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Abstract: Structure-Function Studies of the C-terminal Conformational Change of

Thymidylate Synthase

by Christopher William Carreras

Thymidyate synthase (TS, EC 2.1.1.45) is the last enzyme in the sole de novo

pathway for the synthesis of thymidylate, a necessary precursor of DNA. Because of

its central role in DNA synthesis and cell division, selective inhibition of TS blocks DNA

synthesis and leads to the death of rapidly dividing cells, such as cancer cells. TS

catalyzes the reductive methylation of 2'-deoxyuridine-5'-monophosphate (dUMP) by

methylene tetrahydrofolate (CH2H4folate) to produce thymidylate and dihydrofolate.

The TS reaction includes several classes of organic reactions and a conformational

change of the enzyme's C-terminus. This thesis describes investigations of the role of

the C-terminal conformational change in catalysis. Chapter 1 is a unpublished review

of what is currently known about TS. Chapter 2 describes a complete replacement set

of amino acids at the C-terminus of TS (Climie, S. C., Carreras, C. W. and Santi, D. V.

(1992) Biochemistry 31, 6032-38). Chapter 3 describes properties of the V316Am

mutant of TS which lacks a single amino acid residue from its C-terminus (Carreras, C.

W., Climie, S.C. and Santi, D. V. (1992) Biochemistry 31, 6038-44). Chapter 4

describes four crystal structures of V316Am TS complexed with phosphate, duMP,

FoumP or FqUMP and CH2H4folate (Perry, K. M., Carreras, C. W., Chang, L. C.,

Santi, D. V. and Stroud, R. M. (1993)Biochemistry 32,7116-25). Chapter 5 is a

manuscript in preparation which describes the properties of TS mutants which lack 1,

4, 8, 10 and 13 residues from the C-terminus. Chapter 6 describes the measurement

of a C-terminal conformational equilibrium that is perterbed by ligand binding

(Carreras, C. W., Naber, N., Cooke, R., and Santi, D. V. (1994) Biochemistry 33, 2071

7). Chapter 7 describes heterodimeric thymidylate synthase with C-terminal deletions

on a single subunit (Carreras, C. W., Costi, P. M., and Santi, D. V. (1994) J. Biol.

vi



Chem. In press). Chapter 8 describes the interaction of thymidyate synthase with

pyridoxal phosphate (Santi, D. V., Ouyang, T. M., Tan, A. K., Gregory, D. H., Scanlan,

T. and Carreras, C. W. (1993) Biochemistry 33, 11819-24).

vii
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I. Introduction

Thymidylate synthase (TS1, EC 2.1.1.45) catalyzes the reductive methylation of
dump by CH2H4folate to produce dTMP and H2folate. The cofactor serves both as

the one carbon donor and the reductant, and is regenerated by the sequential action of

dihydrofolate reductase and serine trans-hydroxymethylase (Scheme I, the dTMP

cycle).

thymidylate
synthase

-

dUMP dTMP —- DNA Synthesis

dTMP
Cycle

CH2HAfolate Hafolate

Serine
=\s -"*...*

hydroxymethylase Hafolate

Scheme I

Because of its position as the last enzyme in the sole de novo pathway for dTMP

synthesis in most organisms, TS has been a target for inhibitor design for more than 25

years. Selective inhibition of TS blocks DNA synthesis, cell division and leads to a

"thymineless death" of targeted cells. Other efforts at inhibition of this pathway have

targeted dihydrofolate reductase, serine trans-hydroxymethylase, and the bifunctional

"Abbreviations used: TS, thymidylate synthase; DHFR, dihydrofolate reductase; duMP, 2
deoxyuridine-5'-monophosphate; CH2H4■ olate, 5,10-methylene-5,6,7,8-tetrahydrofolate; dTMP,
thymidine-5'-monophosphate; H2■ olate, 7,8-dihydrofolate; CB3717, 10-propargyl-5,8-dideazafolate;
FCUMP, 5-flouro-2'-deoxyuridine-5'-monophosphate; BrdLMP, 5-bromo-2'-deoxyuridine-5'-
monophosphate.



dihydrofolate reductase-thymidylate synthase found in protozoa (Ivanetich and Santi,

1990).

TS is a dimer, each subunit of approximately 300 amino acid residues has a

molecuar weight of about 35 000 daltons. The sequence of events during TS catalysis

include several classes of organic reactions, and a conformational change. Our

discussion of the mechanism of catalysis by TS will be semi-historical, and will begin

with a discussion of the chemical events that occur during catalysis by TS. Many of

these studies predate our knowledge of the structure of TS, and were performed either

using the very small amounts of enzyme that were available at the time or by studying

the reactions of model compounds. We will continue with a discussion of the known

primary sequences of TS and the high degree of sequence similarity among them, and

summarize the current progress toward the cloning and overexpression of a number of

TSs. Next, we will discuss active site labelling studies which implicated certain

residues in catalysis, and continue with a description of crystal structures of TS which

have guided the use of mutagenesis in the elucidation of the roles of specific amino

acid residues.

II. The Chemical Mechanism of Thymidylate Synthase

A. An Overview of Catalysis by Thymidylate Synthase. The currently

accepted chemical mechanism for catalysis of dTMP formation by thymidylate

synthase is basically unchanged from the minimal mechanism proposed in 1968 (Santi

and Brewer, 1968), although it has now been tested in considerably more detail. The
kinetics of the TS reaction are consistent with an ordered mechanism in which dum■ P is

and CH2H4folate are bound sequentially with Kms of ~5 and ~12 puM, respectively,

followed by catalysis with a kcat of approximately 6 s” (Daron and Aull, 1978,

Lorenson, et al., 1967). The binding of CH2H4folate triggers a conformational change,

and catalysis ensues (Scheme II).
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Nucleophilic attack by a conserved thiol (Cys 198 in L. casei TS) at the 6-position of

dUMP converts the 5-carbon to a nucleophilic enol or enolate (I). This is followed by

covalent bond formation between the 5-position of the bound duMP and the one

carbon unit of the cofactor, which has been activated by formation of a positively

charged iminium ion. Next, the 5-proton of the enzyme-duMP-CH2H4folate adduct, Il

is abstracted, followed by B-elimination of H4folate to give the exocyclic methylene

intermediate III. Finally, hydride transfer and B-elimination of the enzyme occur to
provide H2folate and dTMP, which are released from the enzyme in an ordered fashon

following a reversal of the conformational change.

Evidence for the currently accepted chemical mechanism of TS comes both

from studies of reactions of model compounds and from studies of reactions in which

the enzyme itself participates. The mechanism of the TS reaction can be divided into 4

separate events: 1) Activation of C5 of duMP for substitution. 2) Activation of



CH2H4folate. 3) Transfer of a methylene group from CH2H4folate to duMP. 4)

Reduction of the transferred methylene group. Our discussion of evidence for the

mechanism will be similarly divided.

B. The 5 position of duMP is activated for substitution by addition of a

nucleophile to C6. Our understanding of the early steps in TS catalysis have greatly

benefitted from studies of two reactions which are catalyzed both by TS and small

molecule thiols. These “partial" reactions of TS are the exchange of the 5-hydrogen

from (5-3H]duMP and the dehalogenation of 5-BrdUMP. These reactions have been

used both to study mechanistic features of the TS reaction (Garrett, et al., 1979,

Pogolotti, et al., 1979) and to characterize mutants of TS which do not catalyze

thymidylate formation because of defects they have in later stages of the TS reaction

(Carreras, et al., 1992, Climie, et al., 1992, Huang, et al., 1994, In Press) Both

reactions require only the enzyme's ability to bind nucleotides in the proper

conformation and to activate C-5 of the pyrimidine for substitution by nucleophilic

addition to C-6. These reactions can therefore be used to study nucleotide binding in

the absence of cofactor as well as to assay the ability of the enzyme (or mutant) to

perform the initial nucleophilic addition which is the first chemical step of TS catalysis.

Model studies have shown that in the presence of a suitable nucleophile such as

a small molecule thiol, the 5-hydrogen of 1-substituted uracils is exchanged for protons

from the solvent (Kalman, 1971, Santi and Brewer, 1973). Similar studies have shown

that thymidylate synthase also catalyzes exchange of the 5-hydrogen of duMP, though

at a rate approximately 105-fold lower than it catalyzes dTMP formation (Lomax and

Greenberg, 1967, Pogolotti, et al., 1979). A mechanism for this reaction consistent

with the experimental observations is shown in scheme Ill.
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In step 1, a nucleophile attacks the 6 position of the pyrimidine, thereby

activating the 5 position for protonation. Step 2 is the actual protonation event; its

reversal results in removal of either H+ or 3H+ from the 5 position to yield the

resonance delocalized enolate which decomposes through reversal of step 1 to yield

either duMP or the starting material, [5-3H]cuMP. In the nonenzymatic reactions, both
the triton and the proton are equally accessible to basic groups in the solvent, and

therefore have an equal probability of being removed. Under these conditions the

observed rate of 5-tritium exchange approximates half the rate formation and

breakdown of the pyrimidine-nucleophile adduct.

The enzyme-catalyzed reaction requires only the enzyme's ability to bind duMP

and to attack its 6 carbon with a nucleophile. The basic group required for reversal of

step 2 could be a solvent water molecule which would not necessarily have equal

access to both faces of C-5, and therefore would not remove them at the same rates.

Alternatively, if a strategically-functional group on the enzyme assisted the

protonation/deprotonation of the intermediate, one would expect an even greater

descrimintation between the 5-T and the 5-H. The basic form of this group would

presumedly be closer to the proton than to the triton (since it just donated the proton to

C-5), and the most probable pathway for the reversal of step 2 would be to remove the

proton to regenerate the tritiated starting material. Since we do not know the nature of

the base in the enzyme-catalyzed reaction or its spacial relationship to the intermediate

we do not know the relative contribution of the two stereochemical pathways, and it is



not possible to know the relationship between the rate of tritium exchange and the rate

at which the nucleophile-pyrimidine bond is made and broken; we can only say that the
former is an lower limit for the latter.

Interestingly, folates affect the enzyme-catalyzed 5-hydrogen exchange

reaction. Though the maximum rate of isotope exchange is not affected by additon of

folic acid, its presence was found to lower the apparent Km for duMP from 16 puM to

1.2 pm (Pogolotti, et al., 1979). The latter figure is comparable to the Km of duMP in

the TS reaction, where CH2H4folate is present. It is possible that folic acid decreases

the duMP Km value by inducing a conformational change of the enzyme that either

increases the affinity of the enzyme for duMP or encourages it to bind in a

conformation which is favorable for the necessary chemistry.

Similarly, 5-BroUMP is debrominated in the presence of a suitable nucleophile

or TS (Garrett, et al., 1979, Sander, 1977). Both the TS-catalyzed and non-enzymatic

reactions require exogenous thiol, and yield duMP, Br and the oxidized thiol as

products. Though TS calalyzes debromination at a rate that is about 400-fold slower

than it catalyzes dTMP formation, the reaction is substantially faster than the 5

hydrogen exchange reaction, and can be coneveniently monitored

spectrophotometrically. Two possible mechanisms have been proposed, and they are

Summarized in Scheme IV.
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Both of the mechanisms share similarities with the 5-hydrogen exchange

reaction; chemically, they require activation of the 5 position of duMP by nucleophilic

additon to C-6 of the pyrimidine to form a resonance-stabilized carbanion/enolate which
is then protonated. A bromine ion is then removed from the adduct by one of two

possible pathways which each require exogenous thiols. In pathway 1 (the E2 Hal

mechanism, (Sedor, et al., 1974, Sedor and Sander, 1973)] the bromine is directly

attacked by a nucleophilic thiol to yield a sulfenyl bromide and intermediate I.

Intermediate I breaks down to eliminate the nucleophile and yield duMP, while the

Sulfenyl bromide reacts with another molecule of thiol to yield the corresponding

disulfide and Br. Alternatively, the sulfenyl bromide could react with water to yield

Cysteic and cysteinesulfinic acids. In pathway 2 (the SN2 mechanism, (Wataya, et al.,

1973)) C-5 of the 5-bromo-5,6-dihydropyrimidine adduct undergoes nucleophilic attack



by an exogenous thiol to displace Br and yield the 5-alkylthio-5,6-dihydropyrimidine

adduct, II. The thioether is then displaced by nucleophilic attack on the 5-S by

another molecule of exogenous thiol to eliminate the nucleophile and yield duMP and

disulfide.

Model studies of the cysteine-promoted dehalogenation of 5-bromo-6-methoxy

5,6-dihydrothymine (Sedor and Sander, 1976) indicate that pathway 1 (E2 Hal) is the

dominant mechanism in the dehalogenation of BrduMP. This evidence is based

largely on the detection of cysteic and cysteinesulfinic acids produced during

debromination; these products are expected if a sulfenyl bromide produced during the

reaction reacts with water instead of another molecule of thiol. Support for the SN2

mechanism comes from the detection of small amounts of 5-alkylthiopyrimidines that

are produced during dehalogenation by elimination of the nucleophile from intermediate

II. Since there is no chemical precedent for the displacement of thioethers by thiols it

is possible that 5-alkylthiopyrimidines are the "dead end" products of the SN2

mechanism.

Both TS-catalyzed and non-enzymatic dehalogenation reactions proceed with

significant inverse 2° kinetic isotope effects (kT/kH = ~1.25) when [6-3H]pyrimidines
are used. Observation of an isotope effect in these reactions is demonstrates the

existence of a 5,6-dihydropyrimidine intermediate, and indicates that their mechanisms

include sp2 to sp3 rehybridization of C6 as part of their rate-limiting step (Garrett, et al.,

1979). Finally, we note that 5-ldUMP is similarly dehalogenated by TS, but that 5

CldUMP is inert.

C. Activation of CH2H4folate by imminium ion formation. Kallen and

Jencks have shown that formaldehyde condenses with H4folate by the mechanism

shown in scheme V; examination of this mechanism serves to illustrate important
Chemical features of CH2H4folate which allow it to serve as a carrier for one carbon

units (Kallen and Jencks, 1966).
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Although CH2H4folate is produced enzymatically in vivo, this is the usual method for

preparing CH2H4folate for laboratory use. The reaction begins with nucleophilic attack

by N-5 on the carbonyl carbon of formaldehyde to yield the carbinolamine intermediate,

II, which loses water to form the reactive 5-imminium ion intermediate, III. This

intermediate then cyclizes upon attack by N-10 to yield 5,10-CH2H4folate, IV.

The TS reaction requires transfer of the formaldehyde carbon from the 5,10

CH2H4folate adduct. The reactions of such carbonyl derivatives have been studied

extensively, and have been found to be resistant to direct SN2 displacement by

nucleophiles; rather, these compounds react through an elimination-additon pathway,

in this case via imminium ion formation (Jencks, 1964). The 5-imminium ion was

initially proposes instead of a 10-imminium ion because N-5 is more basic than N-10

and is therefore more able to provide electron density to accomplish elimination of N-10

11



(pKas of 4.8 and -1.25, respectively (Kallen and Jencks, 1966)). Several other lines of

evidence are now available which demonstrate the existance of a 5-imminium ion in

this reaction. First, treatment of 5,10-CH2H4folate with KBH4 yields 5-methyl

CH2H4folate without formation of 10-methyl-CH2H4folate (Gupta and Huennekens,

1967). This result suggested that the 5-iminium ion is present in solution, and available

for reduction. Second, Benkovic and coworkers synthesized a series of

tetrahydroquinozaline analogs which lack some of the dissociable groups present in

5,10-CH2H4folate, yet retain the asymmetry of the cofactor, and have similar pKa

values for the reactive nitrogens (Benkovic, et al., 1969). The pKa of N-10 was

systematically changed by varying the substituent at N-10 to show that imidazolidine

adducts of formaldehyde react though a steady-state imminium ion intermediate

formed at the tetrahydroquinozaline equivalent of N-5. The final line of evidence for

formation of a 5-imminium ion during the TS reaction comes from the crystal structure

of an inactive mutant of TS complexed with FoumP and 5,10-CH2H4folate (Perry, et

al., 1993). In this structure the imidazolidine ring of the cofactor was open, and 5

hydroxymethyl form of the cofactor (II) was observed, suggesting formation of a 5

imminium ion and its reaction with water. This result provided structural evidence for

existance of an enzyme bound N-5 imminium ion form of the cofactor.

Since the equilibration between free formaldehyde and H4folate is rapid and

favors 5,10-CH2H4folate with an overall equilibrium constant of 3.2 x 105 M-1 (Kallen
and Jencks, 1966), and since the 5,10 methylene form is not the reactive form of the

cofactor, it is of interest to understand how the imidazolidine ring opens to present the

formaldehyde carbon as a reactive imminium ion species. Existing structures of TS in

various complexes with CH2H4folate and quinazoline analogs show that these

molecules bind in a conformation which cannot accomodate a closed imidazolidine ring

(Kamb, et al., 1992, Matthews, et al., 1990, Montfort, et al., 1990, Perry, et al., 1993).

However, it is not currently known if the enzyme initially binds the closed-ring form of

12



the cofactor in an alternate site and catalyzes ring-opening before movement of the

cofactor to a site in which the 5-imminium ion can react with enzyme-activated duMP.

One structure of TS compexed with duMP and the quinazoline antifolate CB3717 was

solved using crystals that were grown in the absence of reducing agents indicated the

presence of an alternate site for the pteridine portion of the cofactor which may serve

this function (Montfort, et al., 1990). Althought there is one report that 5,10

methylenetetrahydro-5-deazafolate, which lacks N-5 of the natural cofactor and is

locked into the imidazolidine form, does not inhibit TS (Gangjee, et al., 1991),

preliminary results from this laboratory using the same preparation of 5,10

methylenetetrahydro-5-deazafolate indicate that the compound is an effective inhibitor

of TS, competetive with 5,10-CH2H4folate, and showing a Ki value close to the Km of

5,10-CH2H4folate (Carreras, Gangjee, and Santi, unpublished results). Thus, the

formation of an initial enzyme-5,10-CH2H4folate complex in which the imidazolidine

ring has not yet opened is consistent with available data, however has not yet been

unambiguously proven.

There are several potential means by which TS could catalyze imidazolidine ring

opening. The ring-opening reaction has been described as a balance between two

thermodynamically opposing events which occur concertedly: protonation of the less

basic N-10, and elimination of N-10 to form an imminium cation at the more basic N-5

(Benkovic, et al., 1970). This allows two possible sites for enzymic catalysis of

imidazolidine ring opening. First, the enzyme could assist protonation of N-10. Model

reactions have shown that imidazolidine ring closing is general base catalyzed

(Benkovic, et al., 1970), while ring opening is general acid catalyzed (Fife and Pellino,

1981). A strategically-placed general-acid on the enzyme could assist imidazolidine

ring opening. Alternatively, the enzyme could increase the basicity of N-10 by twisting

the p-aminobenzoic acid ester moiety to prevent delocalization of the lone pair of
electrons on N-10 into the benzoic acid ester it system (Santi, et al., 1987). A second

13



opportunity for enzymatic catalysis of ring opening would be to increase electron

density at N-5 by pertubation of another portion of the cofactor, for example by

coordination of a basic residue with NH-8 or H-6. Though neither of these protons is

acidic, their complete removal would not be necessary to increase electron density at

N-5. The current understanding of this problem is poor, and would be greatly aided by
a crystal structure of TS complexed with a closed-ring analog of CH2H4folate, such as

5,10-methylenetetrahydro-5-deazafolate.

D. Methylene Transfer from CH2H4folate to duMP. The next phase of the

TS reaction requires conjugation of the activated forms of duMP and CH2H4folate.

The first stage of this reaction is easily envisioned as attack of the C-5 anion of duMP

onto the positively charged N-5 imminium ion of CH2H4folate, and is analogous to

protonation of this anion as occurs in either the 5-H exchange reaction or the

dehalogenation of 5-BrdUMP (Scheme Ill, step 2). The result of this reaction is a

covalent ternary complex which must now resolve in a manner that completes transfer

of the imminium carbon onto duMP. One possibility for this involves direct SN2

displacement of the cofactor by a nucleophile such as a hydride. Though this

mechanism would provide the correct products, direct SN2 displacement is unlikely;

primarily because to our knowledge, precedent for direct nucleophilic displacement at

the o carbon of a tertiary amine is lacking. In addition, Santi and coworkers have

Studied the hydolysis of 5-acetoxymethyl uracils and found that they are unusually

reactive toward nucleophilic displacement. These compounds undergo O-alkyl rather

than O-acyl bond cleavave, suggesting that they are activated by nucleophilic addition

to C-6 resulting in expulsion of acetate through formation of an exocyclic methylene

intermediate (Santi and Brewer, 1968, Santi and Pogolotti, 1971). More detailed

studies of the nucleophile-catalyzed substitution of 5-p-nitrophenoxy methyluracils

resulted in proposal of the mechanism shown in scheme VI (Pogolotti and Santi, 1974)
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In analogy to early steps in the 5-H exchange and BrduMP dehalogenation

reactions discussed above, addition of hydroxide to 5-p-nitrophenoxy methyluracil (I)

results in formation of a resonance-stabilized carbanion/enolate (II). The anion expels

p-nitrophenoxide to yield the exocyclic methylene intermediate (III) which reacts with

water to expel the hydroxide nucleophile from C-6 and yield 5-hydroxymethyl

methyluracil (IV).

E. Reduction of the transferred Methylene. Early evidence for the reduction

of CH2H4folate during the TS reaction came in 1961, when a difference spectrum of

CH2H4folate versus H2folate was found to contain a maximum at 340 nm (Aeg40 =

6,400 M-1cm-1) that is identical to that obtained when a mixture of duMP and
CH2H4folate is treated with TS (Wahba and Freidkin, 1961). It is this spectral change

that is followed during the commonly used spectrophotometric assay for TS. Later,
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experiments using [6-3H]CH2H4folate in the TS reaction showed that the 6-3H is
transferred to the methyl group of thymidylate (Lorenson, et al., 1967). Model studies

of the duMP-CH2H4folate intermediate proposed to form during the TS reaction were

then performed to show that the 6 hydrogen is transferred as a hydride and not a

proton. The heat-promoted rearrangement of 1,2,-dihydro-N-thyminylduinoline-2,2-d2

gave thymine which contained deuterium on the methyl group (Wilson and Mertes,

1972). When this reaction was performed in aqueous medium, no exchange of the

deuterium with solvent occurred. This is good evidence that the migrating species is

not a proton and is consistent with a hydride transfer mechanism.

Ill. Sequences of Thymidylate Synthase.

A. Sequence Homologies Among Thymidylate Syntase Genes. TS is found

in almost all organisms, and is among the most conserved of known enzymes known.

An alignment of known sequences is shown in Figure 1.1 (Reid and Santi, unpublished

results, Perry, et al., 1990). A brief inspection of this alignment shows that

approximately 15% of the residues are completely conserved among the 16
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sequences listed, another ~33% of the residues are conserved in more than half the

Species. Note complete conservation of the active site cysteine (198 in L. casei

numbering system), as well as the quartet of arganine residues (23, 178, 179 and 218)

which bind the phosphate group of nucleotide substrates. A complete discussion of

conserved residues will appear in an expanded version of this chapter.

B. Thymidylate Synthases thus far expressed. Most studies to date have

focused on highly purified preparations of TSs from Lactobacillus Casei (Climie and

Santi, 1990) and Escherichia Coli (Belfort, et al., 1983), however, TSs from Human

(Davisson, et al., 1989), Lactobacillus Lactis (Santi lab, submitted), Pneumocystis

Carinii (Edman, et al., 1989), T4 phage (Belfort, et al., 1983), and Varicella zoster virus

(Thompson, et al., 1987) have also been expressed, purified, and studied. In addition,

protozoal TSs, which also have dihydrofolate reductase on the N-terminus of the same

polypeptide have been cloned and expressed from Leishmania Major (Grumont, et al.,

1988) and Plasmodium Faliciparum (Sirawaraporn, et al., 1990) (cf. (Ivanetich and

Santi, 1990) for a review of protozoan bifunctional enzymes). It is particularly worth

noting that wild-type and mutant L. casei enzymes have been expressed in reagent

quantities (>60 mg/L of culture) and can be purified by an automated method (Kealey

and Santi, 1992).
-

C. Related Enzymes Thymidylate synthase shares mechanistic features with

several other enzymes which add one carbon units to pyrimidine moities. duMP and

dCMP hydroxymethylases both use CH2H4folate to add one-carbon units to the 5

positions of their respective nucleotide substrates, however, the methylation is not

reductive, and a water nucleophile takes the place of a hydride in final steps of

catalysis to yield a hydroxymethylated rather than methylated product. The

hydroxymethylases show considerable homology with known thymidylate synthases.
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DNA cytosine-methylase, HaHal methylase and tRNA mºu54 ribouridine
methyltransferase catalyze methylation of pyrimidine moities within nucleic acids, but

use AdoMet as the source of the methyl group.

A more complete discussion of these related enzymes will appear in an

expanded version of this chapter

IV. Active Site Labelling with FoumP and CH2H4folate. TS forms a covalent

ternary complex with FCUMP and CH2H4folate. When TS is incubated with (6-

3H]FaumPCH2H4folate, tritium labelled enzyme can be isolated using SDS-PAGE, gel

filtration, or by binding to nitrocellulose filters. Formation of the complex requires both

ligands, and a tritium label on either ligand results in labelling of the complex. Because

of its ease of isolation, its relative stability, and its clinical relevance, many studies of

TS have focussed on aspects of the reaction of TS with FöUMP and CH2H4folate. In

addition, a dramatic spectral change (Aeg30 = -20 000 M−1 cm-1) occurs upon ternary
complex formation and has facilitated study of the interaction of TS with FCUMP and

CH2H4folate (Donato, et al., 1976; Lockshin, et al., 1984).

In 1978, Dannenberg and Santi studied the dissociation of FoumP and

CH2H4folate from L. casei TS and showed that increasing concentrations of

CH2H4folate slow the release of [6-3H]FdUMP in a manner that is consistent with the
ordered release of first CH2H4folate and then FoumP from the enzyme (Danenberg

and Danenberg, 1978). This result is consistent with steady state kinetic studies of the

TS reaction, which also indicate an ordered mechanism (Lorenson, et al., 1967; Daron

and Aull, 1978). The kinetic mechanism of the interaction of TS with FoumP and

CH2H4folate is shown below:
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KA KB
TS + FCUMP Er TS•FoUMP + CH2H4folate E TS•FoUMP-CH2HAfolate

KC

º, H H
E TS=FdUMP=CH2H4folate

k3

Scheme VII

Of special interest in this scheme is the third equilibrium (KC) which is the unimolecular

isomeration of the ternary complex. This step includes covalent bond-forming steps as

well as the C-terminal conformational change (Carreras, et al., 1992, Santi, et al.,

1987).

The FduMP reaction has served as a useful tool in the study of thymidylate

synthase. For example, in 1976, the covalent complex was proteolyzed and the

peptide attached to FCUMP was isolated and and sequenced to show that Cys 198 is

the active site nucleophile in the TS reaction long before crystal structures of TS were

solved (Pogolotti, et al., 1976). Also in 1976, James et al. studied the 19F NMR
spectrum of a peptide isolated from the TS-FoumP-CH2H4folate complex and showed

that the coupling constant for the splitting of the 5-F signal by the C-6 proton is

consistent with a trans addition across the 5,6 double bond of FduMP (James, et al.,

1976).

In 1982, Bruice and Santi measured a significant 2° kinetic isotope effect (kH/kT

= 1.23) for the dissociation of [6-3H]FdUMP from the covalent TS-FCUMP-CH2H4folate
complex (Bruice and Santi, 1982). They did not detect an isotope effect for formation

of the complex. These experiments placed the rate-limiting step of the TS reaction

after rehybridization of C6 of FCUMP in the direction of dissociation.

The reaction of TS with FCUMP and CH2H4folate is now being used to

characterize mutants of TS and continues to provide useful information about the TS
reaction.
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W. Crystal Structures and Mutagenesis of Thymidylate Synthase

A. An Overview of the Structure of Thymidylate Synthase. The first

published crystal structure of TS was of the L. casei enzyme bound to inorganic

phosphate (Hardy, et al., 1987). Since then the structures of the E. coli and T4

enzymes have been reported. Binary complexes of the E. coli and L. casei enzymes

with nucleotides, folate analoges and novel inhibitors, as well as various ternary

complexes have also been reported (Finer-Moore, et al., 1993, Matthews, et al., 1990,

Montfort, et al., 1990, Perry, et al., 1993, Perry, et al., 1990, Schoichet, et al., 1993). A

schematic diagram of the overall fold of L. casei TS monomer is shown in Figure 1.2.

The molecule is symetric dimer of structurally similar or identical subunits. L. casei TS

has two domains, the smaller of which is not present in E. coli or other prokaryotic TSs.

The larger domain is defined by a series of 11 o'-helices, 9 strands of B-sheet, and

several segments of coil which connect the secondary structural elements. The

subunit interface is formed by a 5-stranded twisted B-sheet which packs against the

same sheet formed by the other monomer of the dimer. Examination of the unliganded

TS structure shows a deep active site cavity. Each active site contains residues from

both subunits (Hardy, et al., 1987, Pookanjanatavip, et al., 1992). Cys 198 is on one

wall of the cavity, and four arginine residues (23, 178", 179', and 218) are at the base of

the cavity coordinated to a bound phosphate. Both the C-terminus of the enzyme and

the small domain (of L. casei TS) are disordered as evidenced by the relatively high B

factors for atoms in these portions of the molecule.
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Figure 1.2 Crystal structure of the wild-type L. casei TS monomer (Finer-Moore, et al.,

1993). The main chain was colored according to the average temperature factor of

each residue from low (blue) to high (yellow) B-factor and rendered using the

Midasplus program (Ferrin, et al., 1988).
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The structure the binary TS-duMP complex is very similar to that of the free

enzyme (Finer-Moore, et al., 1993). In this structure, electron density for duMP is

observed in both active sites of the dimer, and the phosphate group of duMP is

coordinated with the same four arginine residues observed interacting with inorganic

phosphate in the structure of the free enzyme. The ribose 3'-OH forms hydrogen

bonds with His 259 and Tyr 261, and Cys 198 is proximal to but not covalently bonded

to C6 of the pyrimidine. O-4 and NH-3 of the pyrimidine form direct hydrogen bonds to

Asn 229, which coordinates an extensive hydrogen bond network between the

pyrimidine and several conserved water molecules and amino acid residues.

Structures TS complexed with either dump and the folate analog CB3717, or

dTMP and H2folate reveal that TS undergoes a major conformational change upon

binding of folates whereby the active site reconfigures from an "open", disordered state

to a "closed", ordered state. The C-terminus displays the largest displacement, and
moves about 4A to cover the active site and form a lid over the bound substrate and

cofactor. Crystallographic B factors for the C-terminal tetrapeptide in this structure

are 16 to 33 A2, reflecting the reduced flexibility of these residues following the
conformational change. In the ternary complex, the C-terminal carboxylate participates

in a H-bond network with conserved Trp 85 and Arg 23, which moves to interact with

the phosphate of duMP. This same “closed" active site is also observed in the ternary

complex of TS with dTMP and H2folate.

A more detailed description of existing TS crystal structures will appear in an

extended version of this chapter.

B. Mutagenesis Studies of Thymidylate Synthase. Over 200 mutants of

thymidylate synthase have been isolated using techniques of site directed (Santi, et al.,

1990) and saturation mutagenesis (Climie, et al., 1990, Michaels, et al., 1990), and on

the basis of resistance to 5-fluorodeoxyuridine (Barbour, et al., 1990). Most of these
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mutants are of the L. casei and E. coli enzymes, and most mutants retain enough

catalytic activity to allow them to complement thy E. coli. For a complete discussion of

mutagenesis studies of thymidylate synthase, I refer the reader to several excellent

papers, and conclude with a brief description of what was known about the role of the

C-terminus in TS catalysis when I began working here (Climie, et al., 1990, Santi,

1993).

VI. My Choice of the C-terminus as a thesis project.

The C-terminus of TS has been known to be important for catalysis since 1974,

when Aull et all treated L. casei TS with carboxypeptidase and liberated a single valine

from the dimer, thereby inactivating it (Aull, et al., 1974). This was somewhat of a

puzzle, in that TS was not previously known to be a cooperative enzyme. Crystal

structures of ternary complexes first became available in 1990, right after | joined the

lab and was picking a project (Montfort, et al., 1990). As described above, these

studies showed that the C-terminus undergoes a major conformational change in which

the terminal residue moves about 5A to cover the bound reactants. It was at about

this time that Shane Climie completed work on a synthetic gene for TS and created the

first C-terminal mutants of TS (Climie and Santi, 1990, Climie, et al., 1992). With this

tool in place, there was clearly a thesis project for someone who was interested in the

relationship of structure and function in enzymes. The following chapters describe

work that I have been involved in the past 5 years to further understand this
conformational change.
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ABSTRACT

The C-terminal residue of thymidylate synthase (TS) is highly conserved and

has been implicated in cofactor binding, catalysis, and a conformational change. The

codon for the C-terminal valine of Lactobacillus casei TS has been replaced with those

for 19 other amino acids and the amber stop codon. Fourteen of the resulting mutant

proteins were active by genetic complementation using a Thy strain of Eschericia coli,

and 18 mutants were active by in vitro assay. Only the aspartate and amber mutations

had undetectable activity. All of the mutants were expressed at high levels (5 to 30% of

soluble protein) and were purified by phosphocellulose chromatography. In general,

the alterations at position 316 led to little effect on the Km for dump, an increase in Km

for the folate cofactor, and a decrease in kcat. The observations show that TS can

tolerate the substitution of most amino acids for valine at the C-terminus without a

complete loss of activity, that hydrophobic substitutions are preferred, and that the C

terminal side chain is involved in both cofactor binding and catalysis. There was an

excellent correlation between log kcat and hydrophobicity of the side chain at position

316, and an inverse correlation between log Km and the hydrophobicity of this residue.

Kinetic parameters of the cofactor independent TS-catalyzed dehalogenation of

BroUMP showed no variation with the side chain at position 316. In context of the

structure of TS, it is proposed that binding of the cofactor triggers a conformational

change in which the C-terminal side chain undergoes hydrophobic interactions that

Stabilize the transition state.

=
- º

s
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Thymidylate synthase (TS1,EC 2.1.1.45) catalyzes the conversion of duMP and
CH2H4folate to dTMP and H2folate. TS has been widely studied, and much is known

about the structure and function of the enzyme (See Santi & Danenberg, 1984, Santi,

et al., 1987, Finer-Moore, et al., 1990). The amino acid sequences of TS from 18

organisms are known and the three dimensional structures of TS from several sources

have been determined (Perry, et al., 1990, Hardy, et al., 1987, Montfort, et al., 1990,

Matthews, et al., 1990).

The C-terminal valine is conserved among 14 of the 17 known TS sequences

(Perry, et al., 1990) and has been implicated in folate binding and catalysis by studies

of carboxypeptidase inactivation (Aull, et al., 1974; Galivan, et al., 1977). Removal of

one C-terminal residue from the homodimer results in loss of the enzyme activity.

Crystallographic studies have shown that the C-terminus, which is proximal to the

active site, undergoes a large conformational change upon folate binding to form an

active site "lid" that makes up part of the cofactor binding site (Montfort, et al., 1990;

Matthews, et al., 1990).

As an approach to understanding the structure and function of TS, the

construction and analysis of "replacement sets" of multiple amino acids at specific

positions within the protein has been undertaken (Climie, et al., 1990; Michaels, et al.,

1990). In this paper we describe the construction, expression, purification, and steady

state kinetic characterization of a complete replacement set of 20 mutants at the C

terminal position of Lactobacillus casei TS. We correlate the kinetic parameters with

the hydrophobicity of the side chains, and interpret the results in the context of what is

known about the structure and mechanism of TS.

"Abbreviations used: TS, thymidylate synthase; duMP, deoxyuridine monophosphate;
CH2H4folate, 5,10-methylenetetrahydrofolate; TES, N-tris(hydroxymethyl)methyl-2-
aminoethanesulfonic acid; bp, base-pair; PAGE, polyacrylamide gel electrophoresis;
CB3717, 10-propargyl-5,8-dideazafolate.
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MATERIALS AND METHODS

Materials. Restriction endonucleases and T4 DNA ligase were purchased from

Bethesda Research Laboratories and New England BioLabs. [o-35S]GATP (1000
Ci/mmol) was from Amersham, and other reagents used for DNA sequencing were

from U.S. Biochemical Corp. Oligonucleotides were synthesized and Nensorb (Dupont)

purifed at the Biomolecular Resource Center at the University of California, San

Francisco. Phosphocellulose (P11) was purchased from Whatmann. H4folate was

obtained from Sigma and converted to (6 RS) CH2H4folate as previously described

(Bruice & Santi, 1982). Each liter of minimal media contained 7 g K2HPO4, 2 g
-

KH2PO4, 0,5 g sodium citrate, 0.1 g MgSO4, 1 g (NH4)SO4, 3% casamino acids, 2%

glucose, and 50 pg/ml each of amino acids Pro, Arg, Met, Leu, His, and Thr. The

sources of other materials have been reported (Climie, et al., 1990) or were commonly

available.

Strain TB-1 (080laczAM15; ara, A(lac-proAB), Ipsl, hsdR (provided by T. O.

Baldwin, Texas A&M) and X2913 (from Russell Thompson, University of Glasgow)

were used as the host strain for plasmid-mediated transformations during the initial

construction of the mutants. A Thy", tetracycline resistant E. coli strain X2913recA

(AthyA572, recaä6), was used to test plasmids for TS activity by genetic

complementation and for the production of mutant TS. This strain was constructed by

transferring the recA56 allele from strain Q8015 (sr|A:Tn 10, recA56, from F. Banuett,

University of California, San Francisco) to X2913 by P1 transduction (Miller, 1972).

Transduction of srla:Tn10 to X2913 was confirmed by tetracycline resistance (10

pig/mL), and co-transduction of the recA56 allele was tested by increased sensitivity to

killing by ultraviolet light (Miller, 1972).
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Construction of C-terminal TS mutants. Methods for plasmid purification, subcloning

and bacterial transformation were as described (Sambrook, et al., 1989). Bacterial

cultures containing mutant plasmids were grown in LB supplemented with 100 pg/mL

of ampicillin and 50 pg/mL of thymidine. For complementation studies, X2913

transformants were plated on minimal agar lacking thymidine but containing ampicillin.

The construction of 15 mutants at the C-terminus of L. casei TS using a

synthetic gene has been described (Climie, et al., 1990). The mutants were

constructed in plasmid pSCTS9 by cassette mutagenesis using a synthetic 27 bp

double-stranded DNA cassette with Sfil and HindIII cohesive ends. The mutagenic

DNA cassette contained an equal mixture of all four bases at the first and second

positions of the target codon and an equal mixture of G and C at the third position. This

combination contains a mixture of 32 possible codons that encode all 20 amino acids

and an amber stop codon at position 316. Mutagenesis and expression were carried

out using the same plasmid vector, pSCTS9 and the Thy E. coli strain X2913 to

produce 15 of the desired mutants (Climie & Santi, 1990; Climie, et al., 1990). The

remaining mutants were constructed using two additional DNA cassettes that were

prepared and used as described above except that the strain X2913recA was used for

the complementation and expression. One of the DNA cassettes carried a mixture of

two codons at position 316 (CA(G/C)) encoding His and Gln, and the other carried a

mixture of four codons (G(AVT)(AVT)) encoding Ile, Phe, Tyr, Asn at position 316.

Mutagenic oligonucleotides were annealed in 10 pull reaction mixtures that contained

either 1, 5, 10, 50, or 100 pmoles of each unphosphorylated oligonucleotide in ligation

buffer (66 mM TrishCI, pH 7.6, 6.6 mm MgCl2, 10 mM DTT and 0.4 mM ATP). The

oligonucleotide mixtures were heated at 100°C for 3 min and then allowed to cool to

room temperature over a period of 30 min. The annealed fragments were ligated into

pSCTS9 by adding 0.5 mg of Sfl-HindIII digested pSCTS9, 5x ligation buffer, and 1 pil

of 10 mM ATP in a final volume of 20 pil. Three units of T4 DNA ligase were added
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and the reaction mixtures were incubated at room temperature for 2 h. One half of

each ligation mixture was used to transform E. coli strain TB-1 and the cells were

plated on LB agar containing 100 pg/mL ampicillin. The resulting colonies were pooled

by flooding the plates with 5 mL of LB and plasmid DNA was purified from the pooled

cells (Birnboim & Doly, 1979). This DNA was used to transform the tetracycline

resistant E. coli strain X2913recA which was then plated on LB agar containing 50

Hg/mL thymidine and 100 pg/mL ampicillin. DNA was prepared from individual

transformants and Val 316 mutations were identified by dideoxy DNA sequencing

using the plasmid DNA as a template (Chen & Seeburg, 1985; Tabor & Richardson,

1987). Plasmids with defined Val 316 mutations were then used to transform

X2913recA to ampicillin resistance, and the mutations were again confirmed by DNA

sequencing.

Purification and Characterization of TS mutants. Val 316 mutants were initially

characterized by their ability to grow on minimal agar in the absence of thymidine.

Mutant TS was then purified from 50 mL of cultured cells. The cultures were grown

overnight at 37° C in 200 mL of LB supplemented with 100 pg/mL ampicillin and 50

pig■ mL of thymidine. Cells were harvested by centrifugation, resuspended in 2 mL of

100 mM Tris, pH 7.0, 1 mM EDTA, and disrupted by sonication. Cell debris was

removed by centrifugation at 10,000 x g for 15 min. The crude supernatants (2 mL)

were loaded onto phosphocellulose columns (0.9 cm X 2.5 cm) equilibrated with 5 mL

of 10 mM KH2PO4, pH 7.0, 0.1 mM EDTA. The columns were washed with 4.5 mL of

equilibration buffer then 4.5 mL of equilibration buffer containing 100 mM KCI. TS was

eluted with 3 mL of equilibration buffer containing 350 mM KCI. Purified TS was

dialyzed against 20 mM KH2PO4, pH 7.0, 0.5 mM EDTA and concentrated by

ultrafiltration (Amicon). Protein concentrations were determined using Coomassie Blue

(Bradford, 1976) for crude preparations (using bovine serum albumin as a standard) or
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by using e278 = 1.07 x 105 M-1cm−1 for purified TS (Santi, et al., 1974). Proteins were

analyzed by SDS-PAGE using 12% gels (Laemmli, 1970) that were stained with

Coomassie Blue R250. Levels of TS expression were determined by scanning gels

using a Bio Rad model 260 densitometer.

dTMP formation was assayed spectrophotometrically at 25°C (Pogolotti, et al.,

1986). One unit of TS activity catalyzes the formation of 1 pmol of dTMP per minute in

a 1 mL reaction mixture. When the concentration of duMP was varied, (6R)-

CH2H4folate was constant at 300 um; when CH2H4folate was varied, the

concentration of duMP was fixed at 100 piM. Kinetic data were analyzed by a non

linear least-squares method using the program Enzfitter (Elsevier-Biosoft). The kcat

and Km values for cofactor were obtained from experiments varying CH2H4folate in

the presence of a large excess of duMP (>20 x Km). Because of the high Km values

for CH2H4folate exhibited by some mutants, saturating concentrations of the cofactor

were often not feasible when measuring the kinetic parameters for dump. However,

kcat values obtained by varying duMP and correcting for CH2H4folate Km values

using the equation for a sequential ordered mechanism, Vmax=Vapp/(1+KmBMB)
(Segel, 1975, p 566) were in agreement with values obtained with varying cofactor

concentration at saturating duMP. Apparent Km values for duMP could not be

corrected without Kia values for each mutant. TS catalyzed dehalogenation of Brd UMP

was performed as described (Garrett, et al., 1979). Log-log plots of kinetic parameters

versus side chain hydrophobicity (Cornette, et al., 1987)2 and volume (Chothia, 1984)

were analyzed by linear regression analysis with and without omission of outliers.

Statistical analysis of the data was performed using the program Data Desk (Odesta

Corp.) for the Macintosh computer.

* We refer to the normalized hydrophobicity scales by the acronyms used in (Cornette,
et al., 1987).
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RESULTS

Nineteen amino acids and an amber stop codon were substituted for the C

terminal valine of TS by site-directed mutagenesis using a synthetic gene and double

stranded DNA cassettes encoding multiple amino acid substitutions at the target codon

(Wells, et al., 1985; Climie, et al., 1990). The same plasmid vector was used for the

construction of mutants, DNA sequencing, and expression of proteins.

Mutants were constructed by cassette mutagenesis using the synthetic L. casei

TS gene and degenerate oligonucleotides (Climie, et al., 1990). In initial experiments

we tried to isolate all of the 20 possible Val 316 mutants using a single mutagenic DNA

cassette that encoded a mixture of 32 codons at position 316 (Figure 2.1). We

obtained 15 different mutants after sequencing the DNA of 29 isolates. All 7 of the 20

mutants in the mixture of 32 codons that were represented by two or more

synonymous codons were isolated as were 8 mutants that were each represented by a

single codon. Mutants that were not isolated using the 32-codon DNA cassette (Gly,

Ile, Phe, Tyr, His) were each represented by a single codon in the mixture. Rather than

sequence large numbers of additional isolates to identify the remaining mutants, we

constructed two additional mutagenic DNA cassettes that carried mixtures of 2 (His,

Gln) and 4 (Ile, Phe, Tyr, Asn) codons (Figure 2.1). These DNA cassettes were used

in separate experiments to isolate the five remaining mutants. Six isolates of the two
codon mix were sequenced, resulting in the identification of three His mutants, two Gln

mutants, and one wild-type Val. Similarly, two Phe, five Tyr, six Ile, and a single Asn

mutant were identified after sequencing 15 isolates from the 4 codon mix. The use of

three mutagenic DNA cassettes allowed us to isolate a complete replacement set of

amino acid substitutions at Val 316 while reducing the number of isolates to be

sequenced from the expected 160 to 49 (Climie, et al., 1990).
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Sfil HindIII Sfil HindIII

Restrict with SfilN_2^ and HindIII–-

Ligate:

[NNCG | [NNCG |
Sfil HindIII Sfil HindIII

32 codons

I | 20 amino acids

Transform Sequence, select for active
–- mutants in TS-deficient cells

Figure 2.1 Construction of a replacement set of amino acids at the C-terminus of L.
casei TS. Mutants were constructed by cassette mutagenesis using plasmid pSCTS9
which carries a synthetic L. casei TS gene flanked by EcoRI and HindIII restriction
sites. Double-stranded mutagenic DNA cassettes that carry mixtures of 2, 4, and 32
possible codons are shown. The DNA cassettes contain Sfil and Hindlll cohesive ends
to allow cassette mutagenesis. Boldface characters indicate positions encoding the C
terminal residue followed by a TAA stop codon (N; an equal mixture of all 4 bases;
parentheses indicate equal mixtures of 2 bases at that position).
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All 20 of the Val 316 mutants were initially characterized by genetic

complementation using a Thy strain of E. coli (X2913) that carries a deletion of the

thyA gene. Fourteen of the 20 mutants produced sufficient TS activity (>0.002 U/mg) to

allow growth of this strain on minimal agar in the absence of thymidine. TS mutants

were expressed at levels ranging from 7% to 32% of the total cellular protein in soluble

crude extracts, as determined by SDS-PAGE and comparison of specific activities to

the purified proteins. Each mutant was purified by phosphocellulose chromatography to

>90% homogeneity as assessed by SDS-PAGE.

Steady-state kinetic parameters of wild-type TS and the 18 purified active Val

316 mutants were determined (Table 2.1); we could not detect TS activity with the

V316D and V316Am mutants. The kinetic constants of active mutants were interpreted

in the context of an ordered mechanism, with duMP binding first, as observed in the

wild-type enzyme (Danenberg & Danenberg, 1978; Daron & Aull, 1978). We also

attempted to correlate kinetic constants with parameters that describe the

hydrophobicity and volume of the mutant side chains which replaced the C-terminal

valine.

The kcat values of wild-type TS and 18 active mutants varied over a 270-fold

range. In general, hydrophobic residues at position 316 were associated with the

highest kcat values, hydrophilic replacements gave intermediate values, and charged

residues resulted in the lowest kcat values. Using some forty reported scales of

hydrophobicity of amino acid side chains (Cornette, et al., 1987), we observed

significant linear correlations with log kcat of wild-type and mutant TS (n = 19). We

chose the 10 scales with highest correlation (r2 0.58), and evaluated each

independently. In these correlations Gly and Trp, and sometimes Arg, were outliers.

When the outliers were omitted, the correlations of kcat with hydrophobicity were

remarkably good. Omission of Gly and Trp gave 6 scales with r = 0.85 - 0.92 (n = 17, PC

< 0.001); upon regression analysis, the best correlations were observed omitting Gly

-
- -=
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and Trp in the hydrophobicity scales WOLF (r = 0.89), EISEN (r = 0.91) and CHDLG (r

= 0.92). The correlation of log kcat with the CHDLG scale is shown in Figure 2.2a.

No linear relationship was seen between log kcat and volume of the side chain,

nor did multiple regression of log kcat on hydrophobicity and volume improve the

correlations. However, the most active mutants are clustered with side chains of

intermediate volume. Trp and Arg, with highest side chain volumes, and Gly, with lowest

volume, showed the lowest kcat values and were also the outliers in the correlation with

hydrophobicity. The variation in the apparent Km values for duMP was not considered

significant since the sensitivity of the assay is low in the concentration range

surrounding the apparent Km values. Regardless, there was no significant correlation

between the apparent Km values of duMP and physical properties of the side chains at

position 316.

Apparent Km values for CH2H4folate varied over a 60-fold range for the wild

type TS and 18 mutants (14 plM to 830 HM) (Table 1.1). Qualitatively, mutants with

hydrophobic side chains had the lowest apparent Km values for CH2H4folate. Lack of a

side chain at the C-terminus (V316G) resulted in an almost 30-fold increase in Km for

CH2H4folate. The introduction of a negative charge in the V316E mutant resulted in the

highest Km for CH2H4folate while the Km for the V316D mutant could not be

determined because of low or non-existent activity. For quantitative assessment we

correlated the log Km values for 18 mutants and wild-type TS with the 42 normalized

hydrophobicity scales tabulated by Cornette et al. (Cornette, et al., 1987). Seven scales

(MEIRO, POONU, PRIFT, PRILS, ALTFT, TOTLS, TOTFT) showed r = 0.61 - 0.66 (n =

19, PC = 0.005 - 0.002). Expectedly, these scales are similar and well correlated (r.2

0.87) with one another. Omission of Lys, which is an outlier in these plots, improves

these correlations to r = 0.71 - 0.75 (n = 18, PC < 0.001). The correlation of Km for

CH2H4folate with TOTFT is shown in Figure 2.2b. Interestingly, the scales which

:
º

:
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a)

b)

ve

sI I

-3 O 3
Side Chain Hydrophobicity (TOTFT Scake)

Figure 2.2 Linear free energy relationships of Val 316 mutant TSs. a) Correlation of log

kcat with hydrophobicity of side chain residues at position 316 of TS. The data is

experimental and the line is a best fit (y = 0.0519 + 0.166x; r = 0.916) to the normalized

CHDLG hydrophobicity scale omitting Trp and Gly (Cornette, et al., 1987) b)

Correlation of log Km for CH2H4folate and the hydrophobicity of side chain residues at

position 316 of TS. The data is experimental and the line is a best fit (y = 2.376 -

0.127x; r = 0.745) to the normalized TOTFL hydrophobicity scale omitting Lys (Cornette,

et al., 1987).
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showed the highest correlation with kcat (see above) showed poor correlations with Km

(r = 0.28 - 0.32.).

We also assessed whether kinetic parameters were themselves correlated. Log

kcat vs. log Km for CH2H4folate showed an inverse correlation with r = –0.58 (n = 19),

with Arg, Gly and Trp as apparent outliers; these are the same outliers observed in most

log kcat vs hydrophobicity plots examined here. Omitting these outliers, the parameters

correlated with r = –0.67. Although kcat is contained within the numerator of the Km

term for CH2H4folate, the inverse correlation obtained indicates that changes in kcat do

not dominate the correlation, and that the kcat and Km terms behave independently.

This conclusion is also supported by the observation that kcat and Km values are

correlated with different hydrophobicity scales (see above). Log kcat values also

showed an excellent correlation with log kcat/Km for CH2H4folate (r = 0.87); however,

the two parameters are not independent, and the correlation is dominated by changes in

kcat. When similar plots were made using randomly generated values for Km, high

correlations (r = 0.87 - 0.91) were obtained (Estell, 1987).

We determined steady state kinetic properties for the TS-catalyzed

dehalogenation of BrduMP (equation 1) (Garrett, et al., 1979) by wild type TS and

Several mutants. The mutants chosen have a 183-fold range of kcat values

BroUMP + 2 RSH > dUMP + (RS)2 + Brº- (1)

and a 27-fold range of Km values for CH2H4folate in the normal reaction (Table 1.1). In

the dehalogenation of BrdLMP, both Km and kcat values were essentially the same for

wild-type and all the mutants examined.

- - º

*
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DISCUSSION

The C-terminal valine (Val 316) of L. casei TS has been implicated to be

important for folate binding and catalytic function (Aull, et al., 1974; Galivan, et al.,

1977). Crystallographic studies of various forms of TS provide insight into how the C

terminal residue is involved in the TS reaction (Hardy, et al., 1987; Perry, et al., 1990;

Montfort, et al., 1990; Matthews, et al., 1990). The structures of free TS and the binary

TS-dUMP complex are very similar. In both structures C-terminal residues are highly

exposed to solvent, and crystallographic B-factors are high for these residues; but there

are no large differences in the two structures. When the cofactor analog CB3717 is

bound by the TS-dUMP complex, a large conformational change occurs in which up to

Seven residues at the C-terminus move to cover the active site and form a lid over the

bound substrates (Figure 2.3) (Montfort, et al., 1990; Matthews, et al., 1990).

The TS reaction proceeds by an ordered mechanism (Danenberg & Danenberg,

1978; Daron, & Aull, 1978), where duMP binds first and forms part of the binding site for

the folate cofactor. It has been proposed that the Michaelis complex undergoes a

conformational change which is involved in a rate determining step of the reaction

(Santi, et al., 1987). In the TS-duMP-CB3717 and TS-FCUMP-CH2H4folate

complexes”, a rapidly reversible ternary complex first forms, then a slower.

conformational change occurs to give the stable, isolable complexes. We believe that

the structure of the TS-duMP-CB3717 complex resembles a steady-state intermediate

formed after the conformational change rather than the initial Michaelis complex, and

that the Conformational change observed in the structure is analogous to that proposed

for the normal reaction (Santi, et al., 1987). Available data suggests that upon binding of

* In comparison of structures, we use those of the L. casei and E. coli free TS, the TS
duMP binary complex from L. casei, and the ternary E. coli TS-dUMP-CB3717
Complex. The assumption is made that relevant features of the ternary complex are
Similar in the L. casei and E. coli TSs. Free enzyme is used to refer to the structure
which has inorganic phosphate bound at the active site.

s
* --

-
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the folate cofactor or analog to the TS-duMP complex, new interactions occur which

promote the conformational change and trigger catalysis. Features of the

conformational change which are of interest in the context of this study are as follows

(Figure 2.3).4

First, the C-terminal valine moves approximately 4 Å and experiences significant
changes in its local environment. In the free enzyme and binary complex, side chains at

the C-terminus and the completely conserved Thr 24 are both solvent accessible, with

the hydroxyl group of Thr 24 pointing towards the exterior of the protein. In the ternary

complex, the side chain of Thr 24 points towards the interior of the protein and is buried;

the methyl groups of the C-terminal side chain abut the 3 and Y carbons of Thr 24

resulting in placement of the C-terminal side chain in a hydrophobic environment. The

carboxylate of the C-terminal residue forms H-bonds with the ring NH of of Trp 85 which

moves slightly over the folate, and with Arg 23 which moves to interact with the

phosphate of duMP [In eukaryotes and T4 phage Asn replaces Trp 85 of bacteria and

could play a similar role in the H-bond network] (Montfort, et al., 1990; Matthews, et al.,

1990).

Second, the remainder of the C-terminal arm experiences new interactions that

may be relevant to the conformational change. In the ternary complex, the side chain of

the conserved penultimate Ala 315 (Ser in B. subtilis TsB and fungal TSs) is almost

completely buried against the edge of the conserved Tyr 261, and the carbonyl oxygen

of Ala 315 is H-bonded through a water molecule to the 2-NH2 and 3-NH of the

pyrimidine ring of the folate analog. At residue 314, L. casei TS and other bacteria have

Val or Ile (Met in eukaryotes and T4 phage), which contacts the surface of the folate

and Trp 85 (Gln in eukaryotes and T4 phage). Residue 312 is an Ala in bacteria (Met in

eukaryotes) and fits into a pocket formed by conserved Leu 223, His 264 and Phe 222

(Gly222 in eukaryotes); the side chain of residue 312 also moves from a solvent

* Amino acid numbers refer to those of the L. casei enzyme.
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Figure 2.3 Depiction of interactions of the C-terminus after the conformational change.
After binding of nucleotide and cofactor, C-terminal residues move to cover the active
site and form new sidechain interactions and an extended hydrogen bond network
(dotted lines).
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accessible to a nearly inaccessible state upon formation of the ternary complex. It is

interesting that residues involved in interactions of the C-terminus in the ternary

complex are either completely conserved (residues 24, 223, 261 and 264), or undergo

covariant changes in bacterial and eukaryotic TSs (residues 85,222, 312, 314, and

315). This conservation and covariance points to functional roles for these residues, that

we speculate may be related to the conformational change necessary for catalysis.

We have used a combination of mutagenesis and steady-state kinetics to

examine the role of the C-terminal valine of L. casei TS. Using a synthetic L. casei TS

gene and cassette mutagenesis with degenerate oligonucleotides, we constructed a

complete replacement set of mutants at position 316 (Figure 2.1). The mutants

consisted of the 19 amino acid substitutions and the enzyme truncated by one residue

(V316Am). Each mutant was expressed at high levels from the mutagenesis vector,

purified, and its steady-state kinetic parameters were measured.

We could not detect TS activity in V316Am, which is in accord with the results

obtained with carboxypeptidase truncation of TS (Aull, et al., 1974). Since removal of

the side chain alone (V316G) is sufficient to reduce kcat by over 100-fold, it is not

surprising that complete removal of the C-terminal residue should have a large effect.

The loss of activity displayed by V316Am can be rationalized from knowledge of the

structure of the ternary TS-duMP-CB3717 complex. First, the position of the C-terminal

carboxylate in the ternary complex of V316Am would be moved by at least 3-4A,
disrupting part of the hydrogen bond network that facilitates CH2H4folate binding.

Second, the loss of a residue at that position would abolish side chain-mediated

hydrophobic interactions that contribute to the conformational change. Third, the

trunctuation would disrupt H-bonding of the penultimate residue of TS to the folate. A

complete study of the V316Am mutant and crystal structures of this mutant are

described in the next two chapters.
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Because of the putative interactions of the C-terminal side chain in the ternary

complex, we attempted to correlate the steady-state kinetic parameters of the mutants

with hydrophobicity and volume parameters of the side chains. Upon initial assessment,

we could find no significant correlations of kinetic parameters with side chain volume,

but correlations with hydrophobicity appeared promising. Since the various

hydrophobicity scales reported are not all well correlated, and since we had no objective

reason for choosing one over another, we first evaluated our data against some 40

hydrophobicity scales tabulated by Cornette et al (Cornette, et al., 1987). Next, we

chose the best correlations and evaluated each independently. When outliers in the

correlations were apparent, we removed them from the data set and re-evaluated the

correlation.
-

Using several commonly used hydrophobicity scales, there was a very good

correlation (r = 0.92) between log kcat of the mutants and the hydrophobicity of the side

chain at position 316 (Figure 2.2). This indicates that hydrophobic interactions stabilize

the transition state of a rate determining step in the TS reaction. In the context of what is

known about TS structure and mechanism, it is proposed that hydrophobic interactions

between the side chain of the C-terminal residue and Thr 24 are involved in inducing the

conformational change which places the C-terminal lid over the substrates. Why Trp

and Gly, and sometimes Arg, are outliers in the correlations is not clear. Possible

explanations include suboptimal packing of the largest and smallest side chains,

disparity in the hydrophobicity values of these residues, or partial inactivation of these

mutants.

The apparent Km values for duMP were similar in wild-type and 18 mutant TSS,

indicating that the binding of duMP is not significantly affected by mutations in the C

terminal residue. This is consistent with crystallographic studies which show that the

free enzyme and the binary duMP-TS complex have similar structures, and that the C

terminus is not directly involved in nucleotide binding in the binary complex (Hardy, et
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al., 1987; Perry, et al., 1990; Montfort, et al., 1990; Matthews, et al., 1990; R. M. Stroud,

unpublished). In contrast, Km values of CH2H4folate varied about 60-fold among

mutants, and were correlated (r = 0.71-0.75) with several different hydrophobicity

Scales. The correlation suggests that hydrophobic interactions of the C-terminal side

chain are involved in the initial interaction of the cofactor with the TS-dUMP complex to

form the Michaelis complex.

There is an inverse correlation (r = -0.67) between log kcat and log Km of the

cofactor, which reflects the dependence of both cofactor binding and catalysis on

hydrophobicity of the C-terminal side chain. In general, mutants with hydrophobic side

chains at residue 316 show lower Km values and higher kcat values. Thus,

hydrophobicity may be loosely correlated with both tighter binding of cofactor and more

facile catalysis. Although kcat/Km values show apparent correlations with Km, the

correlations are not interpreted since they seem to be computational artifacts that are

manifestations of the changes in kcat.

We have also examined the kinetic properties of several Val 316 mutants using

the dehalogenation of BrduMP. As an alternate substrate, BrduMP undergoes a partial

reaction which involves nucleophilic attack by Cys 198 of TS, followed by exogenous

thiol-mediated dehalogenation to give duMP (Garrett, et al., 1979); CH2H4folate is not

involved in the dehalogenation. In dTMP formation the kcat values of wild type TS and

the mutants examined span a range of about 180-fold, but the Km values for duMP are

essentially unchanged. The Km values for BrduMP are not significantly different in the

mutants examined. This agrees with and supports the previous conclusion that binding

of nucleotide is not significantly affected by mutations at position 316 of TS. Unlike

dTMP formation, kcat values for dehalogenation are essentially the same with these

mutants; there is no correlation of kcat with hydrophobicity of the 316 side chain. This

agrees with the hypothesis that binding of the cofactor is required to trigger the

-
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conformational change associated with closure of the carboxy-terminal "lid" over the

active site.

It has been shown that isolated, non-interacting mutations on enzymes often

have additive effects on catalytic properties (Wells, 1990). It would be interesting to

identify additional sites of TS which show a linear free energy relationship of kcat versus

properties of the side chains within a replacement set. With this information, it may be

possible to predict the properties of all permutations of multiple mutations within the two

replacement sets.

We speculate that the C-terminal residue of TS has evolved towards hydrophobic

amino acids to optimize activity, cofactor binding, and the conformational change. In 14

of the 18 TS sequences known, valine is the C-terminal residue, and it is more active

than any mutant at that position for L. casei TS. Ile, Leu and Ala substitutions at position

316 were among the most active mutants in the replacement set; these residues are at

the C-termini of TSs from E. coli (Ile), P. falcipanum (Ala), P. carinii (Leu), and V. zoster

(Leu). However, in L. casei TS, all of these mutations result in significant increases in

Km for folate and decreases in kcat compared to wild-type TS, so it is likely there are

covariant residues in these TSs important in the function of the C-terminal residue. We

are attempting to identify what those residues are.
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ABSTRACT

The V316Am mutant of Lactobacillus casei thymidylate synthase has a single

amino acid deletion at the C-terminus which abolishes catalysis of dTMP formation.

However, V316Am catalyzes two partial reactions which require covalent catalysis: a

CH2H4folate dependent exchange of the 5-hydrogen of duMP for protons in water, and

a thiol-dependant dehalogenation of 5-bromo- and 5-iodo-dump. These reactions

proceed with kcat and Km values similar to the wild-type TS-catalyzed reactions.

dUMP, dTMP and FCUMP are competitive inhibitors of the debromination reaction with

Ki values similar to those obtained with wild type enzyme. These results show that

removal of the terminal valine does not alter the ability of the enzyme to bind to or form

covalent bonds with nucleotide ligands. V316Am also forms a covalent ternary complex

with FoumP and CH2H4folate. However, the affinity of the TS-FaumP complex for the

cofactor is reduced, and the rate of covalent ternary complex formation and its stability

are significantly lower than with wild-type TS. These results allow us to place the major

defects of the mutation on steps that occur subsequent to initial CH2H4folate binding.
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INTRODUCTION

Thymidylate synthase (TS1, EC 2.1.1.45) catalyzes the reductive methylation of
duMP by CH2H4folate to produce dTMP and H2folate. The mechanism of TS has

been extensively characterized, and three dimensional structures of free and bound

forms of the enzyme have been determined (Hardy, et al., 1987; Perry, et al., 1990;

Montfort, et al., 1990; Matthews, et al., 1990). There is much interest in correlating

enzyme structure and function using mutagenesis, and to that end several hundred

mutants of L. casei and E. coli'TS have been produced (Climie, et al., 1990) (Michaels,

et al., 1990). The mutants are first screened for activity by genetic complementation in

a TS-deficient E. coli host, and mutants of interest are characterized in detail.

We are also interested in understanding why inactive mutants are inactive. The

hope is that some mutations will produce identifiable defects in the normal catalytic

pathway. Such mutants may permit the study of isolated "partial" reactions preceding

the defect, and may result in the accumulation of intermediates amenable to study. In

the process of analyzing the mutants described by Climie (Climie, et al., 1990), many

were screened for their ability to form tight complexes with FoumP and CH2H4folate.

Several inactive mutants were found that bound the inhibitor, including the V316Am

mutant which lacks the C-terminal valine found in the wild-type enzyme.

The C-terminal valine is conserved among 17 of the 23 known TS sequences

(Perry, et al., 1990; Unpublished data) and has been implicated in catalysis by studies

! Abbreviations used: TS, thymidylate synthase; V316Am, mutant L. casei TS lacking a
C-terminal Val; duMP, 2’-deoxyuridine-5'-monophosphate; CH2H4folate, 5,10
methylene-5,6,7,8-tetrahydrofolate; dTMP, thymidine-5'-monophosphate; H2folate, 7,8-
dihydrofolate; CB3717, 10-propargyl-5,8-dideazafolate; FoumP, 5-flouro-2'-
deoxyuridine-5'-monophosphate; BrduMP, 5-bromo-2'-deoxyuridine-5'-
monophosphate; loumP, 5-iodo-2'-deoxyuridine-5'-monophosphate; TES, N
tris(hydroxymethyl)methyl-2-aminoethane sulfonic acid; DTT, dithiothreitol.
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of carboxypeptidase inactivation (Aull, et al., 1974). Although removal of the terminal

valine from one subunit of L. casei TS leads to complete loss of activity, duMP still

binds with its normal affinity (Galivan, et al., 1977). Likewise, removal of the C-terminal

residue from either L. casei or E. coli TS by mutagenesis also renders the enzyme

unable to complement TS-deficient E. coli hosts (Climie, et al., 1990; Michaels, et al.,

1990). Crystallographic studies show that upon folate binding, the C-terminus

undergoes a large conformational change to form an active site "lid" and part of the

folate binding site (Montfort, et al., 1990). In this paper, we show that although the

V316Am mutant TS is unable to catalyze the formation of dTMP, it does catalyze the

dehalogenation of 5-Br(I)dUMP and the exchange of tritium from [5-3H]cuMP. V316Am
also forms a covalent ternary complex with FoumP and CH2H4folate.

MATERIALS AND METHODS

Materials. E. Coli strain X2913 (AthyA572) was a gift from Russell Thompson,

University of Glaslow. The plasmids pSCTS9 and pSCTS-V316Am have been

described (Climie, et al., 1990). Phosphocellulose P11 and DEAE cellulose (DE52)

were obtained from Whatman, and Hydroxyapatite (Bio-Gel HTP) was purchased from

Bio-Rad. (5-3H]duMP (13.2 Ci/mmol), (6-3H]cuMP (15 Ci/mmol), (6-3H]FdUMP (20
Ci/mmol) and [2-14C) duMP (56 moi■ mmol) were from Moravek Biochemicals. (6-
R)CH2H4folate was a generous gift from SAPEC S.A. (Lugano, Switzerland) and (6-R)

[6-3H]CH2H4folate (26.6 mCi/mmol) was as described (Bruice, & Santi, 1982).

Nucleotides were obtained from Sigma, and were purified by DEAE-cellulose

chromatography (Wataya, & Santi, 1977). Formaldehyde was obtained from

Mallinckrodt and quantitated with the Nash reagent (Nash, 1953). All other materials

were obtained from commercial sources and used without purification.
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Protein Purification. V316Am was purified from the E. coli strain X2913 (Thy")

containing pSCTS-V316Am (Climie, et al., 1990). Three 1 L flasks of LB medium

supplemented with 50 pg/mL thymidine and 50 pg/mL ampicillin were each innoculated

with 25 mL overnight cultures of X2913/pSCTS-V316Am and grown for 24 h at 37° C.

Cells were harvested by centrifugation, washed with 500 mL of 150 mM NaCl and

stored at -80° C. All subsequent steps were performed at 4°C. Cells were

resuspended in 75 mL of 10 mM KH2PO4, pH 6.8 (buffer A) and lysed by passing

through a French pressure cell at 18,000 p.s.i. Cellular debris was removed by

centrifugation, and the supernatant was loaded onto a phosphocellulose column (2.5 cm

x 15 cm) equilibrated with buffer A. The column was washed with 1 L of buffer A before

eluting TS with a 500 mL linear gradient from 0 mM to 600 mM KCl in buffer A. TS

containing fractions eluting between 100 mM and 290 mM KCl were pooled and loaded

onto a hydroxyapatite column (2.5 cm x 8 cm) equilibrated with 10 mM KH2PO4, pH

7.0 (buffer B). The column was washed with 100 mL buffer B before eluting with a 350

mL linear gradient to 350 mM KH2PO4, pH 7.0. TS-containing fractions eluted between
20 mM and 190 mM KH2PO4 and were concentrated to 10 mg/mL using an Amicon

ultrafiltration device equipped with a YM-10 membrane. The purification was followed

by SDS-PAGE on 12% gels (Laemmli, 1970) and by monitoring debromination of

BrdUMP (see below). The enzyme was stored at -80° C until use.

Enzyme Assays. TS activity was monitored spectrophotometrically at 340 nm as

described (Pogolotti, et al., 1986). The standard TES/DTT assay buffer contained 50

mM TES, pH 7.4, 25 mM MgCl2, 6.5 mM formaldehyde, 1 mM EDTA and 10 mM DTT.

TS catalyzed exchange of the 5-hydrogen of duMP for solvent protons was

monitored at ambient temperature by the decrease in 3H/14C of [2-14C, 5-3H]cuMP
during the course of the reaction (Pogolotti, et al., 1979). Reaction mixtures contained

0.7 to 3.5 mM V316Am and 90 HM [2-14C, 5-3H]cuMP (55 m.Ci SH/mmol, 8 moi

:
º
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14C/mmol) in standard TES/DTT assay buffer. When indicated, (6-R) CH2H4folate or

folic acid was included at 100 puM. Duplicate 50 pull aliquots were removed, quenched

with 0.3 mL MeOH, and the solution was evaporated to dryness at 45° C using a heat

lamp. The residue was twice redissolved in 0.3 mL MeOH and evaporated, dissolved in

0.2 mL water, and counted in 4 mL Aquasol ll. Sufficient counts were collected to

obtain counting errors of « 1%.

TS catalyzed dehalogenation of BrduMP and IdumP was monitoried at 25°C by

the decrease in absorbance which accompanies dehalogenation (Aez85 = 5,320 MF

1 cm−1 for BrdLMP or Ae?90 = 6,520 M-1 cm−1 for IdumP; Garrett, et al., 1979).

Reaction mixtures (1 mL) contained standard TES/DTT assay buffer, 6 to 200 puM

BrdUMP or loUMP, and 2.8 puMV316Am or wild-type TS. Kinetic constants were

determined by a nonlinear least square fit to the Michaelis-Menten equation using the

program Kaleidagraph (Abelbeck Software, 1989) run on a Macintosh II computer. One

unit of activity is defined as the amount of enzyme that will debrominate 1 pmol of

BrdUMP per minute in a 1 mL reaction mixture.

Ki values for duMP, dTMP and FoumP were determined by monitoring

enzymatic debromination of BrduMP in reaction mixtures containing the standard

TES/DTT assay buffer, 2.8 pm enzyme, 90 HM BrduMP and concentrations of the

inhibitory nucleotides between 50 and 250 pum. Ki values were calculated from a

nonlinear least-square fit to equation III-5 described by Segel (Segel, 1975, pp.105). In

the case of inhibition by duMP, Lineweaver-Burke analysis was also used.

HPLC Analysis of Nucleotide Products. HPLC was performed using a Rainin HPLC

equipped with a Hewlett Packard 1040A diode array detector. Isocratic separation of

dUMP and dTMP was accomplished on an Altex Ultrasphere IP column (4.6 mm x 25

cm) using 5 mM KH2PO4, pH 7.0, 5 mMtetra-n-butylammonium sulfate and 5% w/v
acetonitrile as the eluant with a flow rate of 1 mL/min. Retention volumes for dum■ P and
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dTMP were 20 mL and 29 mL, respectively. Samples containing enzyme were

deproteinized prior to HPLC using Centricon 10 ultrafiltration devices. For analysis of

radioactive reactants and products, duMP and dTMP UV markers (15 nmol each) were

added to samples prior to chromatography. Fractions (1 mL) were collected and

counted in 6 mL Aquasol II. For TS catalyzed dehalogenation of BrduMP, the

concentration of acetonitrile in the mobile phase was 10% w/v; duMP and Brdu MP had

retention volumes of 10 mL and 16.5 mL, respectively.

SDS-PAGE of the Enzyme-FauMP-CH2H4folate Complex. Covalent complexes were

formed by incubating a mixture containing 1.8 MMV316Am, 50 um (6-3H]FdUMP (830
mCi/mmol) and 0 to 1.7 mM (6-R) CH2H4folate in standard TES/DTT buffer at room

temperature. Aliquots (10 pill) were removed over a six hour period, quenched with 10

pil of 10% 2-mercaptoethanol and 1 % SDS, and boiled for 2 minutes before loading

onto 12% SDS-PAGE. The TS-FdUMP-(6-R) [6-3H]CH2H4folate complex was formed
by incubating 4.5 mM V316Am, 10.8 plm FöUMP and 1.5 mM (6-R) [6-3H]CH2H4folate

as described above; control reactions lacked FoumP. The gels were stained with

Coomassie blue and prepared for fluorography as described (Chamberlain, 1979). For

quantitation of protein bound radioactivity, Coomassie-stained bands were excised,

solubilized using Solvable (NEN), and counted in 10 mL of Atomlight (NEN).

Trichloroacetic Acid Precipitation of the Enzyme-Fau■ /P-CH2H4folate Complex.

Complexes were formed as described above, and controls omitted CH2H4folate.

Aliquots were removed and protein was precipitated using 10% trichloroacetic acid as

described (Cisneros, & Dunlap, 1990).

Ultraviolet difference spectroscopy of the V316Am-FdUMP-CH2H4folate Complex. UV

spectra were measured using a Hewlett Packard 8452A diode array spectrophotometer.
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Reaction mixtures (1 mL) contained 6.5 puMV316Am and 50 to 130 HM (6-R)

CH2H4folate in the standard TES/DTT assay buffer and were titrated with 2 nmol

additions of FduMP. After additions of FduMP, spectra were recorded until no further

increase in A330 occured. Appropriate corrections were made for dilution and light

scattering, and difference spectra were calculated by subtracting the spectrum of

enzyme plus CH2H4folate from spectra obtained after incubation with FoumP.

The Ae330 for complex formation was obtained from the total AA330 after

saturating 7.6 nmol of FqUMP with 1.4 nmol additions V316Am in the presence of 130

HM CH2H4folate.

Pseudo first-order rate constants for the spectral change at 330 nm were

determined under conditions of saturating ligand concentrations. A reaction containing

6.5 piMV316Am and 122 plM (6-R) CH2H4folate in the standard TES/DTT assay buffer

was made 170 piM in FoumP and the absorbance change at 330 nm as a function of

time was fit to the first-order rate equation.

RESULTS

Enzyme Purification. V316Am was expressed in E. coli X2913 as approximately 25% of

the total soluble protein, and was purified to over 95% homogeneity as determined by

densitometric scanning of SDS-PAGE (Figure 3.1). The specific activity of the purified

enzyme for BrduMP dehalogenation was 0.014 U/mg.

V316Am does not catalyze formation of dTMP. Previously, we reported that pSCTS

V316Am did not complement E. coli X2913 cells deficient in TS, indicating that pSCTS

V316Am produced less than 1% of the TS activity expressed by the wild type parent

plasmid, pSCTS9 (<0.002 U/mg in crude extract) (Climie, et al., 1990). To ascertain

whether V316Am catalyzed any conversion of duMP to dTMP, we performed
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Figure 3.1 12% SDS-PAGE of samples from V316Am purification. Lane 1, crude
extract; lane 2, phosphocellulose chromatography pool; lane 3, hydroxyapatite
chromatography pool. Molecular weights (x 10−3) are given.
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increasingly sensitive assays. First, we tried to detect TS activity using the

spectrophotometric assay, which has a sensitivity of about 10-4 U/mL (25 mAU/h at 340
nm). With crude extracts or with purified enzyme, up to 0.25 mg protein/mL showed no

activity for as long as 1 h. Second, we repeated the assay using 0.25 mg/mL pure

V316Am and [2-14C, 5-3H]cuMP, and analyzed for [2-14CldTMP. After incubation for
22 h, HPLC separation of the reaction mixture (79,000 dpm 14C, 4.5 nmol duMP) did
not reveal the presence of 14C dTMP (<200 dpm, «12 pmol). When wild type TS was
subsequently added to the reaction, complete conversion of [2-14C, 5-3H]cuMP to [2-
14CldTMP was observed, showing that the substrate and cofactor had not deteriorated.
These experiments demonstrate that V316Am has a specific activity of less than 4 x 10

8 U/mg, at least 108 fold lower than wild-type TS.

CH2H4folate dependent tritium release from [2-14C, 5-3H]cuMP. In the presence of
CH2H4folate, V316Am catalyzes a slow exchange of tritium from [2-14C, 5-3H]cuMP
for protons of water. Separation of the products of a reaction mixture containing 3.5 puM

V316Am, 100 HM [2-14C, 5-3H]duMP and 100 HM (6-R) CH2H4folate by HPLC showed
the time-dependent generation of a volatile, UV-transparent, tritium-containing material
which eluted in the void volume. We concluded that the material was 3H2O. No new

14C-containing peaks were detected, and the recovered duMP had the same 3H/14C
ratio as observed after drying of the reaction mixture prior to HPLC. Tritium release

followed first order kinetics for approximately 12 h (Figure 3.2). Approximately 60% of

the tritium was released during 18 h, corresponding to about 16 turnovers per V316Am
dimer. The rate of tritium release increased linearly with V316Am concentration up to

3.5 mM. V316Am showed a specific activity for tritium release of 1.4 x 10-4
umol/min/mg, the same value obtained with wild-type TS and more than 5 x 104 fold
higher than was necessary to detect dTMP formation. [2-14C, 5-3H]cuMP in reaction
mixtures which lacked either V316Am or CH2H4folate, or in which folic acid was
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Figure 3.2 V316Am-catalyzed tritium release from [2-14C, 5-3H]cuMP. These
reactions contained 3.5 mM V316Am, 100 HM [2-14C, 5-3H]cuMP and either 100 pm (6-
R) CH2H4folate (A), 100 MM folic acid (+), or no folates (o) in the standard TES/DTT
buffer. The curve is described by a double exponential equation which accounts for the
first order inactivation of the enzyme (Pogolotti, et al., 1979).
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substituted for CH2H4folate had less than 1.5% of the tritium released during the same

time period.

Dehalogenation of BrdLMP and lau/VP. As described for wild type TS (Garrett, et al.,

1979), V316Am catalyzes the thiol-dependent dehalogenation of BrduMP and loUMP to

produce duMP. Figure 3.3 shows the spectral changes which occur when BrduMP is

reacted with V316Am and 10 mM DTT. Over time, the spectrum of BrduMP is

converted to one identical to that of duMP, and HPLC analysis confirmed that the major

product was duMP. The rate of the debromination of BrduMP increased linearly

between 0.14 HM to 3.5 puM V316Am. The reaction requires an exogenous thiol, and

HPLC analysis showed that duMP was formed when 10 mM DTT, 2-mercaptoethanol,
or cysteine was included in the reaction mixture. Under the conditions used, V316Am

catalyzed dehalogenation of BrduMP and loUMP had the same kcat and Km values as

wild-type TS. Ki values for duMP, dTMP and FCUMP are also similar to those obtained

for the wild-type enzyme (Table 3.1).

Complex with Fau■ /Pand CH2H4folate. We have used three different methods to

show that v316Amtoms a ternary complex with FöUMP and (6-R) CH2H4folate. First,

when 1.8 mm V316Am was incubated with 50 HM (6-3H]FaumP and 50 to 1.7 mM (6-R)
CH2H4folate, tritium labelled enzyme was observed on SDS-PAGE. The complex

migrated with an apparent molecular mass of 36 kDa, just above the free enzyme.

Formation of the complex required both ligands, and a tritium label on either ligand

resulted in labelling of the complex (Figure 3.4). By quantitating the tritiated covalent

complex, we followed the time course of its formation in the presence of excess FoumP

and found that equilibrium was reached by 3 h. The fraction of V316Am that was

covalently bound increased with CH2H4folate concentration until all of the enzyme was

converted to the covalent complex. When [6-3H]cuMP was substituted for FCUMP,
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Figure 3.3 Spectral Changes that occur upon V316Am-catalyzed conversion of

Brd UMP to duMP. The numbers shown indicate the reaction time in minutes.

Reactions contained 3.5 mM V316Am and 36 HM BrdLMP in the standard TES/DTT

buffer.
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Table 3.1 Kinetic constants for V316Am-catalyzed dehalogenation reactions.

Nucleotide Wild-Type V316Am

(kinetic constant)

BrdUMP (Km) 10 mM 18 mM

ldUMP (Km) 10 mM 19 mM

BrdUMP (kcat) | 1.2 min-1 | 1.2 min-1
ldUMP (kcat) 1.6 min-1 1.7 min-1

dUMP (Ki) a 5 mM 11 mM

dTMP (Ki) a 22 mM 32 mVM

FCUMP (Ki) a 36 mM 43 m M

a Inhibition of TS-catalyzed debromination of BrduMP.
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Figure 3.4 Autoradiogram of SDS-PAGE showing the covalent complex between
V316Am, FqUMP and (6-3H]CH2H4folate. Lanes 1 and 2 are V316Am, and lanes 3
and 4 are wild-type TS. Reaction mixtures are described in the text; lanes 2 and 4 omit
FoumP. Molecular weights (x 10-3) are given.
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V316Am migrated the same as free enzyme on SDS-PAGE, and tritium was not

detected in protein bands.

Next, we isolated V316Am-FCUMP-CH2H4folate complexes by precipitation with

trichloroacetic acid. When complexes were formed as described above, precipitation of

protein resulted in the CH2H4folate-dependant co-precipitation of [6-3H]FoUMP. When

[6-3H]cuMP was substituted for FqUMP no radioactivity precipitated in the presence or

absence of CH2H4folate.

Finally, ternary complex formation was monitored spectrophotometrically (Santi,

et al., 1976). When Foum P was added to a mixture of V316Am and (6-R)CH2H4folate,

the UV-difference spectrum showed a slow increase in A330 (AÄmax); the initial

increase in A262 due to the addition of FduMP was followed by a slow decrease in

absorbance at this wavelength. Saturation was achieved after addition of 2 mol of

FdUMP per mol of enzyme dimer, and Aeg30 for formation of the bivalent complex was
20,900 M−1 cm−1, calculated per mol of enzyme subunit. When 7.6 p.m. FoumP was
titrated with V316Am in the presence of an excess of CH2H4folate, AeS30 was 21,570

M-1 cm−1. These values are comparable to the Aeg30 of 17,700 M−1 cm-1 observed for
the wild-type enzyme (Santi, et al., 1976). When duMP was substituted for FCUMP in

similar experiments, no spectral changes were observed.

Kinetics and equilibria for formation of the covalent V316Am-Fau■ /P-CH2H4folate

complex. As depicted in Scheme I, the interaction of TS with FCUMP follows an

ordered mechanism with nucleotide binding first (KA). Subsequently, CH2H4folate

binds (KB) to form a reversible ternary complex which is then converted to the covalent

ternary complex (KC) (Santi, et al., 1987; Danenberg, & Danenberg, 1978).
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TS 4. FCUMP Er TS•FCUMP + CH2HAfolate E TS•FCUMP-CH2HAfolate

Kc

º, H H
= TS=FdUMP=CH2H4folate

k3
Scheme |

Initial rates of formation of the covalent complex from the binary V316Am-FoumP

complex were determined by SDS-PAGE using [6-3H]FCUMP and varying CH2H4folate
concentration. Assuming a rapid pre-equilibrium formation of the non-covalent

complexes, equation 1 describes the rate of formation of the covalent complex. A fit of

the data shown in the inset of Figure 3.5 to equation 1 gave values for KB = 44 p.m. and

k3 = 3.5 x 10-3 s.1.

k3 [V316Am][CH2H4folate]V = (1)
KKaff■ j■ + 1) + [CH2H4folate)

The value for k3 determined by monitoring the rate of absorbance change at 330 mm

under saturating conditions for both ligands was 3.0 x 10-3 s.1, in agreement with the
value obtained by the SDS-PAGE method.

Equilibrium concentrations of covalent complexes under conditions of varying

ligands were determined by both SDS-PAGE and UV difference spectroscopy. Figure

3.6 shows the results of spectrophotometric titration of V316Am with CH2H4folate.

High concentrations of CH2H4folate caused saturation of the enzyme's sites in the

presence of a subsaturating concentration of FCUMP; however, high concentrations of

Faul/P were not sufficient to cause saturation at subsaturating concentrations of
CH2H4folate
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(Figure 3.6, inset). These data rule out a random order of binding and an ordered

mechanism with CH2H4folate binding first (Segel, 1975, pp. 325); they are in accord

with the ordered mechanism with FoumP binding first that has been previously reported

for the wild-type enzyme (Santi, et al., 1987; Danenberg, & Danenberg, 1978).

The apparent dissociation constant obtained when V316Am is titrated with

CH2H4folate in the presence of a high concentration of FoumP corresponds to KBKC.

Least-square fit of an equilibrium binding equation which corrects for ligand depletion by

enzyme (Segel, 1975, pp. 74) to plots of fraction bound enzyme versus CH2H4folate

(Figure 3.5, 3.6) gave values for KBKC of 5 HM and 8 plM using spectroscopic and

SDS-PAGE data, respectively. From KB = 44 piM as determined above, KC (KC=

Kapp/KB) is 0.15. From the values obtained for KC and k3, we calculated k-3 (k-3= KC
k3) to be 5.25 x 10-4 s”. A summary of these data appears in Table 3.2.
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Table 3.2 Equilibrium and kinetic constants describing the reaction of V316Am with
FCUMP and CH2H4folate.

Wild-Type a V316Am

KA 10 HM 43 puM

KB 1 HM 44 HM

KC b 5.7 x 10-5 0.15

KBKC 5.7x10-5 um 6.5 HMC

k3 0.586 sºl 3.5 x 10-3 s.1 C

k-3 3.3 x 10-5 s.1 || 5.25 x 10-4 sºld

a Values for wild-type TS are taken from Santi et al., 1987.

b Calculated using KC = KBKC/KB.
c Average of values obtained using spectrophotometric and SDS-PAGE methods.
d Calculated using k-3 = KC k3.
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DISCUSSION

The chemistry of the TS catalyzed conversion of duMP and CH2H4folate to

dTMP and H2folate is well understood (Scheme II). After binding of duMP and

CH2H4folate to TS, nucleophilic attack by a conserved thiol (Cys 198 in L. casei TS) at

the 6-position of duMP converts the 5-carbon to a nucleophilic enol or enolate (I). This

is followed by covalent bond formation between the 5-position of the bound duMP and

the one carbon unit of the cofactor. Next, the 5-proton of Il is abstracted, followed by B

elimination of H4folate to give the exocyclic intermediate Ill and H2folate. Finally,

hydride transfer and B-elimination of the enzyme occur to provide products.

CH3

+ H2folate
H

S-Enz

Scheme ||
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TS also participates in several reactions which utilize important catalytic features

of the enzyme. First, TS catalyzes a thiol-mediated dehalogenation of Br(I) duMP which

does not require cofactor. Here, protonation of a covalent binary complex analogous to

I activates the halogen for removal by thiol. Second, TS catalyzes the exchange of

tritium from [5-3H]cuMP for protons of water. Here, either I or Ill undergoes protonation

by solvent and reversal. Finally, the mechanism-based inhibitor, FoumP, undergoes

reactions in the pathway up to and including formation of the corresponding analog of II.

At this stage, the fluorine atom cannot be removed, and the flourinated analog of the

steady state intermediate accumulates.

The C-terminal valine of L. casei TS has been implicated to be important for

folate binding and catalytic function. Carboxypeptidase removal of a single C-terminal

Valled to inactive enzyme which bound duMP with normal affinity (Aull, et al., 1974;

Galivan, et al., 1977). Removal of the C-terminal Val from TS by mutagenesis also led

to inactive enzyme, confirming the importance of this residue (Climie, et al., 1990;

Michaels, et al., 1990). Crystallographic studies of TS provide insight into how the C

terminal residue may be involved in function (Hardy, et al., 1987; Perry, et al., 1990;

Montfort, et al., 1990; Matthews, et al., 1990). The structures of free TS2 and the binary

TS-duMP complex are very similar, and high B-factors (40 to 50 A2 for residues of the
C-terminal tetrapeptide) suggest that C-terminal residues are flexible (Hardy, et al.,

1987; Montfort, et al., 1990). Upon formation of the ternary TS-duMP-CB3717

complex, a large conformational change occurs in which the C-terminus moves about 4

A to cover the active site and form a tight lid over the bound substrate and cofactor.
Crystallographic B factors for the C-terminal tetrapeptide in this structure are 16 to 33

A2, reflecting the reduced flexibility of these residues following the conformational

* We refer to the structures of L. casei and E. coli TS which have inorganic phosphate
bound at the active site as free enzyme, the TS-duMP binary complex from L. casei,
and the E. coli.TS-dUMP-CB3717 ternary complex. We assume relevant features of
the ternary complex are similar in the L. casei and E. coli enzymes.
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change. In the ternary complex, the carboxylate of the C-terminal residue forms a H

bond network with conserved Trp 85 and Arg 23, which moves to interact with the

phosphate of duMP. The Val 316 side chain becomes buried against hydrophobic

atoms of Thr 24, and residues 312 to 315 also experience new interactions.

We have examined the V316Am mutant of L. casei TS with the goal of

understanding why this single amino acid deletion had such a pronounced effect on

activity. Initially, we confirmed that the mutant was truly defective in the catalysis of

dTMP formation. Using highly sensitive assays we could detect no conversion of duMP

to dTMP. We showed that the mutant is either completely inactive or is less than 10-8
-fold as active as wild type TS, with a calculated half-life for turnover of over 6 months.

The inability of V316Am to catalyze dTMP formation can be rationalized by the

anticipated effects of the mutation on the structure of the ternary complex. First, the

position of the C-terminal carboxylate would change by about 3-4A, precluding the
formation of a "lid" over the active site and the hydrogen bond network that

accompanies CH2H4folate binding. Second, the absence of Val 316 would abolish side

chain-mediated hydrophobic interactions of the C-terminal side chain that contribute to

the conformational change (Climie et al., Submitted).

Unlike the C-terminus in the structure of the TS-duMP-CB3717 complex, the C

terminus in the duMP-TS structure is fully exposed and plays no apparent role in

binding to the nucleotide (R. Stroud, In Preparation). Together with the observation that

carboxypeptidase inactivated TS binds dump (Galivan, et al., 1977), this led us to

suspect that the mutant might undergo one or more of the aforementioned partial

reactions of TS.

First, as with wild type and catalytically active mutants of TS (Garrett, et al.,

1979; Climie et al., Submitted) V316Am catalyzes dehalogenation of 5-Br(I) duMP in the

absence of CH2H4folate. We have previously reported that kcat and Km for this partial

reaction are not altered by mutations which affect folate binding and subsequent steps

- -º-
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in the pathway (Climie et al., Submitted), and proposed that the conformational change

of the C-terminus is not involved in the dehalogenation reaction. All that seems to be

required of the enzyme is the ability to bind nucleotide and form a covalent adduct

between the catalytic thiol of Cys 198 and the nucleotide. Our observation that steady

state kinetic parameters of the V316Am-catalyzed dehalogenation reactions are very

similar to those of wild type TS supports this conclusion. In addition, duMP, dTMP and

FoumP are competitive inhibitors of debromination with binding constants similar to

those observed with wild type TS (Table 3.1). The observation that removal of Val 316

does not significantly alter nucleotide binding or nucleophilic attack by the catalytic thiol

supports the proposal that these steps do not require a conformational change of the C

terminus. Defects caused by this mutation must therefore occur subsequent to these

events.

Second, V316Am catalyzes exchange of the 5-protons of duMP, but only in the

presence of cofactor. Since the TS-catalyzed 5-H exchange reaction requires

nucleophilic attack at C-6 of duMP (Pogolotti, et al., 1979), this supports the previous

conclusion that the nucleophilic attack does not require an intact C-terminus. The

CH2H4folate dependence of this reaction demonstrates that V316Am is capable of

binding CH2H4folate in the presence of duMP. It also places the insurmountable defect

of the mutation at a step of the pathway after duMP has lost its C-5 proton. The

cofactor may simply cause an environmental change which assists the formation of I

(Scheme ll), or it may chemically participate in the exchange by forming the covalent

intermediate Ill. Reversal of a ternary complex containing either l or III would result in

the observed exchange.

Third, formation of the covalent V316Am-FCUMP-CH2H4folate complex shows

that the mutant enzyme is capable of binding CH2H4folate, forming a covalent adduct

with FoumP, and causing carbon-carbon bond formation between C-5 of the FoumP

adduct and the one carbon unit of CH2H4folate to yield an analog of II. A close

=
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agreement between values obtained for k3 using SDS-PAGE and spectrophotometric

methods suggests that the spectral change and covalent bond formation share the

same rate limiting step. The rate of conversion of the reversible ternary complex to the

covalent complex is about 150-fold slower for the V316Am mutant than for wild type

enzyme, and we calculate a rate of breakdown for this complex that is 16 times for

V316Am than for wild-type TS. This may reflect the difficulty the mutant enzyme has

undergoing the conformational change at the C-terminus associated with catalysis

(Santi, et al., 1987; Climie et al., 1992), or an unproductive mode of binding of the

cofactor which requires isomerization before covalent bonds can form. In either case, it

is clear that the difference in free energy between the covalent ternary complex and the

noncovalent ternary complex is much less for V316Am than for wild-type enzyme.

Removal of Val 316 also decreased the affinity of the binary V316Am-FoumP

complex for CH2H4folate (KB), and the stability of the covalent versus noncovalent

complex (KC) has been decreased more than 2600-fold. Overall, removal of Val 316

decreased the equilibrium constant between the binary V316Am-Foum P complex and

the covalent ternary V316Am-FGUMP-CH2H4folate complex by about 105. Why a

similar covalent ternary complex is not isolable with duMP remains an enigma.

Perhaps it is too unstable to detect by the methods used.

In summary, we have shown that the V316Am mutant of TS is capable of

carrying out several partial reactions, but has defects which prevent it from completing

the normal catalytic cycle. The mutant binds to nucleotide substrates which may

undergo covalent bond formation with the catalytic thiol of TS in an apparently unaltered

fashion. The defects in the V316Am mutant are manifested in folate binding, and in

catalyzing chemistry subsequent to binding the cofactor. The first defect in the pathway

is in cofactor binding, which is diminished about 40 fold. The second defect appears to

be in the rate of formation of the ternary complex II (Scheme II), and and probably

results from the inability of the mutant to undergo a conformational change of the C

-
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terminus. Finally, there is an insurmountable defect which prevents the intermediate

from proceeding further through the pathway. This could be removal of a proton from

C-5 of duMP in intermediate II, or the hydride transfer step that normally follows.
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ABSTRACT

Thymidylate synthase undergoes a major conformational change upon ligand

binding, where the carboxyl terminus displays the largest movement (~4Å). This
movement from an "open" unliganded state to the "closed" complexed conformation

plays a crucial role in the correct orientation of substrates and in product formation.

The Lactobacillus casei TS mutant lacking the C-terminal valine (V316Am) of the

enzyme cannot catalyzed dTMP formation, but does participate in several partial

reactions of TS. X-ray crystal structures V316Am and its complexes with duMP,

FoumP, and FoumP and CH2H4folate are described. The structures show that ligands

are bound within the active site, but in different modes than those in analogous, wild

type thymidylate synthase structures. The 2.7 Å binary complex structures of V316Am
with FoumP and duMP show the pyrimidine and ribose moieties of the nucleotides are

pivoted -20° around the 3 hydroxyl compared to duMP in the wild type enzyme. The
2.7 Acrystal structure of V316Am complexed with cofactor, CH2H4folate, and the
substrate analog, FqUMP, shows these ligands bound in an "open" conformation

similar to that of the unliganded enzyme. In this ternary complex, the imidazolidine ring

of the cofactor is open and has reacted with water to form 5-HOCH2H4folate. 5

HOCH2H4folate is a footprint of the 5-iminium ion intermediate, which is the proposed

reactive form of CH2H4folate. The altered ligand binding modes observed in all four

V316Am complex structures open new venues for the design of novel TS inhibitors.
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INTRODUCTION

Thymidylate synthase (TS1, EC 2.1.1.45) catalyzes the reductive methylation of

dUMP by CH2H4folate to produce dTMP and H2folate. A critical aspect of this reaction

is a large conformational change, where segments of protein move from an "open"

conformation to form a "closed" active site cavity. Comparison of the ternary complex

structure of E. coli TS containing the substrate, duMP, and the folate analog, 10

propargyl-5,8-dideazafolate (CB3717), with the structures of unliganded E. coli or L.

Casei TS and the E. coli or L. casei TS•dUMP binary complexes reveals that a major

part of the conformational change is induced by cofactor binding (Matthews et al. 1990;

Montfort et al., 1990; Kamb et al., 1992). In this process, ligands are sequestered from

Solvent and the cofactor is Oriented to facilitate one carbon unit transfer to C5 of duMP

(Finer-Moore et al., 1990). The C-terminal residue, Val 316, undergoes the largest

movement (~4Å) upon binding of ■ olates. The C-terminal carboxyl participates in an
extensive hydrogen bond network which includes interactions with CB3717, Arg 23 and

the ring nitrogen of Trp 85 on the opposite side of the binding pocket. In this "closed"

conformation, the penultimate carbonyl oxygen of Ala 315 forms one water-mediated

H-bond to the N1 hydrogen and one direct hydrogen bond to the exocyclic NH2 of

CB3717 (Figure 4.1). In the E. coli WT-duMP-CB3717 structure, C-terminal residues

are well localized in the electron density, with thermal factors near the average for the

rest of the protein (16 A2). In contrast, the structure of unliganded L. casei TS
completely lacks the aforementioned hydrogen bond network and has a relatively

disordered C-terminal tetrapeptide, with an average thermal factor of 49.5 A2. Aull et

al. (1974) found that enzymatic removal of the C-terminal valine of L. casei TS

! Abbreviations used: TS, thymidylate synthase; V316Am, L. casei TS lacking C-terminal valine; duMP,
2'-deoxyuridine-5'-monophosphate; CH2H4■ olate, 5,10-methylenetetrahydrofolate; dTMP, thymidine-5'-
monophosphate; H2■ olate, 7,8-dihydrofolate; CB3717, 10-propargyl-5,8-dideazafolate; FGUMP, 5-flouro
2'-deoxyuridine-5'-monophosphate; WT, wild type; DTT, dithiothreitol; PABA, p-amino benzoic acid; 5
HOCH2H4folate, 5-hydroxymethyltetrahydrofolate.
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Phe 228
Y\le' Glu 60

Figure 4.1 Cross-eyed stereo view depicting interactions of the C-terminus from the E.

coli WT-duMP-CB3717 ternary complex with the cofactor analog CB3717.
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inactivates the enzyme. Using mutagenesis, Carreras and co-workers (1992) show

that a single amino acid deletion at the C-terminus also abolishes product formation.

Due to the key role of the C-terminus in closure of the TS active site cavity and product

formation, we selected this mutant to study the role of this residue at the level of

molecular structure.

Although V316Am does not catalyze dTMP formation, it does catalyze two

partial reactions: 1) a CH2H4folate-dependent exchange of the 5-hydrogen of duMP for

protons in water and 2) a thiol-dependent dehalogenation of BrduMP or loUMP

(Carreras, et al., 1992). These reactions proceed with kinetic constants similar to those

of the wild type enzyme and indicate that the C-terminal deletion does not abolish the

enzyme's ability to bind and form Michael adducts with nucleotides. V316Am is also

capable of forming a covalent ternary complex with FoumP and CH2H4folate, however

the equilibrium between the noncovalent and covalent ternary complexes is

dramatically altered from 1:17,000 for wild type to 1:7 for the mutant (Carreras, et al.,

1992).

We solved the crystal structures of V316Am and its complexes with duMP,

FoumP, and FqUMP and CH2H4folate. These structures show that, in the absence of

the C-terminal valine, both substrate and cofactor bind in orientations that differ from

those found for the WT enzyme (Finer-Moore et al., 1990; Matthews et al. 1990;

Montfort et al., 1990). The ternary complex of V316Am with FCUMP and CH2H4folate

provides structural evidence for formation of the highly reactive iminium ion form of the

cofactor, which is the proposed electrophile for nucleophilic attack by C5 of duMP

during d■ NP formation by the WT enzyme (Santi & Danenberg, 1984). This V316Am

ternary complex is in the "open" conformation, demonstrating that a "closed" active site

is not required for iminium ion formation in the mutant.
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MATERIALS AND METHODS

Materials. E. Coli strain X2913 (AthyA572) was provided by Russell Thompson,

University of Glasgow. The plasmid pSCTS-V316Am has been described (Climie et

al., 1990). FoumP was obtained from Sigma and was used without further purification.

CH2H4folate was prepared from (6 R,S) H4folate obtained from Sigma (Wataya et al.,

1980). All other reagents were obtained from commercial sources and used without

purification.

Protein purification. Purification of the L. casei TS mutant V316Am from X2913 E.

Coli containing the vector pSCTS-V316Am was as described by Carreras et al. (1992).

Purified enzyme was stored in 20 mM potassium phosphate, pH 7.4, 0.1 mM EDTA at

-80°C. Before use protein was either dialyzed against 1 L of 20 mM potassium

phosphate, 0.1 mM EDTA and 1.0 mM DTT, pH 7.4 (phosphate buffer) or concentrated

in a Centricon-30 (Amicon) three times to 40 pil, adding 1 mL 50 mM NaCitrate, 1.0

mM EDTA, 2.0 mM MgSO4 and 10 mM DTT (citrate buffer) after each spin to

exchange the buffer.

Crystallization. Crystals of unliganded V316Am and binary complexes were grown

by vapor diffusion in 10 pil hanging drops containing phosphate buffer with 5 mg/mL

(70 mM) V316Am and ca. 1% saturated ammonium sulfate. The drop was suspended

over a well containing 1 mL of phosphate buffer lacking ammonium sulfate. For binary

complexes, 500 mM FCUMP or duMP was included in the drop. Ternary complex

crystals were obtained by soaking FoumP and CH2H4folate into unbound crystals of

the mutant, which were grown via controlled pH (Tykarska et al., 1986). Following this

method, 8 pil of 18.5 mg/mL protein in citrate buffer at pH 6.2 was mixed with 12 HL

citrate buffer at pH 4.2 and sealed in a depression well. Crystals, which grew in 1-3

days, were then soaked with 5 pil of a mixture containing 800 puM CH2H4folate, 1.5 mM

.
:
=

86



FoUMP in 50 mM TES, 6.5 mM formaldehyde, 25 mM MgCl2 and 5 mM DTT at pH 7.4.

After 4.5 hours, an additional 5 pil aliquot of this mixture was added. The crystals

incubated for an additional 2 h but not longer than 1 day prior to data collection.

Data collection, reduction and refinement. All data from single crystals were

Collected using a three circle goniostat equipped with a Siemens area detector. Cuko.

X-rays were generated on a Rigaku rotating anode with either a 200 m focal spot

source and graphite monochromator or a 100 pi focal spot with Franks focusing optics

(Franks, 1955). Data were processed using either the XENGEN (Howard et al., 1985)

or BUDDHA (Blum, 1987) data reduction packages.

All mutant structures were solved by difference Fourier techniques (Cochran, 1951)

using oºcalcs from the highly refined WT L. casei TS structure (Hardy et al., 1987;

Finer-Moore, 1992). Difference density (> 30) in Fo-Fe maps showed the general

location of ligands and either free atoms or fragments of the ligands were built into the

map. Successive rounds of positional or molecular dynamics refinement using XPLOR

(Brunger et al., 1987), manual rebuilding with the graphics program FRODO (Jones,

1985) and calculation of new maps led to unambiguous locations for the ligand atoms.

"Omit", Fo-Fe maps calculated with the refined phases from the complex structures

without the ligand atoms confirmed the ligand positions.

Structural comparisons. Overlapping of structures was accomplished as described

in Perry, et al. (1990) using the program Newdome (Fauman, 1993) to select a "core"
of Coºs whose positions are unchanged relative to each other in the two molecules.

Rotational and translational displacements of ligands were determined using the

program GEM (Fauman, 1993).
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RESULTS

Crystal properties. Hexagonal bipyramid crystals of unbound V316Am and binary

TS-duMP and TS•FoUMP crystals grew to 400 m X 700 m in 1-3 days. The space

group is P6122 with unit cell dimensions a=b=78.8A and c=243.2 A. Each unit cell

Contains one TS monomer. This space group is identical to that of WT L. casei TS

(Finer-Moore, 1992) and the unit cell dimensions are very similar (a = b = 78.3 Å and c
=243.2 Å).

Crystals of the V316Am ternary complex with FCUMP and CH2H4folate were also

hexagonal bipyramids in the space group P6122 with unit cell dimensions a = b = 78.4

A and c = 242.2 Å. Most of the V316Am crystals remained intact upon addition of
FdUMP and CH2H4folate, while crystals of wild type TS prepared under identical

Conditions did not survive the soaking process. Thus, wild type TS cannot tolerate

intercolation of ligands into the protein without disruption of the crystal lattice, where

Changes in the mutant are less severe. Ternary complex crystals of V316Am were

Stable for over one week in crystallization drops and for at least two weeks in the X-ray

beam during data collection. Statistics for data collection and refinement are shown in
Tables 4.1 and 4.2.

Structure of V316Am without ligands is unchanged when compared to WT. The
unbound V316Am protein, solved at 3.09 Å resolution, is in the same "open"
Conformation of the enzyme as is observed for unbound WTTS (Figure 4.2a).

Analysis of structural differences between unliganded L. casei WTTS and unliganded
V316Am based on the correlation of atomic thermal factors with errors in coordinates

indicates that these structures are the same within experimental error (Chambers and
Stroud, 1979; Perry et al., 1990). Superposition of the WT C-terminus on V316Am
shows residues 313-315 of the WT lie within the 2Fo-Fe density calculated for V316Am

.
:
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Table 4.1 Statistics on Crystallographic Data for V316Am TS in Unbound and
Complexed Forms

Ligands Maximum # Of % of Possible Redundancy Avg |/o(I) ACCumulated
Resolution Independent Reflections % R-factorb

Reflections
Collected

unbound co - 5.61 1471 93 9.0 29.0 19.0
5.61 - 4.45 1481 100 9.5 23.5 16.7
4.45 - 3.89 1423 100 6.7 16.4 15.7
3.89 - 3.53 1412 99 6.4 10.7 15.5
3.53 - 3.28 1336 96 5.7 6.6 15.9
3.28 - 3.09 1029 73 4.1 3.4 16.0

oo - 3.09 8152 94 7.1 15.7 16.0

FCUMP oo - 4.84 2206 90 5.6 37.9 6.6 18.3
4.84 - 3.84 2172 95 6.0 33.3 9.0 18.2
3.84 - 3.36 2137 95 5.6 21.3 11.6 18.7
3.36 - 3.05 2132 97 4.6 15.1 14.3 19.9
3.05 - 2.83 2047 93 3.5 13.1 15.1 20.3
2.83 - 2.67 1467 67 2.8 12.2 15.0 20.7

oo - 2.67 12,161 89 4.8 22.9 10.8 20.7

CUMP co - 4.53 2858 97 6.0 34.1 5.2 18.7
4.53 - 3.60 2734 100 7.8 25.5 7.7 19.1
3.60 - 3.14 2702 100 5.0 7.3 15.6 19.6
3.14 - 2.85 2587 97 4.0 2.8 28.1 20.8
2.85 - 2.65 2329 88 3.3 1.5 21.3

oo - 2.65 13,210 96 5.3 13.6 21.3

FoumP and co - 4.91 1951 84 10.8 37.7 15.2
CH2H4■ olate 4.91 - 3.90 1984 92 11.7 29.3 15.9

3.90 - 3.41 1905 90 7.0 12.0 16.5
3.41 - 3.09 1843 87 5.6 5.1 18.4
3.09 - 2.87 1719 83 4.5 2.6 18.4
2.87 - 2,70 1270 62 3.0 1.5 19.1

co - 2.70 10,672 83 7.4 15.9 19.1

N #
g. 2 (avg-l)” N

* Rsym= tºll-in- where lavg-1/N2 li
i-1

X. X. (H)2
hkl i=1

b R-factor -2 (IFol-IFc)/Fc.
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Table 4.2 Crystallographic Refinement Statistics for V316Am TS Structures

RMS deviations

Ligand(s) total # of atoms bonds (A) Angles (degrees)
Unbound 2588 0.031 4.4

FCUMP 2604 0.024 4.4

dUMP 2603 0.024 4.3

FCUMP and 2635 0.025 3.8

CH2H4folate

:
º gº

-

.
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Figure 4.2 A, top) Superposition of the protein backbones of unbound L. casei WTTS

(white) and unbound V316Am (black) in the "open" conformation of the enzyme. B,
bottom) Superposition of C-termini from L. casei WTTS (grey) and V316Am (black) in

2For Fc electron density calculated for the V316Am structure. Cross-eyed stereo views.
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(Figure 4.2b). An Fo-Fe map calculated using refined phases from the unbound WT

structure and amplitudes measured for the unbound V316Am crystal resulted in

negative difference density (>30) for Val 316. Thus, we conclude that the unbound

V316Am structure is correct and no deviation in position is observed between the

position of Ala 315 in the mutant and WT.

Binary Complexes of V316Am with Foump or duMP show an altered conformation

of the pyrimidine ring compared to duMP in the WT structure. The binary complex

structure of V316Am with FöUMP, solved at 2.7 Å resolution, shows two major
structural differences as compared to the L. casei WT-duMP binary complex: 1) the

positions of the pyrimidine and ribose rings of bound nucleotides differ from their

observed positions in WT-duMP and 2) a C-terminal carboxyl oxygen forms a

hydrogen bond with öNH2 of Asn 263 in the V316Am binary complex, but not in the

WT-dUMP complex (Figure 4.3a). In the V316Am binary complex, FqUMP is rotated

17.3° and translated 0.66 Å with respect to duMP in the WT-dUMP structure, while
maintaining some of the same protein-ligand interactions. Hydrogen bonds between

the 3'-OH of the ribose and His 259 and Tyr 261 are preserved, as is coordination of

the phosphate ion between arginines 1782, 179', 218 and Ser 219 (Montfort et al.,

1990). However, the amide of Asn 229, which interacts as both a hydrogen bond

acceptor from the N3 hydrogen and donor to O4 of the pyrimidine in the WT structure,

is 5A from these pyrimidine moieties in the V316Am-FCUMP structure. Also the H
bond between O2 of the pyrimidine and the backbone NH of Asp 221 is not conserved

in the V316Am-FoumP structure. All aforementioned amino acids are absolutely

conserved with the exception of Ser 219, which is a cysteine in Crithida fasiculata

(Harrap, et al., 1989).

In the V316Am-FoumP complex we see a hydrogen bond between the C-terminal

carboxyl and Asn 263. An Fo-FC difference map calculated using amplitudes

* Primes are used to designate amino acids which are donated from the second subunit of the dimer.
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Figure 4.3 A, top) Superposition of nucleotides from the L. casei WT-duMP (grey),
V316Am-dump (white) and V316Am-FqUMP (black) binary complexes. The protein
shown is the V316Am-FoumP binary complex. B, bottom).2Fo-Fe electron density
corresponding to the V316Am"FöUMP binary complex depicting the nucleotide, Ala
315 and Asn 263. Cross-eyed stereo views.
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from the V316Am-FoumP crystal and refined phases from the unbound V316Am

model showed significant (> 30) negative difference density at the position of Ala 315

and corresponding positive difference density close to the side chain of Asn 263. Upon

rebuilding and refinement of the V316Am-FoumP complex, a hydrogen bond

interaction between a C-terminal carboxyl oxygen and 8NH2 of Asn 263, which is

adjacent to the active site at the C-terminal end of beta strand ii, was apparent (Figure

4.3b).

In order to determine if the structural differences between the V316Am-FCUMP and

WT-dUMP were due to the deletion of Val 316 or the presence of a fluorine atom at C

5 of FduMP, we studied the structure of V316Am with duMP at 2.65 Å resolution. As

indicated in Figure 4.3a, identical changes in positions of nucleotide and C-terminal
alanine (i.e. loss of hydrogen bonds with Asn 229 and Asp 221 and relocation of the C

terminus) were observed, confirming that these differences are due to the deletion of

Val 316 and not the fluorine substituent. Since the interaction between Ala 315 and

ASn 263 is absent in both the WT-dLMP and unbound V316Am structures, we

conclude that this conformation is induced by ligand binding in the V316Am mutant

only. An average B-factor of 13.7A2 for Ala 315 in both V316Ambinary complexes
versus 51.4 A.2 for WT-duMP and unbound V316Am is evidence for ligand induced

Ordering at this position in the mutant. Hence, even though the mutant binds these

Substrates in the "open" conformation as does the WT enzyme, some local structural
differences are observed.

Structure of the V316AmePdUMP-CH2H4folate ternary complex. We have solved

the structure of V316Am complexed with FöUMP and CH2H4folate at 2.7 Å resolution.
Comparison of this structure with the E. coli WTTS-duMP-CB3717 complex shows

that the mutant active site is not "closed" (Figure 4.4a). As stated above, crystals of

WT L. casei TS crack upon addition of FCUMP and CH2H4folate, presumably due to a

Conformational change. The observation that V316Am crystals are stable to addition of

º
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WT Arg23 WT Arg23

Phe 228 /

Asn 229
2

ASn 229

Gin 109 °."

J)-C.
23

Trp 85 Trp 85

Figure 4.4 A, top) Superposition of E. coli WT-dUMP-CB3717 (white) and

V316Am-FoumP-CH2H4folate (black) termary complexes showing the ligands and

His 259

surrounding amino acid environments. B, bottom) V316Am-FCUMP-CH2H4folate

ternary complex depicting the ligand atoms the H-bond between the C-terminus and

Gln 109. Cross-eyed stereo views.

95



ligands suggested that the conformation of crystalline V316Am-FoumP-CH2H4folate

differs from the "closed" ternary complex structure of the E. coli TS enzyme even

before the structure was solved. In the E. coli WTTS•dUMP-CB3717 complex, the C

terminal tetrapeptide shows the largest displacement relative to the unbound enzyme,

mediating a hydrogen bond network between cofactor, water molecules and protein

side chains (Figure 4.1). Although the C-terminus of V316Am also responds to ligand

binding, where a 4A shift from its position in the unbound enzyme places a terminal
carboxyl oxygen in hydrogen bond contact with Nel of Gln 109, the active site cavity

remains in the "open" conformation (see Figures 4.2a and 4.4a).

In this "open" conformation observed for V316Am-FoumP-CH2H4folate, the

position of CH2H4folate differs from that of CB3717 in the E. coli WT

TS-dUMP-CB3717 structure in several respects (Figure 4.4a). The PABA ring of

CH2H4folate is rotated 87.3", but is surrounded by the same highly conserved,
hydrophobic residues as is the PABA of CB3717 (i.e. Ile 81, Leu 224, Phe 228 and Val

314). The pterin of CH2H4folate in the V316Am-FoumP-CH2H4folate structure is

rotated out of the active site cavity and into the region occupied by Trp 85 in the WT

TS-duMP-CB3717 structure. The pterin ring has moved away from the position of the

CB3717 quinazoline which stacks against the duMP pyrimidine and toward the position

of the truncated C-terminus. CH2H4folate has adopted a “folded" geometry in which

the plane of the pterin is roughly perpendicular to the PABA ring and the 5-membered,

imidazolidine ring is open (Figures 4.4a, 4.4b and 4.5). Excess electron density in

2For Fc maps and positive electron density in Fo-FC difference maps indicated chemical

modification of the transferable methylene group, C11. Refinement of this moiety as a

hydroxymethyl group satisfied the positive Fo-FC, difference peak at the location of the

Oxygen and resulted in an improved fit for the entire cofactor molecule in the 2Fo-FC

electron density (Figure 4.5). Refinement of the structure with the imidazolidine ring in

closed conformation resulted in negative Fo-FC difference density (>30) for atoms of
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Figure 4.5 2Fo-FC electron density corresponding to the V316Am-FoumP-CH2H4folate
ternary complex showing density for a hydroxymethyl group attached to N5 of the
Cofactor. Cross-eyed stereo views.
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the pterin and imidazolidine ring and a crystallographic R-factor of 23.0% versus 19.1%

for the open conformer. 2Fo-FC density maps also show that the transferable

methylene group is attached only to N5 and the N10-C11 bond is broken. Thus, in the

W316Am ternary complex, the imidazolidine ring of CH2H4folate has opened with

hydroxylation of the methylene at N5 and protonation of N10 (see species lla, Figure

4.6).

The hydrogen bond pattern for FauMP in V316Am-FauMP-CH2H4folate is

identical to that observed in the V316AmePaulMP and V316Amedu/VP binary

complexes. As was observed in the V316Am binary complex structures, when

compared to L. casei WT-dUMP, the hydrogen bonds between protein and the

pyrimidine in V316Am-FoumP-CH2H4folate are not conserved, while whose for the 3'-

OH of the ribose and the phosphate moiety are maintained. The covalent bond

between Cys 198 and the pyrimidine, which is observed in the E. coli WT

TS-duMP-CB3717 structure and is necessary for catalysis, is not present between

V316Am and FGUMP. The plane of the pyrimidine ring is rotated 83.2° with respect to
that of duMP in the WT ternary complex, placing C64.2 Å away from the YS of Cys 198
and out of position for nucleophilic attack.
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Figure 4.6 TS mechanism showing off-the-pathway formation of 5-HOCH2H4folate
(la).
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DISCUSSION

Thymidylate synthase undergoes a major conformational change upon ligand

binding, whereby the active site reconfigures from an "open", disordered state to a

"closed", ordered state. The C-terminal tetrapeptide plays a major role in this process.

In this study, X-ray crystallographic analysis of a TS mutant which lacks the C-terminal

valine reveals the influence of this deletion on ligand binding and the conformational

change. We find that each structure adopts the "open" conformation, with a new

location for the truncated carboxyl terminus and altered ligand positions when

compared to analogous WT structures.

Deletion of the C-terminal valine affects the orientation of the pyrimidine

nucleotide in binary and ternary complex structures. Comparison of the

V316Am-dUMP and V316Am-FoumP structures with the L. casei WT-dUMP binary

complex shows that interactions of the sugar 3'-hydroxyl with Tyr 261 and His 259 and

of the phosphate moiety with Arg 23, 218, 178', and 179' are conserved. Rotation of

the substrate in V316Am places the pyrimidine out of range for hydrogen bond

formation (Figure 4.3a). H-bonds from the N3 hydrogen, O4 and O2 of the pyrimidine

to Asn 229 and the backbone NH of Asp 221 are not observed in the mutant structures

and neither compensatory hydrogen bonds nor van der Waals contacts are made to

the nucleotide.

The position, flexibility and length of the carboxyl terminus influences the

position of the nucleotide in V316Am binary complexes. In the WT-dUMP structure,

thermal factors for the C-terminal tetrapeptide range from 24.0 to 42.6 A2 and the
closest distance between a C-terminal carboxyl oxygen and duMP is 10.2 A. For
V316Ambinary complexes, the C-terminus is less mobile than in WT-dUMP, as

evidenced by the H-bond with Asn 263 and thermal factors ranging from 10.5 Å2 to
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21.0 A2 for residues 313-315. FCUMP and duMP are 5.7 Å from the closest C

terminal oxygen in the mutant structures. These data suggest that in WTTS the

pyrimidine and ribose rings bind further from the C-terminal carboxyl group to avoid

steric clash with the flexible tail. Since thermal factors are high for the unbound

V316Am structure, we deduce that the interaction of Asn 263 and Ala 315 is one of

many possible locations for the conformationally flexible C-terminus, which is stabilized

upon substrate binding. In turn, the nucleotide is no longer constrained in the normal

H-bonding pattern as is reflected in higher average thermal factors for duMP (16.5 A2)
or FqUMP (18.5A2) in V316Am versus 9.2 Å2 for duMP in the WT complex.
Thus, in WT enzyme the substrate is well-ordered and the C-terminus is disordered; in

V316Am the C-terminus is well-ordered and the nucleotide is relatively mobile.

Although a covalent bond is observed between C6 of duMP and the YS of Cys

198 in the WT-duMP-CB3717 complex, C6 of FCUMP is out of range for formation of a

covalent bond with Cys 198 in V316Am-FCUMP-CH2H4folate (Figure 4.4b). The H

bond pattern of FduMP in the V316Am-FCUMP-CH2H4folate structure is identical to

that of FduMP in V316Am-FoumP. Even though cofactor is packed against the

nucleotide in V316Am, CH2H4folate binding does not cause rotation of the nucleotide

into the conformation found in the WTed UMP and WTedUMP-CB3717 structures.

The presence of 5-HOCH2H4folate in V316AmePaulMP-CH2H4folate is structural

evidence for the 5-iminium ion intermediate in the TS reaction. A schematic of the TS

mechanism is given in Figure 4.6, where binding of substrate and the closed ring form

of the cofactor (I), precedes nucleophilic attack by Cys 198 at C6 of duMP. It is

generally accepted that the reactive form of CH2H4folate is the 5-iminium ion (II),

where the 5-membered imidazolidine ring is open (Santi & Danenberg, 1984; Finer

Moore, et al., 1990). In the WT enzyme, Cys 198 adds to C6 of duMP, forming a

nucleophilic enol/enolate at C5 which reacts with the iminium ion. In our

V316Am"FöUMP-CH2H4folate structure, we observe 5-HOCH2H4folate (Ila), which is a
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product of the reaction of the iminium ion (II) with water (Kallen & Jencks, 1966). Thus,

species lla is structural evidence for the existence, and subsequent hydration of the

iminium ion intermediate in the active site of V316Am.

The "open", noncovalent ternary complex is stabilixed in V316Am crystals. In

contrast to our crystal structure, Carreras and co-workers (1992) detected a covalent

ternary complex (III) for V316Am in the presence of excess FoumP and CH2H4folate.

However, the ratio between non-covalent and covalent ternary complexes is 1:7 for the

mutant as opposed to 1:17,000 for the WTTS, corresponding to differences in free

energy of -1.12 Kcal mol−1 and -5.8 Kcal mol−1, respectively. The reduction in the
magnitude of AG” for V316Am provides a larger proportion of noncovalent forms than

would be present with the WT enzyme. Since the difference in free energy between

noncovalent and covalent mutant ternary complexes is small, it is reasonable to

suggest that the non-covalent form of the ternary complex is stabilized by crystal

packing forces, which maintain the "open" conformation. Since AG” for covalent

ternary complex formation by the WT enzyme is more negative than for V316Am, we

believe that WTTS crystals crack upon addition of FduMP and CH2H4folate due to a

change in conformation to the "closed", covalent form.

The role of the C-terminus in the conformational change from the "open" to

"closed" state of TS. In contrast to the V316Am binary complexes, where Ala 315 is

located along the wall of the active site cavity, the C-terminus in the

V316Am"Foul/P-CH2H4folate structure has moved toward the cofactor into the center

of the binding pocket to form a H-bond with Gln 109 (Figure 4.4b). This suggests that,

as with wild type enzyme, the cofactor stimulates a conformational change but the

truncated C-terminus does not span the active site to complete the process in the

V316Am crystal. In addition, lack of closure of the active site in the

V316Am-FoumP-CH2H4folate complex demonstrates that opening of the imidazolidine

ring is independent of the protein conformational change in this mutant.
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Opening of the imidazolidine ring of CH2H4folate in

V316AmePaulMP-CH2H4folate. Studies of WTTS have suggested that the

imidazolidine form of CH2H4folate binds to the enzyme and opening of the 5

membered ring to the 5-iminium ion is a candidate for the rate-determining step in the

reaction (Benkovic, 1980; Bruice & Santi, 1982). Using molecular graphics modeling,

we attempted to reconstruct the imidazolidine form of the cofactor from 5

HOCH2H4folate in the V316Am-FoumP-CH2H4folate structure by rotating the pterin

while holding the PABA moity in a fixed position. The N10 - C11 covalent bond could

not be made without a steric clash between the pterin and the FoumP pyrimidine.

Thus, the imidazolidine form of the cofactor must bind with a different orientation of the

PABA. This is consistent with the proposal that an enzyme induced perturbation of the

PABA moiety may assist opening of the imidazolidine ring, either by an electronic effect

which would assist protonation of N10, or by creating strain to stretch and thereby

weaken the N10 - C11 bond, rendering it more susceptible to cleavage (Santi et al.,

1987). Comparison of CB3717 in the ternary complex from E. coli with CH2H4folate of

V316Am-FoumP-CH2H4folate (Figure 4.4a) shows that the PABA ring can rotate up to

87.3° and N10 translate up to 3.3 Å, while remaining in the highly conserved,

hydrophobic binding site (Montfort et al., 1990).

V316Am structures provide new insights for inhibitor design against TS. TS is

already the focus of several major drug design efforts due to its key role in the final

step along the sole de novo synthesis of dTMP (Santi and Danenberg, 1984; Perry et

al., 1992; Reich et al., 1992; Varney et al., 1992). The lesson that TS can

accommodate ligands in a variety of binding modes may provide new clues for drug

design in this protein. For example, superposition of V316Am-FoumP-CH2H4folate

with E. coli WT-dUMP-CB3717 shows that the pterin portion of CH2H4folate overlaps

the position of Trp 85 from the E. coli ternary complex (Figure 4.4a). Recently, we

have observed that the inhibitors sulizobenzone and phenolphthalein, which do not
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resemble duMP or CH2H4folate, also bind in this location in the "open" form of the

enzyme (Schoichet et al, 1992). Thus, inhibitors can bind in orientations that overlap

regions of the site normally occupied by amino acid side chains in other conformational

states of the protein.

In summary, we find that the C-terminus of TS influences the location of ligands

In the active site. In the V316Am ternary complex, we have found 5-HOCH2H4folate

which is a "trapped" form of the reactive 5-iminium ion, which has been proposed as an

intermediate of the TS reaction. From the alternate binding modes of all of the ligands

in these mutant structures, we have located atomic positions and specific protein-ligand

interactions which may prove helpful in the design of inhibitors against TS.

º
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ABSTRACT

We have examined the properties of five mutant thymidylate synthases that lack

up to thirteen of their C-terminal residues. The overall structure of the enzyme and its

ability to bind to and form Michael adducts with pyrimidine nucleotides remained intact

through deletion of up to ten residues, however deletion of thirteen residues resulted in

an insoluble enzyme. When one or four residues were deleted the enzyme retained its

ability to form a covalent complex with FCUMP and CH2H4folate, however, the

unimolecular conformational change and covalent bond-forming equilibrium that follows

CH2H4folate binding became less favorable as the length of the C-terminus

decreased. Deletion of eight or ten residues effectively removed the region of the

enzyme that moves during the conformational change, and abolished ternary complex

formation. Finally, we have detected TS activity in the P313Am (n-4) mutant and

attempt to rationalize this finding in the context of the inactive V316Am (n-1) mutant.

108



INTRODUCTION

Thymidylate synthase (TS1, EC 2.1.1.45) catalyzes the reductive methylation of
duMP by CH2H4folate to produce dTMP and H2folate. Analysis of crystal structures

indicate that binding of CH2H4folate triggers a major conformational change in which

C-terminal residues form new hydrophobic interactions and cover bound substrates

(Hardy, et al., 1987, Matthews, et al., 1990, Montfort, et al., 1990). A previous report

from this laboratoy has shown that the C-terminal residue, a valine in TS from

Lactobacillus casei, is necessary for catalysis, though mutagenic removal of this

residue does not affect nucleotide binding or early steps in the catalytic mechanism

(Carreras, et al., 1992). CH2H4folate binding was only slightly affected by deletion of

the C-terminal residue, and the main defect of the mutation was placed on the

unimolecular conformational change and covalent bond-forming steps that occur

subsequent to CH2H4folate binding.

In this work we sought to determine how much of the C-terminus can be deleted

without affecting the ability of TS to fold properly, bind nucleotides and folates, and

carry out chemical steps in the TS reaction. We approached the problem by using

mutagenesis to delete peptides of increasing length from the C-terminus of TS, purified

the mutant enzymes and tested them for their competence in "partial" reactions. The

results show that as the length of the C-terminus decreases, there is a corresponding

decrease in the ability of mutant enzymes to participate in late steps of the TS catalytic

cycle.

' Abbreviations used: TS, thymidylate synthase; duMP, 2’-deoxyuridine-5'-monophosphate;
CH2H4folate, 5,10-methylene-5,6,7,8-tetrahydrofolate; dTMP, thymidine-5'-monophosphate; H2■ olate,
7,8-dihydrofolate; FGUMP, 5-Fluoro-2'-deoxyuridine-5'-monophosphate; BrduMP, 5-Bromo-2'-
deoxyuridine-5'-monophosphate; TES, N-tris(hydroxymethyl)methyl-2-aminoethane sulfonic acid; BME,
3-Mercaptoethanol.
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MATERIALS AND METHODS

Materials. Restriction and other DNA manipulation enzymes were obtained from

either New England Biolabs of Bethesda Research Laboratories. (6 R)CH2H4folate

was a gift from SAPEC (Lugano, Switzerland). Brdu MP was obtained from Sigma and

purified by DEAE chromatography as previously described (Wataya and Santi, 1977).

[6-3H]FdUMP (15 Ci/mmol) was obtained from Moravek Biochemicals. Synthetic
oligonucleotides were obtained from the UCSF Biomolecular Resource Center. All

other reagents were obtained from commercial sources and used without purification.

Mutagenesis. In vitro cassette mutagenesis was performed as previously

described (Climie and Santi, 1990, Climie, et al., 1990). Automated DNA sequencing

was performed at the UCSF Biomolecular Resource Center. The plasmid pSCTS9

P313Am was constructed by replacement of the Sfil-HindIII fragment of pSCTS9,

which encodes the 3' region of the synthetic gene for L. casei TS, with a double

stranded cassette which substituted a TAG stop codon for the CCG codon of Pro 313

and created a new, unique Stul site in the plasmid. The plasmid pSCTS9-A309Am

was constructed by replacement of the ECoRV-HindIII fragment of pSCTS9-P313Am

with a double-stranded cassette which substituted a TAG stop codon for the GCC

codon of Ala 309 and destroyed the unique Stul site.

The plasmids pSCTS9-Y307Am and pSCTS9-Y304Och were obtained from a

pool of mutants that were constructed by replacement of the ECoRV-Hindlil fragment

of pSCTS-P313Am with a degenerate double-stranded cassette that destroyed the

plasmid's unique Stul site. The synthetic replacement cassette substituted a TAG stop

codon for the TAC codon of Tyr 307, a TA(AVC) mixture encoding either Tyr or an

Ocher stop codon for the TAC codon of Tyr 304 and a (T/A)AG mixture encoding either

Lys or an amber stop codon for the AAA codon of Lys 300. The Y307Am and
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Y304Och mutants were identified by DNA sequencing; when it was discovered that the

Y304Och mutation resulted in an insoluble enzyme no further effort was made to
recover the K300Am mutant.

Purification of Mutant Enzymes. Wild-type, V316Am, P313Am, and A309Am

thymidylate synthases were purified by succesive automated chromatography using

phosphocellulose (Whatman P11) and hydroxylapatite (Bio Rad HAP) (Kealey and

Santi, 1992). Y307Am TS did not bind to phosphocellulose, so and alternate

purification scheme was devised. Cells (2.5g) from a 500 mL-culture of pSCTS9

Y307Am-containing X2913 Eschericia coli were suspended in 15 mL of buffer A (20

mM Tris, 1 mM EDTA, pH 7.4 @ 4° C) and lysed by passage through a French

pressure cell three times at 18 000 psi. Cell debris were removed by centrifugation for

20 min at ~4000 x g, and the supernatant was loaded onto a 25 mL (bed volume)

DEAE-toyopearl (Toyohaas; Montgomeryville, PA) column that had been equilibrated

with buffer A. The column was washed with 50 mL of buffer A followed by a 175 mL

linear gradient to buffer A containing 800 mM KCI. TS-containing fractions were

identified by SDS-PAGE (Pharmacia PhastSystem), pooled, and loaded onto a 25 mL

hydroxyapatite column equilibrated with Buffer B (10 mM KPO4, 0.1 mM EDTA, pH

6.8). The column was washed with 50 mL of buffer B before eluting Y307Am TS with a

175 mL linear gradient to 400 mM KPO4, 0.1 mM EDTA, pH 6.8. TS-containing

fractions were pooled, made 1 M in (NH3)2SO4 by the slow, stirred addition of solid

(NH3)2SO4 and loaded onto a 25 mL phenyl-toyopearl column equilibrated with buffer

A containing 1 M (NH3)2SO4. The colulmn was washed with 50 mL of buffer A

containing 1 M (NH3)2SO4 before eluting the purified enzyme with a 175 mL linear

gradient to buffer A. TS-containing fractions were pooled and Centriprep 10

ultrafiltration devices (Amicon) were used to concentrate the protein and remove

remaining (NH3)2SO4.

111



Activity assays. The ability of plasmids which encode mutant thymidylate

synthases to complement the Thy E. coli strain X2913recA (AthyA572, recaj6) was

ascertained as previously described (Climie, et al., 1992).

The TS activity of purified mutant enzymes was measured

spectrophotometrically at 340 nm using a Hewlett-Packard 8452 Spectophotometer

(Pogolotti, et al., 1986). The concentration of wild-type TS was determined using €278

= 125600 M-1 cm-1, we assume that the V316Am, P313Am, A309Am and Y307Am

mutations had an insignificant effect on this value. Assay mixtures containing 3.5 puM

TS dimer, 130 puM dUMP and 170 plM (6 R)CH2H4folate were incubated for 1 h in the

standard TES/DTT buffer (50 mM TES, pH 7.4, 25 mM MgCl2, 6.5 mM HCHO, 1 mM

EDTA and 10 mM DTT).

BrdUMP dehalogenation was measured spectrophotmetrically at 285 nm in 1

mL reaction mixtures containing the standard TES/DTT buffer, 2-3 HMTS dimer and 0

100 HM BrdLMP (Carreras, et al., 1992, Garrett, et al., 1979). Kinetic parameters were

determined from a nonlinear least-squares fit of rate data to the Michaelis-Menton

equation using the program Kaleidagraph (Synergy Software).

Covalent FoumP complex formation was monitored by SDS-PAGE. Reaction

mixtures containing 5 uM wild-type or mutant TS dimer, 14 uM (6-3H]FaumP (2.2
Ci/mmol), and 0 - 1.6 mM (6 R)CH2H4folate were incubated at room temperature for 5

h; labelled enzymes were isolated by SDS-PAGE and quantitated as previously

described (Carreras, et al., 1992).
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RESULTS AND DISCUSSION

Following the binding of substrates, C-terminal residues of thymidylate synthase

act as a flexible lid which moves from a solvent-accessible, relatively disordered state

to cover the active site and form hydrophobic and hydrogen-bonding interactions with

both the cofactor and other residues of the enzyme. Previous work has focused on the

C-terminal residue, a valine in L. casei TS. These studies showed the importance of

an intact C-terminus for dTMP formation, demonstrated the role of hydrophobic packing

of the C-terminal side chain following the conformational change and indicated that the

C-terminal conformational change is not necessary for nucleotide binding or early

chemica steps of the TS reaction (Carreras, et al., 1992, Climie, et al., 1990). A

crystallographic study of the V316Am (n-1) mutant showed that the mutation does not

change the overall structure of the enzyme, and supported the suggestion that the

mutant has trouble undergoing the C-terminal conformational change (Perry, et al.,

1993).

In this work we have extended previous studies by removing increasingly large

portions of the C-terminus and studying the effect of these mutations on the properties

of the resulting enzymes. Figure 5.1 shows the crystalographically determined

structure of PO4-liganded, wild-type L. casei TS and indicates positions where the

polypeptide was terminated for the creation of C-terminal deletion mutants which lack

1, 4, 8, 10 or 13 amino acid residues. Truncations at these positions were created by

cassette mutagenesis of a synthetic gene for L. casei TS (Climie, et al., 1990).

Plasmids encoding these mutations produced mutant enzymes as ~20% of the total

cellular protein but were unable to complement the Thy E. coli strain X2913, indicating

that the mutants have less than 0.002 U/mg TS activity (Climie, et al., 1992).
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Figure 5.1 The structure of unliganded wild-type TS showing positions where the

polypeptide was terminated for the creation of C-terminal deletion mutants. The C

terminal 16 residues are red, with residues whose codons were changed to stop

codons colored green. A bound phosphate ion and the active site sulfur of cysteine

198 are shown in yellow.
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Further experiments with mutant TS-containing cell extracts showed that the Y304Och

mutant was not expressed as a soluble protein, but as inclusion bodies. Efforts to

obtain soluble Y304Och TS by the preparation of inclusion bodies (Lin and Cheng,

1991) followed by unfolding and refolding (Perry, et al., 1992) were not successful.

Examination of the structure of unliganded wild-type TS indicated that deletion of Tyr

304 created a small, hydrophobic cavity. We believe that exposure of this cavity has

either decreased the solublity of the properly folded enzyme, or has increased the free

energy of the properly folded enzyme so that a insoluble alternate structure is favored.

Wild-type, V316Am, P313Am and A309Am thymidylate synthases were purified

by automated phosphocellulose and hydroxylapatite chromatography (Kealey and

Santi, 1992). The Y307Am enzyme did not bind to phosphocellulose, and was purified
using succesive DEAE-toyopearl, hydroxylapatite and phenyl-toyopearl

chromatographies as described in Materials and Methods. All enzymes were >95%

homogeneous as juded by 12% SDS-PAGE (Figure 5.2).

Although none of the deletion mutants were able to complement Thy E. coli, the

P313Am (n-4) mutant possessed about 103 U/mg TS activity when assessed
spectrophotmetrically. Catalysis of dTMP formation by the other C-terminal deletion

mutants was not detected spectrophotometrically (<10-4 U/mg), and V316Am TS has
been shown to have <10-8 U/mg TS activity by a radioactive assay (Carreras, et al.,
1992). It is inititially puzzling that a single residue deletion would result in inactive

enzyme but that a four residue deletion allows some, albiet small, level of catalysis.

We believe that the V316Am mutation is special in its ability to disrupt the C-terminal

conformational equilibrium and abolish thymidylate formation. The crystal structures of

V316Am TS complexed with duMP or FCUMP shows that the C-terminus is in a
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Figure 5.2 Coomassie blue-stained 12% SDS-PAGE of C-terminal deletion mutants.

Lane 1: wild-type TS, lane 2: V316Am TS, lane 3: P313Am TS, lane 4: A309Am TS,

lane 5: Y307Am TS.
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conformation not observed in any other TS structure in which the C-terminal

carboxylate (of Ala 315) forms hydrogen-bond to the side chain amide of Asn 263

(Perry, et al., 1993). We speculate that this hydrogen-bonding interaction assists in in

disfavoring the "closed" catalytic conformation in which the C-terminus covers the

active site. Thus, there are two forces that contribute to V316Am TS's disfavorable

conformational equilibrium. The V316Am mutation allows formation of new, favorable

interactions that hinder attainment of the closed conformation while at the same time

disrupting favorable interactions formed in the closed conformation. Deletion of four

residues in the P313Am enzyme also disrupts favorable interactions formed in the

closed conformation, but does not allow the "artifactual" hydrogen-bonds formed with

V316Am TS, and thereby permits a low level of dTMP formation. Deletion of eight or

ten residues disrupts interactions of the closed conformation to the extent that no

catalysis of dTMP formation occurs.

BrdUMP dehalogenation is a simple measure of the ability of thymidylate

synthase mutants to bind to and activate the 5-position of bound nucleotides, an

important first step in the TS reaction. Similarly, the ability of mutant enzymes to form

covalent complexes with FoumP and CH2H4folate is indicative of their ability to

complete later steps in the TS reaction. We performed these assays to determine how

much of the C-terminus is necessary for these functions, and summarize our results in
Table 5.1.

All the C-terminal deletion mutants were able to catalyze the cofactor

independant dehalogenation of BrduMP, and did so with catalytic efficiencies that were

comparable to that of wild-type TS. The Km values obtained for Brdu MP were also

comparable to that obtained with the wild-type enzyme. Together, these results

indicate that the C-terminal decapeptide is not involved in the binding of nucleotides to
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Table 5.1 Properties of C-terminal deletion mutant thymidylate synthases.

Nucleotide Bindinga Folate binding

TS activity | BrduMP | BrduMP relative

Enzyme length U/mg Km kcat KBKCb fraction

boundb

Wild-type | n = 316 ~5 33 piM | 1.3 min-1 || 5.7x10-5 umc 1

V316Am | n - 1 < 10-8d 31 HM | 1.2 min-1 14 HM 1

P313Am n- 4 || -1.2 x 10-3 || 33 p.m. | 1.6 min-1 32 pum 0.24

A309Am | n - 8 < 10-4 24 HM | 1.0 min-1 no■ e 0.02

Y307Am | n 10 < 10-4 29 p.m. | 1.5 min-1 nG9 0.01

Y304Och | n - 13 < 10-3f ----- f -----f -----f / -----f

a Standard errors of kinetic parameters determined from nonlinear least-squares
fits and were > 10%.

b Determined from quantitation of tritium-containing bands from SDS-PAGE.
Errors are up to 20%.

C From (Santi, et al., 1987).

d From (Carreras, et al., 1992).
9 No CH2H4folate dependance.

f The Y314Och protein was not soluble and did not permit detailed analysis. The

upper limit on TS activity given for this mutant is the lower limit for detection of

active mutants by complementation of Thy E. coli.
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TS or in the addition of the active site Cys 198 thiolate to C6 of the pyrimidine and

Subsequent activation of C5 for substitiution.

When the wild-type, V316Am or P313Am enzymes were incubated with

(63H]FdUMP and CH2H4folate tritium containing enzymes could be isolated on SDS
PAGE. Deletion of up to four residues allowed formation of covalent ternary complexes

with FoumP and CH2H4folate, however deletion of eight or ten residues abolished

CH2H4folate-dependant binding of FduMP. All proteins were able to form small

amounts (1-3%) of covalent binary complexes with FoumP. The interaction of TS with

FCUMP follows an ordered mechanism with nucleotide binding first (KA). Subsequently,

CH2H4folate binds (KB) to form a reversible ternary complex which is then converted to

the covalent ternary complex (KC) (Danenberg and Danenberg, 1978, Santi, et al.,

1987):
KA KB

TS + FCUMP = TS•FoUMP + CH2HAfolate Er TS•FoumP-CH2H4folate

KC

º, H H
F TS=FCUMP=CH2H4folate

k-3

Scheme |

To obtain information about CH2H4folate binding, covalent enzyme-FoumP

CH2H4folate complexes were formed in the presence of varying concentrations of

CH2H4folate; the concentration of CH2H4folate necessary to obtain 50% saturation

corresponds to the product KBKC, while the fraction of the total enzyme as covalent

Complex corresponds to KC. Since the process of isolating covalent complexes by

SDS-PAGE and quantitating radioactivity extracted from gel slices was error-prone, we

were unable to make the quantitative measurements necessary for the accurate

determination of KC and deconvolution of KBKC. Table 5.1 lists the KBKC values

obtained, as well as the approximate fraction of ternary complex formed in the

:
:
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presence of saturating CH2H4folate. Removal of a single residue by the V316Am

mutation resulted in a 105-fold increase in the value of KBKC, removal of four residues
resulted in another two-rold increase in this value, and CH2H4folate binding was

completely abolished by the A309Am (n-8) and Y307Am (n-10) mutations. In addition,

as the length of the C-terminus decreased, there was a decrease in the fraction of

enzyme that could be converted into covalent ternary complex. This corresponds to a

decreased value of KC. Previous work has used the kinetics of ternary complex

formation to determine KC values of ~10-5 and 0.15 for wild-type and V316Am TS
(Carreras, et al., 1992, Santi, et al., 1987). Since both these values for KC

overwhelmingly favor the covalent over the noncovalent complex, they appear similar

in the SDS-PAGE assay; however, the P313Am TS favors the noncovalent ternary

complex by about 3:1 (KC = 3), so a clear difference is easily observed.

This work will be further developed in order to verify the activity of P313Am TS,

and to see if synthetic peptides can substitute for deleted portions of the C-terminus.
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ABSTRACT

A spin label was attached to the C-terminal side chain of Lactobacillus caseithymidylate

synthase (TS, EC 2.1.1.45) and EPR spectroscopy was used to study the change in

conformational equilibrium that occurs when the enzyme binds nucleotides or the

methylenetetrahydrofolate analog CB3717. The C244T/V316C mutant TS has only two

cysteines, the active site Cys 198 and an engineered cysteine which replaces valine as

the C-terminal residue. duMP was used to block the active site cysteine while the C

terminus was reacted with the spin label 4-maleimido-2,2,6,6-tetramethylpiperidinyl-1-

oxy. Exclusive attachment of the label to the C-terminal cysteine was verified by a study

of the labeled enzyme's reaction with DTNB. EPR spectra of the labeled enzyme and its

complexes were composed of two components corresponding to populations of both

flexible and more immobilized forms of the C-terminus (tc = 1 and 9.7 ns, respectively).

Ligand binding increased the population of the more immobilized form of the C-terminus

with the following series: free enzyme < EdUMP = E-dTMP = E-5-FdUMP & E-CB3717 &

E-dUMP-CB3717. Ligand-induced pertubation of the conformational equilibrium was

titratable and indicated approximate KG values of 3 puM and 13 puM for formation of the

E-dUMP and E-CB3717 binary complexes, respectively, and 7 plM for the binding of

CB3717 to the E-dUMP complex. Immobilization of the spin label correlated well with

crystallographic B-factors of the C-terminal residue in corresponding TS crystal

structures. These results show that TS has two major conformations which are in

equilibrium, and the position of the equilibrium changes in the presence of ligands.
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INTRODUCTION

Thymidylate synthase (TS1, EC 2.1.1.45) undergoes a major C-terminal

conformational change during its catalysis of the reductive methylation of duMP by
CH2H4folate to produce dTMP and H2folate. The mechanism of TS has been

extensively characterized (for a review, see Santi and Danenberg, 1984), and crystal

structures of free and bound forms of the enzyme have been determined (Finer-Moore,

et al., 1993, Kamb, et al., 1992, Matthews, et al., 1990, Montfort, et al., 1990, Fauman,

in press). These studies indicate that after ordered binding of duMP and CH2H4folate,

the C-terminus moves more than 5 A to form a "lid" which covers bound reactants. The

C-terminal carboxylate is especially important, and coordinates an extensive hydrogen

bond network that links active site residues with both the Substrate and cofactor. In

crystal structures of the unliganded enzyme, the C-terminus is in the “open"

conformation and the C-terminal tetrapeptide is relatively disordered, with

crystallographic B-factors between 40 and 60A2. Internary complexes, however, C
terminal residues cover the active site in a “closed" conformation, and have B-factors

near 16 A2, close to the average for the remainder of the enzyme (Montfort, et al.,
1990). Since crystallographic studies indicate a dramatic immobilization of the C

terminus upon completion of the duMP/CB3717-induced conformational change, we

reasoned that it might be possible to monitor subtle aspects of the conformational

change by attaching a spin label to the C-terminal residue.

' Abbreviations used: TS, thymidylate synthase; MSL, the "maleimido spin laber 4-maleimido-2,2,6,6-
tetramethylpiperidinyl-1-oxy; MSL-TS, C244T/V316C TS labeled with MSL on the C-terminal cysteine;
dUMP, 2-deoxyuridine-5'-monophosphate; CH2H4■ olate, 5,10-methylene-5,6,7,8-tetrahydrofolate;
dTMP, thymidine-5'-monophosphate; H2■ olate, 7,8-dihydrofolate; CB3717, 10-propargyl-5,8-
dideazafolate; FoumP, 5-flouro-2'-deoxyuridine-5'-monophosphate; BrduMP, 5-bromo-2'-deoxyuridine
5'-monophosphate; du, 2’-deoxyuridine; TES, N-tris(hydroxymethyl)methyl-2-aminoethane sulfonic acid;
DTNB, 5,5-dithiobis(2-nitrobenzoic acid); BME, 2-mercaptoethanol.
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Here we describe the specific attachment of a nitroxide-maleimide spin label

(Griffith and McConnell, 1966) to the C-terminus of Lactobacillus casei TS, and

demonstrate the ability of the label to report changes in the relative populations of

flexible and immobilized forms of the C-terminus in the presence of molecules which

are known to bind to TS. The results demonstrate the enzyme's dynamic role in ligand

binding, and are consistent with a model where the free enzyme exists in two

conformational states which are in an equilibrium that is perturbed by ligand binding (cf.

Alber, et al., 1983, Monod, et al., 1965).

MATERIALS AND METHODS

Materials. The plasmid pSCTS9, which overexpresses wild-type L. casei TS in

the Thy Escherichia coli host X2913 (AthyA572) has been described (Climie and

Santi, 1990). The plasmids pSCTS9-C244T and pSCTS9-C244T/V316C were

constructed from pSCTS9 by Dr. V. N. S. K. Francis using cassette mutagenesis as

described (Climie, et al., 1990). Mutant and wild-type L. casei thymidylate synthases
were purified from plasmid-containing X2913 E. coli using the automated FPLC

method described by Kealey and Santi (Kealey and Santi, 1992). (6-3H]FCUMP (20
Ci/mmol) was from Moravek Biochemicals. du and nucleotides were obtained from

Sigma and analyzed by thin-layer chromatography on silica gel (Baker-flex) developed
with n-propanol:NH4OH:water (6:3:1) with 0.5 g/L EDTA. (6 R,S) H4folate was

obtained from Sigma and condensed with formaldehyde to produce (6 R,S)

CH2H4folate. Concentrations of CH2H4folate given refer to the concentration of (6 R)

CH2H4folate competent for the TS reaction. CB3717 was a gift from Dr. Hilary Calvert.
MSL was obtained from Aldrich and stored at -20°C as a 10 mM solution in ethanol.

DTNB was obtained from Sigma and recrystallized from ethanol (Riddles, et al., 1983).
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All other materials were obtained from Commercial sources and used without

purification.

Specific labeling of C244T/V316C TS with MSL. Enzymes (40-120 puM) were

reduced by incubation with a 100-fold excess (BME/enzyme thiols) of BME for 1 h at 0°

C, followed by removal of excess thiol by Sephadex G-25 chromatography (1.5 x 4.9

cm, NAP-25, Pharmacia) in 50 mM TES, pH 7.0 and 0.5 mM EDTA. Protein-containing

fractions were identified using Bradford reagent (Bradford, 1976); TS concentration

was determined using e278 = 125600 Mº'cm−1 and free thiols were assayed using

DTNB (see below). Specific spin-labeling of C244TV316C TS was accomplished
using duMP to block the active site thiol of Cys 198 (Figure 6.1). Labeling reactions

(0.5-0.75 mL) contained 55 HM C244T/V316C TS dimer, 50 mM TES, pH 7.0, 0.5 mM

EDTA, 3-4 mM duMP and 130 HM MSL at room temperature. Parallel control

reactions omitted either MSL or duMP, or substituted C244T TS for C244T/V316C TS.

The concentration of unreacted thiols in the labeling reaction was determined over 1 h

by reaction with DTNB under denaturing conditions (see below). Preparative of

labeling reactions were quenched after 15 min by addition of BME to ~5 mM, and MSL

TS was purified from excess duMP and unreacted MSL by Sephadex G-25

chromatography as above.

Reaction of Enzyme thiols with DTNB. The progress of MSL-labeling reactions

was followed by quantitating enzyme thiols during the reaction. Total enzyme thiol

concentrations were measured by mixing 100 pil aliquots (4-5 nmol TS dimer) of

labeling reactions with 1 mL of denaturing DTNB reagent (6 Murea, 75 mM KH2PO4,

pH 8.0, 2 mM DTNB) and measuring the increase in absorbance at 412 nm (eA12 = 13

600 M-1cm-1; Gething and Davidson, 1972). The kinetics of the reaction of DTNB with
BME, C244T TS, C244T/V316C TS and MSL-TS were also measured under non

2
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Figure 6.1 Schematic representation of the spin-labeling procedure. To ensure

specific labeling of the engineered Cys 316, duMP was used to block the active site

thiol of Cys 198, and the nonessential Cys 244 was mutated to a threonine.
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denaturing conditions in the presence and absence of duMP. Reactions (1 mL)

containing 50 mM TES, pH 7.0, 0.5 mM EDTA and 10-15 HMTS dimer or BME were

initiated by addition of DTNB to 6.25 mM. When duMP was included its concentration

was 3.2 mM. UV/vis spectra were recorded at 25°C using a Hewlett-Packard 8452A

diode-array spectrophotometer, and rate constants were obtained from a fit of the first

order rate equation to the data (Jencks, 1969).

Enzyme Assays. TS activity was monitored at 25°C spectrophotometrically at

340 nm in the standard TES assay buffer (50 mM TES, pH 7.4, 25 mM MgCl2; 6.5 mM

HCHO, 1 mM EDTA) containing 75 mM BME and 1.7 HM MSL-TS dimer (Pogolotti, et

al., 1986). Km and kcat values were determined as previously described (Climie, et al.,

1992). The specific activity of MSL-TS for the dehalogenation of BrduMP was

measured in the presence of 90 puM BroUMP as previously described (Carreras, et al.,

1992, Garrett, et al., 1979). Covalent TS•FoUMP-CH2H4folate complexes were formed

by incubating a mixture containing 2.7 HM MSL-TS dimer, 5.4 pm (6-3H]FaumP (13.4

Ci/mmol) and 170 plM CH2H4folate in standard TES buffer containing 10 mM DTT at

room temperature for 1 h. Reaction mixtures were analyzed by 12% SDS-PAGE as

previously described (Carreras, et al., 1992).

EPR spectroscopy of MSL-TS complexes. EPR spectra were acquired between

22°C and 25°C using an ER/200D spectrometer (IBM Instruments, Inc.; Danbury, CT)

equipped with a TE102 cavity. First derivative, X-band absorption EPR spectra were

obtained with the following instrument settings: microwave power, 25 mVW; modulation,

0.2 mTesla at 100 kHz. Samples (30 pul) were prepared in 50 pil capillaries and

contained either 8.5 or 24 HM MSL-TS dimer in 50 mM TES, pH 7.0 and 0.5 mM

EDTA. When dTMP, FoumP or du were included, their concentration was 280 puM.
For determination of the Kö of duMP, dump was varied between 3.5 and 280 puM. Kd

:
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values for CB3717 were determined by varying the concentration of CB3717 between

3.8 and 375 HM both in the presence and absence of 280 puM duMP. Kd values were

obtained from a nonlinear least square fit of EPR spectral changes to an equilibrium

binding equation which corrects for ligand depletion by enzyme (Segel, 1975 pp. 74).

Rotational correlation times, to, for the two spectral components were

determined from the shape of the spectra. 27" was measured as the separation of the

outer hyperfine extrema of each component; the rigid limit for this quantity, 2Til was

determined from a spectrum of MSL-TS frozen in liquid nitrogen. The correlation time

of the more immobilized component was calculated using to - a■ 1 -2Ty2T)b, where a

= 5.4 x 10-10s and b = -1.36 (Goldman, et al., 1972). The correlation time of the more
freely moving population of spin label was determined from the relative heights of the

peaks in the first derivative spectrum using the method of Stone et al. (1965).

RESULTS

Preparation and characterization of MSL-TS. The C244T and C244TV316C

mutants were expressed in E. coli X2913 as approximately 30% of the total soluble

protein, and were purified to > 95% homogeneity as estimated by SDS-PAGE. The

C244T/V316C TS dimer has four cysteine residues which are available for reaction

with thiol reagents. Two of these are the active site Cys 198 residues of each subunit

which are essential for enzyme activity, and the remaining two are engineered to
replace the C-terminal residue, Val 316. duMP was used to protect Cys 198 during the

labeling reaction (Figure 6.1), and exclusive attachment of the spin label to Cys 316

was verified by three methods. First, we followed the reaction of MSL with enzyme

thiols by measuring unreacted thiols with DTNB under denaturing conditions. The

reaction of MSL with C244TV316C TS was rapid (Figure 6.2). When MSL is added to

.
:

129



11 1.-- C244T/W316C TS1. o o

09 -

0.5 - A C24&TW316C TS-60MP & MOL• N-.
A —A

03 -

0.2 -
d

0.1
†s C24&TAWS16C TS v MCL

º º º

0 +----------------------------T-r-r-r-w
Q 10 2) 30 40 50 60

Time ºnlin)

Figure 6.2 Consumption of protein thiols by MSL Aliquots were removed from
reaction mixtures containing 50 pm C244T/V316C TS dimer and assayed with DTNB

under denaturing conditions (see Materials and Methods). When duMP or MSL was

included, its concentration was 3 mM or 250 puM, respectively.
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C244T/V316C TS in the absence of duMP, all four protein thiols reacted within 10 min.

However, when duMP was included in the reaction at ~1000 times its Kd, only two of

the enzyme's thiols reacted with MSL even after incubation for 1 h.

Next, we compared the reactivity of thiols in MSL-TS to the reactivities of

unmodified Cys 198 and Cys 316 residues by reacting C244T TS, C244T/V316C TS

and MSL-TS with DTNB in the presence and absence of duMP. In the presence of

dUMP, C244T TS and MSL-TS each had less than 10% of their cysteine residues

available for reaction with DTNB. In the absence of duMP, MSL-TS reacted with

DTNB with a pseudo-first-order rate constant similar to C244T TS which has Cys 198

as its only cysteine (kobs=0.012 s−1 and 0.018 s−1, respectively). C244TV316CTs
reacted with DTNB both in the presence and absence of duMP. In the absence of

dUMP, the first 50% of enzyme thiols reacted before measurements could be made

(kobs: 0.693 s”); however, the remaining cysteines reacted with a pseudo-first-order
rate constant of 0.011 s”, a rate similar to that obtained for the reaction of Cys 198 in
C244T TS. In the presence of duMP, only half of the enzyme thiols reacted, but with a

pseudo-first-order rate constant of 0.082 s−1, -8-fold faster than Cys 198 in C244TTS.
BME reacted with DTNB with a pseudo-first-order rate constant of 0.025 sºl in the

presence and absence of duMP. Thus, reactivity towards DTNB increases as the

following series: Cys 316 - BME > Cys 198.

Finally, to directly assess the reactivity of Cys 198 towards MSL, we examined

the reaction of 250 puM MSL with 50 puM C244T TS dimer for 15 min. Although these

conditions completely label Cys 316 of C244T/V316C TS in the presence of duMP,

EPR spectra showed that no labeling of C244T TS occurred in the presence of duMP,

and only weak (< 30%) labeling occurred in the absence of duMP. These experiments

demonstrate the ability of duMP to protect the active site Cys 198 from reaction with

MSL, and confirm that Cys 198 is less reactive than Cys 316 towards thiol-modifying

reagents.
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Enzymatic Activities. C244T TS had steady-state kinetic parameters that were

unchanged compared to wild-type TS [Km duMP = 4.8 puM, Km CH2H4folate = 28 piM,

kcat = 4.25 s” (Pinter, Davisson and Santi, unpublished data)]. The V316C mutant
had Km values for duMP and CH2H4folate of 1.6 and 77 HM, respectively, and a kcat

value of 1.1 s” (Climie, et al., 1992). The steady-state kinetic parameters of the

C244T/V316C double mutant were the same as for V316C TS. MSL-TS catalyzed

dTMP formation with a kcat of 0.07 s”, about 16-fold lower than the value obtained
with unmodified C244T/V316C TS, and had Km values for duMP and CH2H4folate of

1.4 and 140 puM. When MSL-TS was incubated with [6-3H]FoUMP and (6 R)

CH2H4folate, tritium-labeled enzyme was detected on SDS-PAGE. C244T/V316C TS

and MSL-TS dehalogenated BrduMP with specific activities of 0.004 and 0.0014 U/mg,

respectively.

EPR of MSL-TS complexes. Representative EPR spectra of MSL-TS and its

complexes are shown in Figure 6.3. In all cases, two major spectral components were

observed, with 2Tm values of 3.36 and 6.25 mTesla. We define the I ("immobilized")

peak as the low-field peak of the component with 2T = 6.25 mTesla, and the M

("mobile") peak is the low-field peak of the component that has a 2Th = 3.36 mTesla.

The 27'■ splittings were normalized to a rigid-limit value of 7.1 mTesla, measured for

MSL-TS in liquid nitrogen, and rotational correlation times, to of 1 and 9.7 ns were

obtained. Consistent with a model corresponding to two populations of the spin label
which have different mobilities, all EPR spectra of unliganded MSL-TS and MSL-TS

complexes showed the same 27" values, and differered only in the relative amount of

each component. Several isosbestic points are apparent, indicating the absence of

intermediates between the two populations of spin label that are in equilibrium.
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Figure 6.3 A) First derivative and B) absorption EPR spectra of unliganded MSL-TS

( ), the MSL-TS-dUMP complex (----) and the MSL-TS-duMP-CB3717

complex ( ). Each spectrum was obtained from a sample containing 24 HM

MSL-TS dimer. When dump or CB3717 was included, its concentration was 280 or

375 puM, respectively.
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The presence of only two components was further demonstrated by

deconvolution of the two spectral components (Figure 6.4). Spectra of pure

immobilized and pure mobile spin label were constructed by scaling the M peaks of the

spectra of unliganded MSL-TS and the MSL-TS-duMP-CB3717, and constructing a

difference spectrum which represented only the relatively immobilized conformation of

the spin label. The l peak from this spectrum was then scaled to the l peak of the

unliganded MSL-TS spectrum and subtracted from it to yield a difference spectrum that

represents only the less immobilized population of spins. These difference spectra

were normalized so that their integrated areas were equal, derivatives were taken and

the resulting spectra (Figure 6.4a, b) were used in weighted summations to fit the

experimentally observed EPR spectra of MSL-TS and MSL-TS complexes (Figures

6.4c, 4d). The weighting factors represent the relative abundance of each form of the

spin label. Results of this simulation procedure indicate that free MSL-TS, the MSL

TS-dUMP complex and the MSL-TS-duMP-CB3717 ternary complex have 65%, 74%

and 90% of their spin label in the more immobilized conformation, respectively.

M/I peak-height ratios were also used to quantitate changes in EPR spectra.

Unliganded MSL-TS had a M/I peak ratio of 3.5 (Table 6.1). Formation of binary

complexes between MSL-TS and duMP or dTMP resulted in a 23% reduction in this

ratio, corresponding to increased population of the immobilized conformation of the C

terminus in the presence of substrate and product nucleotides. dumpinduced spectral

changes were titrated and showed an approximate Kö value of 3 piM (Figure 6.5a),

similar to the Km value observed for wild-type TS.

Incubation of either the free enzyme or the MSL-TS-duMP complex with

CB3717 also resulted in increased populations of immobilized spin label to yield M/

peak-height ratios of 1.9 and 1.4, respectively. In all cases, spectral changes were

complete by the time of measurement (~3-5 min) and were stable for more than an
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Figure 6.4 Simulation of the spectrum of the MSL-TS-duMP complex. A) The more

mobile component of the spectrum of free MSL-TS. B) The more immobilized

component of the spectrum of the MSL-TS-duMP-CB3717 complex. C) Superposition

of the spectrum of the MSL-TS•dUMP complex onto a weighted summation of the

spectra in A) and B). D) Difference between the modeled and observed spectra of the

MSL-TS-duMP complex shown in C).
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Table 6.1 Summary of EPR peak ratios of MSL-TS in the presence of various ligands.

Enzyme Form M/I peak Crystallographic B

ratioë factor of C-terminal

= Residue (A2)
Free E 3.5 + 0.1 67b

EeduMP 2.7 ± 0.1 45b

EedTMP 2.7 ± 0.1 nCC

E-FCUMP 2.9 + 0.1 ndC

E-CB3717 1.9 + 0.1 97d

Eedum P-CB3717 1.4 + 0.1 169

a Ratio of the low-field peaks of spectral components with 2T = 3.36 and 6.25
mTesla (tc = 9.7 and 1 ns, respectively).

b (Finer-Moore, et al., 1993). The structure of the free enzyme was at 2.36 A
resolution, while the TS-duMP structure was at 2.55 Å resolution.

C Structure not determined.

d (Kamb, et al., 1992). This structure was of relatively low resolution (3 A), and was
highly disordered, with a Wilson B-factor of 65 A2.

9 (Montfort, et al., 1990). 1.97 Å resolution.

:
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Figure 6.5 A) EPR titration of 24 HM MSL-TS dimer with duMP to yield an

approximate Kö of 3 piM. The inset shows changes in the EPR spectrum of MSL-TS

that occur as duMP is added. B) EPR titration of 8.5 mM MSL-TS dimer with CB3717

in the presence of 280 puM duMP to yield an approximate KG of 7 plM. C.) EPR titration

of 8.5 pm MSL-TS dimer with CB3717 in the absence of duMP to yield an approximate

Kö of 13 piM. In the above plots, points are experimental, and lines are a nonlinear

least-squares fit to equation Il-54 from Segel (1975, pp. 174).
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hour. Spectral changes induced by the binding of CB3717 to both free enzyme or to

the MSL-TS•dUMP complex were titrated and indicated approximate Ka values of 7

and 13 HM, respectively (Figure 6.5b and 6.5c). Since the concentrations of MSL-TS

needed for EPR are similar to the Kd values, these Kö values are approximate.

Addition of CH2H4folate to the MSL-TS•FoUMP complex resulted in a spectrum similar

to that obtained for the MSL-TS•dUMP-CB3717 complex (data not shown); however,

the EPR signal rapidly faded suggesting that reduction of the spin label was occurring.

When either 100 mM DTT or 70 puM CH2H4folate was mixed with free MSL, a 200-fold

reduction in the EPR signal was observed, demonstrating that CH2H4folate can reduce

the nitroxide spin label even more effectively than thiol reagents. No changes in the

spectrum of free MSL were observed in the presence of either duMP or CB3717.

DISCUSSION

Wild-type L. casei TS has two cysteine residues on each subunit, Cys 244,

which is not essential for enzyme activity, and Cys 198, which is the active site

nucleophile. In order to specifically introduce a spin label at the C-terminus, it was

necessary to replace the unreactive Val 316 with a cysteine residue and to prevent

reaction of the labeling reagent with Cys 244 and Cys 198. Residue 244 was made

unreactive toward the labeling reagent by a cysteine to threonine mutation which did

not affect the enzyme's steady-state kinetic parameters. To prevent reaction of the

spin-labeling reagent with Cys 198, a binary complex was formed between the enzyme

and duMP. The ability of the enzyme's substrate, duMP, to protect Cys 198 from

reaction with thiol-modifying reagents has been previously demonstrated (Danenberg,

et al., 1974, Galivan, et al., 1976, Leary, et al., 1975).

.
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We unambiguously confirmed that the conditions used to label C244T/V316C

TS modified Cys 316 but not Cys 198. First, it was shown that all four thiol groups on

the dimeric enzyme can react with MSL; however, when duMP is included in the

incubation, two of the four enzyme thiol groups are protected from MSL-labeling

(Figure 6.2). Second, we measured the rate constant for the reaction of DTNB with

thiol groups of MSL-TS and found that it was the same as the rate constant for reaction

of DTNB with Cys 198 residues of C244T TS. Third, using an EPR assay, we found

that C244T TS is not spin-labeled under the conditions used to label the C-terminus of

C244T/V316C TS.

Preparations of MSL-TS showed a kcat value that was reduced relative to

unmodified C244T/V316C TS. MSL-TS had the same Km value for duMP as the

unmodified enzyme, however, the Km value for CH2H4folate was about two-fold

higher. In accordance with what has been observed for other modifications of the C

terminus of TS, MSL-modification of the C-terminus has caused a decrease of TS

activity and an increase in CH2H4folate Km without affecting the Km for duMP (Climie,

et al., 1992).

MSL-TS shares other important similarities with wild-type TS and C-terminal

mutants. MSL-TS catalyzes the cofactor-independent dehalogenation of BrduMP at a

rate that approaches that of the wild-type enzyme, thus demonstrating its ability to bind

to and form Michael adducts with pyrimidine nucleotide substrates (Garrett, et al.,

1979). The observation of a covalent ternary complex between MSL-TS, FoumP and

CH2H4folate shows that the spin-labeled enzyme is capable of catalyzing steps of the

TS reaction at least up to formation of a covalent ternary complex (Santi, et al., 1987).

EPR spectra of MSL-TS are composed of two components and are consistent

with a two-state model in which the motion of the spin label is different in each state.

The only difference between spectra of MSL-TS and spectra of MSL-TS complexes

was the relative amount of each of the two components. Based on our ability to detect

.
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changes in 2Til of 0.1 mTesla and the unlikelyhood that dramatically different

conformations will result in the exact same 2Til, we conclude that each spectral

component represents a single major conformation: i.e. the active site is either closed

by an immobilized C-terminus, or it is open and the C-terminus is relatively freely

moving. The EPR spectrum of unliganded MSL-TS (Figure 6.3) indicated that

approximately 45% of the label was relatively freely moving while the remaining 65%

was significantly immobilized. Upon addition of duMP, changes in the EPR spectrum

of MSL-TS indicated that about 74% of the spin label was in the immobilized

conformation. Titration of the EPR spectral change with duMP indicated a Ka value

similar to the duMP Km values obtained for wild-type TS and unmodified

C244T/V316C TS. Addition of the cofactor analog CB3717 to the MSL-TS-duMP

complex caused further changes in the EPR spectrum. Titration of these changes with

CB3717 showed a Ka value of 7 pm and indicated that approximately 90% of the spin

label can be converted to the more immobilized conformation.

We also observed binding of CB3717 to unliganded MSL-TS, with an

approximate KG of 14 AM. Although a crystal structure of E. coli TS bound to CB3717

in the absence of duMP was recently reported (Kamb, et al., 1992), to our knowledge

this is the first time a complex between TS and a monoglutamyl folate analog has been

observed in Solution in the absence of nucleotide. However, neither this work nor the

TS-CB3717 crystal structure has demonstrated that a binary TS-CH2H4folate complex

is on a productive reaction pathway.

The crystal structures of free TS and the binary TS-dUMP complex are very

similar. Here, the active sites are in an open conformation, and high B-factors (40 to

60 A2 for residues of the C-terminal tetrapeptide in the structure of the free enzyme)
suggest that C-terminal residues are flexible (Hardy, et al., 1987). Upon formation of

the ternary TS-duMP-CB3717 complex, a large conformational change occurs in which
the C-terminus moves about 5A to form a lid over the bound substrate and cofactor to

.
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"close" the active site. Crystallographic B-factors for the C-terminal tetrapeptide in this

structure are 16 to 33 A2, reflecting the reduced flexibility of these residues following
the conformational change (Montfort, et al., 1990). In the ternary complex, the

carboxylate of the C-terminal residue forms a hydrogen-bond network with several

conserved residues, including Arg 23, which has moved from its position in the

structure of the unliganded enzyme to interact with the phosphate of duMP. The Val

316 side chain becomes buried against hydrophobic atoms of Thr 24, and residues 312

to 315 also experience new interactions (Figure 6.6).

When MSL-TS binds duMP and CB3717, changes in its EPR spectrum occur

which closely parallel changes in the atomic B-factors of C-terminal residues in the

corresponding crystal structures (Figure 6.7). We interpret the higher B-factors

observed for the C-terminus of the unliganded enzyme as indicating that this structure

Corresponds to the solution conformation that gives rise to the more freely-moving

population of spin label. Low B-factors for the C-terminus in TS•dUMP-CB3717 ternary

Complexes suggest that this structure corresponds to the solution conformation

responsible for the more immobilized population of spin label. If the two conformations

are not compatible with the same crystal lattice, crystallization must select and stablize

one conformation. Crystal-packing forces probably stabilize the open form of the wild

type free enzyme and the closed form of ternary complexes. In accordance with the

idea that both the open and closed conformations are present in solution, crystallization

drops which yield crystals of ternary complexes usually also contain crystals which

have the same morphology as crystals of the unliganded enzyme (R. M. Stroud,

unpublished observations).

Our studies of MSL-TS are consistent with a model in which the enzyme is in

equilibrium between two conformational states; a flexible, open conformation observed

in the crystal structures of the free enzyme and binary complexes, and a rigid, closed

structure observed for the TS•dUMP-CB3717 complex (Figure 6.6). Binding of ligands
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Figure 6.6 Schematic representation of the interactions of C-terminal residues after the

conformational change. After binding duMP and cofactor, the C-terminus moves to

form a lid over the active site which is achored by side chain interactions and an

extensive hydrogen bond network (dotted lines).

142



100 F O E - C B 37.17

- 3 80 H
O

§ 3
§ # 60H
m &
# # 40||
§ E
& 9

© 20 !
E - d UMP. CB37.17

O I l i I i I

1 1.5 2 2.5 3 3.5 4
M/I ratio of EPR spectrum

Figure 6.7 Correlation of crystallographic B-factors with EPR measurents. B-factors
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ratio of the M ("mobile") peak, and the I ("immobilized") peak, which are defined in

FigureS. Structures used are referenced in Table I. Note that the entire E°CB3717
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changes the energy of one or both conformations to perturb the conformational

equilibrium. Consistent with this model is the reactivity of the engineered Cys 316,

which is reduced more than 8-fold by the presence of duMP. We attribute this

difference in reactivity to a duMP-induced change in conformational equilibrium which

makes the C-terminal Cys 316 less accessible to thiol-modifying reagents. We

recognize that MSL-TS is highly modified relative to wild-type TS, and avoid

speculation of conformational equilibrium constants for wild-type TS based on those

obtained for MSL-TS.

A similar model of ligand-induced perturbation of conformational equilibria has

been discussed for triosephosphate isomerase (Alber, et al., 1983, Ringe and Petsko,

1986). Since the enzyme is in equilibrium between two conformations, it can sense

that a ligand is present and change the conformational equilibrium to take advantage of

favorable interactions with the ligand. This model also provides for disruption of

favorable protein-ligand interactions that must occur if products are to be released.

Since the enzyme samples the open conformation even in the presence of bound

substrates, these interactions are routinely broken. During this time the products have

an opportunity to escape so that a new set of subtrates can bind and continue the

catalytic cycle.

Finally, we note that since TS exists in two conformations which interconvert

during catalysis, effective stabilization of either conformation could provide a novel

method of inhibiting the enzyme.
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ABSTRACT

We have combined site-directed mutagenesis with the technique of reversible

unfolding and subunit dissociation to construct heterodimeric thymidylate synthases

which lack the C-terminal valine from only one subunit of the dimer. Removal of this

residue either from both subunits of the dimer by mutagenesis (V316Am mutation), or

from only one subunit by treatment with carboxypeptidase has been reported to result

in an inactive enzyme (Carreras, et al., 1992, Aull, et al., 1974). Arg 178 is an essential

active site residue of TS that is donated from the opposing subunit of the dimer. The

R178F+V316Am heterodimer was formed by the unfolding and refolding of a mixture of

inactive R178F and V316Am mutants. This enzyme has one intact active site and was
found to have half the activity and the same Km values as wild-type TS that was

unfolded and refolded as a control. We have also formed the V316Am+WT

heterodimer and report that this heterodimeric enzyme is also active, has a kcat value

that is approximately half that of the wild-type TS dimer, and binds substrate and

cofactor with Km values similar to those of the wild-type enzyme.
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INTRODUCTION

Thymidylate synthase (TS1, EC 2.1.1.45) is a dimeric enzyme that catalyzes the
reductive methylation of duMP by CH2H4folate to produce dTMP and H2folate. The

first indication that the C-terminus of TS is involved in catalysis was the report that

treatment of Lactobacillus casei TS with carboxypeptidase A led to liberation of a single

valine from the dimer with concommitant inactivation of the enzyme (Aull, et al., 1974).

Several subsequent reports also used carboxypeptidase treatment to inactivate TS and

abolish folate binding (Galivan, et al., 1977, Galivan, et al., 1976). Their suggestion

that the C-terminus contributes to the cofactor binding site has since been confirmed

crystallographically (Montfort, et al., 1990). Comparison of the TS•dUMP crystal

structure with the structure of TS complexed with duMP and the cofactor analog

CB3717 has shown that folate binding induces a major conformational change in which

the C-terminal residue, Val 316, moves more than 4 Å to anchor a lid which forms over

the bound ligands (Finer-Moore, et al., 1993, Montfort, et al., 1990). The C-terminal

carboxylate is especially important, and coordinates an extensive hydrogen-bond

network that links active site residues to groups on both the substrate and cofactor.

Mutagenesis of the conserved C-terminal valine of L. casei TS has shown that

most amino acid replacements yield active enzyme; however, deletion of this residue

inactives the enzyme (Carreras, et al., 1992, Climie, et al., 1992). The defect of the

deletion mutant was assigned to events that occur subsequent to binding of substrates,

on a step of the TS reaction which includes the C-terminal conformational change. The

crystal structure of the unliganded V316Am mutant was found to be superimposable

onto the structure of the wild-type enzyme (Perry, et al., 1993), and did not suggest an

' Abbreviations used: TS, thymidylate synthase; V316Am TS, mutant L. casei TS lacking the C-terminal
valine from both subunits; WT, wild-type; duMP, 2’-deoxyuridine-5'-monophosphate; CH2H4■ olate, 5,10
methylene-5,6,7,8-tetrahydrofolate; dTMP, thymidine-5'-monophosphate; H2■ olate, 7,8-dihydrofolate;
TES, N-tris(hydroxymethyl)methyl-2-aminoethane sulfonic acid; BME, 3-Mercaptoethanol; DTT,
dithiothreitol.
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explanation for the selectivity of carboxypeptidase for only one subunit of TS, or a

reason why truncation of one subunit would affect the activity of the remaining subunit.

The observation that a single amino acid truncation of only one subunit with

carboxypeptidase caused complete inactivation of the enzyme suggested either that

only one of the two active sites observed crystallographically is functional, or that

modification of the C-terminus of one subunit could inactivate the second subunit

through a cooperative effect. In this work, we have combined site-directed

mutagenesis with the technique of reversible unfolding and subunit dissociation to

construct active, heterodimeric enzymes which lack the C-terminal valine from only one

subunit of the dimer (Figure 7.1).
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Figure 7.1 Subunit complementation in thymidylate synthase. Inactive V316Am and

R178F enzymes recombine to create a heterodimeric enzyme with one functional

active site.
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MATERIALS AND METHODS

Materials. Plasmids which express mutant L. casei TSs in the Thy Eschemichia

coli strain X2913 have been described (Climie, et al., 1990). Between 50 and 90 mg

each of wild-type and V316Am, R178F, and C198A mutant L. casei TSs were purified

from each liter of plasmid-containing X2913 E. coli using an automated method and

stored at -80° C in 10 mM KPO4; pH 7.0; 1 mM EDTA until use (Kealey and Santi,

1992). The enzyme preparations were >95% homogeneous as judged by SDS-PAGE.

Ultrapure urea was obtained from BDH Chemicals Ltd. (Pool, England). duMP was

Obtained from Sigma, as was (6 R,S) H4folate which was condensed with

formaldehyde to produce (6 R,S) CH2H4folate (Bruice and Santi, 1982). All

concentrations of CH2H4folate given refer to the concentration of (6 R) CH2H4folate

competent for the TS reaction. All other materials were obtained from commercial

Sources and used without purification.

Assay of TS activity. TS activity was monitored spectrophotometrically at 340

nm using a Perkin Elmer A15 or Hewlett Packard 8452A spectrophotometer as

previously described (Pogolotti, et al., 1986). Assays were performed at 25°C in the

standard assay buffer which contained 50 mM TES, pH 7.4, 25 mM MgCl2, 6.5 mM

formaldehyde, 1 mM EDTA and 75 mM BME. The concentration of wild-type TS was

determined spectrophotometrically using e278 = 125600 M-1cm-1, we assume that the
V316Am, C198A and R178F mutations have an insignificant effect on this value.

Specific activities were determined in 1 mL reaction mixtures which contained the

Standard assay buffer, 125 puM dUMP, and 170 puM CH2H4folate. One unit of TS is the

amount of enzyme that will produce 1 pmol of product per minute in a 1 mL reaction

mixture. Using a highly sensitive radioactive assay V316Am TS was shown to be

inactive (<4 x 10-8 U/mg) (Carreras, et al., 1992). The R178F and C198A mutants had
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specific activities less than 103 U/mg as assessed spectrophotometrically. Wild-type

TS used in these studies had a specific activity between 3.5 and 4.5 U/mg.
Formation of R178F+V316Am and V316Am+WT heterodimers. Heterodimeric

thymidylate synthases were prepared by the reversible dissociation of mixtures of

mutant or wild-type enzymes as previously described (Perry, et al., 1992,

Pookanjanatavip, et al., 1992). Unfolding was accomplished by mixing enzymes with 3

volumes of unfolding buffer containing 20 mM KH2PO4, pH 7.0, 0.1 mM EDTA, 1 mM

DTT, 0.5 M KCI, and 9 Murea and incubating at 4°C for 2 h. Refolding was achieved

by 10-fold dilution of the unfolding reaction into refolding buffer (unfolding buffer without

urea) and incubating at 4°C for 4 h. R178F+V316Am heterodimers were formed in

refolding reactions that contained 0.3 plM V316Am TS and 0 to 1.3 plM R178F TS.

Similarly, V316Am+WT heterodimers were formed in refolding reactions that contained

0.05 puM wild-type TS and 0 to 30 plM V316Am TS. TS assays were performed on 380

pil aliquots from the refolding reactions, and specific activities were determined by

dividing initial rates by the monomer concentration of the constant enzyme. Urea and

KCl were present in TS assays at 250 mM and 185 mM, respectively; and have been

previously shown not to affect TS activity at these concentrations (Perry, et al., 1992).

Controls were included in which (a) 0-4 HM wild-type TS was refolded, (b) urea was

omitted from unfolding reactions or (c) the well-characterized R178F+C198A

heterodimer was formed (Pookanjanatavip, et al., 1992).

Steady-state kinetics of heterodimers. Heterodimeric R178F+V316Am TS used

in steady-state kinetic experiments was formed as described above from refolding

mixtures containing 0.65 mM V316Am TS and 0.75 puM R178F TS. Heterodimeric

V316Am+WTTS was formed from refolding mixtures containing 3 pm V316Am TS and

0.09 puM wild-type TS. TS assays used for the determination of Km values included 65

to 220 nM heterodimeric TS in the standard assay buffer. The Km for duMP was

determined by varying duMP concentration from 0 to 250 pm in the presence of 170
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HM CH2H4folate. Km values for CH2H4folate was determined by varying CH2H4folate

concentration from 0 to 220 puM in the presence of 125 plM duMP. Urea and KCl were

present in assay mixtures at 200 mM 150 mM, respectively. Kinetic constants were

determined from a nonlinear least square fit to the Michaelis-Menten equation using the

program Kaleidagraph (Abelbeck Software) run on a Macintosh ll computer.
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RESULTS AND DISCUSSION

Studies of the effect of carboxypeptidase treatment on TS provided the initial

indication of the importance of the C-terminus in TS catalysis and showed that

truncation of a single amino acid of one subunit is sufficient to inactivate the TS dimer

(Aull, et al., 1974). V316Am TS, a C-terminal deletion mutant which lacks the C

terminal valine from both subunits of the dimer, is also completely inactive (Carreras, et

al., 1992). The crystal structures of wild-type TS and V316Am TS (Hardy, et al., 1987,
Montfort, et al., 1990, Perry, et al., 1993) show that the C-terminus of the enzyme has

no direct interaction with the dimer interface, and that deletion of the C-terminal residue

does not affect the overall structure of the enzyme or the local structure of the C

terminus. None of these studies explained the selectivity of carboxypeptidase for only

one subunit of the dimer, or why its removal would cause the inactivation of both

subunits of the dimer (Carreras, et al., 1992, Perry, et al., 1993). Recently, it was

demonstrated that dimeric thymidylate synthase could be reversibly unfolded and

dissociated with only a small loss of activity (Perry, et al., 1992). It was shown that

refolding two appropriate, inactive TS mutants can create heterodimeric enzymes

which contain one functional active site (Pookanjanatavip, et al., 1992, Greene, et al.,

1993). In the present work, the approach has been used to create heterodimeric

enzymes which lack the C-terminal valine on one subunit of the TS dimer (Figure 7.1).

We attempted to form the V316Am+WT heterodimer by refolding WT in the

presence of increasing amounts of the inactive V316Am, expecting one of several

results. First, if the V316Am+WT heterodimer is completely inactive, excess V316Am

would abolish the activity. Second, if each subunit of the wild-type dimer is partially or

fully active whether paired with a V316Am subunit or with another wild-type subunit,
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then the specific activity of wild-type TS would decrease or not change when it is

converted to the V316Am+WT heterodimer. Third, if only one subunit of the wild-type

dimer is active, refolding with an excess of V316Am TS would effectively double the

concentration of active subunits, and up to a two-fold increase in activity could occur.

When increasing concentrations of inactive V316Am TS were refolded with a

constant amount of wild type TS, the activity first decreased to about 65% of the initial

value, then remained constant (Figure 7.2). Kinetic parameters of the putative

heterodimer were similar to the R178F+C198A heterodimer previously reported and

the R178F+V316Am heterodimer reported here (Table 7.1). One explanation for the

behavior observed in Figure 2 is that the V316Am+WT heterodimer is about 65% as

active as the WT. However, we also observed a similar decrease of activity upon

refolding of high concentrations (> 1 HM) of wild type TS (Figure 7.2, inset) or other

heterodimers (Figure 7.3, inset), so we believe the initial decrease in activity is due to

a decreased recovery of activity from refolding reactions which contain high protein

concentrations. Similar observations have been made on the dependence of protein

concentration on the renaturation of inclusion bodies (Kohno, et al., 1990). Thus, it

seems that the V316Am+WT heterodimer is indeed catalytically active. The only other

explanation we can conceive of is that regardless of the concentration of V316Am TS,

only WT homodimers are formed in the refolding experiment. This seems highly

unlikely in view of the facile formation of other heterodimers (Pookanjanatavip, et al.,

1992, Greene, et al., 1993) and the non-involvement of Val 316 in the dimer interface

(Perry, et al., 1993).
Nevertheless, to unequivocally demonstrate the catalytic activity of a

heterodimer containing a single V316Am subunit, we sought to create TS activity by

forming heterodimers from two completely inactive mutants, one possessing a C

terminal deletion; any TS activity observed in this experiment could only be derived

from the heterodimer. The inactive V316Am TS was folded in the presence of
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Figure 7.2 Formation of the V316Am+WT heterodimer. Main plot: Activity of 0.05 puM

wild-type TS dimer refolded with increasing amounts of V316Am TS. The x-axis refers

to the concentration of V316Am TS in the refolding reaction. Inset: The effect of

protein concentration on the unfolding/refolding of wild-type TS. In this experiment

0.28 HM wild-type TS was refolded in the presence of increasing concentrations of

either V316Am TS (O) or additional wild-type TS (A).
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Table 7.1 Steady-state kinetic constants of heterodimeric thymidylate synthases.

dLMP Km CH2H4folate Km.
-

Kcal
-

Kcat/active site?Enzyme
-

WTTSb 9 + 1 piMC 17.5 + 4 nM 2.0 + 0.2 s−1 1.0 + 0.2 s−1

V316Am+WT TS 10.5 + 2 HM 10.5 + 1 p.m. 1.0 + 0.2 s−1 1.0 + 0.2 s−1

R178F+C198A TS 3.5 + 2 HM 7+ 1 puM 1.0 + 0.1 s−1 1.0 + 0.1 s−1

R178F4-V316Am TS 6.5 + 1 p.m. 14 + 4 puM 1.0 + 0.1 s−1 1.0 + 0.1 s−1

a Heterodimers which lack essential active site residues on one subunit have only one
active site/dimer.

b Unfolded and refolded as a control.
9 Values given include standard errors from nonlinear least-squares fit of the

Michaelis-Menten equation.
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Figure 7.3 Formation of active heterodimers from inactive TS mutants. Main plot:

Formation of the R178F+V316Am heterodimer. V316Am dimer (0.32 HM) was refolded

in the presence of increasing concentrations of R178F dimer. The x-axis refers to the

concentration of R178F TS in the refolding reaction. Points are experimental and the

line is a best fit (R - 0.99) to equation 1 of Pookanjanatavip et al., 1992. Inset:

Formation of R178F+C198A and R178F+V316Am heterodimers in refolding reactions

with high protein concentrations. Refolding reactions contained 0.34 puM R178F dimer

and increasing amounts of either V316Am (*) or C198ATS (O).
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increasing concentrations of the inactive R178F mutant. In wild type TS, Arg 178 is

donated from one subunit to the active site of the second subunit to assist in binding

the phosphate moiety of the substrate duMP. In the R178F+V316Am heterodimer, the

R178F mutation is part of the same active site as the V316Am mutation and prevents

dUMP from binding to this active site. The second active site of the heterodimer has

no mutations, and contains the wild-type residues necessary for catalysis of dIMP

formation (Figure 7.1).

When inactive V316Am TS is refolded with inactive R178F TS, the resulting

R178F+V316Am heterodimer catalyzes dTMP formation at a rate which is about 2-fold

lower than wild-type TS (Figure 7.3). Since neither of the two mutants is active on its

own, the ability of inactive R178F monomers to complement inactive V316Am
-

monomers unequivocally demonstrates that a TS heterodimer with a C-terminal

deletion on one subunit can catalyze dTMP formation. In addition, the observation that

the kcat value of the R178F+V316Am heterodimer was approximately 50% of the kcat

value obtained with refolded wild-type TS suggests that both subunits of the wild-type

dimer contribute equally to the catalytic activity of the enzyme.

Our observation of active heterodimers with a C-terminal deletion on one subunit

is not in accord with previous studies of carboxypeptidase-inactivated TS (Aull, et al.,

1974, Cisneros, et al., 1993), but we do not know the reason for this discrepancy.
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ABSTRACT

Pyridoxal-5'-phosphate (PLP) is a potent inhibitor of Lactobacillus casei

thymidylate synthase (TS), competitive with respect to the nucleotide substrate d'UMP

(Chen et al., 1989). The UV/vis difference spectra of TS-PLP complexes show Amax at

328 nm due to the specific interaction between Cys 198 of TS and PLP to from a

thiohemiacetal, and Amin at 388 nm due to depletion of free PLP. At high concentrations

of PLP a new absorbance at 430 nm forms due to non-specific Schiff base formation

between PLP and lysine residues of the enzyme. Using spectral titration at 328 nm, the

binding constant of the specific TS-PLP complex was determined to be 0.5 puM, and the

stoichiometry was two mol PLP per TS dimer. The 328 nm absorbance of the TS-PLP

complex can be competitively and completely eliminated by addition of duMP or dTMP;

this serves as a convenient binding assay for molecules which bind to the active site of

TS. Analogs of PLP which do not contain the phosphate or the aldehyde moieties of

PLP bound poorly to the enzyme, thus demonstrating the importance of these functional

groups for binding. When treated with PLP, C244T TS, which contains the active site

Cys 198 as the sole cysteine residue, showed the same properties as the wild-type

enzyme. Treatment of the C198A and C198S mutants with PLP did not produce the

absorbance at 328 nm assigned to thiohemiacetal formation. Molecular modeling

studies showed that when the phosphate of PLP is docked into the phosphate binding

site of TS, the aldehyde carbon of PLP is perfectly positioned to form a thiohemiacetal

with the catalytic thiol of Cys 198. Side chains of amino acid residues of the protein

which are close to or may interact with PLP were tentatively assigned.
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Thymidylate synthase (TS1; EC 2.1.1.45) catalyzes the conversion of duMP and
CH2H4folate to dTMP and H2folate. TS has been widely studied, and much is known about

the structure, function and inhibition of the enzyme (cf. Santi and Danenberg, 1984). The

amino acid sequences of TS from 22 organisms are known (Perry et al., 1990; D. Santi,

unpublished) and three dimensional structures of TSs from several sources have been

determined (Hardy et al., 1987, Matthews et al., 1990, Matthews et al., 1990, Montfort et al.,

1990, Perry et al., 1990). The catalytic mechanism of TS is well understood, and involves

nucleophilic attack of the thiol of a conserved cysteine residue (Cys 198 in Lactobacillus

case) at C-6 of duMP to activate the heterocycle for methylation.

Since TS is required for the de novo synthesis of dTMP, it has been a popular target

for chemotherapeutic agents (Santi and Danenberg, 1984). Most inhibitors of TS are
analogs of the substrates duMP or CH2H4folate; however, these analogs have deficiencies

as potential therapeutics. In order to gain access across cellular membranes, nucleotides

must be provided as the corresponding bases or nucleosides, and therefore must undergo

appropriate metabolic activation. CH2H4folate analogs often require conversion to

polyglutamylated forms in order to obtain potent inhibition. Selectivity is also an important

issue since folate analogs frequently inhibit other enzymes which utilize folate cofactors.

From a number of standpoints, it would be desirable to have TS inhibitors which are

Structurally unrelated to TS substrates.

It has been reported that pyridoxal phosphate (PLP) is an inhibitor of TS,

Competitive with respect to duMP (Chen et al., 1989). It was proposed that the

inhibition involved binding of the PLP phosphate moiety to the duMP binding site, and

formation of a thiohemiacetal with a thiol group. In the present work, we have

' Abbreviations used: TS, thymidylate synthase; PLP, pyridoxal-5-phosphate; dUMP, 2’-deoxyuridine
5'-monophosphate; CH2H4■ olate, 5,10-methylene-5,6,7,8-tetrahydrofolate; dTMP, thymidine-5'-
monophosphate; H2■ olate, 7,8-dihydrofolate; TES, N-tris(hydroxymethylmethyl-2-aminoethane sulfonic
acid; BME, 3-mercaptoethanol, DTT, dithiothreitol.



expanded on these observations, and have performed detailed studies of the UV/vis

difference spectra of the complexes formed between L. casei TS and several mutants

with PLP and several PLP analogs. The results conclusively demonstrate the

necessity of enzyme-phosphate interactions and thiohemiacetal formation with Cys 198

for potent inhibition by PLP. Further, molecular modeling studies have been performed

to verify the feasibility of these interactions, and to explore other possible interactions

between PLP and TS. From such studies, ideas have emerged as to how one might

approach the design of new inhibitors of this enzyme.

MATERIALS AND METHODS

Plasmids which express C198A and C198S mutant L. casei TSs in the Thy"

Escherichia coli strain X2913 have been described (Climie et al., 1990). The C244T

mutant was provided by Dr. V. N. S. K. Francis (Francis and Santi, unpublished). All

enzymes were purified using automated sequential chromatography on

phosphocellulose and hydroxyapatite (Kealey and Santi, 1992) and were >95%

homogeneous as judged by Coomassie-stained SDS-PAGE. Pyridoxal-5-phosphate,
pyridoxal hydrochloride, e-aminocaproic acid, duMP and dTMP were purchased from

Sigma. 5'-deoxypyridoxal was a gift from Drs. D. E. Metzler, University of Iowa, and

Dr. M. Cortijo, University of Complutense, Spain. N-methyl pyridoxal phosphate was a

gift from Dr. J. Kirsch (University of California, Berkeley). The PLP analogs 3-(4-

formyl-3-hydroxy-2-methyl-5-pyridyl)propionic acid (Iwata and Metzler, 1967) and

pyridoxol phosphate (Morrison and Long, 1958) were synthesized as reported and

characterized by NMR and mass spectrometry. All other chemicals and solvents were

reagent grade or better.

The standard TES buffer used in titrations and kinetic measurements is

composed of 50 mM TES, pH 7.4, 6.5 mM formaldehyde, 1 mM EDTA and 25 mM
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MgCl2. Wild-type and mutant TS (~140 HM) were reduced with 2.5 mM DTT for at

least 10 min on ice and excess thiol was removed by passage through a 0.9 x 2.8 cm

Sephadex G-25 column (NAP-5, Pharmacia) equilibrated with 50 mM TES, pH 7.4.

Steady state kinetic assays were performed as previously described (Pogolotti et al.,

1986). Inhibition analysis assumed that PLP and PLP analogs are competitive

inhibitors with respect to duMP (Chen et al., 1989); Ki values were obtained by varying

inhibitor concentration and fitting the resulting initial rates to a modification of Equation

Ill-5 described by Segel (Segel, 1975, pp. 105) using the program Kaleidagraph

(Abelbeck Software) run on a Macintosh ll computer. Enzyme concentrations were

determined using e278 = 1.26 x 105 M-1 cm-1 (Santi and Zhao, unpublished data).

The concentration of PLP was determined spectrophotometrically; the reported
extinction coefficients (ez95 = 6700 in 0.1 NHCl, e388 = 4900 M−1 cm−1 in 0.1 M sodium
phosphate, pH 7.0; and e388 = 6600 M−1 cm−1 in 0.1 N NaOH; Peterson and Sober,

1953) were used to determine an extinction coefficient in the standard TES buffer at pH

74 (eass = 5134 M-1 cm−1 at pH 7.4). Thiol concentrations were determined by

reaction with DTNB (Ellman, 1959).

Uv/vis difference spectroscopy: Absorbance spectra were obtained using a

Hewlett-Packard 8452A diode array spectrophotometer, and all spectra were corrected

for light scattering using the program SCATWAV supplied by Hewlett-Packard. UV/vis

difference spectra were obtained using two approaches. Method A provides a

spectrum which reflects the difference in absorbance between bound and free PLP,

and was used to determine Kö values for TS-PLP complexes. Equal increments of a

solution of PLP (or analogs) were added to 1.0 or 10.0 cm path length sample cuvettes

containing 6 or 0.6 pum enzyme, respectively, and to a reference cuvette containing

buffer. Absorbance spectra (250-600 nm) were measured, light scattering corrections

were made, and the spectrum of the reference cuvette was subtracted from that of the

sample cuvette. Method B yields composite spectra of bound and free PLP and was
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used when titrating PLP with enzyme, thiols, or amine. In this method, the absorbance

spectrum of an equimolar amount of TS, thiol or amine was subtracted from the

spectrum of a mixture of PLP and titrant. Titration data were fit to a modification of an

equilibrium binding equation which corrects for ligand depletion by the species being

titrated (Segel, 1975, Equation II-54, pp. 74).

Competitive replacement of PLP from a preformed TS-PLP complex was

typically accomplished as follows: A 1 cm path length cuvette containing 5.8 puM of TS

monomer was made 7.9 HM in PLP, resulting in an increase of ~ 0.025 in A328 due to

formation of the TS-PLP complex. duMP or dTMP was added to reverse the

absorbance change, and the decrease in A328 was plotted as a function of nucleotide

concentration and fit to a modification of Equation Ill-5 described by Segel (Segel,

1975, pp. 105) to obtain binding constants for duMP and dTMP.

Molecular Modeling. Modeling studies were performed using the Quanta

(Polygen/Molecular Simulations; Waltham, MA) and MidasPlus (Ferrin et al., 1988)

packages run on a Silicon Graphics Iris graphics workstation and used X-ray crystal

structures of the neutral form of PLP-dihydrate (refcode: PLPHYD10) (Fujiwara, 1973)

and dimeric TS bound to inorganic phosphate (Hardy et al., 1987, Finer-Moore et al., in

press). Throughout the study all atoms of TS were held fixed. We modeled the crystal

structure of PLP-dihydrate into the active site of the L. casei TS structure by first

superimposing the phosphate of PLP with the inorganic phosphate that is bound to TS

in the crystal structure. Then, using the phosphorous as an origin of rotation, we

manipulated the PLP-dihydrate to minimize the distance between the Cys 198 sulfur

and the dihydrate oxygens; it was possible to virtually superimpose either oxygen with

the Cys 198 sulfur. Complexes were then subjected to energy minimization using

CHARMM (Brooks and Karplus, 1983) and the parameter set, PARM30, as supplied in

the Quanta package. Initial minimization used a steepest-descents algorithm to
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remove close contacts, and then subsequent minimization used the Adopted-Basis

Newton-Raphson (ABNR) algorithm.

RESULTS

Interaction of PLP with Thiols and Amines. The reaction of thiols with PLP has

been reported to give thiohemiacetals with absorbance maxima at 328 nm (Buell and

Hansen, 1960); however, the reported data are insufficient to calculate equilibrium

constants. The reactions between PLP and the thiols BME and DTT (thiols commonly

used in the TS assays) were investigated by UV/vis difference spectroscopy. Figure

8.1A shows the UV/vis difference spectra of PLP titrated with BME in the standard TES

buffer. With increasing thiol concentrations, a differential absorbance maximum

emerges at 328 nm (Ae = 5460 M−1 cm−1) due to thiohemiacetal formation, and a
minimum appears at 388 nm (Ae = -4838 M-1 cm−1) due to the decrease of PLP
aldehyde. Both of these changes saturate at high thiol concentration. The spectra of

PLP in equilibrium with varying concentrations of BME show a well defined isosbestic

point at 347 nm, indicating the absence of detectable intermediates and side reactions.

Figure 8.1B shows a fit of the data which provides a Kö value of 35 mM. Similar

difference spectral titration of PLP with DTT shows Amax=328 nm (Ae = 5700 M−1 cm
'), Amin-388 nm (Ae=-4860 M-1 cm-1) and a single isosbestic point at 347 nm, the
Kö of DTT was 13 mM or 26 mM per thiol group. NMR spectra of PLP in D2O and TES

buffer pH = 7.4 showed that addition of 6 to 88 mM BME caused a titratable decrease

in the aldehyde proton resonance (10.4 ppm) as expected with thiohemiacetal

formation (Kö = 13 mM, data not shown).

Schiff base formation of PLP with O-amino acids has been extensively studied

(Heinert and Martell, 1963, Kallen et al., 1985). We used UV/vis difference spectra of

PLP with e-aminocaproic acid as a model for the interaction of PLP with the e-amino
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Figure 8.1 Interaction of PLP with BME. A) UV/vis difference spectra of PLP + BME

versus BME; the concentration of PLP was 59 HM and concentrations of BME were

varied from 0 to 568 mM. B) Change of A328 versus BME concentration. Points are

experimental and the line is a best fit to equation Il-54 from Segal (Segel, 1975).
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group of lysine residues. As shown in Figure 8.2, difference spectra show Amax at 276

nm (Ae = 3900 M−1 cm−1) and 426 nm (Ae = 3120 M−1 cm−1), Aminat 326 nm (Ae =
-1340 M−1 cm−1) and 368 nm (Ae=-1220 M−1 cm-1) and isosbestic points at 300 nm
and 389 mm. The Kd of the PLP-e-aminocaproic acid adduct was 26 mM.

Interaction between PLP and TS. When increasing amounts of wild-type L. casei TS

were added to a solution containing PLP, the UV/vis difference spectrum versus TS

(Method B) shows a Amax of 328 nm, and a Amin of 388 nm with an isosbestic point at

347 nm (Figure 8.3A). The decrease in absorbance at 388 nm is attributed to the loss

of the aldehyde chromophore of PLP and the increase at 328 nm to thiohemiacetal

formation. From spectra obtained at saturating concentrations of TS where all PLP

should be bound to one subunit of the dimeric enzyme, extinction coefficients for bound

PLP were calculated to be Aeg28 nm - 4670 M−1 cm−1 and Aegeanm --4670 M-1 cm−1.
Figure 8.3B shows the difference spectral titration of TS with PLP (Method A).

At concentrations of PLP up to about 25 puM, difference spectra show Amax = 328 nm,

Amin = 388 nm and an isosbestic point at 349 nm. At saturating concentrations of PLP,

and assuming both sites of TS are occupied, we calculate AE328= 5325 M-1 cm−1 and

Ae388= -4935 M-1 cm−1, both values are per monomer of TS. A plot of absorbance at

328 nm or 388 nm versus PLP concentration showed a Kö value of 0.5 + 0.2 piM with 2

mol of PLP bound per mol of TS dimer. In these measurements, data were fit to an

equation which compensates for ligand depletion by enzyme binding (Segel, 1975, pp.

74). Nevertheless, because the measured absorbance changes were small and the

experiments required TS concentrations significantly higher than the apparent Kö,

there was a possibility for error in the calculation of free ligand. We therefore repeated

the titration with PLP using a 10 cm path length cuvette and 0.6 p.m. TS; this gave a Ko

of 0.8 puM, which is close to the TS concentration used and thus verified the original Kö

value, the experimental approach and the approach for fitting the data.
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Figure 8.2 UV/vis difference spectra of 49 puM PLP + e-amino caproic acid versus e

amino caproic acid. The concentration of e-amino caproic acid was varied from 0 to 82

mM.
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Figure 8.3 Interaction of PLP with TS.A) UV/vis difference spectra of 5.5 mM PLP + TS

versus TS; the concentrations of TS monomer were varied from 0 to 63 HM. B) UV/vis

difference spectra of 6.2 MIMTS monomert PLP versus PLP; the concentrations of PLP

were varied from 0 to 26 puM.
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As the total concentration of PLP was increased above 20 puM, the isosbestic

point was disrupted, and a new peak emerged with Amax at 434 nm (Figure 8.3B). The

latter is attributed to formation of a Schiff base between PLP and one or more lysine

residues of TS. Using Schiff base formation between PLP and e-aminocaproate as a

model (KG = 26 mM), we calculate that only about 0.03 mol of Schiff base is formed per

mol TS dimer over the range of PLP concentrations used to calculate Kö values; we

therefore have not considered the possible effects of Schiff base formation on the

interaction of interest.

Interaction between PLP and TS mutants. We wished to unambiguously identify

which of the two thiols of L. casei TS, Cys 198 or Cys 244, was responsible for the 330

nm absorbance of the TS-PLP complex. In the fully active C244T mutant, the only

cysteine residue is the catalytic thiol Cys 198. Difference spectra of C244T TS plus

PLP versus PLP obtained by Method A are similar to those obtained with PLP and

wild-type enzyme with Amax = 328 nm and Amin = 388 nm (data not shown). A Ko

value of 0.8 + 0.2 plm was obtained from titration of the increase in absorbance at 328

nm, and at saturation, 2 mol of PLP were bound per mol of TS dimer. As with the wild

type enzyme, a red shift in the spectrum and a new peak at 434 nm is observed at

higher concentrations of PLP (>20 HM), and is attributed to Schiff base formation.

In contrast, difference spectra of C198ATS plus PLP versus PLP showed no

significant changes at low concentrations of PLP (< 20 puM); in particular there was no

differential absorbance at 328 nm (data not shown). At higher concentrations, a peak

at 434 nm appears, and is attributed to Schiff base formation between PLP and

enzyme amino groups. Similar results were obtained with the C198S mutant.

Interaction of PLP Analogs with TS. A summary of TS binding by the PLP

analogs investigated appears in Table 8.1. The phosphate of PLP has been implicated

as an important site of interaction with TS because pyridoxal, which lacks the

phosphate moiety of PLP, is a poor inhibitor of TS (Chen et al., 1989). We also found
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Table 8.1 Interaction of PLP and Analogs with L. casel Thymidylate Synthase

Compound Structure TS Binding

CHO

HO POAH
SS O’ 3, 2

PLP
Yºr Ka = 0.3 plM

CH3 N

CHO

HO CH Kd = 100 pum
- - SS 3. d

5-deoxypyridoxal Yºr Ki = 60 HMCH, CN

CHO

3-(4-formyl-3-hydroxy-2 HOS2's CO2H
-methyl-5-pyridyl)propionic acid | Ka = 60 pm

CH, ° N

CH2OH
HO O.,H • -

pyridoxol phosphate Yºrº
3, 2 K = 700 pmCH, ° N

175



that treatment of TS with pyridoxal (to 200 puM) did not give the characteristic

thiohemiacetal absorbance seen with PLP. However, since pyridoxal exists as a stable

intramolecular hemiacetal in solution (Nakamoto and Martell, 1959), its ability to form

an intermolecular thiohemiacetal with TS is compromised and the analog is not a valid

test of the importance of the phosphate group in the interaction. Thus, we examined

the interaction of 5'-deoxypyridoxal, which is missing the hydroxyl group of pyridoxal

and thus retains the aldehyde moiety in aqueous solution (Metzler and Snell, 1955).

The difference spectra of wild-type TS plus 5'-deoxypyridoxal versus 5'-deoxypyridoxal

(Method A) showed no change at ligand concentrations up to 20 puM. As the

concentration of 5'-deoxypyridoxal was increased to 500 puM, complex changes in the

difference spectra occurred which suggested both thiohemiacetal and Schiff base

formation (A\max = 328 and 434 nm, respectively). Titration of absorbance at 328 nm

occurred with a Ka of about 100 puM, wheras inhibition of TS-catalyzed dTMP formation

gave a Ki of 60 HM. We also have studied the binding of TS to the analog 3-(4-formyl

3-hydroxy-2-methyl-5-pyridyl)propionic acid, where the phosphate of PLP is substituted

by a carboxylate. Addition of this analog to TS gave spectral changes similar to those

induced by PLP, and titration of the 328 nm chromophore indicated a KG of 60 puM,

similar to the Ki obtained for the inhibition of TS by 5'-deoxypyridoxal. Thus, it appears

that the phosphate moiety of PLP provides about 2.8 kcal mol−1 of binding energy to

the TS-PLP complex.

We wished to assess the importance of thiohemiacetal formation for formation of

the TS-PLP complex. Pyridoxamine phosphate is a poor inhibitor of TS (Chen et al.,

1989); however, this may be due to untoward electrostatic interactions between the

enzyme and the protonated amino group (pKa = 10.7; Metzler et al., 1973). We

therefore reduced the aldehyde of PLP to obtain the alcohol analog, pyridoxol

phosphate, which is isosteric with pyridoxamine phosphate. This analog bound about

1400-fold poorer than PLP to TS as determined by its ability to inhibit the formation of
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dTMP (Ki =700 piM). Thus, the formation of the thiohemiacetal provides about 4.3 kcal

mol−1 of binding energy to the TS-PLP complex.

To investigate the contribution of the pyridine nitrogen of PLP to TS binding, we

examined N-methyl-PLP and found that it induced spectral changes similar to those

induced by PLP, and bound to TS with an approximate Kö of 1 AM.

Competition of PLP binding by duMP and dTMP. Figure 8.4A shows that upon

titration of the preformed PLP-TS complex with duMP the differential absorbance at

328 nm and 388 nm is completely lost. This indicates loss of the thiohemiacetal, and

reappearance of the aldehyde carbonyl upon displacement of PLP by duMP from the

TS-PLP complex. Figure 8.4B shows a replot of A328 as a function of added duMP

which yielded a KG of 0.5 pm for duMP; this value is in agreement with the Kia

determined from steady state kinetics, but some 10-fold lower than Km for dTMP

formation (Daron and Aull, 1978). Also, since 2 mol of PLP are bound per dimer of TS,

the complete displacement of PLP by duMP indicates that two binding sites per dimeric

TS are occupied by duMP in the absence of CH2H4folate; the alternate explanation

that binding of one mol of duMP per TS dimer displaces PLP from both active sites is

unlikely. A similar experiment was performed using dTMP, and indicated that two

molecules of dTMP are bound by the TS dimer with a KG of 1.6 HM.

Molecular Modeling of the TS-PLP Complex. The initial energy minimization of

the R and S forms of the TS-PLP complex resulted in similar conformations of the PLP

adduct (Figure 8.5). In the modeled structure, a thiohemiacetal has been formed

between Cys 198 and the PLP aldehyde, and the PLP phosphate is liganded by Arg

23, Arg 218, Arg, 178 and Arg 179 in a manner similar to that observed for the duMP

phosphate in the TS-duMP crystal structure (Finer-Moore, in press). Also within 3.5 Å

of any atom of PLP were Trp 85, Tyr 146, Leu 195 and Ser 219. It appeared that the

side chain methyl groups of Leu 195 could interact with the ■ t-electron system of the
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Figure 8.4 Interaction of duMP with PLP-TS complex. A) UV/vis difference spectra of

PLP-TS complex. The concentration of TS monomer was 4.4 puM and concentration of

PLP was 8.2 plM and the concentrations of duMP were varied from 0 to 60 HM. B)

Replot of the change of A328 versus duMP concentration. Points are experimental

and the line is a least-squares fit to equation Il-54 from Segel (Segel, 1975).
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pyridoxal ring. In the modeled structure of the R adduct, the hydroxyl of Tyr 146 was

within 3.6 Å of the thiohemiacetal hydroxyl group. With a small movement, it is
possible that these could form a hydrogen bond. No other obvious interactions

between PLP and TS were apparent.
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DISCUSSION

Molecular Modeling. It has been proposed that the inhibition of TS by PLP

results from formation of a TS-PLP complex in which the mono-phosphate ester of PLP

binds to the phosphate binding site of TS, and the aldehyde moiety forms a

thiohemiacetal to the active site thiol of L. casei TS (Chen et al., 1989). We

investigated whether the putative TS-PLP adduct was compatible with the 3

dimensional structure of TS and, if so, what other TS-PLP interactions might be

feasible. We modeled the crystal structure of PLP-hydrate into the crystal structure of

the active site of L. casei TS. When the phosphate moiety of PLP-hydrate was

superimposed with the phosphate in the TS-Pi structure, a thiohemiacetal could be

formed between the PLP aldehyde carbon and the thiol of Cys 198 without obvious

unfavorable interactions between the remainder of PLP and the enzyme. At this level

of modeling, there was a good fit with either the R or S configuration of the putative TS

PLP thiohemiacetal adduct.

Next, we investigated the range of conformational freedom available to PLP with

the constraints of a rigid protein, phosphate binding by Arg 23, 178, 179 and 218, and

thiohemiacetal formation with Cys 198. Thus, both the R and S configurations of the

PLP tethered to a rigid TS were subjected to energy minimization. The resulting

models placed the PLP in proximity of several side chains of the protein, in particular,

Trp 85, Tyr 146, Leu 195 and Ser 219. With exception of Trp 85, which is substituted

by asparagine in some species, all of these residues are highly conserved in TS (see

Perry et al., 1990). Further modeling studies were not pursued, and efforts were

directed towards determination of the crystal structure of the complex (in progress).
Model Studies. Reaction of PLP with thiols results in reversible formation of the

Corresponding thiohemiacetals with apparent Kg values of ~30 mM. The adducts show
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UV/vis absorbance difference spectra with a maximum at 328 nm characteristic of the

thiohemiacetal, and a minimum at 388 nm which results from loss of absorbance of the

aldehyde carbonyl group of PLP. Reaction of PLP with e-aminocaproic acid was used

as a model for the reaction of PLP with the e-amino group of lysine. This reaction

caused a differential absorbance peak at 426 mm which could be titrated (KG = 26 mM),

as well as changes at other wavelengths. The spectra of these model systems were

used to analyze the interaction of PLP with TS.

TS-PLP Interactions. The reaction of PLP with TS at pH 7.4 results in formation

of a new chromophore with a Amax at 328, indicative of a thiohemiacetal, and a

decrease in A388 indicating loss of the PLP aldehyde carbonyl. The Ae at both

wavelengths is approximately 5000 M−1 cm-1 which is very similar to the Ae observed
for model reaction of thiols with PLP; also, the amount of thiohemiacetal generated

corresponds to the amount of PLP reacted. The Kö of the TS-PLP complex is 0.5 puM,

which is similar to the Ki of PLP as an inhibitor of TS (Chen et al., 1989). At higher

concentrations of PLP, a high wavelength peak appears at 434 nm which suggests

Schiff base formation with primary amines of the protein such as the e-amino group of

lysine residues. However, the Kö for Schiff base formation is high, and we calculate

that only about 3% of TS is involved in Schiff base formation at concentrations of PLP

required to saturate the high affinity site.

There are two cysteine residues in L. casei TS which could, in principle, give rise

to the thiohemiacetal absorbance: Cys 198 which is the catalytic nucleophile, and Cys

244 which is remote from the active site. Treatment of the C244T mutant, which is as

active as wild-type TS, with PLP results in a UV/vis difference spectrum that is almost

identical to that of the wild-type TS-PLP complex, with the similar Ka of 0.8 puM. Thus,

Cys 244 of TS is not responsible for the thiohemiacetal absorbance at 328 nm. In

Contrast, the inactive C198A and C198S mutants do not show the peak at 328 mm

when treated with PLP, but do show the changes associated with Schiff base formation
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at high PLP concentrations. We conclude that Cys 198 of TS is solely responsible for

the 328 nm absorbance assigned to thiohemiacetal formation with PLP, and is

associated with high affinity binding.

Evidence that further supports the idea that PLP is bound to the active site of TS

are the observations that PLP is a competitive inhibitor of TS with respect to duMP

(Chen et al., 1989) and, as shown here, that PLP can be completely displaced from TS

by either duMP or dTMP. When the TS-PLP complex is treated with the substrate

dUMP, there is a concentration dependent loss of absorbance at 328 nm which

provides a Kö for duMP of 0.3 HM. This is in agreement with the value obtained by

steady state kinetics (Daron and Aull, 1978), and by titration of duMP-induced changes

in the circular dichroism spectrum of TS (Leary et al., 1975), but about 10-fold lower

than that obtained by equilibrium dialysis (Galivan et al., 1976); we do not know the

reason for this discrepancy. Further, the differential absorbance of the TS-PLP

complex is completely lost with saturating duMP, showing that the substrate displaces

both molecules of PLP from the dimeric enzyme. The TS-PLP complex can likewise be

completely displaced with dTMP. In this laboratory, displacement of the TS-PLP

complex serves as a convenient spectrophotometric assay for competitive binding of

ligands which occupy the nucleotide binding site of TS (Liu, In Press).

Importance of PLP functional groups for TS binding. In accord with the putative

importance of thiohemiacetal formation in the TS-PLP complex, reduction of the

aldehyde moiety of PLP to the alcohol, giving pyridoxol phosphate, resulted in a

decrease in binding of about 1400-fold, or about 4.3 kcal mol−1. The importance of the

phosphate ester of PLP in binding to TS was demonstrated by showing that 5'-

deoxypyridoxal (Ki = 60 puM) and 3-(4-formyl-3-hydroxy-2-methyl-5-pyridyl)propionic

acid (which substitutes a carboxylate for the PLP phosphate and binds to TS with a Kö

of 60 piM) are ~120-fold poorer inhibitors than PLP. Thus, about 2.8 kcal mol−1 in

binding energy can be attributed to interactions between the enzyme and the
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phosphate of PLP. Summation of the binding energies attributed to enzyme-phosphate

interactions and thiohemiacetal formation predicts a Kö for the TS-PLP adduct of ~6

HM, 10-fold higher than the experimentally observed value for PLP, and suggests that

~1.4 kcal mol−1 of binding energy arises either from other enzyme-PLP interactions or

from the reduced entropy of having both a phosphate and an aldehyde moiety on the

Same molecule.

Implications for Drug Design. A knowledge of the interaction of PLP with TS

may provide insights into approaches for the design of a new class of inhibitors which

do not resemble the substrates of the enzyme. It is clear that the phosphate and

aloehyde moieties of PLP are important to binding. Unfortunately, the necessity for the

phosphate group may be problematic in drug design, since phosphate mono esters do

not readily penetrate cells. To overcome this it would be necessary to (a) design a pro

drug analog of PLP which is converted to a phosphate in vivo, (b) find a mimic for the

phosphate group, or (c) enhance binding elsewhere on the molecule so the phosphate

can be omitted. In contrast, although formation of the reversible thiohemiacetal

between PLP and TS is crucial for high affinity, even more favorable covalent bonds

can be envisioned with analogs containing carbonyl groups with greater propensity for

covalent bond formation with Cys 198. For example, this might be achieved with

electron withdrawing substituents on the carbonyl carbon or pyridine ring. We do not

know whether the pyridine ring of PLP is important for binding to TS, although We think

it plays some role. An understanding of the interaction of the PLP pyridine moiety with

the enzyme may permit design of even more potent inhibitors of TS, either by

optimizing favorable interactions, or by using the heterocycle as a scaffold for other

groups which may interact favorably with the enzyme. Towards this end, efforts are

being directed towards solution of the X-ray structure of the TS-PLP complex.

Finally, an issue not addressed in this work which must be considered is

whether there is any physiological relevance to the binding of PLP to TS.
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Appendix I: Fitting Enzyme Kinetic and Equilibrium Equations Using
Kaleidagraph for the Macintosh

Contributor: Chris Carreras

References: Jencks, W. P. (1969) Catalysis in Chemistry and Enzymology.
New York, McGraw-Hill Book Co., Chapter 11.

Segel, 1975 Enzyme Kinetics: Behavior and Analysis of Rapid
Equilibrium and Steady State Enzyme Systems.

Kaleidagraph 3.0 Abelbeck Software 1993.

Principle: To avoid errors associated with linear replots of kinetic equations, data are
fit to non-linear equations describing model systems. This is done using the program
Kaleidagraph for the Macintosh. The user selects an equation which decribes the
behavior of the model system, supplies the experimentally determined data, and initial
guess for the constant being determined. The program will find values for the curve fit
parameters which best fit the data in the context of the model chosen. Since
Kaleidagraph uses derivatives of the kinetic equations to determine optimal values for
the curve fit parameters (kinetic constants), good initial guesses will help avoid errors
caused by "local minima" which prevent correct determination of the constants.

Library of kinetic and equilbrium equations:

The title is the name of the file and indicates what experiment is being done and
describes what is being plotted. Following the title is a duplicate of the curve fit file as it
is saved, and includes the actual equation, certain derivatives of the equation, a brief
description of how to use it, and a reference. Following each file is a plot that illustrates
the use of the equation.
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AA vs Iligandkot Titration:

(( (m2 + MO +ml) - (sqrt{(m2 + MO + m1)^2 - (4 * m2 “mo))))/2)+m3; mí = 25, m2
= .4; m3 = 0
1

MO

Use this equation to determine apparent dissociation constants for active site titrants in
experiments where the total protein concentration is relatively high such that
[titrant]free * (titrant]total.

Plot: (total titrant] vs. AA
Reference: Segel ENZYME KINETICS (1975), pp. 73-4. Eq II-53b

MO is the concentration of total ligand added (the x axis).
m1 is the apparent dissociation constant.
m2 is proportional to the total concentration of enzyme. This is the endpoint.
m3 is the offset of the hyperbola. This corrects for error in the measured

absorbance when no ligand is added. This should be close to zero.

Example:

Titration of L casei TS with PLP
O.O5 - O

O.O4 -

O.O3 -

co y = (( (m2 + MO +ml) - (sqrt{(m2 + MO + m1)^2
§ 0.02 - - (4 * m2 * mo))))/2)+m3
< -

m1: 1.7988470793
m2: O.O51 O63686609
m3: 4.9345536990e-19

O.O.1 - r: O.98869083938

O 1––––H––––H––––H––––H––––.

O 5 10 15 2O 25

[PLP]uM
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Spectral Titration Curve Fit:

( (0.94+ M0 +ml) - (sqrt{(0.94 + MO + m1)^2 - (4 * 0.94 * mo))))/1.88; mí = 2
1

MO

Use this plot to determine an apparent binding constant for an active site titrant.
Plot: (total inhibitor] vs.AA/AAtotal. Fractional changes in other measured properties
can also be plotted. Note that you need to know the endpoint to use this equation, and
that the y axis must vary from 0 to 1. Y values greater than 1 will result in spurious
results.

MO is the total concentration of inhibitor.

m1 is the dissociation constant for this inhibitor.

The total concentration of enzyme is 0.94 p.m. WHEN USING THIS CURVE FIT, IT IS
NECESSARY TO INPUT THE ENZYME CONCENTRATION:

1) Change the three 0.94s in the equation to the concentration of enzyme in
your titration.
2) Change the 1.88 to twice the concentration of enzyme used in your
titration.

Beference: Segel ENZYME KINETICS pp. 73-4.
Example:

Titration of L. casel Ts with Pyridoxal Phosphate (PLP)
o

O.8 -

O.6 -

*
- y - ( (0.94 + MO +ml) - (sqrt{(.94 + MO + m1)^2O.4 - (4 *.94 * mo))))/1.88

m1: 1.2947.665453
r: O.988O7776421

O.2 "

0 7–r——r——r—r——
O s 10 15 2O 25

(PLP) ºm

Note that this is the same data that was used for the AA vs [ligand]tot plot, and the
result is slightly different

190



Comp inhibition I vs Ill:

mO/(mC+(m1*(1+(92.5/6)))); m1=16
1

MO

Used to determine Ki for a competetive inhibitor
Plot: fraction of inhibition, i vs. (Inhibitor]

The traction of inhibition is given by: i =(1-tº )Vmax
Reference: Segel (1975) pp 105 (eq Ill-5)

mo = [inhibitor] (x axis).
m1 = Ki.
In this case, 92.5 is the [Substrate),
and 6 is its Km

Example:

K of duMP on wild-type Ts-catalyzed
1 — dehalogenation of 5-BrdUMP (CWCIV.53)

O.8 -

# 0.6 -
:
£ -

: 0.4 H y - mo/(mo-(m 1*(1+(92.5/6))))
.2 m 1: 3.1758 174896

§ r: O.9998.70689.08
O.2 -

r—T-----T—T-----T——

O 50 1 OO 150 2OO 250
(dUMP) (uN)
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Comp inhibition V1 vs III:

m2°(1-(m)/(m)+(m1*(1+(92.5/6)))))); m1=16; m2=.00035

Used to determine Ki values for competetive inhibitors.
Plot: Vi against [inhibitor]

Beference: Segel (1975) pp 105 (eq Ill-5)

MO is the concentration of inhibitor (x axis).
m2 is Vmax (in the absence of inhibitor).
m1 is Ki.
In this case, 92.5 is the Concentration of Substrate used, and
6 is the Km of that substrate

KI of duMP on wild-type catalyzed
O.OOO1 6 - dehalogenation of 5-BrduMP

# O.OOO14

§ 0.00012 :
y - m2°(1-(mo/(mo (mi"(1+(92.5/6))))))

D 1.O 10°
- m1 3.13440.728.19

- m2. O.000141085562O6

>T 8.O 10° - r: O.9998.39756.23

6.0 10° 4

4.0 10° -

2.0 10° --------------------,-,-,-,-,
O 50 1OO 150 2OO 250

(dUMP) (1M)

Note that this data is from the same as was used to make the i vs (dUMP) plot, and the
result is similar.
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Exponenti ir rCier Pr increasin

m1*(1-exp(-(m2/m3)*(1-exp(-m3°MO)))); m1=19000; m2=.01; m3 = .01

Used when first-order inactivation of an enzyme occurs during the measurement of a
first-order process catalyzed by the enzyme.
Plot: Increase in absorbance, bound dpm, or other property as a function of time.

M0 = time (x axis).
m1 =Total change in the measured property at the endpoint.
m2 = First order rate constant for loss of activity.
m3 = First order rate constant for the catalyzed reaction.

Reference:

Example: This equation may be used to model an enzyme-catalyzed exponential
increase which is accompanied by a first order decrease in enzyme activity.

V316Am catalyzed tritium release from
-

[5-3H, 2-"CldUMP
|-

60 * - 2.5

50 "

5 - 3.5
3.
3 40 *

#
- - 4.5

- ºCl. - P- -

> 30 o
m) -

S. * 5.5

20 * y = m1°(1-exp(-(m2/m3)*(1-exp(-m3"MO)))) |-
m1: 100.38460541

m2: 0.090674191713 - 6.5
10 m3: 0.062760308385 -

r: 0.99977914496 |-

O m u in I-n- sº u T I T -----—I-r {A u n 7.5
O 5 10 15 20

Time (h)
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ExDOnential Incr

m1-(m2"exp(-m3°M0)); m1 =.85; m2 =.03; m3=.002

Used to determine pseudo-first order rate constants and endpoints for first-order
processes.
Plot: Increase in absorbance, bound dpm, or other property as a
function of time.

M0 = time (x axis).
m1 = endpoint; absorbance at t=infinity or total bound dpm at infinity.
m2= total change in absorbance or bound counts.
m3= first Order rate Constant.

Reference: Jencks, Catalysis in Chemistry and Enzymology (1969) pp. 557.

Example:

Absorbance change which accompanies
0.1 r Ternary complex formation by V316Am TS

-
CWCIV.84 data

0.08 H

à
-< 0.06 E

<!

|- = m1-(m2"exp(-m3"MO
0.04 ...”)

m2: O.O842OO30O276
m3: 0.002364.2652668

0.02 r: O.9975521.8987

O
i - A. 1. 1 1 1.

O 200 400 600 800 1000 1200 1400

Time (sec)
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Michaelis Menton equation Curve:

m1°m0/(m2+m0); m1=206-9;m2=30e-6
1

MO

Used to determine Km and Vmax of an enzymatic reaction.
Plot: Vi vs. [S] for an enzymatic reaction.

m0 = The Substrate concentration. (x axis).
m1= Vmax.
m2= Km.

Reference: Fersht, A. Enzyme Structure and Mechanism. (1977) pp. 100.

Example:

V316Am Catalyzed Dehalogenation of BrduMP
0.006 T CWCIII.55

O _ — — — "

6" - - O-

0.005 T - T
.”

O ~
AC

0.004 T /
.s: /
E
º /

§ /-
/9 y - mi"mo■ (m2 + mo)

0.003 / m1: 0.006.4675444.737

/ m2: 18.1 18330002
/ r: 0.98255256646

/
0.002 T )

|
0.001 I T T T n I l

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0

[BrdUMP) MM
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Heterodimer Titration:

(2°m1 * (0.124 * MO) )/(0.124 + MO); mí-.03

Used to determine the specific activity of an active heterodimeric enzyme formed from
two different inactive mutant monomers. The concentration of One mutant is held

constant, and is unfolded and refolded in the presence of increasing concentrations of
the Second mutant.

Plot: Specific activity vs. [Second subunit added] (monomer)

MO is the concentration of the second subunit (monomer) added to the cuvette (x axis).
m1 is a curve fit parameter that represents the specific activity of the purified
heterodimer. This is the y value of the horizontal asymptote,the maximum activity
obtained when all of the constant subunit exists as the heterodimer.

0.124 is the micromolar concentration of the constant subunit IN THE CUVETTE, and
needs to be changed for each experiment. It is also possible to change this to another
curve fit parameter (m2) and solve for the concentration of the constant subunit. The
value obtained by this method should be close the value obtained from the by direct
measurement.
Example:

5 - Titration of 0.08 plM C198A with R178F

4 - O

|

C 3 -
E
>
E.

'S 2 - y = m1°m0/(0.0808+mo)
m1: 5.82456398.01
r: 0.99586.343858

1 -

O r——T----T—H------———

O 0.05 0.1 0.15 0.2 0.25

[R178F um
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Iltration of S with E:

( (mo + .145 +m1) - (sqrt{(m) + .145 + m1)^2 - (4 * m0 °.145))))/2; mí = 2
1

MO

Use this equation to determine an apparent binding constant for an enzyme-titrant
complex

Plot: (Complex] vs. (total ENZYME]
M0 is the total concentration of Enzyme (x axis).
m1 is the dissociation constant for the substrate.

The total concentration of substrate in this example is .145 HM. WHEN USING THIS
CURVE FIT, IT IS NECESSARY TO INPUT THE SUBSTRATE CONCENTRATION:
To do this, change the three 0.145 s in the equation to the concentration of substrate in

your titration.

Reference: Segel, ENZYME KINETICS pp. 73-4.
Example: Titrate RUMT with trºNA

1.2 Xiang Rong Gu's 1993
titration of t with RUMP

i
o 500 1000 1500 2000 2500

[RUMT) (MM)
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A nCix II: ntitation of Formaldeh ind Nash Readen

Contributor: Chris Carreras

References: CWCII.74, Nash, T. (1953) Biochemistry Journal 55, pp. 416. READ
THIS PAPER BEFORE PROCEEDING!

Modified: January 22, 1991

Checked By: Nobody! You'd better check it if your want to use it!

Principle: Formaldehyde is quantitated by its reaction with acetylacetone and

ammonium ion to form diacetyldihydrolutidine (DDL) which is colored (Amax =412 nm):
O O

CH2
O O O 2

J. : JJ ºr —-
H H 22

NH
+

Amax = 412 nm

Preparation of Stock Nash Reagent: Prepare Nash Reagent in glass. Avoid plastic

tubes such as 50 mL Falcon tubes since plastic contains traces of something that

reacts with the reagent and turns it slightly yellow, giving the assay an unnecessarily

high background absorbance. Since Nash Reagent is so easy to prepare and since

day-old reagent produces sub-optimal results, Nash Reagent should be prepared on

the same day it is used.
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Reagent [Stock] Vol. added [Final]

Ammonium Acetate, pH 6 w/ 2.0 M 50.0 mL 2 M

glacial HOAC

Acetylacetone 0.5 M 0.1 mL 1 mM

(Kodak) (undiluted)

Total: 50.1 mL

Procedure:

1) For each assay mixture, combine 1 mL Nash Reagent with 10-100 mL of the

formaldehyde solution being assayed in a glass test tube. Note the final volume of

each assay mixture. The amount of formaldehyde added should be between 20 and

200 nmoles. Higher concentrations of HCHO will result in the precipitation of DDL

crystals from the assay mixture. Lower concentrations of HCHO may be detected, but

require longer reaction times and yield low absorbances which are inherently

inaccurate. Include triplicates of each assay, and controls in which an equivalent

volume of water or buffer is added to the Nash Reagent.

2) Incubate the solution for 1 h at 37°C. Be consistent with incubation times.

3) Measure the absorbance of the solution at 412 nm. Use unreacted Nash Reagent

as the reference. The amount of formaldehyde (moles) that were added to the reaction

mixture is the same as the number of moles of diacetyldihydrolutidine (DDL) produced

upon completion to the reaction. The amount of DDL formed may be deduced from its
concentration which is calculated from the absorbance data using eat 2 = 8,000 M

1 cm−1.
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Sample calculation: 100 pil of formaldehyde solution (1,000 fold dilution of formalin)

is reacted with 1 mL of Nash Reagent for 1 hr. at 37°C. The absorbance at 412 nm is

measured against a Nash Reagent blank and found to be 1.053 AU.

A412 * Vol. Assayed = 1,053 AU * 0.1 mL = 13.3 mM HCHO

8412 Final Vol. 8,000 M−1 cm-l 1.1 mL

The concentration of the formaldehyde solution that was added to the reagent is 13.3
mM.

Accuracy: Though this assay is sensitive (detects 10 nmoles HCHO), in its present

form it is not extremely accurate, and A412 is not always linear with [HCHO) as would

be desirable. This problem can be easily solved by creating a standard curve using

formaldehyde solutions of known concentrations.
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Appendix Ill: Detection of 3H and 14-C Containing Bands on SDS-PAGE

Contributor: Chris Carreras

Reference: Chamberlain, J. P. (1979) Anal. Biochem. 98, 132-135. CWCIll.93.

Modified: May 6, 1991

Checked By: Jim Kealey

As little as 1000 dpm of tritium may be visualized on SDS-PAGE using the

following method. As with most radioactive experiments, more radiation is better, and

will reduce your exposure time substantially. This method uses sodium salycilate as

the "fluor", which interacts with low level emissions for 3H and 14C to convert them into

photons which are detected with X-Ray film. Sodium salycilate is a highly water

Soluble, efficient fluor. The major advantage of this procedure over commercial

preparations is that the cost is 100-1000 fold less expensive. To date, I have not

found any disadvantages.

Procedure:

1) Run your gel -- try to get several thousand dpm bound to each band you want to

visualize. The practical minimum is about 1000 dpm of 3H, though you can try less

and increase exposure times accordingly. An ideal amount is 10,000 dpm/band.

2) Stain your gel with coomassie brilliant blue, as described in the SDS-PAGE

protocol. Avoid unnecessarily long staining times, 1-2 h is more than sufficient.

Remember, a small amount of counts are lost at this step.
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3) Destain your gel, as described in the SDS-PAGE protocol, including Kim- Wipes to

absorb excess stain. Avoid unnecessarily long destaining times, 3 hr should be

enough. Remember, a small amount of counts are lost during this step.

4) Rinse your gel with distilled water, then soak it in distilled water for several (~2) min.

5) Soak your gel in 1 M sodium salycilate for 30-45 minutes. Increased soaking times

will result in a loss of resolution-- Coomassie stained bands will broaden and eventually

fade. 1 M sodium salycilate is prepared by dissolving 160 g of solid sodium Salycilate

in distilled water to give a final volume of 1 liter. The solution is then filtered using

Whatman I filter paper to remove particulates. The final reagent has a yellowish color,

and may be used for months (at least).

6) Dry your gel onto Whatman 3mm paper using the Bio-Rad gel drier. 80 °C for 1.5-2

h should be sufficient to completely dry the gel. Do not break the vacuum until the gel

is dry. Do not allow anyone else to break the vacuum during this time!!! Be firm.

Breaking the vacuum may result in severe cracking of your gel and the need to start

over again tomorrow (or tonight).

7) Place two dots of radioactive ink on the paper to one side of your gel, and one dot

to the other side. This is so you can align the developed autoradiogram with the

coomassie stained samples and MW standards. Radioactive ink may be made by

mixing ink with an inexpensive 3H or 14C containing compound or nonvolatile waste.
Each pull should contain between 3,000 and 10,000 dpm.

8) Expose the dried gel to XAR-2 X-ray film at -80 °C. The length of time you need to

expose is related to how much radioactivity is on the gel. For 1,500 3H dpm, you must
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expose for at least 17 days. 10,000 3H dpm may be detected after exposure for as
little as 3 days. 14C containing bands should be more easily detected, and will require
approximately 75% of the exposure time required for 3H. I have not compared 3H and
14C directly, and anyone who does should append this protocol accordingly.
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A nCix IV: HPL ration of Nucl i nd Nucleotide

Contributor: Chris Carreras

Reference: CWCIII.37, CWCIII.42

Modified: July 13, 1990

Checked By: Jim Kealey, Pat Greene

Principle: Many nucleotides and nucleosides can be separated by HPLC using a C-18

Column. Isocratic separation of nucleotide monophosphates is possible using a buffer

containing 5 mM KH2PO4 pH 7.0/KOH; 5 mM tetra-n-butylammonium sulfate; and 10%

v/v acetonitrile. The negatively charged nucleotides form ion pairs (salts) with

positively charged tetrabutylammonium (TBA) ions. It is through the hydrophobic TBA

Counterions that the nucleotides interact with the Column. These interactions are

weakend in the presence of acetonitrile. Longer retention times and higher resolution

may be achieved by using a lower percentage of acetonitrile. Retention volumes for

Some commonly used nucleosides and nucleoside monophosphates in this buffer

system using a 4.6 mm x 25 cm Beckman Ultrasphere IP column are shown below,

these will vary but the order of elution should not change:

Nucleotide(side, EV (CWCIll.42)

d'U 4 ml–

du MP 10 mL

CTMP 12 mL

FCUMP 13 mL

BrOUMP 18 mL
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Nucleoside diphosphates (common contaminants of chemically phosphorylated

nucleotide monophosphates) may be eluted by using a gradient from 10% to 60%

acetonitrile over 30 min after the isocratic elution of nucleosides and nucleoside

monophosphates is complete (15-20 mL).

Materials: All reagents described in this procedure, including the nucleotides and

nucleosides may be obtained from the Sigma Chemical Company. Milli-Q water was

used for all buffers. A 4.6 mm x 25 cm Beckman Ultrasphere IP column was obtained

from Rainin.
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Stock Solutions:

Buffer A; 5 mM KH2PO4 pH 7.0/KOH; 5mm tetra-n-butyl ammonium sulfate; and 10%

v/v acetonitrile:

In a 1L graduated cylinder, mix together the following reagents, in order:

Beagent [Stockl Vol. [Finall

KH2PO4 1 M 5 mL 5 mM

TBA SO4 1 M 5 mL 5 mM

acetonitrile 1 M 100 mL 10% V/V

ddh90 975 mL

KOH 10 N ~0.25 mL----->pH7.0 (titrate)

dqH20 to give a final volume of 1000mL

Buffer B; 5 mM KH2PO4 pH 7.0/KOH; 5mm tetra-n-butyl ammonium sulfate; and 60%

v/v acetonitrile:

Beagent [Stockl Vol. [Finall

KH2PO4 1 M 5 mL 5 mM

TBA SO4 1 M 5 mL 5 mM

acetonitrile 1 M 600 mL 60% V/V

ddh20 925 mL

KOH 10 N ~0.25 mL----->pH 7.0 (titrate)

doH20 to give a final volume of 1000 mL

After adjusting the pH of these buffers, they should be filtered (0.22pm) and degassed.

Immediately prior to and during chromatography, the buffers should be sparged with

Helium (Argon is 2nd choice) to increase the miscibility of the two buffers, and to
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prevent formation of bubbles in the system which may be caused by pressure

differences within the system.

Procedure:

Flow rate is 1 mL/min; Monitor A260mm

1. Condition column by running several blank gradients and by washing with ~100 mL
Buffer B.

2. Equilibrate column with buffer A.

3. Inject sample.

4. Continue 1 mL/min flow of Buffer A until mononucleotides elute (within 25min).

5. If detection of dinucleotides is desired, ramp to 100% Buffer B

Over the next 30 min.

6. Reeduilibrate column with 5-10 mL Buffer A.

Comments:

Column Conditioning and Equilibration: New columns or columns that have not been

used for several years should be conditioned by washing overnight (0.2mL/min.) with

100% methanol (HPLC grade). The column should then be washed with ca. 100 mL of

buffer A, followed by a fast (~5 min) gradient to 100% buffer B. The column should be

washed with buffer B until no UV absorbing material elutes (>30 mL), and then a fast

gradient should be run to 100% buffer A. This A-->B-->A washing procedure may be

repeated several times if necessary in order to completely clean the column. A clean

column is necessary for good results! Time saved here will be lost later if the column is
not clean.

Samples: Samples should contain between 5-50 nmol of each nucleoside to be

separated. Smaller amounts are detectable if a sensitive detector is used. The sample
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volume should be 50 pil, this can be easily accomplished by mixing several microliters

of sample with buffer A to make a total of 50 pil.

Sample Detection: When monitoring A260, for each nmole of nucleoside or nucleotide

eluted, 5-20 mAU will be detected. This varies with the absorption maximum of the

particular nucleotide, and with the volume in which the peak is eluted. Good peaks

elute in 1 mL or less.

Variation Between Columns: There is variability between different C-18 columns, so

retention times reported here may be slightly different when a different column is used.

Feel free to vary the amount of acetonitrile in Buffer A, the amount used in similar

systems reported in the literature varies from 0 to 10%, and RVs for duMP are as large

as 40 mL in some of these systems. Remember that RVs are inversely proportional to

the amount of acetonitrile in the elution buffer.
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A nCix V: trophotometric Active Site Titration Of Thymidylate SVnth

with FGUMP

Contributor: Chris Carreras
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Modified:9/22/91

Checked By: Several people, none of which will admit to it.

Principle: Thymidylate synthase is titrated with successive additions of FaumP. The

ternary TS-FoumP-CH2H4folate complex has an increased absorbance at 330 mm

relative to the unliganded enzyme. Knowledge of the Aeg20 for the complex allows the
determination of the fraction of enzyme. This constant is 17,700 M-1cm−1 for wild-type

L. casei TS (reference 1) and may be obtained either from the slope of the titration

curve at subsaturating concentrations of FduMP, or from the total absorbance change

and the enzyme concentration.

Materials:
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Buffer: The preferred buffer is described in the second reference and has the following

composition:

50 mM TES, pH7.4/KOH

25 mM MgCl2

1 mM EDTA

6.5 mM formaldehyde

5 mM DTT

We refer to this buffer as TES/DTT buffer. This should be prepared as a 2x stock

(double the above concentrations), purged with N2 (or other inert gas), and frozen in 5

10 mL aliquots. Once an aliquot has been thawed it should be discarded. Though a
careful study has not been done, I have not detected any problems caused by the

storing the buffer up to several months in the freezer. Note the major difference

between this buffer and the normal kinetic buffer is the substitution of 5 mM DTT for 75

mM BME. Since DTT is a more powerful reducing agent than BME less is needed,

significantly reducing the total absorbance of the solution in the region between 220

and 260 nm.

Ihymidylate Synthase: This procedure has been developed for wild-type L. casei TS,

but has also been used for mutants (V316Am, CWCIII), and P. carniiTS (UE, 1989).

Since the final concentration in the cuvette before adding FCUMP is ca. 6 piM, your

stock should be about 60-120 puM (4-9 mg/mL) to make the addition between 50 and

100 pil. The final enzyme concentration in the cuvette should be measured

spectrophotometrically during the experiment as described below.

EdUMP: Is obtained from Sigma. You should have two stock solutions, one that it is

approximately 350-500 um and one that is approximately 750-1000 H.M. These stocks
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should be quantitated immediatly prior to use; since knowing these concentrations is

very important to your result, care should be taken in measuring them, dilutions and

previous labels should not be trusted.

CH2H4folate: For optimal results, use the purest (6 R)-CH2H4folate available, but be
advised that it is very diffucult to obtain and for initial experiments less pure (6 R)-

CH2H4folate may be used. The racemate (6 R,S)-CH2H4folate should be avoided

because the presence of the nonactive isomer will double the absorbance in the region

surrounding 300 nm, thereby making absorbance changes due to complex formation

more difficult to quantitate. Your stock (6 R)-CH2H4folate should be approximately 500

HM; its concentration needn't be measured immediatly prior to the experiment, so long

as you have a pretty good idea of what the stock concentration is (e.g. by dilution of a

more concentrated stock).

Procedure:

Reaction mixture: Your final reaction mixture (called the minus mix because it lacks

FoumP) will contain the following concentrations:

TES/DTT 1X

Enzyme 6p1M

(6 R)-CH2H4folate 12-25p1M

The concentration of (6 R)-CH2H4folate used should be the minimum that allows

saturation of the enzymes active sites with a near stoichiometric amount of FoumP.

A sample reaction mixture suitable for wild-type L. casei TS may be:
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minus mix

NB:# Reagent [Stock] (uM) Vol [Final] pm

cwciv.28 TES/DTT 2.0 SOO 1x

cwciii.33 V316Am 140.0 45 6.3

CwcIV.31 1 OFD (6R) MTHF 514.0 25 12.9

H2O 430

TOTAL: 1000

Mutants that are able to bind CH2H4folate as well as wild-type (as evidenced by, for

example, folate Km) should behave well using the above condition, otherwise, modify

the concentrations accordingly.

Spectrophometer Setting: Wavelength range 220-600 nm

Integration time 5 seconds

Select the overlay spectra mode.

Note that high wavelengths are collected for use in the light scattering correction

subsequent to data collection.

Zero the instrument: In a clean' 1.5 mL quartz cuvette mix together the water and the

2x buffer. Place the cuvette in the spectrophotometer and measure a blank spectrum.

A subsequent scan of the same sample should be near zero at all wavelenths. Avoid

removing the cuvette for the remainder of the experiment.

1 Cuvettes may be cleaned by soaking them overnight in 50% concentrated Nitric
acid, rinsing and gently scrubbing with a Q-tip. A clean cuvette really helps this
experiment.

º

º

*-
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Measure a spectrum of the enzyme: Add enzyme to the Cuvette, and mix with a mixing

stick. Measure a spectrum of the enzyme, and note the absorbance at 278 nm and the

total volume of the reaction mixture. With this information, we have relatively precise

knowledge of the protein concentration in the cuvette throughout the experiment. Note

that for wild-type L. casei TS e278 = 126,500 Mdimer'cm−1.

Add CH2H4folate and measure the baseline spectrum. Add CH2H4folate to the

cuvette, and mix with a mixing stick. The total volume should now be 1 mL; measure

the spectrum several times. When you are satisfied that it is not changing (any

spectral changes will be complete almost immediately after mixing), save your baseline

spectrum. The name chosen should include your notebook page number (e.g.

CWCIV22A, the "A" indicating that this is the first spectrum in the series).

I■ trate the enzyme with FCUMP. Add a small amount of the less concentrated FCUMP

solution. (e.g. add 5 pil of 500 puM FoumP). Mix with a mixing stick and take a

spectrum. Keep taking spectra until there is no further increase in A330. When there is

no further change in A330, save the spectrum (e.g. CWCIV22B). For wild-type L. casei

TS the change occurs relatively quickly, and is more than 99% complete within 5

minutes. Mutants may take longer to reach equilibrium, for example when titrating

V316Am TS with FoumP, it was necessary to wait approximately 45 minutes for the

changes to stop. Be on the lookout for slow binding mutants and make sure you wait

for spectral changes to complete before saving the spectrum. A decreased kcat is one

possible early indication that the mutant may be have a reduced FoumP binding rate.

When there are no further spectral changes and you have save your spectrum, make

another addition of FCUMP, and repeat the process of monitoring absorbance changes

before saving a spectrum. A sample titration table might look something like this:

213



spectrum

number

CWCIV.37A

CWCIV.37B

CWCIV.37C

CWCIV.37D

CWCIV.37E

CWCIV.37F

An excel spreadsheet containing the above information ("Titration Worksheet") is

available and may be used to calculate dilution factors. Note that the listed final

cwciv.65

FCUMP dilution

CWCIV.37C

CWCIV.37C

CWCIV.37C

CWCIV.37C

CWCIV.37A

CWCIV.37A

vol

[stock] added [final]

471.0 10 4.7

471.0 10 9.2

471.0 10 13.7

471.0 5 15.9

3797.0 10 52.1

3797.0 15 105.1

Concentrations of FCUMP are dilution factor Corrected.

total vol.

added

10.00

20.00

30.00

35.00

45.00

60.00

total

vol.

1010

1020

1030

1035

1045

1060

minus mix

dilution

factor

0.9901

0.9804

0.9709

0.9662

0.9569

0.9434
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Data Analysis:

Preliminary analysis: Divide the A330 obtained in each spectrum by the dilution factor

and plot A330 as a function of FoumP concentration. This will provide a preliminary

assessment of the data without correcting for light scattering.

Light Scattering correction: This procedure is detailed in a Seperate protocol written by

Tony Tan and myself. All spectra should be corrected, and the corrected A330s should

be tabulated, divided by the appropriate dilution factor, and plotted as a function of

FCUMP concentration.

Comments: This same procedure may also be used for titrations with nucleotides or

analogs that bind to TS in the absence of CH2H4folate (e.g. pyridoxal phosphate

analogues). Simply omit CH2H4folate from the reaction mixture (substitute H2O). In

these cases, is important to measure complete spectra to determine the wavelength

with the largest Ae.
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