced in high

***
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yields by in vitro run-off transcription using TV RNAP (Sampson and Uhlenbeck,

1988); (3) one could easily incorporate the nucleotide analog 5-fluoro-UTP, which

can make a stable, covalent complex with the enzyme (Santi and Hardy, 1987).

To produce the necessary amounts of TV RNAP for in vitro synthesis, the clone

for the enzyme (pAR1219) was obtained from the lab of W. F. Studier (Davanloo

et al., 1984). The enzyme expressed from 3 liters of parl219-transformed E. coli

BL21 cells and purified by a single column procedure (Grodberg and Dunn,

1988) (Zawadzki and Gross, 1991), described as follows.

TZ RNAP purification. In a typical TV RNAP prep, the cell pellet (~12 g) is

resuspended on ice in 36 mls of LB buffer (50 mM Tris, pH 8.1, 20 mM NaCl, 2

mM EDTA, 1 mM DTT). A lysis solution, consisting of 9 mls Lysozyme (1.5

mg/ml in LB buffer), 75 pil PMSF (20 mg/ml), 30 ul leupeptin (5 mg/ml) and 45

pil Benzamidine (0.1 M), is added to the resuspended cells and stored on ice.

After ~30 minutes, 3.75 mls deoxycholate (0.8%) is added to the lysed cells and

left on ice for an additional 20 minutes. The solution is sonicated for 1 minute to

shear the chromosomal DNA, and 7.5 mls of Polymin-P (10%, pH 8.0) added

dropwise to the lysed cells, while stirring the on ice. The cell membranes and

high molecular weight nucleic acids present in the solution precipitate after

Several minutes on ice.

The precipitate is spun at 20,000 rpm for 10 minutes and the supernatant

removed by decanting the tube. The soluble protein is precipitated through the

addition of 57.4 mls (0.82 volumes) of saturated ammonium sulfate, pH 7.0,
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while stirring on ice. The protein precipitate is spun at 12,000 rpm, the pellet

recovered and resuspended in 20 mls of C buffer (20 mM NaPO4, pH 7.7, 1 mM

EDTA, 1mM DTT, 5% glycerol, with 50 mM NaCl and 20 pg/ul PMSF; Q = 10

mS). Finally, the resuspended protein is dialyzed overnight against 500 mls of

the same buffer (Q = 6 mS).

A 42 ml S-Sepharose column is equilibrated with C buffer (Q = 6 mS), and the

protein solution applied at a rate of 0.5 ml/min, with the column flow through

monitored for absorption at A280. Once the protein is loaded onto the column,

the column is washed with 160 mls of C buffer until the A280 reaches the baseline

of detection. The protein is eluted with a gradient formed by 50 mls C buffer (50

mM NaCl) vs. 50 mls C buffer (200 mM NaCl) at a flow rate of 1.5 ml/min

(Figure 4-6). TV RNAP elutes from the column at ~100 mM NaCl, and pooled

protein fractions are dialyzed for several days against 1 liter of a low salt C buffer

(10 mM NaCl) to precipitate the protein (Figure 4-6). The precipitate is spun at

12,000 rpm for 10 minutes, resuspended in -24 mls of C buffer (100 mM NaCl)

and dialyzed against the same buffer (with 50% glycerol), to reduce the protein

volume by 66%. One such preparation of TV RNA Polymerase generated a total

of 130 mgs in 8 mls for a final concentration of TV RNAP of 16.3 mg/ml. The

specific activity of the purified T7 RNAP was determined to be equivalent to that

of published preparations (Uli Schmitz, personal communication).

: º
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PheIn vitro transcription of tRNA “. Sub-milligram quantities of in vitro transcribed

Yeast tRNA* are easily obtained (Sampson and Uhlenbeck, 1988); to generate

milligram quantities of tRNA, all components of the reactions are simply

increased from 20 to 100-fold, as follows. Prior to the synthesis, the DNA

template (p67YF0) is prepared by digesting at a single site using the restriction

enzyme Bst N1. First, ~500 pig of p87YF0 is mixed with 50 pil 10x NEB restriction

buffer #2, 25 pil of 1 mg/ml acetylated BSA and 500 units of Bst N1 in a total

volume of 0.5 ml and incubated for several hours at 60 °C. The DNA is extracted

once with Phenol/CHCl3 and precipitated with 50 pil of 5 M KOAC, pH 5.3, and

2.5 volumes of 100% ethanol. After a single spin at 15,000 rpm, the pellet is

washed with 70% ice-cold ethanol, air-dried and resuspended in 50 pil of sterile

dH2O.

A typical 25 ml tRNA synthesis reaction contains 500 pig of Bst N1-digested

p67YF0, 4mm each NTP, 100 units of inorganic phosphatase and ~600,000 units

(4 mgs) TV RNA Polymerase in the transcription buffer (40 mM Tris, pH 8.1, 25

mM MgCl2, 1 mM Spermidine and 5 mM DTT). It is necessary for all chemicals

and reaction vessels, with the exception of enzymes, to be sterile (or sterile

filtered) to avoid any RNase contamination in the preparation. The transcription

reactions are incubated at 37 °C for 4 hours, followed by the addition of EDTA to

a final concentration of 50 mM, and a single Phenol/CHCl3 extraction and

ethanol precipitation.
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Prior to a large-scale RNA synthesis, the in vitro transcription conditions are

optimized in small-scale reactions (50-100 pil) by adjusting the concentrations of

template, nucleotide, and Mg”. Typically, each component is increased 2 to

5-fold in separate reactions and the results from each smale scale reaction

compared to the others (Figure 4-6). Once an optimized condition is obtained,

the components are adjusted as the reaction is scaled to larger volumes. After

the reaction is stopped and the tRNA ethanol-precipitated, the pellet is

resuspended in 1 ml Mono-Q buffer (100 mM Tris-HCl, pH 7.5), applied to a 5 ml

Mono-Q HPLC column and eluted via a linear gradient of 50 mls Mono-Q buffer

vs. 50 mls Mono-Q buffer (with 1 M NaCl). The tRNA elutes from the column at

~400 mM NaCl, following the elution of unincorporated nucleotides (Figure 4-6).

From this procedure, a typical 10 ml in vitro transcription synthesis reaction

yields -6-8 mgs of Yeast tRNA*.

4.5 RUMT-tRNA Crystallization Trials

Crystal trials of RUMT-tRNA began with purified samples of purified E. coli

tRNA (Val, Met', Tyr, Gly” and Arg; 2 mgs each from B. Reid, Subriden RNA).

Each trNA sample was resuspended in dH2O and checked for homogeneity

using SDS-PAGE in the presence of 7M Urea. Crystallization trials were first

attempted with 3 mg/ml RUMT (100 mM KPO4, pH 7.2, 1 mM DTT, 1 mM

EDTA, and 10% glycerol), 2 mg/ml of the individual E. coli tRNA (resuspended

in ddH2O), and 1 mM S-Adenosyl-homocysteine using the Crystal Screen I

(Jancarik and Kim, 1991). Several crystals were observed within 72 hours, but

–
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Valonly from conditions that contained RUMT and tRNA” (Figure 4-7);

unfortunately, these crystals could not be reproduced. Further crystallization

trials were conducted with either 3 mg/ml RUMT and 2 mg/ml Yeast tRNA*

Pheor 15 mg/ml RUMT and 10 mg/ml Yeast tRNA “ , both in the presence (10-fold

excess) and absence of the S-Adenosylmethionine cofactor. Trials were

conducted with Hampton Crystal Screen I (Jancarik and Kim, 1991), Crystal

Screen II (Cudney et al., 1994), and ammonium sulfate and PEG6K grid screens > --
* * *

(Cox and Weber, 1988). Despite numerous attempts to adjust the protein and *****
*** *

tRNA conditions (concentration, buffer, cofactor, etc.), no crystals were obtained Sº
from any of these screens. As the work on the dLMP HMase project had begun * *

ºf ºs
-º-º-º-

and crystals obtained, additional work on the RUMT project continued at a lower
Hºsºnº,

priority.
---
- **
*** **

4.6 Summary -->

Structural studies of the E. coli tRNA-modifying enzyme RUMT were initiated in t- - }

collaboration with Jim Kealey of the Santi Lab. RUMT was expressed and

purified, with several hundred millligrams of protein obtained to >90%

homogeneity. Several crystallization screens were used to conduct

crystallization trials with the RUMT apoenzyme and a binary complex with the

cofactor S-Adenosylmethionine. Crystals were observed from two ammonium

sulfate conditions, yet they could not be reproduced.

A second goal of the project was to crystallize RUMT in the presence of cofactor

and different tRNA substrates. The enzyme T7 RNA Polymerase was expressed,
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Phepurified and used to generate milligram quantities of Yeast tRNA'" by in vitro

Phe
A.transcription. Crystallization trials were then initiated using Yeast tRNA

along with several purified E. coli trNAs obtained from Subriden RNA. Again,

the same crystallization screens were employed, and small crystals were
Valobtained from RUMT mixed with E. coli trNA". However, these crystals were

quite small and could not be reproduced. Although the project was given a low

priority, efforts continue to obtain crystals of RUMT and/or a RUMT-tRNA

complex. * ºn a

* **
* *-ass

** *
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Figure Legends

FIGURE 4-1: Expression and Purification of E. coli RUMT

(A) SDS-PAGE of RUMT overexpression systems in E. coli cells. The lanes of the
gel correspond to: (1) crude extract from 5 mM IPTG-induced pVTXR1 (HB101);
(2) IPTG-induced pET15b (BL21-DE3), without RUMT insert; (3) 1 mM IPTG
induced p■ Ktrma (BL21-DE3); and (4) 5 mM IPTG-induced p)Ktrma (BL21-DE3).
The molecular weight standards are marked to the left (kilodaltons).
(B) A diagram of the work flow for RUMT purification under the old pl/TXR1
clone and the high-expression p■ Ktrma clone. The higher concentrations of
enzyme in the preparation allowed for several steps to be removed, including the
PEI precipitation (step 2, left) in which 50% of the protein is typically lost. The
new procedure allowed for rapid purification of at least 100 mgs of RUMT from
3 liters of cells.

FIGURE 4-2: SDS-PAGE of Purified RUMT

SDS-PAGE analysis of RUMT from two separate purifications.
(A) RUMT purification pf2.60-3: (1) crude extract; (2) DEAE-column flow
through; (3) DEAE-column wash; (4) pooled DEAE FT and wash; (5) phospho
cellulose load; (6) pooled fractions from phosphocellulose; (7) RUMT standard;
(8) molecular weight markers (97, 62,45 and 30 kilodaltons); (9) pooled DEAE,
after 2" load; (10) pooled phosphocellulose, after 2" load.
(B) RUMT purification pf4.85: (1) crude extract; (2) DEAE-column flow through;
(3) DEAE-column wash; (4) RUMT standard; (5) molecular weight markers (97,
62, 45 and 30 kilodaltons); (6) pooled DEAE FT and wash; (7) phospho-cellulose
load; (8) phosphocellulose flow through (reloaded); (9) phosphocellulose wash;
(10) pooled fractions from phosphocellulose.
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FIGURE 4-3: Preliminary Crystals of RUMT

Thin plates grown from a 20 mg/ml RUMT solution in the presence of 4 mM
SAM.

(A) Crystal observed in 2.0 M (NH4)2SO4, pH 5.6, with the longest edge = 2001.

(B) Crystal observed in 1.5M (NH4)2SO4, pH 5.6, with the longest edge = 250p.

(C) Crystals obtained by streak seeding (B) into 2.0 M (NH4)2SO4, pH 5.6. The

longest edge for these crystals = 20.1.

FIGURE 4-4: Electrospray Mass Spectrometry of RUMT

(A) 5 mg/ml RUMT was applied to a C18-reverse phase column in the presence

of dB2O (0.1% TFA) and eluted with a linear gradient of 100% acetonitrile (0.1%
TFA). RUMT eluted from the column at about 64% acetonitrile (0.1% TFA).

(B) RUMT collected from Cis-reverse phase was dried down and submitted for

Electrospray Mass Spectrometer at the UCSF Mass Spec facility. The mass for
RUMT was calculated at 41,978.1 daltons.

FIGURE 4-5: Purification of T7 RNAP

(A) A chromatogram for T7 RNAP eluted from an S-sepharose column. T7
RNAP was applied to a 42 ml S-sepharose column equilibrated with C buffer
(+50 mM NaCl), washed with the same buffer and eluted with a linear gradient
of 0.05–0.2 M NaCl (in C buffer). TV RNAP eluted from the column at ~100 mM

NaCl and were ~90% pure, as determined by SDS-PAGE.
(B) The fractions from the S-sepharose column were pooled and dialyzed against
C-buffer (+10 mM NaCl). The T7 RNAP precipitated from solution over a period
of several days, as observed by SDS-PAGE. Lane (1) initial TV RNAP precipitate
after 24 hours of dialysis; (2) TV RNAP still in solution after 24 hours; (3)
additional TV RNAP precipitate after 48 hours; (4) the same, after 72 hours; (5)
the same, after 96 hours; (6) TV RNAP standard.
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FIGURE 4-6: In vitro synthesis and Purification of Yeast tRNA*

(A) Analysis of in vitro transcribed Yeast tRNA* by electrophoresis in the

presence of 7 M Urea over a 12% polyacrylamide gel. The gel was stained with
ethidium bromide and illuminated by UV radiation. Lane: (1) preparation

pf3.39; (2) pf3.24b, the first preparation of Yeast tRNA*; (3) a typical 100 pil in
vitro transcription reaction; (4) same as lane 3, except 2x template; (5) same as

lane 3, except 2x dNTP's; (6) same as lane 3, except 2x MgCl2; (7) same as lane 3,

except 2x template, dNTP's and MgCl2.

(B) Purification of in vitro transcribed Yeast tRNA" by HPLC. Approximately pp y

10 mg of in vitro transcribed Yeast tRNA" was applied to a 5 ml Mono-Q

column equilibrated with 100 mM Tris pH 7.5 and eluted with a linear gradient
of 0-1 M NaCl (right to left). The fractions collected from the column were
analyzed by SDS-PAGE in the presence of 7 Murea and visualized by staining

the gel with Stains-All. Yeast tRNA" elutes at ~400 mMNaCl, near the end of
the first large peak off the column (fractions 22–26).

FIGURE 4-7. Preliminary RUMT-tRNA crystals

Crystals grown from a trial using 1 mg/ml RUMT- tRNA" in the presence of

10-fold excess S-Adenosylhomocysteine (SAHC). Each crystal grew from similar
conditions within 72 hours. No diffraction was observed for either of the two

larger crystals.

(A) Crystals grown from 50% isopropanol, 0.2M NH4OAC, 0.1 M Tris pH 8.5.

The maximum size for these crystals was ~10 p.

(B) Crystals grown from 20% isopropanol, 0.2M NH4OAC, 0.1 M Tris pH 8.5.

The maximum size for these crystals was ~30 p.

(C) Crystals grown from 25% isopropanol, 0.2M NH4OAC, 0.1 M Tris pH 8.5.
The maximum size for these crystals was ~30 p.
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FIGURE 4-4
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FIGURE 4-7
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5.1 Introduction

dLMP HMase catalyzes the formation of the nucleotide hydroxymethyl-d'UMP, a

dTMP analog which is incorporated into the DNA of the Bacillus subtilis phage

SPO1. Though homologous to TS in sequence (Figure 5-1), duMP HMase does

not catalyze the final hydride transfer step necessary for dTMP synthesis. We

hypothesized that any structural changes in cofactor binding by duMP HMase

would provide insight into the mechanism of hydride transfer catalyzed by TS.

Thus, the aim of the project was to determine the structure of duMP HMase

complexed with duMP and CH2H4folate and compare it to the E. coli TS ternary

complex. The first two sections of this chapter describe the purification and

crystallization of duMP HMase in the presence of its substrates duMP and

CH2H4folate. The middle sections detail the collection of crystallographic data

and attempts to solve the structure by molecular replacement. The last section of

this chapter discusses efforts to identify proteolytic fragments and to engineer

truncation mutants of the enzyme.

5.2 Crystallization of duMP HMase

dUMP HMase (5 mg/ml) was first purified and crystallized in the presence of 5

10 mM duMP as previously described (Schellenberger et al., 1995). All

additional preparations of the enzyme were carried out according to this

procedure. Due to the high concentration of ethylene glycol (25-40%) in the

storage buffer of the protein, it is necessary to exchange it for either 20 mM Tris

or TES buffer, pH 7.5, prior to crystallization. Typically, 0.5 ml of 5 mg/ml of

dLMP HMase is applied to a NAP-5 (Pharmacia) gel filtration column, and the
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protein eluted with 1 ml of the desired buffer. The protein concentration is then

adjusted to 5 mg/ml using a 30 kD microcon unit (Amicon), prior to

crystallization trials. All crystallization trials were conducted using the hanging

drop vapor diffusion technique with 5 mg/ml duMP HMase. Crystallization

trials were attempted with the apoenzyme or in various complexes (dUMP alone;

duMP/CB3717; FdUMP/CH2H4folate). However, crystals were typically grown

in the presence of 10-fold excess duMP and CB3717 as all crystals demonstrated

the same morphology.

Crystallization of duMP HMase. Initially, two crystallization conditions were

identified from the Hampton Crystallization Screen I (Condition 14:100 mM

Hepes, pH 7.5, 200 mM CaCl2, 28% PEG 400; Condition 23: 100 mM Hepes,

pH 7.5, 200 mM MgCl2, 30% PEG 400) (Jancarik and Kim, 1991). Small, thin

plates (100 p. x 50 p. x 5 p.) grew within several days in either condition, although

visible defects were evident >70% of the crystals. Slightly larger crystals could be

produced from the first condition simply by diluting the well buffer (40-70%)

with dB2O. However, these grew as intertwined crystals (Figure 5-2), which

were difficult to break apart and therefore required additional screening.

Refinement of the concentrations of both CaCl2 and PEG 400 led to the

identification of a condition (70 mM Hepes, pH 7.5, 56 mM CaCl2, 17.5% PEG

400) from which single large duMP HMase crystals were grown (350 p. x 150 pix

*

º
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40 pl; Figure 5-2). When inspected under a light microscope with optical

polarizers, most crystals appeared as stacks of plates that exhibited a high degree

of birefringence along the short axis of the crystal. In fact, data collected from

these crystals (~30) were found to be disordered in the diffraction pattern along

this same axis. Therefore, a second crystallization screen (Hampton Crystal

Screen II) was conducted to identify alternative crystallization conditions

(Cudney et al., 1994).

The second crystallization screen produced small crystals in several conditions

(Crystal Screen II: 3,4,7,10, 19, 22,35, 37, 39, 40, and 46), though each displayed

a similar morphology to the original crystals. Common to all these conditions is

the use of various organic solvents or PEG derivatives as the main precipitating

agent. Yet only a few of these conditions gave crystals of reasonable thickness

(>10 p.), and all contain a divalent cation (Mg” Or Ca”). It was clear from the

trials that duMP HMase crystallization could be modulated by the concentration

of divalent cations. Therefore, a variety of divalent and trivalent chloride salts

(XCl2 and XCl3) were tested in crystallization screens to identify better quality

dLMP HMase crystals.

Several divalent cation chloride salts (e.g., CdCl2, ZnCl2, BaCl2) and lathanide

chloride salts (SmCl3, GdCl3, YbCl3, YtCl3, and ErCl3) were used as additives and

in place of CaCl2 in the original duMP HMase crystallization condition (70mM

Hepes, pH 7.5, 56 mM CaCl2, 17.5% PEG 400). No duMP HMase crystals grew
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when the alternative divalent cation salts were used either as additives or in

place of CaCl2. In addition, the lathanide chloride salts were found to precipitate

the protein when used in place of CaCl2 (10-50 mM). However, single, large

crystals of duMP HMase were observed from conditions that utilized any

lathinide salt as additives (1 mM) at 4 °C (Figure 5-2).

5.3 duMP HMase Data Collection

Initial duMP HMase data collection. Preliminary attempts to mount duMPHMase

crystals for data collection required various physical manipulations of the

crystals. As a protein skin often formed at the surface of the hanging drops

containing duMP HMase crystals, it was necessary to remove the skin and wash

the crystal with mother liquor prior to crystal mounting in capillaries. Initial

diffraction experiments from several small crystals indicated only weak spots to

~5Å resolution on a UCSF x-ray source (Rigaku RU-200, 50 kV, 100 mA);

however, the diffraction spacing suggested that the crystals were protein.

A partial data set was collected at room temperature to 4.5 Å resolution from a
single duMP HMase crystal (400 u x 100 p. x 30 p.) on a Siemens multiwire

detector (Rigaku RU-200, 50 kV, 100 mA). Data were also collected at room

temperature from a single crystal (400 x 150 x 80 p) using an R-Axis IIc detector

(Rigaku RU-300 60 kV, 180 mA), although many of the spots were poorly-shaped

along the c-axis and often appeared as twin peaks. While indexing the data

proved difficult, a reasonable solution was obtained in the space group C2

(a=111 Å, b=98 Å, c=95 A, B=124°. Rºmm = 13%) using the program DENZO
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(Otwinowski and Minor, 1997). However, the data were quite weak (<I> = 4)

and were only 2-3 fold redundancy; moreover, the reduced data were • 60%

complete to 3.2-3.5 Å resolution.

Based on homology with TS, it was assumed that duMP HMase is a dimer and

that the dimer two-fold would likely fall on the crystallographic two-fold. As the

unit cell dimensions of the crystal are large enough to accomodate two molecules

of duMP HMase, a self-rotation function was used to calculate a map to test for

any non-crystallographic symmetry (NCS) in the asymmetric unit. Two peaks

(0=90°, u■ =43°, 133°) were identified in the k = 180° section of the map and

corresponded to a two-fold perpendicular to the crystallographic two-fold along

the y-axis (Figure 5-3). One possibility was that the data were improperly

indexed and might belong to a higher symmetry group; however, this was

difficult to test as all 40% of missing data all fell along the l-axis of the reciprocal

lattice. Data were also collected from several crystals at room temperature at

SSRL (BL7-1; MAR30 cm imaging plate, Å = 1.08). Diffraction was observed

beyond 3.0 Å, although the intense beam gave rise to crystal decay within 3-5

exposures.

du MP HMase Cryo Data Collection. A cryocondition of 10% glycerol or ethylene

glycol added to the mother liquor allowed several partial data sets to be collected

at SSRL to a resolution limit of 2.8–3.0 Å. Two of these data sets (HMT18/23)

were indexed separately (a-109.6 Å, b=94.5 A, c=924 A, B=123.7°, space group
C2) and the indexed frames merged to generate a single data set that was 78%
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complete (Table 5-1). The HMT18/23 data were quite weak (<I> = 4.7) and the

Rmerge (16.6%) was slightly higher than the individual Rsymm (12-13%) for each

data set; moreover, all of the missing data again fell along the l-axis of the

reciprocal lattice (Figure 5-4). However, HMT18/23 was the most complete data

set obtained for duMP HMase, and therefore molecular replacement trials were

undertaken using this data and various E. coli TS search models.

5.4 Molecular Replacement Trials using TS

Initial molecular replacement trials were conducted with the program AMORE

using the HMT18/23 partial data set. Three differentE. coli TS structures were

used as search models: a TS monomer (apoenzyme), and a TS dimer (both

apoenzyme and duMP-CB3717 ternary complex). The data resolution range for

each trial was varied (e.g., 20-4A, 15-4A, 12-4A), along with the radius of
integration (20–35 Å). Neither model resulted in a clear solution for any of the
rotation or translation searches.

Additional trials were conducted using the same data and three modified TS

structures as search models. First, a minimal search model was generated

(Figure 5-5) by deleting regions of the TS dimer with poor sequence homology to

dLMP HMase (Figure 5-1). Second, a polyalanine model of the TS dimer was

generated with the last 50 residues removed. Finally, the TS dimer was used to

create a partial homology model by substituting the residues present in the

dUMP HMase sequence, followed by a restrained minimization to remove any

Sidechain overlap (Figure 5-5).
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Chapter 5

Molecular replacement trials with the three models were conducted in a similar

manner to the initial trials. No clear solution was obtained with the first model,

possibly because this model corresponds to only 30% of the scattering atoms

present in duMP HMase. Weak solutions (3–40) were observed for the

combined rotation and translation searches using the polyalanine model (R =

54%, correlation = 0.38) and duMP HMase homology model (R = 55%,

correlation = 0.33). However, each solution demonstrated quite different

molecular packing in the unit cell (Figure 5-6). In addition, the individual 2Fo–Fc

maps were poorly connected along the models, and the maps were elongated

along the direction of the c-axis within the unit cell. Upon closer inspection, it

was evident that the distortion in the electron density was due to missing data

along the l-axis of reciprocal space. This implied that the structure could not be

determined without better quality data.

Additional attempts were made to collect a higher quality data set, yet each

crystal tested gave poor diffraction along the l-axis. dCMP HMase crystals

grown in the presence of the different lathanide salts appeared to well-ordered,

and so these crystals were also tested for diffraction. The crystals were mounted

in the same cryosolvent as the other duMP HMase crystals, and two diffraction

images collected 90° apart using a MAR imaging plate on a UCSF x-ray source

(Rigaku RU-200, 50 kV, 100 mA). Suprisingly, the disorder observed in the

diffraction patterns from other duMP HMase crystals was more pronounced in

these crystals (Figure 5-7). As data collected from every duMP HMase crystal

demonstrated a similar disorder, it was proposed that a new construct of the
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protein would have to be generated in order to obtain any quality diffraction

data.

5.5 Truncation Mutants of duMP HMase

Knowledge that the C-terminus of duMP HMase contains a large number of

negatively-charged residues, combined with the ability to modulate crystal

thickness with divalent or trivalent cations, suggested that the disorder in the

crystals might be due to degenerate intermolecular contacts around the C

terminus of the protein. As no molecular replacement solution could be found

for the one partial data set, it was proposed that truncation of the protein might

give rise to more ordered crystals. Therefore, two methods were pursued to

achieve this goal: (1) proteolysis of duMP HMase to generate an N-terminal

fragment; and (2), engineer site-directed truncation mutants.

du/MP HMase Proteolysis. The goal was to obtain a stable cleavage product, as

determined by SDS-PAGE, identify the fragment by N-terminal sequencing, and

test for duMPHMase activity. Proteolysis of the enzyme was attempted using

the enzymes Elastase, Papain, Trypsin, V-8 and Chymotrypsin under conditions

in which protease concentration and digestion time were varied. Several

experiments to obtain a stable fragment were unsuccessful, as all proteases tested

gave extensive cleavage patterns with irreproducible results. Two experiments

with Elastase indicated a common cleavage product of ~27-30 kD, as observed by

SDS-PAGE (data not shown). Attempts to refine this condition also proved

unsuccessful, and efforts were directed at engineering active truncation mutants

of the enzyme that could be expressed, purified and crystallized.
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Chapter 5

Truncation Mutants of duMP HMase. While conducting the proteolysis

experiments, the sequence of the C-terminus of duMP HMase was examined for

potential sites for truncation. Because the C-terminal sequence bears no

homology to TS or any other sequence within the protein database, there was no

information to suggest ideal sites for truncation. To help identify possible loop

regions in the sequence, various secondary structure prediction programs were

implemented, including PREDICT (Finer-Moore et al., 1989) and nnpredict

(Kneller et al., 1990). Several regions of the sequence demonstrated a high

probability of containing an amphipathic O-helical structure. Based upon this

secondary structure model, truncation mutants were engineered at five positions

within the loops between the predicted helices (Figure 5-7).

The five deletion mutants were generated by the polymerase chain reaction

(PCR) using oligonucleotides that incorporated a stop codon followed by a Bam

HI restriction site. This allowed each PCR product to be directly cloned into the

pET28b vector cut with Xba I and Bam HI. The resulting constructs were tested

for the correct insert by first checking for the loss of a single Nde I site from the

polylinker region of the plasmid, followed by restriction analysis to check the

size of the insert. Once the clones were determined to be the correct size, they

were tested for expression in E. coli BL21(DE3) cells. Each mutant was expressed

at level similar to that of the full-length wild type enzyme, and all appeared to be

the proper size as compared to molecular weight standards on SDS-PAGE.

Unfortunately, the individual mutants could only be expressed as insoluble and

inactive inclusion bodies. Because duMP HMase does not catalyze the hydride
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transfer reaction, there is no spectral shift that can be used in a straightforward

refolding assay; thus, the inability to test for a correctly-folded enzyme rendered

the project less tractable, and focus shifted to the pseudouridine synthase I

project.

5.6 Summary

Studies were initiated to determine the structure of duMP HMase from Bacillus

subtilis phage SPO1. The enzyme was isolated to ~95% purity and crystals were

grown from a variety of similar conditions. Limited diffraction data were

collected from several of these crystals, yet evidence of disorder in the diffraction

patterns of all crystals suggested they were unsuitable for structure solution.

Attempts to solve the structure by molecular replacement using a partial duMP

HMase data set and several search models generated from the structure of E. coli

TS proved to be unsuccessful.

dUMP HMase differs from its TS homologs predominantly in the last 120

residues of its C-terminus, and an attempt was made to isolate proteolytic

fragments of the enzyme that might be more amenable to crystallization.

Although no clear fragment could be obtained by proteolysis, the experiments

suggested that truncated forms of the enzyme might be stable in solution. Based

on secondary structure predictions of the C-terminal sequence of duMP HMase,

five truncation mutants were engineered and cloned, however all were found to

express only as inclusion bodies. The lack of a simple and reliable folding assay

to generate properly folded duMP HMase truncation mutants led me to set aside

this project.

89



''',/. i■ /C1*~

| B RAR



Chapter 5

Figure Legends

FIGURE 5-1: Sequence Alignment of duMP HMase and TS

An alignment of the du MP HMase amino acid sequence to TS sequences with

known three-dimensional structure. The sequence numbering follows that of

L. casei TS, with secondary structural elements labeled above the sequences

(helices are red, strands are green). Residues conserved among all TS sequences

are in bold, with residues that directly interact with substrate (blue) and cofactor

(orange) highlighted.

FIGURE 5-2: Crystals of duMP HMase

(A) duMP Hmase crystals from 100 mM Hepes pH 7.5, 100 mM CaCl2 and 14%

PEG 400. These crystals were 200 p in length, and often grew as numerous stacks
of crystals or intertwined crystals. The disorder along the short axis of the crystal
(c-axis of the unit cell) often resulted in disorder in the crystal diffraction pattern.

(B) Crystals grown from similar conditions but with 80 mM CaCl2, which
showed slightly better morphology. The stacked plates are only evident at the
ends of these crystals; however, these crystals still gave poor diffraction.

(C) Another condition using 70 mM Hepes pH 7.5, 70 mM CaCl2 and 15% PEG

400; crystals observed in this conditions were all intimate twins.

(D) The refined condition of 70 mM Hepes pH 7.5, 56 mM CaCl2 and 17.5% PEG

400, which gave single crystals of 400 p. x 200 m x 50 p. Crystals from these
conditions were used to generate the partial HMT18/23 data set.

(E) duMP HMase crystals grown from the same condition with 1mM ErCl3 as an

additive. The crystals were 200 p. x 150 p. x 100 p in size and appeared to be well
ordered. However, the diffraction obtained from these crystals was similar to
data collected from other duMP Hmase crystals, and appears in Figure 5-5.
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Chapter 5

FIGURE 5–3; duMP HMase Crystals Demonstrate 2-fold NCS

A self rotation map calculated from 15 to 3.5 Å using the initial duMP HMase
data. The K=180° section shows two orthogonal peaks 90° from the
crystallograhpic two-fold that suggests 222 symmetry in the asymmetric unit.

FIGURE 5-4: Pseudo-Precession Images of duMPHMase Data

Pseudo-precession shots of the HMT18/23 data sets demonstrate the missing
wedge of data along the l-axis of the unit cell. This was typical for all duMP
HMase data collected.

FIGURE 5-5. Two duMP HMase Molecular Replacement Models

Molecular Replacement Trials were conducted with several models, including:
(A) A minimal model of E. coli TS (see Figure 5-1) in which most of the loops
have been removed from the structure. This model constitutes 33% of the

scattering material in the asymmetric unit of the crystal.
(B) A homology model of duMP HMase constructed from the E. coli TS dimer in
the program O. Each amino acid was replaced with the corresponding amino
acid from the duMP HMase sequence. This corresponded to about 70% of the
scattering material in the asymmetric unit of the crystal.

FIGURE 5-6: Packing Arrangements in duMP HMase Molecular

Replacement Solutions

The best two solution identified from Molecular Replacement trials
demonstrated packing that overlapped in the asymmetric unit of the crystal.
Neither solution gave an interpretable electron density map.
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Chapter 5

FIGURE 5-4. The Disorder in duMP HMase Crystals

Diffraction pattern from a single crystal (200 p. x 150 p. x 100 u) grown from 70

mM Hepes pH 7.5, 56 mM CaCl2 and 17.5% PEG 400 in the presence of 1 mM

ErCl3. The diffraction pattern demonstrates partially twinned data along two
dimensions of the crystal and complete disorder when rotated by 90°. The
disorder observed corresponded to the l-axis of the diffraction pattern, and was
typical for all duMP HMase crystals.

FIGURE 5-7: duMP HMase C-terminal Deletion Mutants

A diagram of the dLMP HMase C-terminal deletion mutants constructed based
on the the secondary structure prediction for the C-terminal domain. The TS
domain ends at residue 246 of the duMP HMase sequence. The overall net
charge of each mutant is shown on the right, and demonstrates the acidic nature
of the C-terminus.
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FIGURE 5–2
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FIGURE 5–3
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Okl Plane
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FIGURE 5-4

96



* y* I/O
º, ■ /ºi/1■ t

B RAR

y

1///771/1.1,
*~

L■ tº RAR

*-
º, sº

º -

) * S
~ !

s" 4.
* - fºrº -

— —

º 9 |

O)

c- , 27C/C
º/■ º
*~

º ■ º. A tº -



Chapter 5

E. coli TS
MR model

d'UMP H Mase
Homology Model

FIGURE 5-5
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Molecular Replacement
solution using HMT
homology model

(0, 0, 0)

Molecular Replacement
solution using E. coli TS
polyalamine model

FIGURE 5-6
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FIGURE 5–7

99



* , -*.*

º ---2 -,
-

–S º,
..º ºº

I■ º
©■ º// 1
- B RAR

º

s * ■ / C . . .

* //nific
*~

- B R ARS

p. º
* S

_º º
s º

Kº■ ºvº; J
º ~,º/*-■ /º/,

O/2 -

-/*Li (,

ºf ■ º,
*-

| Hº Q A Q



Chapter 5

A dll/MPHMase deletion mutants NetCharge

N cºs A383Hºmº domain acid: -14

N Cys-162 A345

-14

N Cys-162 A313

º -15

N Cys-162 A292

-11

FIGURE 5–8
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Chapter 5

dUMP HMase

• Space Group C2 (2 molecules in a.s.u.)
a=109.6 Å be 94.5 Å c=92.4 Å B=123.7°

• collected at SSRL BL 7-1 (-177 °C)
from 2 crystals, each -350p. x 1509 x 70 u
data merged in SCALEPACK

Shell

Lower Upper Summary of observation redundancies:
limit limit % of reflections with given No. of observations

0 l 2 3 4 5-6 7–8 9–12 13–19 × 19 total
99.00 6.25 27 - 4 18.4 18.2 13. 1 11.8 9.6 1.4 0.0 0.0 0.0 7.2. 6

6.25 4.96 23.9 20.3 18.4 13.2 11.0 11.8 1.4 0.0 0.0 0.0 76. 1
4.96 4.33 22.5 23.9 16.0 13.7 11. 0 1 1.4 1.4 0.0 0.0 0.0 77.5
4.33 3.94 21. 6 22.9 17. 6 14.8 11.2 11.1 0.8 0.0 0.0 0.0 78.4
3.94 3.65 21.5 23.1 17.2 14. 7 11.5 11.0 1.0 0.0 0.0 0.0 78.5
3.65 3.44 20.2 24.0 18.5 14.2 10. 8 10. 7 1.5 0.0 0.0 0.0 79. 8
3.44 3.27 20.4 24.8 17.2 13. 9 11.2 11.8 0.7 0.0 0.0 0.0 79.6
3.27 3. 12 20.5 23. 8 17. 6 14.8 11.4 10.8 1.0 0.0 0.0 0.0 79.5
3 - 12 3.00 21.0 23. 3 17.7 15.1 10.5 11.8 0.6 0.0 0.0 0.0 79. 0
3.00 2.90 21. 1 23. 3 18. 1 14. 6 11.4 ll. 3 0.3 0.0 0.0 0.0 78.9

All hkl 22.0 22.8 17.7 14.2 11.2 11.1 1.0 0.0 0.0 0.0 78.0

Shell
Lower Upper I/Sigma in resolution shells:
limit limit $ of reflections with I / Sigma less than

0 1 2 3 5 10 20 >20 total

99.00 6.25 1.0 2. l 3.6 5. 8 9. 4 21.4 55. 4 17. 1 7.2. 6
6.25 4.96 1. 7 4 - 4 8.0 12.4 20. 1 44 - 8 73.8 2.2 76. 1
4.96 4.33 1.7 4.6 8. 7 12. 6 20.8 48.5 76.9 0.5 77.5
4.33 3.94 2.3 5. 8 11.6 17.7 28.1 54 - 6 78. 3 0.1 78.4
3.94 3.. 65 6. 6 14. 4 22. 1 28.9 42. 4 71.6 78.5 0.0 78.5
3.65 3.44 9 - 7 19 - 6 29.0 38.4 55. 1 78.6 79.8 0.0 79. 8
3.44 3.27 13.3 25. 7 39.2 54.2 71.4 79.6 79.6 0.0 79.6
3.27 3. 12 16. 4 31.9 48.2 62. 6 78.0 79.5 79.5 0. 0 79.5
3. 12 3.00 12. 4 30.4 54.8 68.9 79.0 79.0 79.0 0.0 79. 0
3.00 2.90 16.2 38 - 7 63.4 74.7 78.9 78.9 78.9 0.0 78.9

All hkl 8. 1 17.7 28.7 37.4 48.1 63.5 75.9 2. l 78. 0

Shell
Lower Upper
limit limit Average Average Norm. Linear Square

§ I error stat. Chi^*2 R-fac R-fac

99.00 6. 25 9081 - 1 583.5 364. 8 1.573 0.075 0.100
6.25 4.96 4879. 7 496.5 328. 1 1. 148 0.100 0.102
4.96 4.33 7977. 5 899. 7 547.8 1.213 0.11 1 0.112
4. 33 3.94 7091. 8 925 - 0 610.4 l. 133 0. 119 0.121
3.94 3.65 4660. 1 948.2 643.8 0.940 0.167 0.153
3.65 3.44 3309. 6 943. 6 680. 5 0.802 0.210 0 . 198
3.44 3.27 2087. 3 984 - 2 690. 8 0.721 0.325 0.293
3.27 3. 12 1441 .. 6 982. 0 729.8 0.635 0.413 0.390
3. 12 3.00 1399.9 1051.3 743.2 0.71 1 0. 505 0.508
3. 00 2.90 1066. 7 1075.9 790. 9 0.589 0.593 0.591

All reflections 4266.4 891.5 615. 1 0.948 0.166 0.140

Linear R-fac = 2 (1 (I-313)|)/2 (I)

TABLE 5–1
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CHAPTER 6

Crystallization and Structure Determination of

tRNA pseudouridine synthase I from
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Chapter 6

6.1 Introduction

The goal of the Psu■ structure project was to determine the structure of E. coli

Psu■ to gain insight into the structural basis for tRNA recognition and

pseudouridine formation. It was expected that Psu■ structure determination

would require heavy atom derivatives, as Psu■ demonstrated no sequence

homology to any protein with known structure. This chapter describes the steps

taken to determine the structure of Psu■ , from initial crystals to data collection,

heavy atom phasing to NCS averaging, and finally the tracing of the Psu■ chain

into density to its refinement at a resolution of 1.5 Å. The last two sections of the

chapter discuss the Psu■ dimer and modeling of a Psul-tRNA complex. This is

followed by Chapter 7, in which the details of the Psu■ structure are presented in

the form of a paper prepared for submission to the journal Science.

6.2 Crystallization of Psu■

Psu■ used in the initial crystallization trials was purified and provided by Lixuan

Huang of the Santi Lab; thereafter, all protein was expressed and purified in the

Stroud Lab according to this procedure (Huang et al., 1998). The trials were

conducted by hanging drop vapor diffusion in which 3-5 pil of wild-type Psu■

(2 mg/ml) was mixed 1:1 with each of the conditions of the Hampton

Crystallization Screens I and II. Most conditions showed either an immediate

precipitate or remained clear for several months. Analysis of the conditions that

gave heavy precipitate demonstrated that most used high salt concentrations as

crystallizing agents. Within several days, however, several small crystals (<20 p.)

emerged from the Crystal Screen I, condition 45 (100 mM cacodylate, pH 6.5, and

* * *
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Chapter 6

18% PEG 8K; Figure 6–1). This condition, which displayed a high degree of

precipitate, utilized polyethylene glycol but relatively little salt. A second screen

was conducted in which the original conditions were diluted by both 50 and

25%. The 25% dilution of this condition again produced a small cluster of

crystals, slightly larger than the first and with less precipitate. Additional trials

were then conducted using the PEG grid screen (Hampton). Once again, small

crystals were observed in low PEG concentrations (5-10%; pH 5.0-8.0). Further

attempts to increase the size of the crystals by adjusting the PEG concentration

merely increased the number of crystals within the drop. While it was possible

to grow 40 p crystals by using larger sitting drops, refinements in the PEG

concentration generally did not influence the crystal size.

Although the purified protein contains ~150 mM KCl, the best crystallization

conditions used very little salt (25 mM cacodylate or MES buffer, pH 6.5) and

low concentrations of PEG 6K (4–5%). Therefore, an attempt was made to further

lower the salt concentration in the protein sample prior to crystallization to test

its effect on crystal growth. -200 ul of 1.7 mg/ml Psu■ was diluted 8-fold in 50

mM MES buffer, pH 6.5, thereby diluting the KCl concentration < 20 mM. The

protein sample was then concentrated to back to 2 mg/ml in a Microcon 30K

(Amicon). The protein was stored overnight at 4 °C, and by the next day had

formed a shiny precipitate. However, when magnified, the precipitate was

found to be thin crystalline plates. This suggested that crystals might be grown

simply by dialysis of the protein solution against MES buffer.
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Chapter 6

The first dialysis crystallization trials Psu■ used simple dialysis buttons. A 50 pil

sample of 1.7 mg/ml Psu■ was aliquoted into a button and covered with a strip

of dialysis tubing to form the dialysis membrane (12-14 kD MW cutoff). The

dialysis button was placed into a 5 mL solution of 20 mM MES buffer, pH 6.5 and

stored at 22°C. Approximately 100 crystals grew within 12 hours, with the

largest crystals ranging from 50 to 100 p. in length (Figure 6-1). A separate

experiment using dialysis membranes with a lower MW cutoff (3 kD) decreased

the rate of crystal nucleation and allowed for the growth of fewer but larger

crystals (125 p.).

To further slow the rate of dialysis, an alternative technique using capillaries was

tested (Zeppezauer et al., 1967). A 1.7 mg/ml solution of Psu■ was layered onto

an acrylamide gel plug that had polymerized at one end of a capillary tube. The

capillary was then placed into a solution of 20 mM MES, pH6.5, at 22°C to

dialyze for several days. Single, large crystals of Psu■ (350p, Figure 6–1) grew

within one week and were easily extracted by breaking and inverting the

capillary over a drop of 20 mM MES, pH 6.5. Once removed from the capillary,

the crystals were stored as hanging drops in crystallization trays at room

temperature until their use in data collection and derivative screening.

6.3 Crystallographic Analysis of Psul

During the initial crystallization experiments, it was unknown whether the

crystals were protein; therefore, one crystal was prepared for room temperature

diffraction experiments. The crystal (30-40 p.) was mounted on a Rigaku x-ray
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Chapter 6

source (60 kV, 180 mA), and 45-minute exposures were taken on an R-Axis■ IC

imaging plate (90° apart). Although the diffraction was weak, several spots were

observed at low resolution (10–30 A) and indicated that the crystals might be

protein. A second 40 p crystal was mounted in a capillary and tested for

diffraction at CHESS (beamline F1). This crystal lasted for only 3 exposures

under the intense synchrotron radiation, yet diffracted to 2.6 Å. The resulting
diffraction images were indexed with unit cell dimensions of 68 Å x 38 Å x 104A

in the point group P2, which suggested the crystal was protein.

An initial data set was collected at room temperature on large (300 p.) Psu■ crystal

mounted on a Rigaku RU-300 (60 kV, 180 mA) with an R-Axis■ Ic image plate.

Diffraction data were observed beyond 2.5 A, but diminished substantially over

the course of several hours. To avoid data collection from multiple crystals, two

cryosolvents (15% MPD or ethylene glycol, in 20 mM MES, pH 6.5) were

identified and used thereafter for Psu■ cryogenic (-178 °C) data collection. Prior

to data collection, crystals are typically soaked (~10 seconds) in either

cryosolvent, mounted into a nylon loop and flash-cooled by dunking into liquid

N., or by direct transfer into a stream of N, gas (-178 °C). Of the Psu■ crystals

tested for data collection, a fraction (20%) showed visible defects under

magnification and demonstrated some disorder in their diffraction patterns (e.g.

diffuse spots, high mosaicity, multiple lattices). Therefore, it is necessary to

screen Psu■ crystal diffraction and test the stability of indexing solutions prior to

data collection.
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Chapter 6

The first complete native Psu■ data were collected from a single crystal (350p)

that was flash-cooled and mounted on a Rigaku RU-200 x-ray source (50 kV,

100 mA) using an R-Axis■ V detector. The crystal diffracted to approximately 2.2

A resolution (psucy, Table 7-1). The data were indexed in the point group P2
with the program DENZO (Otwinowski and Minor, 1997) and unit cell

dimensions were a=68.08 Å, b=37.34 Å, c=103.33 Å, B=97.60°, similar to what

was observed from room temperature diffraction. After checking for systematic

absences, the data were scaled in the space group P21 with no violations with the

program SCALEPACK (Otwinowski and Minor, 1997). Data were also collected

to 1.5 Å at SSRL BL7-1 (A = 1.08 Å) from a separate crystal (Figure 6-2). Due to
limitations in the time allotted for data collection, some 30% of the low-resolution

reflections (30-3.0 Å) were not properly collected; however, the psucz and psuc9

data sets were later found to be isomorphous and therefore were merged. When

reindexed and scaled together, the combined data set was >95% complete

between 30 to 1.5 Å (psucz9, Table 7-1).

Measurement of the crystal density by ficoll gradient indicated that there were

two Psul molecules per asymmetric unit. To test whether a non-crystallographic

symmetry (NCS) relationship existed between the two monomers, a self-rotation

function was calculated using the psuc/9 data set. A check of the K = 180°

Section that corresponds to perfect two-fold NCS indicated no peaks other than

the origin. A second possibility was the existence of translational NCS, and a

native Patterson was calculated demonstrated a peak corresponding to ~15% of

the origin at u=0, w=0.5 of the Harker section (P21; vaO.5). At first glance this

107



ºf 77.1/1■ t

- B R A R

**, *

a s == a - .

4 tº frinci
*~

B R A R

º […] º
- ––

Q3 ºf J
fº

O]] .
! [...]

º, º
º

sº
~ º

^, ()º,

27

sº

* --

s
S r

c(10
º/rºn 1

! ºn AR



Chapter 6

suggested that the data had been indexed in the wrong space group; it was later

determined that the translation symmetry observed in the native Patterson map

corresponded to two-fold NCS that was 4.7° off parallel to the crystallographic

two-fold (Figure 6-3).

6.4 Heavy Atom Derivitives of Psu■

Heavy Atom Soaks and Data Collection. Based upon observations made during

crystallization trials, it was expected that Psu■ crystals would be sensitive to any

increase in salt concentration. For this reason, all heavy atom soaks were

attempted with concentrations typically below 1 mM. Soaks were performed in

hanging drops containing the appropriate heavy atom in 20 mM MES, pH 6.5,

and varied in time from one hour to several days. Individual derivative data sets

were collected on either a MAR or R-Axis■ V detector mounted on a Rigaku RU

200 lab x-ray source (50 kV, 100mA). All data were indexed and reduced in

DENZO/SCALEPACK as with the native data, except the individual anomalous

pairs (F’ and F) were not merged during data reduction. A summary of the data

collected and the sites identified for each derivative are listed in Table 6–1, while

phasing statistics are presented in Table 7-1.

Psu■ contains three cysteines that are known to be chemically reactive to

mercurial compounds (Kammen et al., 1988). Therefore, the initial heavy atom

soaks were conducted with several mercurial compounds (HgCl2, KHgIA,

MeHgNO3). Data for HgCl, were collected to a resolution of 2.2 Å, with

relatively small increases in the unit cell dimensions and crystal mosaicity (Table

~
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Chapter 6

6-1). This derivative gave a clear signal in the isomorphous difference Patterson

and was the strongest contributor to the final MIRAS phases (Table 7-1).

However, the protein phases calculated from this derivative alone were quite

poor, and other derivatives were needed to phase the protein structure.

Several heavy atom compounds showed no signs of binding to the protein as

determined from differences calculated. Soaks with organomercurials, such as

EMTS or PCMB, proved to be difficult without visibly damaging the crystals.

Often the soaks with these heavy atom compounds gave rise to unacceptable

changes in the unit cell dimensions and, in some cases, loss of diffraction

altogether. An emphasis was placed on crystal soaks with inorganic heavy atom

salts of low molecular weight. Approximately 40 derivative data sets were

screened, with useful derivatives identified from data collected on K3IrCl3 and

WO4 soaks (Tables 6–1, 7-1). A potential derivative was also identified from a

data set collected on a crystal soaked with MehgnO3. However, this derivative

shared heavy atom sites with the original HgCl2 derivative, which led to

problems during the initial phase refinement. Refinement of the MeHgNO3 sites

weakened the contributions from both the K3IrClé and WO4 sites, as observed by

a rapid drop in their occupancies; therefore, the MeHgNO3 data were omitted

from the phase calculations until heavy atom refinement stabilized with the

incorporation of the SeMet data (Section 6.5).
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Chapter 6

Identification of Heavy Atom Positions. As most Psul crystals diffracted beyond 3.0

A resolution, the program TRUNCATE (CCP4) was used to put all data on an
absolute scale and convert any negative intensities associated with weak

reflections to positive F’s (French and Wilson, 1978). Each derivative data set

was formatted and scaled to the native data using the programs SCALEIT

(Dodson et al., 1997) and CMBISO/CMBANO (Furey and Swaminathan, 1997),

which were found to give similar results. The isomorphous difference Patterson

(Figure 6-4) and anomalous Patterson for the HgCl2 data were calculated from 15

to 2.2 Å (0.8 Å grid) and displayed in the program XTALVIEW (McRee, 1993).

The first two Hg sites (Hg1 and Hg2) were readily interpreted in both maps and

refined in the program PHASIT (Furey and Swaminathan, 1997). The first two

sites in each of the K3IrClé and WOA derivatives (Table 6–1) were then obtained

from difference Fourier maps (15-3 A) calculated using the refined HgCl2 phases.

All remaining heavy atom sites for these and additional derivatives were

identified using the refined HgCl2/K3IrCla/WO4 phases. Each new heavy atom

position was first checked against the individual difference Patterson maps, then

cross-checked against the other derivatives using difference Fourier maps.

6.5 Psu■ Structure Determination and Selenomethionyl-Psu■

The refinement of all heavy atom sites was performed using a maximum

liklihood target function in the PHASIT module of the PHASES suite of

programs. Initial sites in the first three derivatives (Hg1, Hg2, Ir1, Ir2, W1 and

7
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Chapter 6

W2) were refined to 3 Å resolution using both isomorphous and anomalous
differences, and resulted in a figure of merit (F.O.M.) for the protein phases

= 0.39. Additional sites (Hg3, Ir3, Ir4, W3 and W4) were identified in the

difference fourier maps using the refined HgCl2/K3IrCle/WO4 phases, and

protein phases were calculated to 3 Å (F.O.M. = 0.41).

The 3 Å electron density map calculated for the protein demonstrated some
connectivity throughout the asymmetric unit; unfortunately, only two strands

could be fit into the density. It was noted that each pair of sites (Hg1/2, Ir1/2,

Ir3/4, W1/2, W3/4) is related by the two-fold NCS present in the asymmetric

unit. In fact, ten of the eleven heavy atom sites identified (except Hg2) fall

roughly on the same y-plane of the unit cell. Since the origin in P21 is defined by

the first atom position placed in the unit cell (Drenth, 1994), the positions of the

heavy atoms are “pseudo” centrosymmetric and therefore result in phase bias.

While the anomalous data from each derivative should have helped to break the

center of symmetry, this did not appear to be the case. Attempts to modify the

electron density by solvent-flattening were compounded by the fact that the unit

cell contained only ~30% solvent. In addition, efforts to obtain an NCS-averaged

map were hampered by the poor refinement of the NCS operator based on the

heavy atom positions (correlation coefficient = 0.14). In fact the averaging

resulted in a map that was less interpretable than the original 3.0 Å MIRAS

phased map. While additional heavy atom derivatives were tested, none were

found to be isomorphous with the native data set. In order to obtain an

º
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Chapter 6

isomorphous derivative that contained new heavy atom sites, I initiated the

production of selenomethionine-labeled Psu■ (SeMet-Psu■ ).

SeMet-Psul Expression and Purification. Since each Psu■ monomer contains six

methionine residues, the use of SeMet-Psu■ presented three advantages over

conventional heavy atom derivatives. First, there was the potential of phasing

the protein structure solely from the anomalous and dispersive signals obtained

in a multiwavelength anomalous dispersion (MAD) experiment using a single

SeMet-Psu■ crystal. Second, in the absence of MAD data, it was expected that the

isomorphous differences from the twelve selenium atoms in the asymmetric unit

could provide enough additional MIR phasing information to determine the

structure of Psu■ . Finally, knowledge of the selenium atom positions could

provide the missing information necessary to determine the proper NCS two

fold operator for averaging the experimental electron density maps (Figure 6-6).

The expression of SeMet-Psu■ followed the method of van Duyne (Van Duyneet

al., 1993); however, to obtain any expression of Psu■ in minimal media, it was

necessary to first transform the E. coli BL21-DE3 strain with the plx1 plasmid

and then restreak the cells from a single transformed colony prior to inoculating

the minimal media. SeMet-Psu■ was purified as previously described (Huang et

al., 1998), with the inclusion of 5 mM DTT and 10 mM methionine in all buffers

as a precaution to oxidation of the selenium atoms during purification.

SeMet-Psu■ Crystallization and Data Collection. Single crystals of SeMet-Psu■ ,

typically measuring 300 x 150 x 100 p., were grown over the course of 1-2 weeks
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Chapter 6

at room temperature by the capillary dialysis method. Two separate data sets

(Se25 and SeHg) were collected to a resolution of 2.5 and 2.6 Å, respectively, on a
UCSF x-ray source and processed as described for other derivatives (Table 6–1).

Both SeMet-Psu■ data sets showed ten of the twelve expected selenium peaks in

the difference fourier maps calculated from the HgCl2/K3IrCle/WO4 phases

(Table 6-1). Also, a four-wavelength MAD data set was collected from a different

SeMet-Psu■ crystal (ALS, BL5.02; data not shown) which diffracted beyond 1.5 Á

resolution. Unfortunately, the selenium atoms appeared to be oxidized, as the

selenium absorption edge calculated from the fluorescence signal was found to

be quite broad. No anomalous or dispersive signal could be detected from the

processed MAD data, and no clear peaks were identified in difference fourier

maps calculated from the original HgCl2/K3IrCle/WO4 phases. Therefore, the

MAD data could not be used in the structure determination; instead, the first two

SeMet data sets were used to obtain isomorphous differences and heavy atom

sites that were combined with the original derivative data in order to phase the

protein.
*

■ º
The ten selenium atom positions identified from the two isomorphous SeMet

Psu■ data sets (Se25 and SeHg) were included with the HgCl2/K3IrCle/WO4 7C.,
*

positions and all sites refined to 3 Å (F.O.M. for protein phases = 0.49). After º
initial refinement of these sites, several minor sites were identified in the sº

difference fourier maps of the original derivatives. In addition, the Hg sites º,
identified in the MeHgNO3 data were refined with the other heavy atoms. All
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Chapter 6

sites were then refined to the resolution limit for each data set, and refinement

converged to a F.O.M. = 0.52 (Tables 6–1 and 7–1).

Density Modification and NCS-Averaging. After the MIRAS phasing converged in

PHASES, a 2.2 Å resolution protein map was calculated in the program FFT
(Dodson et al., 1997). The resulting experimental map demonstrated clear

density for several fl-strands and two C-helices; however, a full trace of the

protein structure could not be achieved, as several areas of density showed poor

connectivity and there were numerous false connections (Figure 6-5). To obtain

an initial electron density map that could be traced, several rounds of density

modification and NCS-averaging were conducted and described as follows.

First, a mask that covered the two molecules in the asymmetric unit was

calculated from the 2.2 Å MIRAS map using an automated procedure in the O

utility program 6D COMA (Kleywegt and Jones, 1999). Since the original NCS

operator gave poor results, a new NCS operator was obtained from the selenium

atom positions, as these atoms were spread throughout the structure (Figure 6-6).

Refinement of the NCS operator that was calculated from the selenium atom

positions gave an initial correlation coefficient of 0.29 (Table 7-1). The original

NCS operator, calculated from the first eight heavy atom postions, was initially

parallel to the crystallographic two-fold; however, the new NCS operator was

tilted 4.7° from the original NCS-axis.

Starting with the 2.2 Å MIRAS map, density modification and NCS-averaging

were conducted without phase extension over 20 cycles using the program
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Chapter 6

SOLOMON (Abrahams and Leslie, 1996) and several CCP4 programs for

structure factor and map calculation (Dodson et al., 1997). In each cycle, an initial

map was averaged and modified by solvent-flipping in SOLOMON, followed by

the inversion of the resulting averaged map to obtain modified structure factors.

The structure factors were scaled to the original data in RSTATS and the

modified phases weighted in SIGMAA. A new map was calculated in FFT from

the original amplitudes and modified phases, used to improve the NCS operator

in 6D_IMP (Kleywegt and Jones, 1994), then followed by the initiation of a new

cycle of density modification. The averaging and density modification cycles

were stopped when the NCS operator correlation coefficient converged at 0.71

(F.O.M. = 0.84).

6.6 Model Building and Refinement

The first trace of the structure began with NCS-averaged and solvent flipped

SIGMAA-weighted Fo (Gºodified) electron density maps calculated at 22A and

viewed in the molecular graphics program O (Jones et al., 1991) (Figure 6-6).

Various secondary structure features were evident in both maps, and fl-strands

and O-helices were constructed within the O-utility program 6D MOLEMAN

(Kleywegt and Jones, 1999) and fit into the density. Following the placement of

the initial secondary structure fragments, individual portions of the remaining

strands and helices were traced using the baton commands supplied in O. Only

one monomer was built into the electron density, as the 2-fold non

Crystallographic symmetry operation was used to generate the second monomer.
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Chapter 6

Once the protein structure was traced, the individual monomers were adjusted

to accommodate the slight differences in their structure.

The positions of the selenium atoms derived from phasing were then used as

sequence markers to guide the assignment of sequence to the structure (Figure

6–6). Additionally, the positions of the Hg atoms were used to identify the

cysteine residues in the sequence. Once ~67% of the Psu■ dimer was built into

density, a new mask was generated from the model with additional "padding"

given to the regions were density was observed but could not be traced. The

model phases were recombined with the original MIRAS phases using the

program SIGMAA (Read, 1986) and another round of NCS averaging and

solvent flipping was implemented to further refine the protein phases. A second

SIGMAA-weighted Fo (O. modified) map was calculated and 33 more residues

(~14% of Psu■ ) were placed into density. At this stage, only 54 of the 270

residues in each monomer were missing, including the first 8 NH2-terminal

residues.

After placing 80% of the model into density, 40 cycles of maximum-liklihood

(ML) positional refinement were performed against all data to 1.5A (79,453 total

reflections, 5% flagged for Race) using the program REFMAC, with NCS

restraints applied to the individual monomers. An immediate drop in both Rºys

(45.9% to 37.3%) and Race (48.2% to 42.8%) was observed and suggested that the

starting model was correct. After calculating both SIGMAA-weighted
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Chapter 6

3Fo–2Fc (O. al.) and Fo-FC (ocal) maps, the first round of rebuilding was

undertaken, which included the placement of all residues except for eight N

terminal residues in each monomer not present in the density. A second round

of ML-refinement was initiated (20 cycles, including NCS restraints and B-factor

refinement), which was accompanied by a similar decline in Rays (43.6% to

31.8%) and Race (43.3% to 34.5%).

The second round of rebuilding involved repositioning several sidechains, along

with the adjustment of backbone torsion angles. This was followed by 20 cycles

of ML-refinement as both the Rºy (33.6% to 27.3%) and Riº (35.1% to 30.7%)

continued to drop. At this stage of refinement, most of the protein was

positioned correctly into the density maps, and several water molecules were

identified. ML-refinement continued with all NCS restraints removed and the

automatic placement of ~300 water molecules into density using the program

ARP (Lamzin and Wilson, 1993). The decreasing values for Reryst (24.7% to

22.8%) and Rhee (27.6% to 26.4%) began to level off, and the maps were inspected

for side chains and waters not properly positioned in density. To test the

correctness of the structure, a 1.5 Å composite omit map was calculated using the

program CNS (Figure 6-6). Most residues were well-positioned into density,

except for the side chains of a few surface residues.

During the inspection of the Fo-FC (ocal) maps, one water molecule centered

within 5Å of the side chain for D60 had a large (~40) positive residual peak,
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Chapter 6

suggesting that it might be an ion. Based upon the coordinating atoms around

this peak and the refinement of several different ions in this position, it was

concluded that the density corresponded to a chloride ion (see Chapter 7). The

remaining stages of refinement included the placement of 160 additional water

molecules, correction of a few outlying torsion angles in the Ramachandran plot

of the structure (Figure 6-7) and a single round of anisotropic B-factor refinement

using a newer version of REFMAC (Murshudov et al., 1999). The final Psu■

model, presented in Chapter 7, consists of residues 7-270 in each monomer, 2

chloride ions and 461 waters, with a final Reyst =16.7% and Rhee = 20.4%.cryst

6.7 Psul is a Dimer

The two monomers in the asymmetric unit of the crystal display an extensive

molecular interface, with each monomer burying -1480 A* (Figure 6-8). Surface

analysis of the Psu■ monomer indicates that unlike the rest of the molecular

surface, the dimer interface is planar and is therefore similar to other homodimer

complexes found in the Protein Databank (Jones and Thornton, 1995) (Jones and

Thornton, 1997). Moreover, as the residues at the interface are predominately

hydrophobic in character, it was proposed that Psu■ might also be a dimer in

solution.

To test whether Psu■ is a dimer in solution, the purified enzyme was applied at a

concentration of ~10 mg/ml to a TSK gel filtration column using a running

buffer of 20 mM NaPO4, pH 6.8, 150 mM Na2SO4. The column was calibrated

using BioFad standards run under the same conditions, and included
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Chapter 6

Thyroglobulin (670 kD), Bovine gamma globulin (158 kD), Chicken ovalbumin

(44kD), Equine myoglobin (17 kD) and Vitamin B-12 (1.35 kD). Psu■ eluted from

the column as a single peak and indicated a molecular weight of 66 kD when

compared to the standards (Figure 6-8). The agreement of this value to the

calculated value of 60 kD for a Psu■ dimer suggests that the dimer found in the

Psu■ crystal is likely to be the true molecular species in solution, as discussed in

Chapter 7. Further support for this model should come once experimental

values for the molecular weight of a Psul-(FUra)tRNA" complex are obtained.

6.8 Summary

The tRNA-modifying enzyme pseudouridine synthase I (Psu■ ) from E. coli was

expressed, purified and crystallized. Native diffraction data were collected to a

resolution of 1.5 Å from crystals that belong to the space group P21, with unit cell

dimensions a-68.1, b=37.4, c=103.4, 3=97.7°. The asymmetric unit of the Psu■

crystal contains two monomers, as determined by crystal density measurements

using a ficoll gradient. The NCS two-fold that relates the two monomers was

identified as parallel to the crystallographic two-fold through a Native Patterson

calculation. The determination of selenomethionine positions later revealed that

the 2-fold was tilted 4.7° off of the crystallographic two-fold.

The structure of Psu■ was solved by Multiple Isomorphous Replacement with

Anomalous Scattering (MIRAS) using isomorphous derivative data obtained to a

resolution of 2.2-2.6 Å, along with density modification and two-fold NCS

averaging. The final Psu■ model, a dimeric protein of O■ 3 fold, was refined to an
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Chapter 6

Reryst = 16.7% and Rfree = 20.4% using the program REFMAC. Psu■ was alsocrys

found to be a dimer in solution, as confirmed by gel filtration experiments. The

shape and charge of the active site clefts, suggests a model for binding tRNA.

The implications of tRNA recognition by the Psu■ dimer are further discussed in

Chapter 7. Efforts to obtain crystals of a Psul-tRNA complex are currently under

investigation.
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Chapter 6

Figure Legends

FIGURE 6-1: The Crystallization of Psu■ .

(A) Initial crystals of Psu■ grew from 1.7 mg/ml Psu■ in 100 mM Cacodylate, pH
6.5, 18% PEG 8K. Crystals from these conditions were typically 10-15 p. in their
longest dimension and often surrounded by precipitate.
(B) A shower of crystals formed within 12 hours when Psu■ was dialyzed
against 20 mM MES buffer, pH 6.5. These crystals typically grew to 50-80p in
length.
(C) A cartoon representation of the setup for a capillary dialysis experiment.
(D) Capillary dialysis experiments against MES buffer, pH 6.5, with an
acrylamide gel plug used for a dialysis membrane. Single large crystals were
grown and measured 250-350 p along there longest axis. These crystals were
used in all diffraction and heavy atom soak experiments.

FIGURE 6-2: High Resolution Diffraction from Psu■ Crystals.

(A) A 3° oscillation image from the Psu■ data set (psuc9) collected at SSRL BL7-1
(X = 1.08 A) on a 30 cm MAR imaging plate. Due to time limitations for data
collection, all data were collected with 5 minute exposures such that the low
resolution data was not overexposed. Although data was observed to 14 A
resolution, the data beyond 1.5 Å resolution was quite weak (<L = 1 sigma);
therefore, only the data from 28 - 1.5 A was indexed and scaled.
(B) A magnified view of the edge of the plate for the same oscillation image.
The resolution limit at the edge is 1.35 Å, and spots are visible beyond 1.5 Å.

FIGURE 6-3: The Psu■ Native Patterson Map.

(A) A native Patterson Map calculated from Psu■ data using the coefficients
Foº Fo, translational noncrystallographic symmetry (NCS) in the unit cell. A peak
corresponding to ~18% of the origin peak was identified at u=0.0, w=0.5 of the
Harker section (v-0.5; space group P21). The position of this translational NCS
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Chapter 6
º:

suggested an NCS 2-fold axis parallel to the crystallographic 2-fold. All native
and derivative Patterson maps were calculated using the program XTALVIEW
(McRee, 1993).

(B) The relationship between translational NCS 2-fold parallel to the
crystallographic 2-fold The true NCS 2-fold is tilted -4.5° from the
crystallographic 2-fold.

FIGURE 6-4: Psul-HgCl2 Difference Patterson Map.

The Harker section (v-0.5) for the Psul-HgCl2 difference Patterson, in which the

coefficients are (|FPH |-|FP y’. The map was calculated with data from 15-22A
using a 0.8 Å grid, with contours that begin at 2.50 and increase by 0.50. The
first two positions identified and refined for initial phasing are marked on this
section (Hg1 and Hg2). Phases were calculated using a maximum-liklihood
target function with the program PHASES (Furey and Swaminathan, 1997).

FIGURE 6-5: Positions of SelenoMethionine Residues in Psul.

Orthogonal views of the Psu■ dimer demonstrating the selenomethionine
positions within the N-terminal (green) and C-terminal (blue) domains. Each
selenium atoms is represented as yellow van der Waals sphere over a methionine
residue drawn as a ball-and-stick. A key to the structure determination was the
combined phasing and 2-fold NCS-averaging The identification of the positions
of methionine residues in the Psu■ monomer and

FIGURE 6-6: Electron Density Maps During Psu■ Structure Determination.

(A) The 2.2 Å MIRAS-phased map for the region of the N-terminal 3-sheet.
Although parts of the map could be interpreted, there were numerous regions
which showed false connections between side chains.
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(B) The 2.2 Å NCS-averaged map for the same region, calculated after several
cycles in Solomon. The connectivity of this map was quite clear and easily
interpreted.
(C) A 1.5 Å composit omit map for the region of the N-terminal B-sheet.

FIGURE 6-7: Ramachandran Plot from the Refined Psul Structure

A Ramachandran plot for the refined structure of Psu■ . All of the backbone
atoms fall into acceptable regions of the plot.

FIGURE 6-8: A Psu■ Dimer in the Crystal and in Solution

(A) The dimer interface of a Psu■ monomer presents an extensive hydrophobic
surface that buries ~2900A2 of surface area. The dimer interface is

predominately composed of hydrophobic residues, in contrast to the remaining,
highly charged Psu■ surface.
(B) A plot of a log curve (Corr. Coeff. = 0.99) for the molecular weights of the gel
filtration standards (BioFad) versus their time of elution from a TSK gel filtration
column. Psu■ was loaded at a concentration of ~6 puM (10-fold lower than the
crystallization concentration) and eluted under the same conditions as the

standards (100 mM NaSO4, 20 mM NaPO4, pH 6.8, 22°C). The elution time for

Psu■ (blue dot) corresponds to a molecular weight of 66kD and is in agreement
with the calculated molecular weight for the Psu■ dimer (60.8 kD).
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V = 0.5

FIGURE 6–3
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FIGURE 6-5
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PROCHECK

Ramachandran Plot
psuc79

180
- -

| " .
135-p T.

90
-

45 -

–45 l

–90 l

-135
-

_ t
w * hº 266 (B)

-

- P

I T l

0 45 90

Phi (degrees)
Plot statistics

I

–45

Residues in most favoured regions (A.B.L.) 432 93.1%
Residues in additional allowed regions [a,b,I,p) 29 6.2%
Residues in generously allowed regions [-a, -b.-1.-pl 2 0.4%
Residues in disallowed regions I 0.2%

Number of non-glycine and non-proline residues 464 100.0%

Number of end-residues (excl. Gly and Pro) 2

Number of glycine residues (shown as triangles) 32
Number of proline residues 30

Total number of residues 528

Based on an analysis of 118 structures of resolution of at least 20 Angstroms
and R-factor no greater than 20%, a good quality model would be expected

to have over 90% in the most favoured regions.

FIGURE 6–7
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Psul Data and Heavy Atom Positions

Data Resol. Unit Cell Dimensions (Å) Completeness
Set (A) d b C f Mosaicity % R-sym.

Psuc'■ 30–2.2 68.1 37.3 103.3 97.6 0.48 97.4 0.075
Psuc9 67.9 37.4 103.4 97.8 0.37 91.4 0.064

Psucz9 30–1.5 68.1 37.4 103.5 97.7 0.44 94.9 0.086

HgCl2 30–2.2 68.1 37.3 103.1 98.2 0.51 96.0 0.071
HgNO3 30-23 68.4 37.2 102.7 97.0 1.15 99.9 0.125
SeMet25 30–2.5 68.1 37.3 103.1 97.9 0.68 95.7 0.168

SeHg 30–2.6 68.0 37.3 102.8 97.8 0.99 91.2 0.120
WO4 30–2.5 68.5 36.9 103.3 97.6 0.70 97.1 0.117

K3IrCl6 30–2.25 67.8 37.1 103.1 98.6 0.80 97.4 0.108

Heavy Atom Positions
Deriv Atom X Y Z Occupancy
HgCl2 Hg! 0.160 0.250 0.286 1.00

in Hg2 0.850 0.257 0.229 1.55

in Hg3 0.708 0.122 0.532 1.13

wn Hg4 0.305 0.218 0.991 0.52
Hg5 0.177 0.258 0.411 0.32

in
Hg6 0.832 0.298 0.106 0.21

SeMet25 Sel 0.690 0.361 0.747 1.00

rº Se2 0.307 0.363 0.762 0.81

it. Se3 0.477 0.392 0.929 0.83
Se4 0.528 0.337 0.583 0.53

n Se5 0.224 0.009 0.406 0.91

rt Seó 0.774 0.029 0.095 0.93

it. Se7 0.169 0.327 0.825 0.87

in SeS 0.846 0.324 0.688 0.64

rt Seº) 0.467 0.045 0.428 0.62

rt Se1() 0.539 0.099 0.072 0.78
K3IrCl6 Ir1 0.748 0.218 0.161 1.00

wn Ir2 0.256 0.194 0.350 0.74
Ir3 0.152 0.237 0.384 0.64
Ir4 0.852 0.209 0.120 0.28

WO4 W1 0.159 0.225 0.377 1.00

11 W2 0.842 0.217 0.124 0.75

in W3 0.196 0.262 0.376 0.58

in W4 0.797 0.255 0.109 0.38
W5 0.166 0.265 0.406 0.57

rt W6 0.155 0.303 0.360 0.52
W7 0.834 0.286 0.141 0.76

Common sites: HgCl2/Me■■ gnO3 SeMet25/SeHg

TABLE 6-1
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Paul G. Foster”, Lixuan Huang',

Daniel V. Santi” and Robert M. Stroud”

Department of Biochemistry and Biophysics and

'Graduate Group in Biophysics
Box 0448, UCSF

SF CA 94143-0448

‘Department of Pharmaceutical Chemistry
Box 0446, UCSF

SF CA 94143-0446

Present Address: Dupont Company CR&D
Experimental Station

P.O. Box 80402

Wilmington DE 19880

(submitted to Nature, with self-contained references )

:

%
134 _0



*** **

** = . . .

! ■■ i■■ C1
-



Chapter 7

ABSTRACT

Pseudouridine synthases catalyze the isomerization of specific uridines to

pseudouridine in a variety of RNAs, yet the basis for recognition of the RNA

sites or how they catalyze this reaction is unknown. The crystal structure of

pseudouridine synthase I from Escherichia coli, which, for example, modifies

positions 38, 39 and/or 40 in trNA, reveals a dimeric protein that contains two

positively charged, RNA-binding clefts along the surface of the protein. Each

cleft contains a highly conserved aspartic acid located at its center. The structural -

domains have a topological similarity to those of other RNA-binding proteins,

though the mode of interaction with tRNA is unique. The structure suggests that

a dimeric enzyme is required for binding transfer RNA and subsequent

pseudouridine formation.
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Chapter 7

Pseudouridine synthases are a family of enzymes that catalyze an unusual

isomerization in RNAs in which specific uridines are converted to the C5-C1'

isomer, pseudouridine. These enzymes require no cofactor, nor any external

energy source, and display a high degree of specificity for their individual, three

dimensionally folded RNA substrates. Pseudouridine contains the only C-C

glycosidic bond known at the polynucleotide level and is the most abundant

modified nucleoside in the cell (1). The various stable RNAs targeted for this

modification include transfer RNA (tRNA) (2), ribosomal RNA (rRNA) (3), and

small nuclear RNA (snRNA) (4).

Pseudouridines are known to stabilize the tertiary structure of RNA (5)(6), yet

no definitive biological role is attributed to this base modification. Recent work

on Xenopus laevis snRNP assembly demonstrates that several modifications to

the U2 snRNA, including pseudouridylation, are required for snRNP

biosynthesis (7). In addition, many of the sites targeted for pseudouridine

formation, such as the pseudouridine residues that map to the peptidyl-transfer

region of rRNA (8), are highly conserved throughout evolution.

E. coli trNA pseudouridine synthase I (Psu■ ) is the most extensively

studied of the known pseudouridine synthases. It modifies positions 38, 39

and/or 40 in the anticodon stem of tRNA and serves as a model system for

understanding the determinants of RNA binding, and the mechanism of

pseudouridine synthesis. The minimal chemical mechanism for this reaction

entails cleavage of the N-glycosidic bond of the target uridine residue, rotation of

the uracil to juxtapose C5 of the pyrimidine ring and C1'of the ribose, and

formation of the new C5-C1' bond. A general enzyme mechanism has been

proposed which involves nucleophilic attack at C6 of the uridine to form a 5,6-

.
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Chapter 7

dihydropyrimidine Michael adduct with the enzyme, similar to the mechanism of

the enzyme thymidylate synthase (9). Such an intermediate would facilitate

cleavage of the N-glycosidic bond of the target uridine and allow direct

positioning of C5 next to C1 by rotation around the pyrimidine C6-N3 axis.

Recently, an alignment of the known pseudouridine synthases identified

one common sequence motif, “GR(L/T)D", in which the aspartic acid (residue

D60 in E. coli Psu■ ) is strictly conserved (10). Mutagenesis of this aspartic acid

demonstrated that it is essential for enzyme activity. All D60 mutants are

competent to bind tRNA, however none catalyzes pseudouridine synthesis or

forms a covalent complex with fluorouracil-substituted tRNA (FUra-tRNA).

Although direct evidence of the nature of the covalent intermediate has yet to be

obtained, these results implicate D60 as the catalytic nucleophile in Psu■ . The

structure of E. coli Psu■ , the first of any pseudouridine synthase, provides insight

into trNA binding and pseudouridine formation.

The structure of Psu■ was determined by multiple isomorphous

replacement with anomalous scattering (MIRAS) from derivative data extending

to 22A resolution, combined with density modification and 2-fold non

crystallographic symmetry averaging (Table 7-1). The Psu■ dimer was refined to

1.5A resolution to give a final R–factor of 16.7% (Rites=22.1%). The Psu■ model

comprises residues 7-270 of each monomer, 2 chloride ions and 460 water

molecules. The two monomers in the asymmetric unit are nearly identical, with

a root-mean-square deviation for backbone atoms of 0.38 Á, despite the removal

of NCS restraints at an early stage of structure refinement.

Each Psu■ monomer demonstrates an overall off fold that consists of

distinct, yet closely associated, NH2-terminal (residues 7-114) and COOH

.
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Chapter 7

terminal (residues 115-270) domains (Figure 7-1A). Both domains display a

similar floßfloff topology, although comparison of their sequences reveals no

sequence similarity (<13% identity) and they demonstrate clear differences in

three dimensional structure (Figure 7-1B). In particular, the C-terminal domain

contains an extended 26-residue 30■ structure in place of the 14-residue on helix,

along with an extra 10-residue O-helix (Os) between O.4 and 310. Four short 310

helices are found only in the COOH-domain, with three of the four 310-helices at

the C-terminal ends of O3, 37 and 0.5. The two domains in each Psu■ monomer

interact through a combination of hydrogen bonds, which connect strands [3

and £10, and non-polar interactions among conserved residues, principally Q68,

F107, A109, L245, Y246 and L247. Their union generates an extended ten

stranded mixed fl-sheet and creates a deep cleft (16Å wide, 25Å long, 14A deep)

with a positively-charged surface where the two domains intersect (Figure 7-1B).

The walls of the cleft are formed by the N-terminal domain loops L1 and

L3, and the C-terminal domain loops L6, LS and L11 (Figure 7-1B). Of these

loops, L1 (residues 20-33) and L3 (residues 166-173) demonstrate the highest

backbone temperature factors in the structure and indicate plasticity around the

cleft. Approximately thirty-five water molecules line the cleft and create a

hydrogen-bond network with polar residues along the surface of the cleft.

Located within the L3 loop and centered in the cleft, the D60 side chain is

coordinated through water-mediated hydrogen bonds by two strictly conserved

residues, R58 and R205, positioned 5Å on either side of D60 (Figure 7-2).
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Chapter 7

Nearby, a single, well-ordered chloride ion identified in each cleft (B=19 and 27

A’) is coordinated by the backbone nitrogen atoms of V204 and R205 and by two
water molecules, one of which forms a bridge to Oö1 of D60 (11). Outside the

cleft, the L5 loop contains the partially conserved "FHARF" sequence motif, in

which the arginine residue is present in all but one Psu■ sequence. Seven of the

nine remaining completely conserved residues are hydrophobic in character and

cluster below D60 at the interface of the N- and C-terminal domains. The

conservation of residues at the domain interface suggests that the structure of

the cleft is maintained among members of the Psu■ family.

The structure of the Psu■ reveals an unexpected topological relationship

between both the N-terminal and C-terminal domains and the domains of

several RNA-binding proteins, which includes the snRNP protein U1A (Figure 7

3). The structural basis for recognition of RNA has been previously described for

the U1A protein (12) (13). It contains the RNA Recognition Motif (RRM), a well

known domain with two conserved hydrophobic sequence motifs, RNP1 and

RNP2, found in the ■ ºl and 32 strands of the floft@of core topology (14). These

conserved residues create a hydrophobic surface for binding single-stranded

RNA along the 3-sheet of the RRM domain (12), yet neither sequence motif is

present in either Psu■ domain. However, the solvent accessible loops L1, L3 and

Le that form the active site cleft of Psu■ correspond directly to loops that bind to

the RNA backbone and mediate specificity in the U1A protein (13). By analogy

to the U1A protein and other RRM domains, the mobile loops in the N- and C

terminal domains of Psu■ provide necessary flexibility in the active site cleft and

present an ideal site for binding tPNA.
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Chapter 7

The dimer interface in Psu■ spans the length of each monomer and buries

a combined surface area of -2900A". Although two charged residues are present
at the interface, the core of the interface is composed of residues with conserved

hydrophobic character, similar to that of most globular proteins. The majority of

intermolecular contacts are provided by residues from 31, O2 and £4 of each

monomer with residues in loops L6 and L13 of the NCS-related monomer

(Figure 7-1A), and include 12 hydrogen bond pairs and 17 bridging water

molecules. The extensive surface area buried in the Psu■ structure suggests that

Psu■ functions as a dimer (15).

The oligomeric state of Psu■ in solution was determined by gel filtration of

the enzyme at a concentration of ~10 p.M., 20-fold lower than the crystallization

concentration (16). Under these conditions, the enzyme elutes as a single peak

with an apparent molecular weight of 66 kD (~2°30.4 kD), in agreement with the

Psu■ dimer seen in the crystallographic asymmetric unit. Solution studies using

Salmonella typhimurium Psu■ show that a monomer to dimer transition is

observed upon binding of tRNA (17), consistent with a functional dimer and

similar to the dimer observed in E. coli Psu■ .

The disposition of the two active site clefts indicate that Psu■ can bind two

molecules of tRNA simultaneously and suggests a functional role for the Psul

dimer. Therefore, the structure of yeast tRNA" was modeled into both active

site clefts of Psu■ such that U39 lay within 5 Å of D60 (18). Due to the shape of
the cleft, it is possible to position the tRNA in only two orientations. Either

position allows for the simultaneous placement of a second tRNA molecule in the

2-fold related cleft. In the first configuration, the anticodon stem of the tRNA

}
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Chapter 7

binds in the active site cleft, with the remainder of the tRNA exposed to solvent,

such that only one Psu■ monomer is required to bind tRNA. In a second model,

the tRNA completely fills the active site cleft and allows extensive contacts

between both monomers and portions of each trNA molecule (Figure 7-4).

Thus, the second model suggests a role for the dimeric enzyme in specific tRNA

binding and catalysis.

Although both models for tRNA binding are plausible, the second model

is favored as it defines a binding role for the Psu■ dimer. It is supported by

biochemical data from both E. coli Psu■ and its S. cerevisiae ortholog, Pus3. First,

neither enzyme catalyzes pseudouridine formation in RNA mini-substrates

corresponding to the anticodon stem-loop of tRNA (19) (20), as would be

predicted from the first model for binding tPNA. Second, Pus3 is sensitive to the

global structure of its trNA substrate, such as mutations that remove the tertiary

base interactions between the D and T-loops of tRNA (19). Finally, the E. coli

Psu■ -FUra-tRNA" covalent complex is resistant to both proteolytic and

ribonuclease digestion (20). Together, these results suggest that a Psu■ dimer

binds the whole tRNA molecule, not just the anticodon stem, to catalyze

pseudouridine formation. This provides one monomer to act on the target

uridine in the tRNA, while the other monomer contacts the tRNA near the

D–loop and T-loop tertiary base pairs. Thus, the Psu■ dimer specifically

recognizes both the shape and charge of the tRNA to correctly position the

target uridine in the active site cleft near D60.

Both active site clefts in Psu■ are similar in width to the anticodon stem of

yeast tRNA" (~18A) and the surface of the Psu■ dimer displays a cluster of

positive charge around the clefts that complement the phosphate backbone of
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Chapter 7

tRNA (Figure 7-4). Thus, the shape and charge of the clefts present attractive

sites for binding tPNA. In addition, the only conserved nucleophile within the

cleft is D60, and its central, solvent-accessible location is ideal for catalytic

function. The 12 Å separation of strictly conserved residues R58 and R205

suggests they could serve to bind specific phosphate groups of the tRNA, such as

the phosphates of U33, U39 or C40 in the anticodon stem of Yeast tRNA". This

would correctly position the target uridine substrate into the active site near the

sidechain of D60.

The dimeric structure of Psu■ provides insight into the recognition of

tRNA necessary for pseudouridine formation. As some pseudouridine synthases

can act on minimal RNA substrates (21), such as RNA stem-loops, it is plausible

that not all pseudouridine synthases need to be dimeric. However, the

conservation of the active site residues R58, D60 and R205 among the known

pseudouridine synthase subfamilies suggests that the active site cleft formed by

the two-domain structure in the Psu■ monomer should be common to all

pseudouridine synthases. }
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Chapter 7

Figure Legends

FIGURE 7-1: The Structure of Psu■ .

(A) A ribbon diagram of the molecular arrangement of Psu■ viewed down the
NCS 2-fold axis (red asterisk). Each monomer in the Psu■ dimer is composed of
an NH,-terminal (green, residues 7-114) and COOH-terminal (pale blue, residues
115-270) domain. The conserved active site residues R58, R205 and D60 are

displayed as ball-and-stick in monomer 1. All ribbon figures were prepared with
the programs Bobscript (31) and Raster3D (32). (B) The Psu■ monomer, viewed
90° from above, demonstrates the ten-stranded B-sheet generated by the
interaction of the NH,- and COOH-terminal domains. The active site cleft is
located at the interface of the NH,- and COOH-terminal domains. Positioned at
the center of the cleft, the D60 nucleophile is coordinated by two completely
conserved residues, R58 and R205. The cleft is surrounded by several loops, and
includes the mobile L, and Ls loops (magenta) and the Ls loop, which contains a
semi-conserved sequence motif, "FHARF" (residues 107-111).

FIGURE 7-2: Omit Density for Psu■ Active Site Residues.

A stereo view of representative electron density from a 1.5 Å composite omit
map contoured at 1.00 for the Psu■ active site cleft. The map demonstrates
unambiguous electron density for conserved residues D60 and R205. Several
waters (red) are also visible in the density, along with a single chloride ion
(purple). The map was calculated from a composite omit procedure using the
program SFCHECK (29) and displayed in the graphics program O (26).

FIGURE 7-3: Comparison of the Psu■ Domains with the RRM domain.

Ribbon diagrams demonstrating the topology of the NH,-(left) and COOH
terminal (middle) domains of Psu■ and U1A RRM domain (right) (12). Each
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Chapter 7

domain has a similar flo■■ of core topology, although the COOH-domain of
Psu■ contains an extended Bo■■ motif in place of the second O-helix and an
additional O-helix between the third and fourth fl-strands. Three of the Psu■

active site loops (L, and L, of the NH,-domain; Le of the COOH-domain)
correspond to loops in the U1A RRM that provide RNA-binding specificity (13).

FIGURE 7-4: A Model for Psu■ binding tRNA.

(A) Molecular surface representations of the Psu■ dimer (left; as in Figure 1A),
colored by its local electrostatic potential (blue, +7KT; red, -7KT), and Yeast
tRNA" (right) with the oxygen atoms of the phosphate backbone colored red.
The two molecules are drawn to the same scale and positioned to show how the
protein charge surface complements the backbone of tRNA. The positions of
D60 (arrow) in one Psu■ monomer and the U39 base (yellow) of the tRNA
targeted for modification are indicated. Both surfaces were prepared using the
program GRASP (33). (B) The modeled complex of tRNA bound in both clefts of
Psu■ , viewed 90° from above. The complex indicates that each Psu■ active site
cleft is wide enough to hold the anticodon stem of tRNA. Each trNA molecule is
bound in the active site cleft of one monomer while it interacts with the NH,-
domain of the NCS-related monomer. D60 and U39, drawn as CPK models, are

positioned 5 Å apart in both active sites.
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A

FIGURE 7-1

149



Vºic
B RAR

ºf f/nl/■ ci --
*~ *… . .

15 RAR * * * * *

º, sº
*.*
sº º

º- º

• * º,

Qi vº■ J 1
~,

º/?"-■ /º/,

O”

ºIIC
*~

- - - - - -



Chapter 7

FIGURE 7-2
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Psul NH2 PSu■ COOH U1A RRM
domain domain domain

FIGURE 7–3
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Chapter 7

TABLE 7–1 LEGEND

Statistics from crystallographic data collection and phasing of Psu■ .
Psu■ crystals (22) belong to the space group P21, with unit cell dimensions
a=68.08 Å, b=37.41 Å, c=103.44 Å, B=97.68°. Data from native Psu■ crystals were
measured to 2.2 Å resolution on a conventional x-ray source (Rigaku RU200;
Raxis IV detector), and additional high-resolution data were measured to 1.5 A at
SSRL (BL7-1; Mar Imaging plate). The two native data sets were processed
separately and found to be isomorphous; therefore, the two data sets were
scaled together to generate a single data set from 40A to 1.5 Å. Derivative data
were collected on a conventional x-ray source, and all data sets were processed
using DENZO and SCALEPACK (23) with no sigma cutoff.

The asymmetric unit of the crystal contains two Psu■ monomers with
~33% solvent content as determined by ficoll gradient. The monomers are
related by a proper non-crystallographic two-fold tilted 4.7° from the y-axis and
centered at x-05 and z-025 of the unit cell. All derivative data were scaled to
the native data and heavy atom parameters refined with the program PHASES
(24). Three sites in the HgCl2 derivative were identified in difference Patterson
maps and were used to phase all other derivatives. The initial 2.2 Å MIRAS map
was used as a starting point for averaging and solvent flipping in the program
SOLOMON (25). After 15 cycles of averaging, 80% of the structure was traced
into the 2.2 Å modified density map using the program O (26). The protein
phases of the partial model were recombined with the original MIRAS phases in
SIGMAA (27) and used to generate a new map for another 10 cycles of
averaging. An additional 42 residues were placed into density and the model
was refined against native data to 1.5A (no sigma cutoff) using the program
REFMAC (28). NCS restraints were imposed during cycles of rebuilding and
refinement until the R-factor was ~27% (Rfree -30%). The NCS restraints were
removed and refinement continued with automated addition of water molecules

using ARP (27). The model was checked for correctness by inspection of a 1.5A
composite omit map (29), followed by an additional refinement of anisotropic B
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“actors REFMAC. The final model is consistent with a correct structure as

Sietermined using PROCHECK (30), with 94% of residues in the most-favored
te gions and no residues in the disallowed regions of a Ramachandran plot.
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Data collection statistics"

Data set Resolution Reflections <I>/<o(I)-> Rºº' Completeness
(A) measured unique (%)

Native 40–1.5 (1.6–1.5) 244,026 79,453 7.8 0.08 (0.35) 95.2 (92.3)
HgCl, 40-2.2 (2.3–2.2) 77,485 25,398 12.2 0.07 (0.26) 96.0 (96.0)
MeHgNO, 40-2.5 (2.6-2.5) 112,611 23,512 5.9 0.12 (0.51) 99.9 (99.9)
SeMet 40-2.6 (2.7–2.6) 54,814 14,913 6.2 0.12 (0.29) 91.2 (93.5)
K,IrCl, 40-2.25 (2.35-2.25) 108,764 23,984 10.6 0.10 (0.20) 97.4 (95.8)
WO, 40-2.5 (2.6-2.5) 115,607 17,797 6.8 0.11 (0.41) 97.1 (95.4)

Phasing and Averaging statistics'

Derivative Rae." Resolution Number Phasing" Reußis
cutoff (A) of sites power

HgCl, 0.248 2.2 6 1.42 (3.49) 0.56
MeHgNO, 0.371 2.5 4 1.00 0.61
SeMet 0.263 2.65 10 1.02 0.63
KIrCl, 0.265 2.8 4 0.54 (0.94) 0.71
WO, 0.259 2.8 7 0.67 (0.74) 0.71

Figure of Merit (MIRAS) = 0.52 (Solomon/NCS) = 0.84
NCS Correlation Coefficient (Initial) = 0.29 (Final) = 0.71

Refinement statistics

Number of Resolution Rº" Rºº." Protein Water lons
Reflections (A) (%) (%) atoms atoms

79,453 40-1.5 16.7 22.1 4,194 461 2

* Numbers in parathesis refer to data in the last resolution shell.
+

mergeR =X. ( (1 - &IS) |)/ X (I). SR
º Phasing Power = X | Fi■ / X | 8 |.
‘. Reullis - X. ( ( | FpH | (obs) + | Fp (obs) ) - | FH | (calc)) / ( | FPH | (obs) + | Fp (obs) ).
"Rºs = X () (I-312)|)/X (I).

de, -X. ( ( (FF-FFH)|)/(FR)).

Race was calculated for a subset of the total reflections (5%) omitted from refinement.

TABLE 7-1

{} :
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Subject: Permissions
Date: Fri, 19 Mar 1999 14:16:07-0800

From: cmacdonaldó acad.com
To: Foster

Dear Mr. Foster,

Thank you for your request to use material from your work published in an
Academic Press publication.

It is now the policy of Academic Press that authors need not obtain permission
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future works; (2) to make copies of their papers for their classroom teaching;
and (3) to include their papers as part of their dissertations. Of course,
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