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Changes in intrinsic protein fluorescence were used to monitor the

binding of 2' -deoxynucleotides to Lactobacillus casei (L. casei)

thymidylate synthase using stopped-flow kinetic techniques. The data

were consistent with a two step mechanism involving a rapid

pre-equilibrium step followed by a slow unimolecular isomerization.

Rate and equilibrium constants were determined for 2'-deoxyuridylate

(dUMP), 2' -deoxythymidylate (dTMP) and 5' -fluor° -2' -deoxyuridylate

(FdUMP) as a function of temperature. From this data, free energy

changes, enthalpy values and entropy values for each step were

determined.

The mechanism of FdUMP and N5',N10' -methylenetetrahydrofolate

(5,10 -CH2H4 -folate) binding to L. casei thymidylate synthase was also

studied using stopped-flow kinetic techniques which monitored either

the decrease in fluorescence or the increase in absorbance due to

complex formation. The data were consistent with a sequential

mechanism where initially one site is available and after FdUMP and



5,10-CH2H4folate bind, the second site becomes accessible to

substrates. The mechanism for the enzymatic reaction was elucidated

by ,slqg either fluorescence or absorbance stopped-flow measurements.

The data were consistent with an ordered mechanism in which product

formation can occur simultaneously at both active sites of the dimer.

The rate determining step appears to the release of dihydrofolate

(H2folate) from the enzyme-dTMP-H2folate complex. Rate and

equilibrium constants were determined for both mechanisms.

Ultraviolet circular dichroism (CD) studies were performed on

L. casei thymidylate synthase in the presence and absence of ligands.

The CD spectra were analyzed for secondary structure predicting 33%

a-helix, 25% 0-sheet, 20% 0-turns and 16% other structure. The

secondary structure of this protein was also predicted from the amino

acid sequence and is in agreement with the CD results. The location

of the predicted regions of a-helices and 0-strands along the

sequence, and the CD characteristics, suggest that this protein

belongs to a4-$ structural class. There was a significant change in

the CD spectrum only when both FdUMP and 5,10-CH2H4 folate were

present. The maximum change occurred when the FdUMP to enzyme

concentration was 1:1 in the presence of excess cofactor.
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RAPID KINETIC STUDIES OF THYMIDYLATE SYNTHASE

CHAPTER I: INTRODUCTION

The enzyme thymidylate synthase (E.C.2.1.1.45) is of interest due

to its role in thymidine production and thereby in DNA synthesis.

Thymidylate synthase catalyzes the conversion of deoxyuridylate (dUMP)

to deoxythymidylate (dTMP) in the presence of cofactor

N5,810, -methylenetetrahydrofolate (5,10 -CH2H4folate) and is the major

pathway for the production of thymidine. The reaction is given in

Equation (1.1) where H2folate is dihydrofolate. Recent review

Thymidylate
dUMP + 5,10-CH2H4folate dTMP + H2folate (1.1)

synthase

articles concerning this enzyme include manuscripts by Pogolotti and

Santi (1977), Lewis and Dunlap (1981), Danenberg and Lockehin (1981)

and Santi and Denenberg (1984).

Initially, isolation of thymidylate synthase was hampered by the

low levels of enzyme present in the cell. Development of

amethopterin-resistent strains of Lactobacillus casei (L. casei)

(Dunlap et al., 1971) increased the amount of thymidylate synthase

present in these cells 200 fold. In their review, Lewis and Dunlap

(1981) suggested that the amplification could constitute as much as a

400 fold increase in the amount of enzyme present. The cause of this

amplification has not been determined. Amethopterin (methotrexate) is

not considered a strong inhibitor of thymidylate synthase, but it

strongly inhibits dihydrofolate reductase. Dihydrofolate reductase
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catalyzes the conversion of dinydrofolate (H2folate) to

tetrahydrofolate (H4folate) which is then converted by serine

metnyltransferase to 5,10 -CH2H4folate. Because 5,10 -CH2H4folate is an

essential cofactor for thymidylate synthase, absence of cofactor

results in an inability to produce dTMP. Why high levels of

dihydrofolate reductase result in high levels of thymidylate synthase

has not been determined.

Due to their roles in DNA synthesis, thymidylate synthase and

dihydrofolate reductase have been target enzymes in cancer

chemotherapy. In the absence of thymidine, cells cannot replicate and

undergo a "thymineless death" (Denenberg, 1977). Amethopterin which

has been used as a chemotheraputic agent against leukemia (Metzler,

1977), is an analog of dihydrofolate and therefore a competitive

inhibitor of dihydrofolate reductase. 5 -Fluorouracil which has been

used to treat mammillary and colon cancers (Heidelberger and Ansfeild,

1965) is believed to be metabolically converted to a variety of

enzymatic inhibitors including 5 -fluoro -2' -deoxyuridylate (FdUMP).

FdUMP is a pyrimidine derivative of dUMP and a strong inhibitor (Ki =

5 x 10'7 M) of thymidylate synthase (Denenberg and Lockshin, 1981).

FdUMP in the presence of 5,10 -CH2H4folate binds tightly to thymidylate

synthase (Denenberg, 1977), and is believed to trap the enzyme in the

transition state, creating a dead-end complex. To be able to study

the formation of this dead-end complex may be a convenient tool in

mechanistic studies as it allows identification and study of possible

intermediate steps in the reaction.
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Physical Properties of Lactobacillus casei Thymidylate Synthase

The molecular weight of the enzyme determined by sequencing is

73,146 daltons (Maley et al., 1979), while the molecular weight esti-

mated by gel filtration is 70,000 daltons (Dunlap et al., 1971). The

extinction coefficient at 278 nm is 1.07 x 105871cm-1 based on a

70,000 dalton molecular weight (Santi et al., 1974a). Thymidylate syn-

these is a dimer composed of two identical subunits. The monomer mo-

lecular weight is 35,000 daltons as determined by 7.5% sodium dodecyl

sulfate polyacrylamide gels (Laemmli, 1970). The purified enzyme has

a specific activity of 3.4-3.6 umole/min/mg as determined by the

change in 0.0.340 using e equal to 6400 871cm-1 (Wahba and Friedkin,

1961) to monitor the amount of H2folate produced. The isoelectric

point of the enzyme is between 5.3 and 5.5 (Dunlap et al., 1971).

One question that remains partially unanswered is the number of

catalytically active sites per dimer. Various experimental procedures

(Galivan et al., 1976a, Lewis et al., 1981 and Moore et al., 1984)

have indicated only one mole of 2,-deoxynucleotide binds per mole of

enzyme in the absence of cofactor. Yet in the presence of cofactor,

1.7 - 1.8 catalytic sites are available per dimer to bind

2'-deoxynucleotide (Denenberg, 1977). Two other methods, a

spectrophotometric assay at 330 nm measuring the quantitative amount

of both FdUMP and 5,10-CH2H4folate complexed with the enzyme; e =

17700 871cm-1 (Garrett et al., 1979) and native gel electrophoresis

(Aull et al., 1974a) have also shown two binding sites for FdUMP in

the presence of 5,10-CH2H4folate. The active site amino acid

composition of the enzyme has been examined in an attempt to clarify
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this. Alkylation experiments using sulfhydryl reagents such as

iodoacetamide or N-ethylmaleimide indicate one essential cysteine

(Galivan et al., 1977; Leary et al., 1975). Although studies by Plese

and Dunlap (1977) indicated 1.4-1.8 sulfhydryl modified

sites/molecule, there has been no explanation for this discrepancy

with regard to other results. In the presence of dUMP, this cysteine

is protected and can not be alkylated until removal of the

2'- deoxynucleotide (Denenberg, 1977). FdUMP and 5,10-CH2H4folate bind

tightly enough to withstand 6M urea without dissociating. It was

possible to cleave and sequence the active site fragment (Bellisario

et al., 1976) which clearly determined an essential cysteine. The

sequencing results (Pogolotti et al., 1976) identified the location of

this essential cysteine residue (amino acid 198) in L. casei.

Denenberg and Denenberg (1979) designed an experiment which involved

initially incubating the enzyme with small increments of FdUMP in the

presence of saturating 5,10-CH2H4folate and then adding alkylating

reagent to bind to the enzyme. Their results indicated that if FdUMP

is not present, only one mole of alkylating reagent binds per mole of

enzyme and if FdUMP and 5,10-CH2H4folate is protecting one site, one

mole of alkylating reagent still binds per mole of enzyme. A

schematic representation adapted from Denenberg and Denenberg (1979)

is given in Figure (I.1). Only one site is initially open and after

it binds FdUMP and 5,10-CH2H4folate, the second site opens. This is

considered a sequential mechanism of site interaction.

Besides the cysteine, Cipollo and Dunlap (1979) have demonstrated

an essential arginine in the active site. Their experiment used the

arginine specific blocking agent phenylglyoxal and showed that.
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inhibition of one and possibly two arginines resulted in inactivation

of the enzyme. It has been proposed by Dunlap and Lewis (1981) that

this arginine stabilizes the phosphate group of the

2' -deoxynucleotide. The logic behind this possibility is that

phenylgloxal was unable to inactivate the enzyme when the active site

was protected with dUMP. Rosson et al. (1980) using tetranitromethane

on sulfhydryl blocked enzyme have suggested that there are two

essential tyrosine residues which can be protected from this reagent

by dUMP located in the active site environment. By use of

carboxypeptidase A, Aull et al. (1974b) have shown that the C -terminal

valine of one of the two chains is essential for activity. Galivan et

al. (1976b) have further demonstrated that removal of this single

valine results in an inability to bind 5,10 -CH2H4folate, but the

enzyme still retains the ability to bind 2' -deoxynucleotide.

Spectroscopic studies (Lewis et al., 1981) including intrinsic protein

fluorescence indicate an aromatic amino acid may be involved in the

reaction. Due to the large size of the fluorescent signal, it has

been suggested that it is a tryptophan (Lewis et al., 1981).

Comparison of the human enzymes to Lactobacillus casei

Thymidylate synthase has been purified from various human sources.

Three sources are blast cells from patients with acute myelocytic

leukemia (Dolnick and Cheng, 1977), CCRF-CEM human lymphoblastic

leukemia cells (Lockshin et al., 1979) and MCF-7 human breast cancer

cells (Allegra et al., 1985). Dolnick and Cheng (1977) and Lockshin

et al. (1979) have compared these enzymes to that of L. casei and
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found structural and mechanistic similarities. Lockshin et al. (1979,

1980) have performed a thorough comparison of the CCRF-CEM enzyme and

the L. casei enzyme. The CCRF-CEM enzyme is composed of two identical

monomers of 33,000 daltons, has a specific activity of

3.8 umoles/min/mg and 1.7 VdUMP binding sites in the presence of

cofactor. Also, hydrodynamic behavior of the two enzymes reveals

differences in shape but similar changes between native enzyme and the

FdUMP-5,10-CH2H4folate-enzyme complex. The blast cell enzyme (Dolnick

and Cheng, 1977) has also been shown to be of similar molecular

weight. Enzymatic studies have shown that it obeys an ordered

mechanism with 2'-deoxynucleotide binding first followed by cofactor

as does the L. casei enzyme (Daron and Aull, 1978). The human enzymes

are similarly inactivated by sulfhydryl reagents. Sant/ and Denenberg

(1984) report similar dissociation constants for dUMP and

5,10-CH2H4folate obtained for all thymidylate syntheses examined. The

major difference between human enzyme and L. casei enzyme appears to

be the amino acid sequence. Since the L. casei enzyme and human

enzyme appear to have similar catalytic properties and the L. nasal

enzyme can be isolated in Large quantities from amethopterin-resistent

cells, it is ideal for use when performing physical studies.

Mechanistic Studies

Early studies on thymidylate synthase (Friedkin, 1959) indicates

that cofactor 5,10-CH2H4folate not only donates the methylene group

but also reduces the methylene to a methyl group. This involved two

general reactions, an electrophilic substitution of the H-5 of dUMP
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and an oxidation-reduction reaction involving nucleophilic (hydride)

attack on the methylene group of an intermediate of the reaction by

the H-6 of the H4folate. Pogolotti and Santi (1977) have proposed an

organic mechanism for this reaction given in Figure (I.2). First, the

six position of the 2'-deoxynucleotide forms a covalent bond with the

active site sulfhydryl resulting in an enolization at the 4 position

of the 2'-deoxynucleotide ring. Also, the 2'- deoxynucleotide appears

to undergo a hybridization from sp2 to sp3 at the C-6 position. This

then allows (step (2)) 5,10-CH2H4folate to bind to the activated 5

position of dUMP forming an exocyclic adduct. Selective cleavage of

the C-9,N-10 bond of 5,10-CH2H4folate when bound to the FdUMP-enzyme

complex has shown that the methylene bridge formed during the

enzymatic reaction connects the C-5 of FdUMP to the N-5 of H4folate

(Pellino and Danenberg, 1985). Sant/ and Danenberg (1984) have

postulated that the one carbon donor is the 5-imminium cation

5-CH21114folate in agreement with these experiments. During steps (3)

and (4), the C-5 proton on the 2'-deoxynucleotide is lost resulting in

an enolization forming an exocyclic methylene group. In step (5), the

reduction of the exocyclic methylene group occurs by an intramolecular

hydride transfer from the cofactor, followed by loss of oxidized

cofactor, dihydrofolate, from the active site. The enolized

intermediate at the 5 position collapses creating the double bond

forming dTMP and free enzyme (step (6)).

As previously mentioned when comparing the L. casei enzyme and the

blast cell enzyme, both demonstrate an ordered mechanism. Original

experiments by Santi et al. (1974a) proposed a possible random

mechanism. The ordered mechanism of L. casei thymidylate synthase was
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determined by steady-state experiments of Daron and Aull (1978) and

inhibitor studies by Denenberg and Danenberg (1978). Using BrdUMP,

Danenberg and Danenberg (1978) were able to show a linear inhibition

with increasing concentrations of BrdUMP which disappeared with

increasing dUMP concentration. These experiments lead to the

suggestion of a model in which first dUMP would bind followed by

5,10 -CH2H4folate and then release of dihydrofolate followed by dTMP.

In their study, Daron and Aull (1978) also showed that the L. casei

enzyme showed no cooperativity between sites and that the assay buffer

affected the kinetic constants. When using a phosphate buffer, the

phosphate acts as a competitive inhibitor of dUMP which could be

important when studying fast reactions. Further mechanistic studies

by Bruice and Santi (1982) have examined the secondary a-hydrogen

isotope effects on the FdUMP -5,10 -CH2R4folate -enzyme complex. They

suggested that the rate determining step of the reaction involving

FdUMP and 5,10-CH2H4folate may be due to a conformational change

occurring after 5,10 -CH2H4folate binds to the FdUMP- enzyme complex.

Binary Enzyme Complex

Since thymidylate synthase obeys an ordered mechanism in which

2' -deoxynucleotide binds first, it is possible to study

2' -deoxynucleotide -enzyme binary complex formation. Experiments have

been performed studying dTMP, dUMP and/or FdUMP binding to the enzyme

by means of circular dichroism (Leary et al., 1975), absorbance (Lewis

et al., 1981), fluorescence (Lewis et al., 1981), 19F -NMR (Lewis et

al., 1980), equilibrium dialysis (Galivan et al., 1976a) and
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trichloroacetic acid precipitation (Moore et al., 1984). These

experiments have shown that isolation of the binary complex is

possible and have determined overall equilibrium constants for these

experiments. Lewis and Dunlap (1981) tabulated the results from

experiments performed previous to 1981 and determined that the overall

equilibrium constants range between 0.3 pM to 100 pM dependent upon

the ionic strength and pH of the solutions. Equilibrium constants

determined after 1980 have also fallen in this broad range.

Two of the experiments, trichloroactic acid precipitation (Moore

et al., 1984) and 19F-NMR (Lewis et al., 1981) have suggested a

mechanism for binary complex formation. The possible mechanism

adapted from Moore et al. (1984) is given in Figure (1.3) where first

2'- deoxynucleotide binds forming a noncovalent complex. After

formation of this non-covalent complex, a covalent complex forms. The

above experiments involve the reaction only with FdUMP. Recently,

Moore and Dunlap (1985) have presented evidence that a similar

mechanism may be proposed for dUMP and dTMP. Leary et al. (1975)

suggested that in solution, 2'- deoxynucleotides prefer an anti

configuration but once bound to the enzyme, the 2' -deoxynucleotide

shifts to a syn configuration. Moore et al. (1984) suggested that the

essential arginine stabilizes the phosphate group allowing the syn

configuration. Santi and Denenberg (1984) suggest that this

conformational change may be involved in creating a site for binding

of cofactor.
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FdUMP-5,10-CH2H4folate-thymidylate synthase Ternary Complex

The dissociation constant estimated for the ternary complex

reaction is 10-11 to 10-13 M (Lewis and Dunlap, 1981). Since

FdUMP-5,10-CH2H4folatethymidylate synthase forms a tight complex (Via =

36 min at 37°C), there have been many studies looking at this complex

in order to attempt to understand the reaction involving dUMP. As

this complex is believed to mimic the transition state (Denenberg,

1977), this presents a unique opportunity to understand how this

enzyme may function. Methods studying complex formation include

nitrocellulose filter assays with (31.1]FdUMP (Santi et al., 1974b), a

spectrophotometric assay at 330 nm that monitors complex formation

(Garrett et al., 1979) and native polyacrylamide gel electrophoresis

(Aull et al., 1974) in which native enzyme, alkylation at one site and

alkylation at two sites can be seen as distinct bands. Other

experiments also studying the ternary complex include circular

dichroism (Donato et al., 1975), 19F -NMR (Byrd et al., 1978), and

fluorescence studies (Sharma and Kisliuk, 1975). One fact that has

been clear in all these studies is that the maximum stoichiometry of

FdUMP and 5,10-CH2H4folate bound per mole of enzyme dimer is

approximately 2:1.

Since the FdUMP-5,10 -CH2H4folate -enzyme complex is stable enough

to undergo treatment with 6M urea and forms a covalent sulfide bond

with the enzyme, thiol complex formation can be considered an

alkylation reaction. Studies with native gels indicate that if the

FdUMP concentration is less than twice the enzyme concentration, in

the presence of saturating 5,10 -CH2H4folate, all the FdUMP present
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binds to the enzyme. In their native gel experiments, Aull et al.

(1974a) also showed that over time the preferred conformation of the

FdUMP-5,10-CH2H4folate-enzyme complex was a ratio of 1:1:1. Danenberg

and Danenberg (1978) have estimated from competition experiments using

[311)FdUMP there appears to be a ten fold difference in affinity

between the two FdUMP sites for dUMP. In another set of experiments

studying sulfhydryl inactivation when the enzyme was protected by

FdUMP, Danenberg and Danenberg (1979) suggested initially only one

site is available for substrates. Once that site is bound with FdUMP

and 5,10-CH2H4folate, the second site opens. Lockshin et al. (1984)

found further support for a sequential site mechanism when comparing

the above results with the results from other inhibitors mostly

pterylglutamate derivatives of 5,10-CH2H4folate.

Other Inhibitors of Thymidylate Synthase

Since thymidylate synthase is an important enzyme in DNA

synthesis, many other inhibitors have been investigated in order to

either better understand the enzymatic mechanism or as possible

chemotheraputic or antiviral agents. The inhibitors have fallen into

two general categories: 2'- deoxynucleotide analogs with a variation at

the C-5 position or 5,10-CH2H4folate analogs. These types of analogs

have primarily been chosen as they are mechanism based inhibitors,

implying that reversible binding at the active site occurs. Also,

physiological considerations are important when choosing inhibitors

due to their usage as possible chemotheraputic agents.

2'- Deoxynucleotides generally will not be absorbed by the cell (Santi,
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1980); hence 2'-deoxynucleotide inhibitors should be an enzymatic

product of a compound that the cell can absorb (i.e. a nucleoside

derivative). In their review, Santi and Denenberg (1984) have

compiled lists of 2' -deoxynucleotide and folate analogs that have been

used as inhibitors along with their respective inhibition constants.

Recently, combined inhibition of thymidylate synthase with FdUMP and

methotrexate or methotrexate derivatives has been studied by Allegra

et al. (1985). These experiments by Allegra et al. (1985) indicate

that FdUMP and methotrexate combined act more effectively as a

chemotheraputic agent then either alone.

Santi (1980) has written a general review on the inhibitor

mechanism involving 2' -deoxynucleotide analogs. Most of these analogs

have substitutions at the C-5 position of the 2' -deoxynucleotide.

Also the more electronegative groups, i.e. 5 -CF3dUMP or 5 -NO2dUMP,

appear to form tighter inhibitors due to the increased acidity at the

3-NH of the 2' -deoxynucleotide. These groups readily facilitate

formation of a binary complex by enhancing the susceptibility of the

C-6 to nucleophilic attack and stabilizing the resulting product.

Addition of larger groups at the C-5 position that are aminomethyl

analogs which contain portions of the cofactor at the C-5 position

i.e. 5 -CH2N(CH3)2dUMP are also good inhibitors. Modifications at the

C-4 position can occur as long as the 3-NH position of the

2'-deoxynucleotide is unaffected and remains or becomes more acidic

i.e. 4 -thio -dUMP or 4 -N -hydroxydCMP. As the phosphate is essential

for binding, groups that are modified at the phosphate cause no

inhibition. At present, no inhibitors with modifications at the C-6

position of the 2' -deoxynucleotide have been found effective.
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Since 2'- deoxynucleotide inhibitors such as FdUMP react so well

with the enzyme, separate folate analogs have not been specifically

developed. But as many folate derivatives have been developed for

other reasons, experiments have been performed investigating their

effects on thymidylate synthase. According to Santi and Danenberg

(1984), folate analogs with variations at the N-10 position are better

inhibitors than folate analogs with variations at the N-5 position,

and also, increasing the number of glutamate residues results in a

tighter inhibitor. In agreement with the former result, Lewis et al.

(1980) studying the 19F-NMR of the ternary complexes with folate ana-

logs and FdUMP found the location of the N5 of the tetrahydropyrazine

ring was a primary determinant of the effectiveness of inhibition.

This may be related to work by Pellino and Danenberg (1985) which

showed that the carbon bridge from the C-5 of the 2,-deoxynucleotide

attaches to the N-5 of H4folate. Lockshin et al. (1984) using pter-

oylglutamates with varying number of glutamates were able to derive a

theory explaining the sequential behavior of site interaction based

primarily on the dissociation constant for the second site. If the

dissociation constant at the second site is equal to or tighter than

the dissociation constant at the first site, no sequential interaction

will be seen. But if the dissociation constant at the second site

indicates weaker binding than at the first site, a sequential interac-

tion will be seen. Other folate analogs have had the N-5 and N-8

substituted by a carbon (Scanlon et al., 1979) resulting in variations

of 5,8-deazafolates. These are also effective inhibitors of thymidy-

late synthase (Santi and Danenberg, 1984). These inhibitors illus-

trate which substitutions can and cannot occur and have helped to con-
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tribute to further illucidation of the mechanism of action previously

described by suggesting additional necessary structural aspects.

Present work

By use of stopped-flow rapid mixing, fluorometry and

spectrophotometry, a mechanism for binary complex formation has been

elucidated. Kinetic and rate constants for this reaction have been

determined along with the thermodynamic parameters.

Mechanisms for the FdUMP-5,10-CB2H4folate-enzyme ternary complex

along with the enzymatic reaction have been determined by use of

stopped-flow rapid mixing techniques. Rate and equilibrium constants

have also been determined for each mechanism along with the rate

determining step for the enzymatic reaction. The results of

alkylation of one site of the enzyme on the effect on enzymatic

behavior was examined.

Finally, circular dichroism studies to understand the secondary

structure were undertaken. Thymidylate synthase can be crystallized

(R. Stroud, personal communication), but none of these crystals have

yet given x-ray data. Circular dichroism experiments will give us

information on the secondary structure that has not been determined by

other techniques.

The included appendices describe supplementary materials and

methods used in the manuscripts, but not given in detail. They also

give details on the mathematical equations illustrating the usage of

matrix algebra or Laplace-Carson transforms used for the derivations

presented in the published work.
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CHAPTER II: STOPPED-FLOW STUDIES OF 2'- DEOXYNUCLEOTIDE BINDING

TO THYMIDYLATE SYNTHASE1

ABSTRACT

The mechanism of 2' -deoxynucleotide binding to Lactobacillus casei

thymidylate synthase was studied using stopped-flow kinetic techniques

to monitor the decrease in intrinsic protein fluorescence upon complex

formation. The data were consistent with a two step mechanism

involving a rapid pre-equilibrium step to form the enzyme -2' -

deoxynucleotide complex followed by a slow isomerization step. Rate

and equilibrium constants were determined for the three

2' -deoxynucleotides (2' -deoxyuridylate,2' -deoxythymidylate and

5 -fluor° -2' -deoxyuridylate) as a function of temperature. Similar

free energy changes were found for all 2' -deoxynucleotides; however

the enthalpy and entropy changes for each step of the reaction

differed for each 2' -deoxynucleotide. The thermodynamic profiles

indicated that the isomerization step stabilized the enzyme -2'-

deoxynucleotide complex by an additional 1500 cal/mole.

1 Permission granted for use of this manuscript 1/10/86 by Academic

Press Inc. Manuscript was published in Archives of Biochemistry and

Biophysics (1986), 245.
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INTRODUCTION

Thymidylate synthase (E.C. 2.1.1.45) catalyzes the conversion of

dUMP to dTMP in the presence of the cofactor 5,10, -CH2H4folate as

shown in equation (II.1).

dUMP + 5,10,-CH2H4folate + dTMP + H2folate (II.1)

The enzyme is a 73,000 dalton dimer composed of two identical subunits

(Dunlap et al., 1971; Maley et al., 1979) which remain associated

under non-denaturing conditions. Since thymidylate synthase catalyzes

the only de novo pathway for thymidine synthesis, it has attracted

interest as a target enzyme for cancer chemotherapy (Reyes and

Heidelberger, 1965). The anti-tumor agent 5 -fluorouradil is

metabolically converted to FdUMP, a potent inhibitor of thymidylate

synthase (Danneberg et al., 1958; Cohen et al., 1958). The inhibition

is known to result from the formation of a ternary FdUMP -5,10, -

CH2H4folate -enzyme complex (Langenbach et al., 1972).

Galivan et al. (1976) and Beaudette et al. (1980) have shown that

in the absence of cofactor, one of the two active sites in the dimer

bound 2' -deoxynucleotides (dUMP, dTMP or FdUMP). Only after

association of cofactor could the second equivalent of

2' -deoxynucleotide and cofactor bind (Danenberg and Danenberg, 1979).

Thus in the absence of cofactor, it should be possible to selectively

study the binding of the first equivalent of 2' -deoxynucleotide to the

enzyme. Recent work by Lewis et al. (1980) and Moore et al. (1984)

indicated that in the absence of 5,10, -CH2H4folate, the association of
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FdUMP with thymidylate synthase occurred in two steps: a non-covalent

association of 2'-deoxynucleotide with the enzyme followed by

formation of a covalent complex. Various spectroscopic studies

including intrinsic protein fluorescence were employed by Lewis et al.

(1981) and showed changes in the aromatic amino acid side chain

environment upon formation of a binary complex. The rate and

equilibrium constants for these reactions could not be determined from

the steady-state measurements utilized in those experiments.

The aim of these studies was to use rapid kinetic techniques to

study the binding of the first equivalent of 2' -deoxynucleotide (dUMP,

dTMP and FdUMP) to the enzyme. These studies allowed us to obtain

quantitative information regarding the kinetic mechanism for

2' -deoxynucleotide binding and associated conformational changes in

the enzyme -2' -deoxynucleotide complex. In addition, thermodynamic

data concerning the mechanism were obtained by measuring the

temperature dependence of the various kinetic parameters.
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MATERIALS AND METHODS

Steady-state initial velocity experiments using the enzymatic

assay developed by Wahba and Friedkin (1961) were performed using a

Cary 219 spectrophotometer maintained at 25°C by a circulating water

bath. The data were analyzed according to equation (II.2) where A is

dUMP concentration and B is 5,10-CH2H4folate concentration using a

VAB
V KiaKb +KaB +KbA +AB

(22.2)

computer program developed by Cleland (1963) adapted for use on an LSI

11/23 minicomputer.

Stopped-flow studies were performed using a Dionex D137

stopped-flow photometer (dead time 2.3 meet) equipped with a 75 watt

xenon lamp and interfaced to a Nicolet Model 206 digital storage

oscilloscope. The data stored in the oscilloscope was transferred to

an LSI 11/23 minicomputer for analysis or plotting. Data were

analyzed by equation (II.3) using Marquardt's algorithm as described

A0
o-t/Ti

by Bevington (1969). In equation (II.3), y(t) is the fluorescence at

time t and Ao the equilibrium fluorescence intensity. The observed

exponential is described by an amplitude Al and a relaxation time Tl.

All values reported are the average of five experiments. Measurements

were made at five temperatures, 10°, 15°, 20°, 25° and 30°C, with
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temperature control maintained by a circulating constant temperature

bath. The change in intrinsic tryptophan fluorescence (excitation at

280, slit width, 3 nm) was monitored using a Corning #0-54 cut off

filter.

Thymidylate synthase (specific activity 3.4 pmole(min x mg)-1) was

purified from an amethopterin-resistant strain of Lactobaccilus cases

using the procedure of Dunlap et al. (1971) as modified by Galivan et

al. (1975) in the presence of 20 mM $ -mercaptoethanol. Purity of the

enzyme was determined by 7.5% SDS polyacrylamide gels which showed one

band at 35,000 daltons. The enzyme was stored in saturated ammonium

sulfate, 0.05 M potassium phosphate and 20 mM 3- mercaptoethanol, pH

7.0 at 0°C. Prior to use, the enzyme was dialyzed into 0.01 M

potassium phosphate buffer, 20 mM -mercaptoethanol, pH 7.1 at 4° C.

The 2' -deoxynucleotides dUMP and dTMP were purchased from Sigma, while

FdUMP and the (+)L-methylenetetrahydrofolate isomer were the generous

gifts of Dr. Peter Denenberg. All experiments were performed in 0.01

M potassium phosphate buffer with 0.02 M 3-mercaptoethanol, pH 7.1.

The potassium phosphate buffer was chosen since it has a negligible

enthalpy of ionization over the experimental temperature range (Weast,

1981).

The experimental protocol entailed mixing thymidylate synthase in

one syringe of the stopped-flow with 2'-deoxynucleotide in the second

syringe. Final concentration of the enzyme dimer in all experiments

was 2 pM, determined by the extinction coefficient (c1cm 1.07 x 105
278

M -1cm -1, (Santi et al., 1974)) or from the protein concentration

measured by the method of Lowry as modified by Peterson (1983). All

substrate concentrations in the text and figure captions refer to the
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final concentration attained after mixing. Inner filter effects were

determined by using 2 pM tryptophan in place of enzyme and observing

the fluorescent decrease which occurs after mixing with

2'-deoxynucleotide (dUMP, dTMP of FdUMP). These corrections were then

used to determine the true amplitude changes. All experiments were

performed under pseudo first order conditions where 2'- deoxynucleotide

concentration was in excess of enzyme.
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RESULTS

Initial Velocity Experiments. The results from these experiments

were consistent with an ordered mechanism as had been previously

determined (Denenberg and Danenberg, 1975; Daron and Aull, 1978),

permitting us to calculate the values of the steady-state kinetic

constants in this buffering system. Analysis of the data using

equation (II.2) gave a value of Kia equal to 24.0±15.5 pM.

STOPPED-FLOW RESULTS. When thymidylate synthase was mixed with

2' -deoxynucleotide (dUMP, dTMP or FdUMP), the resulting decrease in

tryptophan fluorescence followed a single exponential decay completed

within one second. Figure (II.1) shows a sample trace of FdUMP

binding to the enzyme where the fitted curve (solid dark line) is

superimposed over the data. Similar results were also found for dUMP

and dTMP. Due to the fast observed rates and relatively small

amplitude of the fluorescence changes, the data appeared to contain

approximately 20% noise. The standard deviations of the average of

five traces were generally about 15-30% of the mean. After correcting

for inner filter effects, the amplitude of the exponential accounted

for greater than 95% of the total fluorescence decrease suggesting

that the observed fluorescence change could be attributed to a single

kinetic phase. Control experiments showed that no change in intrinsic

protein fluorescence was observed when enzyme was mixed with

2' -deoxyuridine at concentrations up to 100 pM indicating that the

signal appeared to be specific for the 2' -deoxynucleotide

monophosphate substrate dUMP.

2' -DEOXYNUCLEOTIDE -DEPENDENCE OF T-1: Figures (2A, B and C) show
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Fig. 11.1: FdUMP binding to thymidylate synthase where final

concentration was 40 uM FdUMP and 2 uM thymidylate

synthase. The line drawn through the data was calculated

from the fit of the data to equation (11.3) in the

text with T-1 = 14.1 s -1, Ao 0.226 volts, Al 0.242

volts.
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Fig. 11.2. A, Dependence of T-1 on dUMP concentration at 10°C. The

curve through II.2A for dUMP was calculated by using k_1 =

0.9 8-1, ki = 81.3 s -1 and K = 233 pM. B, dependence of

T-1 on dTMP concentration at 10°C. The curve through

11.28 for dTMP was calculated by using k_1 = 2.0 s-1, k1 =

83.3 8-1 and K = 258 pM. C, dependence of T-1 on FdUMP

concentration at 10°C. The curve through 11.2C for FdUMP

was calculated by using k_1 = 3.5 s -1, ki = 50 s-1 and K =

127 pM. The insets for II.2A, B and C are weighted least

squares fits to equation (II.6) that permitted calculation

of the values ki and K for II.2A, B and C, respectively,

by using the above estimates for k_l obtained by

extrapolation to the value for T-1 at zero

2, -deoxynucleotide concentration for the appropriate

2' -deoxynucleotide.
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the dependence of T-1 on 2' -deoxynucleotide concentration at 10°C for

dUMP, dTMP and FdUMP, respectively. The dependence of T-1 on

2' -deoxynucleotide concentration could be analyzed assuming either a

linear or hyperbolic relationship due to the rather large errors in

the values for T-1. The simplest mechanism consistent with the

experimental data, the steady-state determination of the dissociation

constant for dUMP and data from other laboratories (see Discussion)

is given in equation (11.4) where E represents enzyme and A

represents 2' -deoxynucleotide.

E + A * EA * EA'

k_l
(11.4)

First, there is a rapid pre-equilibrium step forming the EA complex

characterized by dissociation constant K. The EA' complex is then

formed by a slow isomerization step which is characterized by rate

constants 41 in the forward reaction and k_1 in the reverse reaction.

The fluorescence decrease is attributed to the formation of the EA'

complex in the slow isomerization step. The dependence of T..1 on

2' -deoxynucleotide concentration for the above mechanism is given in

equation (11.5).

141[A]
1-1 k_i +

K + [A]
(11.5)

k_i was estimated by extrapolation of curves such as those in Figure

11.2 to zero concentration of 2'-deoxynucleotide. The values of
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and K were then calculated from a double reciprocal plot (inset

Figures (II.2A, B and C)) fitting the data to equation (II.8). The

value 41 was determined from the reciprocal of the y intercept.

(T-1 - k_1) -1 = (41)-1 + (Kik+1)1A1-1 (II.8)

Since the intercept was close to the origin, the error in 41

determined from the weighted least squares fit was large. Because the

determination of K was dependent upon the value k+i, the propagation

of the error in resulted in large errors in K as well. The

overall equilibrium constant Kov for this mechanism is given by

equation (II.7). Table II.1 lists the values of the kinetic and

Kov ' (1 + K1)

K1K k_1
where K1

equilibrium constants for various 2.-deoxynucleotides as a function

of temperature.

ANALYSIS OF THE TEMPERATURE DEPENDENCE OF KINETIC CONSTANTS: As

shown in Table II.1, the rate constants for 2'-deoxynucleotide

association were determined at five temperatures between 10° and 30°C.

These values were then used to determine the thermodynamic parameters

for each step in the reaction by means of van't Hoff and Arrhenius

plots (Bull, 1951; Wong, 1975).

The slope of the van't Hoff equation relates the enthalpy change

(AH) of the reaction to the equilibrium constant for the reaction

(equation (II.8)). In equation (II.8), R is the universal gas
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constant, T is temperature in °K and In A is a constant of

In Ka -AH/RT + in A (II.S)

integration. The Gibb's free energy change (AG) was calculated

directly from the dissociation constant K and the change in entropy

(AS) was calculated from AG and AH. Table 11.2 summarizes the

thermodynamic parameters for this step of the reaction at 20°C.

The temperature dependence of the isomerization step was analyzed

using the Arrhenius equation (equation (II.9)) where A% is the energy

of activation, In A is the Arrhenius constant and R and T were defined

In k -AEa/RT + In A (II.9)

above. The energy of activation was calculated from the slope of the

Arrhenius plots. The enthalpy of activation (AH*) was then calculated

from the transition state theory (equation (11.10)) (Jencks, 1969).

The Gibb's free energy change of activation (AG*) was calculated from

AH* AEa - RT (II.10)

transition state theory using equation (II.11) where N is Avogadro's

AG* s RT(ln(RT/Nh) - In k) (II.11)

number and h is Planck's constant (Wong, 1975). The entropy of

activation (AS*) was then calculated from AG* and AH*. In Table 11.3,
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a summary of these values at 20°C is given for the three

2'-deoxynucleotides. All values were constant over the temperature

range studied.



TABLE I1.1: Kinetic constants for 2'-deoxynucleotide binding to Thymidylate Synthase

K
k

1

k
-1 Kov Temperature

Nucleotide (um) (3-1) (5-1) (0) (°C)

FdUMP 127 ± 10 50.0 t 2.8 3.5 8.9 ± 0.5 10°

409 ± 180 155.3 t 56.7 5.2 13.1 t 4.3 15°

407 ± 54 232 t 29 8.5 15.0 t 0.6 20°

468 ± 188 283 ± 130 14.3 24.3 ± 1.4 25°
768 ± 371 610 ± 400 19.0 21.5 t 3.2 30°

dUMP 233 ± 15 81.3 ± 18 0.9 2.5 t 0.7 10°

188 t 81 62 ± 18 2.1 5.9 ± 4.3 15°

308 ± 57 172 ± 31 6.0 10.7 t 0.5 20°

373 t 361 236 ± 227 8.5 13.4 t 1.4 25°

277 t 267 266 ± 255 10.5 10.9 t 1.2 30°

dTMP 258 ± 64 83.3 ± 19.4 5.0 15.5 ± 1.2 10°

328 ± 148 109 t 34 9.7 26.8 ± 4.8 15°

259 t 146 131 ± 90 9.8 18.1 t 17.0 20°

318 t 110 252 ± 99 12.1 11.6 t 11.4 25°

208 t 205 217 t 210 23.0 22.1 ± 3.6 30°

LJ
a



TABLE 11.2: Thermodynamic Analysis of the First Step in
Binding to Thymidylate Synthase at 20°C

2'- deoxynucleotide

As
AH cal AG

2'-deoxynucleotide (cal/mol) ( )mol °K (cal/mol)

FdUMP -17697 t 2072 -45 ± 9 -4529 ± 75

dUMP -3725 t 2921 3.3 t 2.6 -4693 t 103

dTMP -1234 t 4346 12.2 t 9.3 -4809 ± 372

Ul



TABLE 11.3: Thermodynamic Analysis of the Second Step in 2'-deoxynucleotide Binding to
Thymidylate Synthase at 20°C

2'-deoxynucleotide

k
+1

k
-1

AS4 AS4

AG4 61-14 cal aAG AH4 cal

(cal/mole)
(

mol °K (cal/mole)
( mol °K

FdUMP 5655 ± 124 14380 ± 718 30 ± 2 3734 23854 ± 1950 69 ± 6

dUMP 3908 ± 136 12198 ± 4219 28 ± 9 5858 21090 ± 3307 52 ± 8

dTMP 4065 ± 575 10594 ± 4469 22 ± 10 5584 10594 ± 2213 17 ± 3

a. No standard error is given since k_1 results from an estimate rather than a data fit,

and the error in AGt is propagated using the error in k_i

rn
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DISCUSSION

The simplest mechanism consistent with the dependence of the

reciprocal relaxation time T-1 on 2'- deoxynucleotide concentration was

the two step mechanism described by equation (11.4). Other possible

mechanisms could be discarded due to inconsistencies with the data.

Among those considered were a mechanism in which 2'-deoxynucleotide

binding occurred in a single step. This predicts a linear dependence

of T-1 on 2'-deoxynucleotide concentration where a hyperbolic

dependence was observed. A second mechanism that could be ruled out

involves two slowly interconverting enzyme forms in which ligand binds

rapidly to only one enzyme form since for this mechanism, T-1

decreases in a hyperbolic manner as the substrate concentration

increases (Gutfreund, 1975).

The values listed in Tables 11.1, 11.2 and 11.3 have rather large

errors. The variability of the data was the result of a small rapid

fluorescence change and analysis was further complicated by the high

values for 41, resulting in double reciprocal plots with intercepts

close to the origin. The error for T-1 was then propagated throughout

the equations resulting in poorly determined values for 41 and K.

Because of the large errors in the analysis, it was also possible to

fit the dependence of T-1 on 2'-deoxynucleotide concentration to a

straight line. However, the Kov values determined from that analysis

no longer agreed with values from other laboratories (Lewis and

Dunlap, 1981). For example, in the case of FdUMP, the Kov is fourteen

fold higher for a single step mechanism (which predicts a linear plot

of T-1 versus substrate concentration) than that seen in the two step
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mechanism (equation (II.4)).

The values for the overall equilibrium constants for the three

2' -deoxynucleotides have been tabulated by Lewis and Dunlap (1981) and

range between 0.3 pM to 100 pM dependent upon ionic strength, pH and

experimental method. The Kov values presented in Table II.1 are

consistent with these results. The experimental conditions used in

these studies closely resemble those used in the equilibrium dialysis

studies performed by Galivan et al. (1976) at 28°C in which they

showed that the equilibrium constants for 2' -deoxynucleotide binding

were strongly dependent on phosphate concentration and ionic strength.

For example, the value of Kov for FdUMP binding to the enzyme varied

from 7.8 pM at 5 mM phosphate to 97 pM for 50 mM phosphate (Galivan et

al., 1976). The value for Kov calculated from the analysis of the

stopped-flow data in this manuscript was 24.3 pM (Table II.1). The

Kov value for the dUMP- enzyme complex was 26 pM at 50 mM phosphate

(Galivan et al., 1976), while at 10 mM phosphate the Kov determined in

these studies (Table II.1) was 13.4 pM. Steady-state initial velocity

studies in this buffer system at 25°C gave a dissociation constant for

dUMP of 24.4 t 15.5 pM. Within error, this value agrees with the Kov

value (13.4 ± 1.4 pM) determined from the stopped-flow data. Thus,

the mechanism presented in equation (II.4) was the simplest scheme

consistent with both the kinetic data and studies from other

laboratories (Lewis and Dunlap, 1981).

Recent studies by Moore et al. (1984) are also consistent with a

two step mechanism. They have used trichloroacetic acid to

precipitate a binary FdUMP -thymidylate synthase covalent complex.

They concluded that initially a non-covalent complex was formed when
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FdUMP binds to the enzyme followed by the formation of a covalent

complex. This agrees quite well with the two step mechanism described

above where first 2' -deoxynucleotide binds to enzyme followed by a

slow isomerization step. It should be emphasized, however, that the

change in intrinsic protein fluorescence cannot be interpreted as

evidence for a covalent complex between the enzyme and

2' -deoxynucleotide. The mechanism for dUMP binding to thymidylate

synthase proposed by Pogolotti and Santi (1977) suggests that the 6

position of the 2'-deoxynucleotide is attacked by a nucleophilic group

in the active site of the enzyme upon which formation of an enolate

intermediate occurs. This intermediate may then react with water to

form a 5,6-dihydro -dUMP -enzyme complex. Lewis et al. (1980) using

19F -NMR data showed that the intermediate FdUMP- enzyme binary complex

was a 5 -fluor° -5,6 -dihydro -dUMP -6 -enzyme derivative. Thus, data from

other laboratories also appears to favor the notion that in the

absence of cofactor, a stable 2'-deozynucleotide-thymidylate synthase

complex will form.

Effects of temperature were analyzed separately for each of the

steps of the mechanism. The thermodynamic parameters for the rapid

pre-equilibrium step involving the dissociation constant K are given

in Table 11.2. Since neither the change in Gibb's free energy nor the

change in entropy showed significant variability as a function of

temperature, and the enthalpy change was independent of temperature

only the results at 20°C are listed. Even though the Gibb's free

energy change for all three 2' -deoxynucleotides was of equal value

within error, the enthalpy and entropy changes are strongly dependent

upon the particular 2' -deoxynucleotide. The binding of dUMP and dTMP
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appeared to be both enthalpically and entropically favorable. The

positive entropy change for the 2' -deoxynucleotides indicates a

decrease in order when forming the EA complex. This may be the net

result of release of water molecules from the enzyme surface and/or

active site upon 2' -deoxynucleotide binding; however, since the

overall entropy change is the sum of the entropy changes for the

solvent, substrates and protein, in forming the EA complex, the exact

reason for the increase in entropy cannot be determined from the

experimental data. The small negative enthalpy change might be caused

by energy released due to ionic, hydrophobic and/or hydrogen bonding.

Since the enthalpy change was small, the net stabilization from these

forces would be expected to be rather weak. The inhibitor FdUMP

appears to behave differently than the other two 2' -deoxynucleotides.

The enthalpy change was large and favorable while the entropy change

gave a large negative value. The large negative enthalpy change

could be due to interactions such as the formation of hydrogen bonds

or charge neutralization between the phosphate of the nucleotide and

positively charged groups at the nucleotide binding site. The large

negative entropy change indicates that when FdUMP initially binds to

the enzyme, the FdUMP- enzyme complex is more ordered than the complex

formed by the other two 2' -deoxynucleotides. This difference must

arise from the substitution of a fluorine atom at the 5 position

replacing the proton or methyl group; however the exact physical

meaning of this observation is not understood at this time.

Table 11.3 lists the values calculated from the Arrhenius plots

for both the forward and the reverse reactions for the slow

isomerization step. The Gibb's energy of activation values are
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similar for all three 2'-deoxynucleotides in each direction; however

the transition state entropy and enthalpy values in each direction

were again dependent upon 2'- deoxynucleotide structure. Within error,

AH* and AS* in both the forward (k+1) and the reverse (k_1) directions

for dUMP and FdUMP were similar. For both FdUMP and dUMP, AH* and AS

for the reverse direction were twice the values found in the forward

direction. The 2' -deoxynucleotide dTMP gave similar results in the

forward (41) direction, but the values of AH* and AS for the reverse

(k_1) reaction were two to four fold lower than those for dUMP and

FdUMP. Although the physical meaning of this observation was not

clear, it suggested a difference in nature of the isomerization step

between the product dTMP and the other two 2' -deoxynucleotides. The

equilibrium constant for the formation of the EA' complex from the EA

complex (k_1/41) was similar for the three 2' -deoxynucleotides and

was consistent with conformational changes resulting in 10-30 fold

tighter binding.

Differences in ionic strength and pH may account for the

differences in our observed values for the thermodynamic parameters

compared to Beaudette et al. (1977, 1980). In their discussion, they

suggested that phosphate buffers should change the thermodynamic

parameters since phosphate may first need to be displaced from the

active site before 2' -deoxynucleotide binding could occur. Thus, they

predicted that a less favorable free energy change should be observed.

Combining the thermodynamic parameters for the two steps, the total

free energy change was approximately -6.5 kcal/mole for all three

2' -deoxynucleotides. This value was 1.0 kcal/mole more positive than

their result (Beaudette et al., 1980) in agreement with their
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prediction. The EA' complex appears to be approximately 1500 cal/mol

more stable than the EA complex for all three 2' -deoxynucleotides.

In conclusion, stopped-flow techniques have been used to study the

2'-deoxynucleotide (dUMP, dTMP and FdUMP) binding to thymidylate

synthase. The results are consistent with a two step mechanism

(equation (II.4)) in which there is a rapid pre-equilibrium step

followed by a slow isomerization. This mechanism agrees with results

of Lewis et al. (1980) and Moore et al. (1984) and the equilibrium

constants agreed with those previously determined for this reaction

(26). From the temperature dependence of the kinetic parameters, the

EA' complex was found to be about 1500 cal/mole more stable than the

EA complex. Kinetic studies are in progress in an attempt to further

elucidate the mechanism by which substrates and inhibitors interact

with this enzyme.
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CHAPTER III: STOPPED-FLOW STUDIES ON LACTOBACILLUS CASEI THYMIDYLATE

SYNTHASE: INTERACTION OF THE ENZYME WITH SUBSTRATES AND

THE INHIBITOR 5-FLUOR0-2'-DEOXYURIDYLATE

ABSTRACT

The mechanism of 5 -fluoro -2'-deoxyuridylate (FdUMP) and

N5-N10-methylenetetrahydrofolate (5,10 -CH2H4folate) binding to

Lactobacillus casei thymidylate synthase was studied using

stopped-flow kinetic techniques which monitored either the change in

fluorescence or the change in absorbance upon complex formation. The

data were consistent with a sequential mechanism where initially a

single equivalent of FdUMP and 5,10 -012H4folate bind, followed by

binding of FdUMP and then 5,10 -CH2H4folate to the second active site

(Denenberg and Danenberg, 1979). Rate and equilibrium constants were

determined for the ternary enzyme -FdUMP -5,10 -CH2H4folate complex

formation. The mechanism for the enzymatic reaction in which

2' -deoxyuridylate (dUMP) and 5,10 -CH2H4folate were converted to

products was also elucidated using fluorescence and absorbance

stopped-flow measurements. The data were consistent with an ordered

mechanism in which product formation can occur simultaneously at both

active sites of the dimer. dUMP binds first followed by

5,10 -012H4folate and dihydrofolate (H2folate) is released followed by

2' -deoxythymidylate (dTMP). The rate determining step of the reaction

appears to be the release of H2folate from the ternary enzyme -

H2folate -dTMP complex.
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INTRODUCTION

Thymidylate synthase (E.C.2.1.1.45) catalyzes the reaction of

dUMP plus 5,10 -CH2H4folate to give the products dTMP and H2folate.

This reaction is unique in that 5,10 -CH2H4folate serves as both a

carbon donor and a reductant (Lomax and Greenberg, 1967). Since this

enzyme plays an important role in DNA synthesis (Reyes and

Heidelberger, 1965), it has been a target enzyme in cancer chemo-

therapy. The anti-tumor agent 5 -fluorouracil is thought to be metabo-

lically converted to FdUMP which then inhibits thymidylate synthase in

vivo (Danneberg et al., 1958; Cohen et al., 1958). Furthermore, it is

thought that the FdUMP -5,10 -CH2H4folate -enzyme ternary complex mimics

the transition state of the enzymatic reaction (Pogolotti and Santi,

1977; Lewis and Dunlap, 1981; Santi and Denenberg, 1984).

The enzyme is a 73,146 dalton dimer composed of identical subunits

(Dunlap at al., 1971; Maley et al., 1979). Physical studies of enzyme

interaction with FdUMP and 5,10 -CH2H4folate have examined binding at

both active sites. Native gel experiments by Aull et al. (1974) under

conditions where the FdUMP concentration was twice the enzyme

concentration and 5,10 -CH2H4folate was in excess indicated that about

30% of the enzyme formed the FdUMP-5,10 -CH2H4folate -enzyme ternary

complex at one site while the remaining enzyme formed the

FdUMP -5,10 -CH2H4folate -enzyme ternary complex at both sites. Sharma

and Kisliuk (1975) have shown that quenching of intrinsic protein

fluorescence occurred upon binding of FdUMP in the presence of 5,10 -

CH2H4folate. Spectroscopic studies by Lockshin et al. (1984) have

shown monophasic or biphasic binding curves for various nucleotide and
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folate analogs suggesting that the mechanism of ternary complex

formation and possible interactions between the two subunits may be

dependent on substrate structure.

The number of catalytically active sites per dimer involved in the

enzymatic reaction has not been determined. Studies (Moore et al.,

1984; Galivan et al., 1976) examining the formation of the

FdUMP-enzyme binary complex in the absence of cofactor have indicated

a maximum stoichiometry of one FdUMP per enzyme dimer. Once cofactor

has been added, formation of the ternary complex gives a maximum

stoichiometry of FdUMP to enzyme of approximately two (Santi et al.,

1974). Steady-state kinetic studies of the enzymatic reaction

(reviewed in Lewis and Dunlap, 1981, and Santi and Danenberg, 1984)

studying FdUMP -5,10 -CH2H4folate -enzyme ternary complex formation have

both concluded that the enzyme obeys an ordered mechanism in which

2, -deoxynucleotide binds followed by cofactor. Danenberg and

Denenberg (1979) have further proposed a sequential interaction

between the subunits in which only one site is initially available

and, after binding the first equivalent of FdUMP and cofactor, the

second site becomes accessible.

The aim of these studies was to use rapid kinetic techniques to

study the formation of the ternary FdUMP -5,10 -CH284folate -enzyme

complex and to study the pre-steady-state reactions between the enzyme

and the substrates dUMP and 5,10 -CH2H4folate. These studies allowed

us to obtain quantitative information regarding the kinetic mechanism

and associated conformational changes involved in the formation of the

FdUMP -5,10 -CH284folate -enzyme complex and for the overall chemical

reaction catalyzed by the enzyme.



48

MATERIALS AND METHODS

Kinetic studies were performed using a Dionex D137 stopped-flow

photometer (dead time 2.3 msec) equipped with a 75 watt xenon lamp and

interfaced to a Nicolet Model 206 digital storage oscilloscope. The

4096 data points stored in the oscilloscope were transferred to an

LSI 11/23 minicomputer for analysis or plotting. Data were analyzed

by either equation (III.1) or (III.2)

y(t) = Ao + Ate
Alt

+ A2e-A2t (III.1)

y(t) = kot + Ao + Ale-Alt + p2e-alt (III.2)

using Marquardt's algorithm as described by Bevington (1969). In

equation (III.1), y(t) was the absorbance or fluorescence intensity at

time t and Ao was the equilibrium value. The observed exponentials

were described by amplitudes Ai and reciprocal relaxation times A1.

In equation (III.2), y(t), Ai and Ai were defined as in equation

(III.1), and Ao was the absorbance or fluorescence after the decay of

the sum of Ai. The steady state rate of product formation was given

by ko. All values reported were the average of five experiments.

Measurements were made at 25°C with temperature control maintained by

a circulating constant temperature bath. Data analysis for linear

plots was performed using weighted least squares as described by

Bevington (1969).

Thymidylate synthase, specific activity 3.4 pmoles (min x mg)-1,

was purified from an amethopterin-resistant strain of Lactobacillus
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casei using the procedure of Dunlap et al. (1971) as modified by

Galivan et al. (1975) in the presence of 20 mM -mercaptoethanol.

Purity of the enzyme was determined by 7.5% polyacrylamide SDS gels

(Laemmli, 1970) which showed one band at 35,000 daltons. The enzyme

was stored in saturated ammonium sulfate, 0.05 M potassium phosphate

and 20 mM 0- mercaptoethanol, pH 7.1 at 0°C. Prior to use, the enzyme

was dialyzed against 2x1 L of 0.01 M potassium phosphate, 20 mM

0 -mercaptoethanol, pH 7.1 at 4°C for sixteen hours. dUMP was

purchased from Sigma while FdUMP and the

(+)L-methylenetetrahydrofolate isomer were the generous gifts of

Dr. Peter Denenberg. All experiments were performed in 0.01 M

potassium phosphate buffer, 20 mM a -mercaptoethanol, pH 7.1.

Formation of the FdUMP -5,10 -CH2H4folate -enzyme ternary complex was

monitored by the quenching of intrinsic protein fluorescence

(excitation at 280 nm; slit width, 3 nm; emission measured using a

Corning #0-54 cut off filter) or by an increase in absorbance at

330 nm; e 17,700 M -1cm -1 (Garrett et al., 1979) due to a change in

the environment of the cofactor chromophore. The general protocol for

this reaction was to mix thymidylate synthase and FdUMP in one syringe

with 5,10 -CH2H4folate in the second syringe. In an attempt to

attribute exponentials to explicit kinetic steps, two active site

titration experiments were performed. In the first, enzyme plus 50 pM

5,10 -CH2H4folate and FdUMP varied up to twice the enzyme concentration

(0.5 pM) in one syringe was mixed with 50 pM FdUMP in the second

syringe. In the second experiment, enzyme plus 50 pM FdUMP titrated

with variable amounts of 5,10 -CH2H4folate up to twice the enzyme

concentration in one syringe was mixed with 50 pM 5,10 -CH2H4folate in
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the second syringe. The above experiments were performed under pseudo

first order conditions where final FdUMP and 5,10 -CH2H4folate

concentrations were in excess of enzyme.

Experiments studying the enzyme catalyzed reaction with substrates

utilized either the quenching of intrinsic protein fluorescence or the

increase in fluorescence due to H2folate formation (excitation 280 nm;

slit width, 3 nm; emission measured using a Corning #0-54 cut off

filter). An increase in absorbance due to H2folate formation was also

observed at 340 nm; c = 6400 M-1cm-1 (Wahba and Friedkin, 1961).

Enzyme and dUMP in one syringe were mixed with 5,10 -CH2H4folate in the

second syringe. For studies on enzyme partially blocked with FdUMP

and 5,10 -CH2H4folate, alkylation was performed by incubating the

enzyme for thirty minutes at 4°C with 50 pM 5,10 -CH2H4folate and FdUMP

equal to 1.6 times the enzyme concentration. After incubation, the

enzyme was dialyzed against 2x1 L of 0.01 M potassium phosphate, 20 mM

0 -mercaptoethanol, pH 7.1 at 4°C to remove excess cofactor. The above

stopped-flow experiments were also performed under pseudo first order

conditions where dUMP and 5,10 -CH2H4folate were in excess of enzyme.

Single turnover experiments, monitored by the increase in

absorbance at 340 nm, were performed with thymidylate synthase (10 pM)

and excess dUMP in one syringe and 14 pM 5,10 -CH2H4folate

concentration less than the number of total catalytic sites (20 pM) in

the second syringe as recommended by Petterson (1976). In an attempt

to quanitate the burst size of the pre-steady-state reaction, enzyme

at high concentration (5 pM) plus excess dUMP in one syringe was mixed

with excess 5,10 -CH2H4folate in the second syringe.

The stoichiometry of the enzyme -FdUMP -5,10 -CH2H4folate ternary



51

complex was determined by using native gels (Aull et al., 1974) which

showed distinct bands for native enzyme, enzyme-FdUMP-5,10-CH2H4folate

complex and the enzyme-FdUMP2-5,10-CH2H4folate2 complex. The

procedure for the native gel was modified from that of Aull et al.

(1974) as follows. Tube gels were replaced by mini-slab gels

(8.3 x 10.2 cm) run at 10 mA at 4°C with 20 mM 8-mercaptoethanol

included in the running buffer. Gels were stained with Coomaise

brillant blue. Analysis of the gel was performed by scanning the

negative of the gel on a Cary 219 spectrophotometer at 660 nm.
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RESULTS

When thymidylate synthase plus FdUMP were mixed with

5,10 -CH2H4folate, the resulting decrease in intrinsic protein

fluorescence contained two exponentials, and the reaction was

completed within two seconds. Control experiments in which enzyme was

mixed with 5,10 -CH2H4folate, enzyme plus FdUMP was mixed with buffer

or 5,10 -CH2H4folate was mixed with FdUMP showed no time-dependent

change in fluorescence. Figure III.1 shows a sample trace of the

reaction where the curve analyzed according to equation (III.1) (solid

dark line) was superimposed over the data. The two exponentials were

separated by a factor of four to six. The time course for this

reaction when monitoring the changes in absorbance at 330 nm gave the

same result as the fluorescence experiment.

The dependence of the reciprocal relaxation times, X1 and A2 on

FdUMP and at various 5,10 -CH2H4folate concentrations are shown in

Figures III.2A and III.3A respectively. The simplest mechanism

consistent with these results and the alkylation results discussed

below is given in equation (III.3)

K1 K2 k2

EA + B * EAB + A * AEAB * (AEAB)'

K4 k5

+ B * (MEW' * (BAEAB)* (III.3)

k_5
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Figure III.1; 5,10-CH2H4folate and FdUMP binding to thymidylate

synthase where final concentrations were 35 uM

5,10-CH2H4folate, 50 pM FdUMP and 0.5 pM thymidylate

synthase. The line drawn through the data was

calculated from the fit of the data to equation (III.1)

in the text with Al = 12.1 s-1, A2 = 1.94 s-1, Ao

0.392 volts, Al - 0.950 volts, A2 = 0.336 volts.
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Figure 111.2: A, Dependence of Al on FdUMP concentration at 35 pM

5,10-CH2H4folate. The curve through III.2A was

calculated from equation (III.4) using k_3 = 0.53 8-1,

k2 = 24.3 s-1, K1 = 120 pM, K2 = 12.8 pM and

[5,10-CH2H4folate] = 35 pM. 13, A double reciprocal

plot of the data in 2A fit by equation (II1.5)

permitted calculation of k2 equal to 24.3 t 4.8 s-1.

The inset for I11.2B is a replot of the slopes of

equation (111.5) determined at four different

5,10-CH2H4folate concentrations allowing calculation of

Ki (120 ± 324 pM) and K2 (12.8 t 9.8 pM).
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Figure 111.3: A, Dependence of A2 on FdUMP concentration at 35 pM

5,10-CH2H4folate. The curve through III.3A for FdUMP

was calculated using K1 = 120 pM, K2 = 12.8 pM, K3 =

0.022, K4 = 201 pM, k5 = 18 s-1, k_5 = 0.05 8-1 and

[5,10-CH2H4folate] = 35 pM. B, A double reciprocal

plot fit by equation (III.7) from which intercept and

slope values were determined for replots that permitted

calculation of K4 = 201 ± 175 pM and k5 = 18.0 ± 10.8

s-1 C, A replot of the slopes from equation (III.7)

versus the reciprocal 5,10-CH2H4folate concentration.

The data were fit using the polynomial equation which

calculated the quanity (K2K3K4) and the quanity

(K1K2K3K4). The curve through C was calculated using

the values above for Kl, K2, K3 and K4. D, A replot

of the intercepts from equation (III.7) versus the

reciprocal 5,10-CH2H4folate concentration. By the

method of linear least squares, the slope (K4/k5 +

K3K4/k5) and the intercept k5(18.0 ± 10.8 s-1) were

determined.
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where E is thymidylate synthase, A is FdUMP and B is 5,10-CH2H4folate.

The observed fluorescence change accounts for approximately 49% of the

total fluorescence decrease and was attributed to sequential changes

in fluorescence occurring during the formation of the (AEAB)',

(BAEAB)' and (BAEAB)* complexes where an additional fluorescence

quenching occurs upon (BAEAB)* formation. The remaining 51% of the

fluorescence change occured within the dead time of the instrument

and may be related to the formation of the EAB complex or rapid

conformational changes subsequent to EAB formation. Similar results

were found for the change in absorbance measured at 330 nm. If it is

assumed that under the experimental conditions (K4/[B])<1 and that

step three is faster than step five (see below), the dependence of Al,

on the concentration of FdUMP and 5,10-CH2H4foLate is given by

equation (III.4).

k3[A](B]

Al a k-3 [A][8]+1(2(B/44(11(2

The rate constant k_3 (0.53 s-1) can be determined by extrapolation of

the dependence of Al on FdUMP in figure III.2A to zero FdUMP

concentration. The rate constant k3 (24.3 s-1) was calculated from

the y intercept of a double reciprocal plot (figure III.2B) by fitting

the data to equation (III.5).

KI K
(A1 k-3)-1

2
1 1

1- k3
+ (1 +

(B) (k3) ([A])

The values K1 (120 pM) and K2 (12.8 pM) were calculated from a replot
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of the slopes (inset figure III.28) of equation (III.5) versus the

reciprocal of the 5,10-CH2H4folate concentration. The dependence of

X2 on the FdUMP and 5,10-CH2H4folate concentrations is given by

equation (III.6).

A2 t k -5

ks[A][13]2

[A][B]2+K4[A][13] +K3K4([A][B]+K2[B]+K1K2)

The rate constant k_5 (0.05 s-1) can be determined by extrapolation of

the dependence of A2 on FdUMP (figure III.3A) to zero FdUMP

concentration. From a double reciprocal plot (figure III.3B) fitting

the data to equation (III.7),

_1 1 K4 1

+

(K2K3K4 K1K2K3K4
(A2 k-5) - 1Z: 7.5-1 Il+"3/ [B] [B] [m]2 ) [A]

the intercept and slope values determined at different

5,10-CH2H4folate concentrations can be replotted (Figures III.3C and

III.3D) versus the reciprocal 5,10-CH2H4folate concentration. From

the reciprocal value of the ordinate intercept of the intercept values

versus the reciprocal 5,10-CH2H4folate concentration (figure III.3D),

K5 (18.0 s-1) was determined. K4 (201 UM) was determined from the

solution to the quadratic equation for figure III.3C and from the

linear least squares analysis of figure III.3D using previously

determined values for Ki, K2 and K3. The values from this analysis

are summarized in Table III.1. The values k_3 and k_5 were determined

by estimation and therefore have no errors. The large errors in the

calculated values, K1 and K4 result from propagation of the errors



TABLE 111.1: Rate or Equilibrium Constants for the FdUMP and dUMP Mechanisms

A. FdUMP Mechanism (Equation (3)):

Rate or Equilibrium Constants Value

Ki 120 ± 324 pM
K2 12.8 ± 9.8 LIM

k3 24.3 ± 4.8 s-1
k_3 0.53 s-1
K4 201 ± 175 pM
k5 18.0 ± 10.8 s-1
k_5 0.05 s-1

B. dUMP Mechanism (Equation (13)):

Rate or Equilibrium Constants Value

K1

k2
k_2
K2
k3

k4 0.002 s-1
k5 0.178 s-1

15.2

7.9
13.5

17.1

0.05

± 5.0
± 0.8
± 2.8

± 4.8
± 0.04

pM
x105
s-1

pM
8-1

M-113-1
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through the data analysis.

In an attempt to attribute the exponentials to specific steps in

the overall reaction, two titration experiments were performed. The

result of the first titration where enzyme with saturating

5,10 -CH2H4folate and FdUMP concentration varied up to twice the enzyme

was mixed with saturating FdUMP continued to show two exponentials,

until at FdUMP equal to twice the enzyme concentration no further

reaction was observed. In the second titration, enzyme with

saturating FdUMP and 5,10 -CH2H4folate varied up to twice the enzyme

concentration was mixed with saturating 5,10 -CH2H4folate. Under these

conditions at 5,10 -CH2H4folate equal to approximately 1.4 times the

enzyme concentration, only one exponential corresponding to A2

remained. After alkylation with 1.6 equivalents of 5,10 -CH2H4folate

per enzyme dimer in the presence of excess FdUMP, the dependence of A2

on 5,10 -CH2H4folate concentration (figure 111.4) was found to be

hyperbolic and 100% of the amplitude was found in this single kinetic

phase. The simplest mechanism consistent with this observation is

given in equation (111.8)

K4 k5

(AEAB), + B * (BAEAB)' * (BAEAB)* (111.8)

k_5

where E, A and B are defined above. The cofactor 5,10-CH2H4folate

binds rapidly to the (AHAB), complex followed by a slow isomerization

to the (BAEAB)* complex, where the additional fluorescence quenching

is attributed to (BAEAB)* formation. The rate constant k_5 (0.05 s-1)
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Figure 111.4: Dependence of A2 on 5,10-CH2H4folate concentration at

thymidylate synthase (0.5 pM) premixed with FdUMP (50

pM) and 5,10-CH264folate (0.8 pM). The curve through

the data for 5,10-CH2H4folate was calculated using

K4 = 83 pM, k5 = 9.1 8-1 and k_5 = 0.05 s-1. The inset

is a double reciprocal plot of (A2 - k_5)-1 versus the

reciprocal 5,10-CH2H4folate concentration where the

intercept is the reciprocal value of k5 (9.1 s-1) and

K4 (83 pM) can be determined from the slope divided by

the intercept (equation 111.10).
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can be determined by extrapolation of the dependence of A2 on

5,10-CH2H4folate concentration to zero 5,10-01284folate concentration

(equation (III.9)).

_5 +
K4 + [B]

k [B]5

From a double reciprocal plot (equation (III.10), inset

Figure (III.4));

1 K4
(A2 k-5)-1 k5 k5 [12)1

(111.10)

k5 (9.1 ± 2.8 2-1) can be determined from the reciprocal value of the

ordinate intercept and K4 (83 ± 31 pt4) can be determined from the

slope divided by the value of k5. These values agree within a factor

of two with those given in Table III.1 from the analysis of

equations (III.6) and (III.7) which were derived from the mechanism

given by equation (III.3).

When thymidylate synthase and dUMP were mixed with

5,10 -CH2H4folate, there was initially a rapid decrease in fluorescence

followed by a slow fluorescence increase. In control experiments

where enzyme was mixed with 5,10 -CH2H4folate, enzyme plus dUMP was

mixed with buffer or 5,10 -CH2H4folate was mixed with dUMP, no reaction

was observed. Figure III.5A shows that the rapid fluorescence

decrease was completed within 0.2 seconds and was fit by a single

exponential (solid dark line). If the portion of the reaction that

should occur within the dead time of the instrument was considered,
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Figure 111.5: A, 5,10 -CH2H4folate addition to the dUMP- thymidylate

synthase complex where final concentrations were 40 pM

5,10 -CH2H4folate, 40 pM dUMP and 0.5 pM thymidylate

synthase. The line drawn through the data was

calculated from the fit of the data to equation (111.1)

in the text with Al = 47.0 s -1, Ao = 0.580 volts and Al

= 0.340 volts. B, H2folate formation. Final

concentrations were 20 pM 5,10 -CH2H4folate, 10 pM dUMP

and 0.5 pM thymidylate synthase. The line drawn

through the data was calculated from the fit of the

data to equation (II1.2) in the text with X1 = 0.173

s-1, X2 = 0.010 8-1, So - 2.3 x10-3 volts n-1, Ao

1.465 volts, Al = 0.800 volts, A2 m. 0.530 volts.
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over 95% of the fluorescence change was accounted for by the single

kinetic phase. Figure I11.5B shows the slow fluorescence increase due

to H2folate formation fit by equation (III.2) (solid dark line)

containing two exponentials and a steady-state rate. The data in

figure I11.5B could not be adequately fit by equation (III.1). In

experiments monitoring the absorbance at 340 nm, only the slow

reaction was observed and gave the same results (two exponentials and

a steady-state rate) as the fluorescence experiment indicating that

the slow phases monitored in the fluorescence experiment corresponded

to H2folate formation.

Experiments studying the initial rapid decrease in fluorescence

showed that the rate was dependent on the 5,10-CH2H4folate

concentration and independent of dUMP concentration over the range

examined (10-75 pM). Figure 111.6 shows the dependence of Al on the

5,10-CH2H4folate concentration which appeared to be linear over the

accessible concentration range. The simplest mechanism consistent

with this is given by equation (III.11)

k2

EC + D * ECD

k_2

(III.11)

where E is thymidylate synthase, C is dUMP and D is 5,10 -CH2H4folate.

The dependence of Al on 5,10 -CH2H4folate concentration is given in

equation (I1I.12)

Al = k_2 + k2(p) (111.12)
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Figure 111.6. Dependence of a1 on 5,10-CH2H4folate concentration at

0.5 pM thymidylate synthase and 40 pM dUMP. The curve

through 111.6 was calculated using k2 a 7.9x105 M-1a-1

and k_2 - 13.5 s-1.
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where the ordinate intercept equaled k_2 (13.5 s -1) and k2

(7.9 x 105 M-1s-1) can be determined from the slope. The dissociation

constant for the reaction K2, equal to k_2/k2, was calculated to be

17.1 pM.

In order to study the interaction of the enzyme with dUMP and

5,10-CH2H4folate, single turnover experiments as well as

pre-steady-state experiments with substrates in excess were conducted.

Single turnover experiments measured the change in absorbance at

340 nm, and this measurement was then used to determine the amount of

product produced. When 5,10-CH2H4folate was 1.4 times the enzyme

concentration, only a single turnover occurred with all the

5,10 -CH2H4folate converted to H2folate and no steady-state rate

present. In a second experiment where a high enzyme concentration

(5 pM) was used in the presence of excess dUMP and 5,10 -CH2H4folate, a

burst phase was observed in addition to two exponentials and the

steady-state rate of product formation (Figure 111.7). The change in

absorbance in the burst phase represented approximately 2 moles of

product per mole dimer. All of the absorbance change was accounted

for by the burst and observed kinetic phases indicating no rapid

unobservable phase. These experiments suggest product formation at

more than one active site per dimer, indicating that each active site

is capable of formation of product in the pre-steady-state. Thus it

would appear that for the reaction involving the substrate dUMP, the

two catalytic sites operate independently.

The simplest mechanism consistent with steady-state observations

(summarized by Lewis and Dunlap (1981) and Santi and Denenberg,

1984)), single turnover experiments and experiments measuring the
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Figure 1/1.7. H2folate formation with presence of burst phase. Final

concentrations were 100 pM 5,10-CH2H4folate, 200 pM

dUMP and 5 pM thymidylate synthase. The initial burst

change in O.D. indicated 9.3 pmoles of product formed.

The line drawn through the data was calculated from the

fit of the data to equation (111.1) in the text with Al

= 0.384 s-1, A2 = 0.018 s-1, ko = 1.84 x 10-3 0.D./sec,

A0 = 2.1 0.D., Al = 0.92 O.D. A2 = 0.79 0.p.
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pre-steady-state burst phase under conditions where substrates are in

excess is given by equation (III.13)

K1 K2 k3 k4 k5
E + C EC + D ECD EPQ EQ E (III.13)

P Q

where E, C, and D are defined above, P is H2folate and Q is dTMP.

Over the experimental time period, the reverse reactions were

considered to be insignificant since the amount of product formed was

small compared to the concentration of substrates. Assuming that

binding of C and D is rapid and that both substrates are in excess

over enzyme, equations (111.14) and (111.15) describe the formation of

EPQ and P at each active site as a function of time.

k5 k5-Al
e
-Alt k5-A2 e-X2tEPQ z4. k3,E0 (

1I12
- (III.14)

11(A2-11) X2(11-A2)

(

k5t
P = k3'k4E0 1112

K5-41
(1-e-Alt) -

112(12 -11)

k5.-A2
(1-e-A2t) )

A22(A1-x2)

(111.15)

where AI and 12 are the positive and negative roots of the equation

k3I+kek5 j(k31+k4+4)2 - 4(k311c4+k311c5+k4k5)

11,2 2 2
(III.16)



It follows from equation (16) that, Al+A2 = 1(31+k4+k5 and

A1A2 = k3lkek31k5+k4k5

where 1(3'

k3

K2
1 + (1 +

[D] [C]

Since the change in absorbance is attributed to the formation of P

plus EPQ (under conditions of excess substrate) and A1>>A2 (Fig.

III.SB and 111.7) it was possible to simplify equation (III.16) to

give the following values for Al and A2:

k3[D]

A1 ! k4 k5

[D] + K2 (1 + TEr)

12 - k3

k3(k4 + k5)

1 + K2 (1 + K1 )k4k5 + [D] [C]

k4.1.k5
K2 K1

1 + (1 +
[D] [C]
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(III.17)

(III.18)

The sum of k4 + k5 (-0.18 sec-1) was estimated from the ordinant

intercept of a plot of the dependence of Al on 5,10-CH2H4folate

concentration (not shown). Rearranging equation (III.17) to give

Ki K2
1 1(A1 (k41-k511)-

1

k3
+ (1 +

[C]
)

k2 [D]
(III.19)

permitted calculation of k3 (0.05 sec-1) from the reciprocal of the
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ordinant intercept and K1 (15.2 IM) from the slope of the double

reciprocal plot since K2 was determined previously and the dUMP

concentration was known from experimental conditions. At high

5,10-CH2H4folate concentrations resolution of the two exponentials was

difficult. Thus, only the two lowest cofactor concentrations were

evaluated in the analysis of equation (III.19). When the dependence

of X2 on 5,10-CH2H4folate concentration was plotted (Fig. 111.8), the

ordinant intercept was equal to k4k5/(k4+4). From this value and the

previously determined value for (k4+4) it was possible to solve for

k4 and k5 equal to either 0.178 sec-1 or 0.002 sec-I; however, since

both equations are symmetrical with respect to those rate constants,

it was not possible to assign explicit values to k4 and k5 from these

measurements. From the analysis of the burst amplitude (equation

111.20), assuming that the burst phase arises exclusively from EPQ

formation

k3,k5E0
w , , (III.20)

/4-3" F41+A.5%,,4+15-3

where k3, 1(.3 0.05 sec-1 since both substrates were near

saturation.

If k5 (.178 sec-1) > kg (.002 sec-I) and k3 (.05 sec-I), equation

(III.20) reduces to it E0 the experimental result observed (i.e.

it E 2 moles of product formed in the burst phase per mole of

thymidylate synthase dimer) whereas if k4 (0.178 sec-I) > k3 (.05

sec-1) k5 (0.002 sec-1), it = 0. These results permit the assignment

of k5 = 0.178 sec-1 and k4 - 0.002 sec-1. The values of rate and
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Figure 111.8. Dependence of A2 on 5,10-CH2H4folate concentration

independent of dUMP concentration. The curve through

111.8 was calculated using K1 = 15.2 pM, K2 - 17.1 pM,

k3 0.05 s-1, k4 - 0.002 sal and k5 0.178 s-1.
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equilibrium constants calculated from this analysis are summarized in

Table III.1.

In order to investigate possible subunit interactions in the

dimer, one site of the enzyme was alkylated with FdUMP and

5,10-CH2H4folate. Native gels were used to determine the number of

unoccupied sites before and after the stopped-flow experiment. The

results indicated that 48% of the enzyme was alkylated at one site

while the remaining enzyme was alkylated at both sites. The

steady-state activity was 3% of that found in the native enzyme and

both the fluorescence increase or absorbance increase at 340 nm showed

a single exponential. Since the increase in fluorescence indicated

product formation in the pre-steady-state and the steady-state

production of H2folate was insignificant, the signal was attributed to

the formation of a dead-end QPEAB complex. The simplest mechanism

consistent with this behavior is given in equation (II1.21)

K1 K2 k3

EAB + C * CEAB + D * DCEAB + QPEAB (111.21)

where E, A, B, C, D, P and Q are defined above. The exponential

resulting from this mechanism is given in equation (111.22).

k3

K2 KiK2
(1 +

(D) [cIED]

(111.22)

When the values previously determined for K1, K2 and k3 were used to

calculate a predicted A1, this value (0.027 s-1) agreed with the
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experimental value (0.022 s-1) indicating that alkylation of the first

active site does not appear to radically alter binding constants for

substrates and product formation at the second site.
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DISCUSSION

In this study, rapid kinetic techniques have been used to look at

the FdUMP-5,10 -CH2H4folate -enzyme ternary complex formation. The

simplest mechanism consistent with the formation of this complex is

given in equation (III.3). Previous studies (Daron and Aull, 1978;

Denenberg and Denenberg, 1978) have indicated that this is an ordered

reaction in which 2' -deoxynucleotide binds followed by

5,10 -012H4folate. Denenberg and Denenberg (1979) have suggested that

a sequential interaction occurs where initially one site is available

and after FdUMP and 5,10 -CH2H4folate bind, the second site becomes

accessible. The mechanism in equation (III.34 supports this

hypothesis. Further support for this mechanism is evident in the

stoichiometric ratio of FdUMP to enzyme which in the absence of

cofactor is approximately one and in the presence of cofactor is

approximately two (Denenberg and Lockshin, 1981).

In measuring the binding of 5,10 -CH284folate to enzyme plus FdUMP

only about 50% of the fluorescence change was observable. The amount

of the reaction due to the determined exponentials occurring within

the dead time of the instrument can only account for an additional 5%

of the fluorescence. Thus, another reaction may be occurring within

the dead time of the instrument. This reaction may be the formation

of the SAE complex and/or an undectably fast isomerization step

following cofactor binding.

Other possible mechanisms were considered, but were inconsistent

with the experimental results. The results of the titration

experiments strongly support the notion that the two subunits do not
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act independently in binding FdUMP plus 5,10-C8284folate. These data

indicated that the first kinetic phase (A1) could be related to a

reaction occurring after one mole of 5,10-C82H4folate bound to enzyme

in the presence of excess FdUMP. This result is consistent with the

formation of the (AEAB)' complex. The second kinetic phase (A2)

appeared to be due to 5,10-CH2H4folate binding to the (AEAB)' complex.

Evidence from the dependence of 12 on 5,10-CH2H4folate concentration

in experiments where only one kinetic phase remained, indicates the

simplest mechanism for 5,10-CH284folate binding to (AEAB)' is given by

equation (III.8). The hyperbolic dependence of A2 on 5,10-CH2H4folate

concentration to give (BAEAB)* supports the final isomerization step

as shown in equation (111.3). The EA complex shown in equation

(111.3) is assumed to have been formed as a result of an isomerization

step subsequent to FdUMP binding to free enzyme since previous work

from this laboratory (Mittelstaedt and Schimerlik, 1986) has shown

2,-deoxynucleotide binding to free thymidylate synthase to be

minimally a two-step process.

The steady-state reaction involving dUMP and 5,10-CH2H4folate has

been studied in many laboratories (Lewis and Dunlap, 1981; Santi and

Denenberg, 1984). The conclusion was that the reaction proceeded via

an ordered steady-state mechanism and no allosteric behavior was

observed. Stopped-flow studies examining the overall reaction agree

with this as seen in equation (III.13). The rapid fluorescence

decrease (figure III.5A) directly measures the 5,10-C82H4folate

binding to the dUMP-enzyme complex. The reaction occurs in a single

step with a dissociation constant (K2) of 17.1 ± 4.8 pM. This value

is within the range determined in other laboratories (summarized in
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Lewis and Dunlap, 1981; Santi and Denenberg, 1984) for folate

analogues binding to enzyme-2, -deoxynucleotide complexes. The value

of K1 (15.2 t 5.0 pM) determined from the analysis of equation

(111.19) agreed with the value for the Kia (24.0 ± 15.5 UM) determined

from steady-state experiments (Mittelstaedt and Schimerlik,

unpublished) and is equivalent to the overall equilibrium constant

(13.1 t 1.4 pM) determined for the dUMP - enzyme binary complex

formation (Mittelstaedt and Schimerlik, 1986), also supporting this

mechanism.

Experiments were performed to investigate the number of

enzymatically active sites present. Single turnover experiments in

which the concentration of the total number of active sites was

greater than 5,10 -CM2H4folate concentration indicated more than a

single active site per mole of enzyme. The change in absorbance also

indicated that all the 5,10 -CH2Hafolate present (1.4 moles/mole of

enzyme) was converted to H2folate. Also studied was the initial

change in absorbance of the burst phase of product formed at high

enzyme concentration and near saturating substrate concentrations

which also indicated approximately 2 active sites. These results are

in agreement with equilibrium gel filtration data found by Lewis and

Dunlap (1981) suggesting 1.6 dUMP binding sites for the enzyme. Thus,

these data would seem to indicate that the reaction with substrates

can occur simultaneously at both active sites as opposed to the

sequential reaction of the enzyme with the inhibitor FdUMP. In order

to investigate the effect on enzymatic activity when only one active

site was available, enzyme was alkylated with FdUMP and

5,10 -CH2Hafolate. This method of alkylation was chosen because a
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precise measurement of the available sites could be determined by

native gels. The steady-state rate of the alkylated enzyme used in

the stopped-flow experiments was 3% of the native enzyme. This low

steady-state rate would not give a large steady-state signal for

product formation. The results of the stopped-flow experiment

indicated only one exponential present in the pre-steady-state. The

exponential was characterized by an increase in fluorescence

indicating formation of a complex with product bound. The simplest

mechanism (equation (III.21)) predicts the formation of a dead-end

complex (ABEPQ). This dead-end complex closely resembles the final

complex formed in the FdUMP, BOO -CH2H4folate and enzyme reaction

(equation (III.3)). Release of H2folate and dTMP appear to be

severely hindered when one site is alkylated with FdUMP and

5,10 -CH2H4folate indicating that alkylation of the first site induces

an assymetry in the dimer preventing product release at the second

site.

It was not possible from the pre-steady-state kinetics to determine

whether the rate determining reaction was either the release of

H2folate from the EPQ complex or dTMP release from the EP complex.

This uncertainty arose since the solution for the values, k4 and ks,

involved two unknowns and two symmetrical equations from which it was

not possible to assign definitive values. However, from experiments

which evaluated the burst phase, it was possible to determine the rate

determining step (k4). This step involves the release of H2folate

from the ternary E-dTMP-H2folate complex. This assignment is at

variance with previous kinetic studies (Lewis and Dunlap, 1981) that

suggested that hydride transfer is rate determining. The reason for
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this descrepancy is unknown.

Analysis of this reaction is hindered by the amplitude terms

(equations (III.13) and (III.14)) of the exponentials and by the low

(<.4 s-1) values of the exponentials. Due to the low rates, it was

not possible to accurately measure the dependence of the exponentials

on dUMP concentration. The two exponentials are well separated at low

5,10-CH2H4folate concentrations, but at higher 500 -CH2H4folate

concentrations, amplitude shifts make resolution of exponentials

difficult. This difficulty in data analysis led to other possible

mechanisms being considered. If 5,10 -CH2H4folate binds at the second

site before dUMP resulting in inhibition, or 5,10 -CH2H4folate binds to

the EP complex, the result should be evident in the steady-state

analysis since substrate inhibition should occur. Previous studies

(Daron and Aull, 1978; Denenberg and Denenberg, 1978) have indicated

no positive cooperativity between the sites. Neither have these

studies indicated any inhibition due to 500 -CH2H4folate except at

extremely high concentrations (>1 mM), not used in these studies

(Santi and Denenberg, 1984). A flip-flop mechanism would result in

high order terms in the steady-state rate equation not found in the

results from this or other laboratories. Thus, these mechanisms can

be eliminated. The mechanism presented in this study (equation

(III.10)) is consistent with the results from other laboratories

(reviewed in Santi and Denenberg, 1984).

The data suggest that the sequential interaction predicted for the

formation of the FdUMP -5,10 -CH2H4folate -enzyme ternary complex cannot

be related to the monomeric mechanism with simultaneous formation of

product at both sites for the enzymatic reaction with substrates.
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Evidence in the form of measurements in which enzyme was in excess

over substrate for product formation indicated more than one site per

dimer were acting simultaneously provided for additional support for a

different mechanism than the one determined for the FdUMP reaction.

Lockshin et al. (1984) predicted that monophasic or biphasic binding

behavior was possible and was dependent upon substrate structure.

Once FdUMP and cofactor bind at one site, the environment of the

second site appears to be affected. These alterations appear to

prevent the dissociation of product from the second site as

demonstrated by the alkylated enzyme experiment. This appears to

offer support for the theory that substrate structure influences

possible interaction between the sites.

In conclusion, the mechanism for the formation of the

FdUMP -5,10-01284folate -enzyme ternary complex has been elucidated in

equation (III.3) predicting a sequential interaction between the

subunits. Rate and kinetic constants for this reaction have been

determined. In the enzymatic reaction studying product formation,

both sites appeared to act independently (equation (III.13)) and rate

and kinetic constants were determined. A rate determining step

involving the release of 112folate from the EPQ complex has been

proposed.
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CHAPTER IV: CONFORMATIONAL ANALYSIS OF THYMIDYLATE SYNTHASE FROM

AMINO ACID SEQUENCE AND CIRCULAR DICHROISM

CONTRIBUTION OF COAUTHORS

This project was performed in collaboration with the laboratory of

Professor W.C. Johnson. Dr. P. Manavalan performed the circular

dichroism experiments and the data analysis. My contribution involved

isolation and purification of the enzyme and maintaining the full

activity of the enzyme. Also, I prepared all solutions and all

additional substrates.

SUMMARY

Circular dichroism studies were carried out in the vacuum

ultraviolet region for thymidylate synthase from Lactobacillus casei

and its ligand complexes. The CD spectrum was analyzed for secondary

structure using three different methods, all of which gave similar

results. Our method predicts 33% a-helix, 25% B -sheet, 20% turns and

16% other structure. The secondary structure of this protein was also

predicted from the amino acid sequence using four different methods.

Though there is a variation in the prediction among these methods, the

prediction of 32% a-helix and 23% B -sheet by combining the four

methods is in excellent agreement with our CD results. Further, the

location of the predicted regions of a-helices and 8-strands along the

sequence, and the CD characteristics, strongly suggest that this

protein belongs to the a+13 structural class. Binding of the inhibitor
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FdUMP or the cofactor 5,10 -methylenetetrahydrofolate did not change

the CD spectrum. However, when both ligands were present, there was a

significant change in the CD spectrum and the maximum changes occurred

when the concentration of FdUMP was 1 mol/mol of enzyme.
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INTRODUCTION

Thymidylate synthase catalyzes the reaction involving the

conversion of deoxyuridylate (dUMP) to thymidylate (dTMP). This

reaction is a two-step process in which transfer of a one-carbon unit

from the cofactor N5 ,N10-methylenetetrahydrofolate (5,10-CH2H4folate)

to the 5 position of dUMP is followed by reduction of the one-carbon

unit to a methyl group (Lomax and Greenberg, 1967). Because of the

role that thymidylate synthase plays in DNA synthesis, it has been an

important chemotherapeutic target enzyme in the treatment of various

proliferative diseases (Reyes and Heidelberger, 1965).

Thymidylate synthase has been isolated from different sources and

the complete amino acid sequence for Lactobacillus casei (L. casei)

has been determined by various cleavage techniques and peptide

analysis (Maley et al., 1979). Sequences for this protein from E.

coli and bacteriophage T4 have also been predicted by the gene cloning

technique (Belfort et al., 1983; Chu et al., 1984). The enzyme from

L. casei has a monomer molecular weight of 35,000 and is composed of

two identical subunits (Dunlap et al., 1971).

It has been found that FdUMP, a fluorinated analog of dUMP, is a

potent inhibitor of thymidylate synthase (Danneberg et al., 1958).

The enzyme has two identical sites, and in the presence of cofactor

5,10-CH2H4folate, FdUMP binds extremely tightly (Kd a 10-11 - 10-13

M) to both (Lewis and Dunlap, 1981). Further, kinetic binding studies

with ligands of different concentrations suggest a ligand induced

sequential model for subunit interactions, in which only one site is

accessible on the free enzyme until the binding of both ligands,
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5,10-CH2H4folate and FdUMP, cause a conformational change that opens

the second internal site (Denenberg and Denenberg, 1979). The

determination of the three-dimensional structure of this enzyme will

greatly help in understanding the mechanism involved in ligand

binding. In the absence of crystal structure data, empirical

prediction methods to identify the secondary structural regions from

the amino acid sequence, and solution studies of secondary structure

by circular dichroism (CD) can be used to elucidate the structure of

the proteins (Chou and Fasman, 1978).

In this article, we describe CD studies of thymidylate synthase

from L. casei to probe the structural details of the enzyme and

conformational changes caused by ligand binding. Since the sequence

is also available for this enzyme (Maley et al., 1979), we also

predicted the secondary structure from the amino acid sequence. We

used four different prediction methods (Burgess et al., 1974; Chou and

Fasman, 1978; Lim, 1974; Garnier et al., 1978), and combined the

results to produce a joint prediction of the a-helices and 0-sheet

regions. CD measurements were made from 260 nm to 178 nm for

thymidylate synthase and its ligand complexes, and the results

analyzed for structural information. For the secondary structure

analysis of CD data, we used a method developed in our laboratory, the

Provencher and Glockner method, and a new "variable selection"

method.

Analysis of secondary structure for thymidylate synthase

indicated that the average amount of a-helix and B -sheet predicted

from the amino acid sequence is in good agreement with the CD

estimation. Further, the clustering of a-helices and 0-strands, which
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are segregated along the sequence, suggested that the tertiary folding

pattern is of the a+6 type. The CD characteristics of this protein

also predicted the a +$ classification. No significant changes in the

CD spectrum are found for the binding of dUMP, FdUMP or cofactor, but

a definite change occurs when both FdUMP and cofactor are bound to the

enzyme.
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Materials:
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Thymidylate synthase (specific activity 3.4 pmol min-1 mg-I) was

purified from an amethopterin-resistant strain of L. cases using the

procedure of Dunlap et al. (1971) as modified by Galivan et al. (1975)

in the presence of 20 mM 0-mercaptoethanol. Purity of the enzyme was

determined by 7.5% SDS polyacrylamide gels which yielded one band at

35,000 daltons. The enzyme was stored at 0°C in saturated ammonium

sulfate, 0.05 M potassium phosphate, 20 mM 0-mercaptoethanol, pH 7.1.

Prior to use the enzyme was dialyzed with 2 changes of one liter 0.01

M potassium phosphate, 5 mM $-mercaptoethanol, pH 7.1 under argon (for

protection of the active cysteine) at 4°C.

The nucleotide dUMP was purchased from Sigma, while FdUMP and

( +)t- methylenetetrahydrofolate (5,10-CH2fi4folate) isomer were the

generous gifts of Dr. Peter Denenberg. All experiments were performed

in 0.01 M potassium phosphate, 5 mM $emercaptoethanol, pH 7.1.

Ligands were added from concentrated aliquots in the same buffer and

were used at concentrations between 25-50 times that of the protein.

Also, changes in the CD were monitored at 208 nm for different molar

ratios of FdUMP and thymidylate synthase in the presence of a 5-fold

molar excess of 5,10 - CH2H4folate.

Methods:

Secondary structure prediction from amino acid sequence: The
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amino acid sequence of thymidylate synthase from L. casei was taken

from Maley et al. (1979). The prediction methods of Chou and Fasman

(1978), Burgess et al. (1974), Lim (1974), and Garnier et al. (1978)

were used to estimate a-helices and 3-strands. A computer program was

developed for the Chou and Fasman method, and the average helical and

3-sheet potentials of tetrapeptide i to (i + 3) were calculated from

the respective Pa and P8 values of single residues (Chou and Fasman,

1978). Prediction rules of Burgess et al. (1974) have been slightly

modified, a residue is in a (or 3) whenever its prediction parameter

is greater than that for 8 (or a) and turn. This maximizes a-helical

and B-sheet regions. For the Robson method, we used decision

constants -100.0 and -87.5 for a-helix and extended structure,

respectively, which are recommended when the secondary structure is

more than 50% (1978). The following rules were applied for the joint

prediction of secondary structures from these four different methods.

1. The secondary structure was predicted using individual

methods.

2. A residue was assigned a-helix or 5-sheet conformation if it

was predicted by a majority of the methods. To be considered a-helix,

a minimum of four consecutive residues must be in the a-helical

conformation; to be considered 3-strand, a minimum of three

consecutive residues must be in the 3 -sheet conformation.

3. If any overlap of secondary structure prediction occurs (say

two predicting a-helix and two predicting 0-sheet), the method of

Kabat and Wu (1973) and hydrophobicity/hydrophilicity criteria

(Kanehisa and Tsong, 1980; Cid et al., 1982) were used to clarify the

ambiguity.
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CD measurements: CD measurements were made on a vacuum UV CD

spectrophotometer at 20° ± 1°C with 50 pm to 100 pm pathlength cells.

The instrument was calibrated with (+)-10-camphorsulfonic acid, Az =

+2.37 M-1 cm-1 at 290.5 nm. Transmission spectra were also measured

with the same instrument. The extinction coefficient determined at

190 nm is 9500 ± 200 M-1 cm-1. The entire procedure was repeated six

times for the sample prepared at different times with different

concentrations. The concentration of the sample varied from 0.5 mg/ml

to 1.5 mg/ml. Data were collected by a microcomputer with a 0.1 sec

time constant at a scanning rate of 4 data points/minute with a 0.5 nm

interval. Before subtracting the baseline, the digitized data for the

sample and the buffer were smoothed with 11 point and 19 point

Savitzky-Golay smoothing functions, respectively (Savitzky and Golay,

1964). Concentration of the protein was determined using the

ninhydrin reaction common to amino acid analysis but without

separating the residues, as described by Hennessey and Johnson

(1981).

Analysis of CD data for secondary structure: The digitized CD

data were analyzed for secondary structure by different methods.

Forty-two data points at 2 nm intervals between 178 nm and 260 nm were

considered for all analyses. Besides using the method developed in

our laboratory (Hennessey and Johnson, 1981), we also used the

Provencher and Glockner method (Provencher and Glockner, 1981), and

the "variable selection" method (Mosteller and Tukey, 1977) which are

briefly outlined here.

Method of Hennessey and Johnson: Hennessey and Johnson (1981)

applied singular value decomposition (SVD) to the CD data for sixteen
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reference proteins of known secondary structure. They used the five

most important basis vectors from SVD to predict the secondary

structure of a protein from its CD spectrum. This method was further

improved as a more simple and straightforward procedure by Compton and

Johnson (to be published). According to this method the linear

relationship between CD data and their corresponding secondary

structure can be written as the matrix equation:

XC F. (IV.1)

Here C is the CD data of the 16 reference proteins, F is the

corresponding fraction of the protein secondary structure, and X are

the coefficients that relate C and F. X can be determined by

transforming equation (IV.1) as

X = FC-1 (IV.2)

where C-1 is the inverse of C. The matrix C can be decomposed by SVD

into the product USV1 where U and V are orthogonal and unitary

matrices, and S is a matrix with entries only of the main diagonal.

The elements of S are called singular values. Then

C1 = vruT (IV.3)
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where S+ has nonzero entries only on the main diagonal which are the

reciprocals of the singular values (Forsythe et al., 1977).

Multiplying a digitized CD spectrum by X will give the secondary

structure of the corresponding protein. In calculating C-1, we use

only the five most significant singular values and the corresponding

vectors in U and V matrices to eliminate noise and avoid instability.

Provencher and Glackner method: Provencher and Glockner

analyze the CD spectrum of a protein as a linear combination of the CD

spectra for reference proteins of known secondary structure. This is

given as

Ny

y(A)

iml

(IV.4)

If the yj are determined, the secondary structure is calculated from

Ny
fi E YjFji

j=1

(IV.5)

where Fji is the fraction of residues of protein j in conformational

class S. The yj values are determined by the criterion

NY
E [Y(Ak)-Yobs(Ak)12 4' a (lj )

2
- minimum. (IV.6)

k1 j -1

In calculating the secondary structure, they also impose the

constraints that the fi are positive (fi > 0) and their sum is equal
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to one (Efi = 1). The second term in equation (IV.6), called a

'regularizer', tends to stabilize the solution. When the

regularization parameter, a, equals zero, this equation reduces to the

ordinary constrained least-squares solution. The Provencher and

GlOckner method gives a series of solutions with increasing a values.

The optimum solution is chosen based on a number of criteria; the most

important ones are (i) Fisher's F-distribution with Prob(a) should be

close to 0.5, (ii) the calculated spectrum should adequately fit the

observed spectrum, and (iii) the residuals should be randomly

scattered.

Variable selection method: The variable selection method

consists of removing one or more references from the data used to

perform the analysis (hosteller and Tukey, 1977). In our case, this

is equivalent to removing certain proteins from the basis set and

recalculating the secondary structure. Since we do not know a priori

what proteins should be removed from the basis set in order to get

better analyses, calculations were performed for all possible subsets.

If there are n proteins in the basis set and r proteins to be removed,

there are n:/rl(n-r)! combinations. The criteria for selecting the

best possible solution(s) among the subsets depend upon the nature of

the problem. For our analyses, the following criteria have been

applied to choose the optimum solutions: (i) the sum of the predicted

secondary structure should be in the range 0.9-1.10. (ii) No

secondary structure should be large and negative. (iii) The fit of

the reconstructed CD should be within the noise level of the

experimental data. Analyses of the proteins in the basis set indicate

that the sum of the squares of the residuals should be less than 2.0.
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(iv) Use the largest basis set that gives reasonable results; (v)

include all proteins in the basis set that have a CD similar to the

test protein. Since the CD of lysozyme is similar in shape to the CD

of thymidylate synthase, we considered only those subsets that

included lysozyme.



TABLE IV.1: Secondary Structure Analysis of Thymidylate Synthase from Amino
Acid Sequence

Method a-helix 0-sheet (A+P)a Other (T+0)b

Chou & Fasman (per residue) 0.41 0.28 0.31

Chou & Fasman (per amide) 0.37 0.24 0.39

Robson group (per residue) 0.41 0.33 0.26
Robson group (per amide) 0.38 0.28 0.34

Lim (per residue) 0.37 0.22 0.41

Lim (per amide) 0.33 0.18 0.49

Burgess et al. (per residue) 0.26 0.21 0.53

Burgess et al. (per amide) 0.23 0.17 0.60

Joint method (per residue) 0.34 0.27 0.39

Joint method (per amide) 0.32 0.23 0.45

aA: antiparallel and P: parallel

bT: 3 -turns and 0: other structures
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Fig. IV.1. Prediction of a-helices and 8-strands from amino acid

sequence by different methods: (a) Burgess et al. (1974);

(b) Garnier et al. (1979); (c) Lim (1974); (d) Chou and

Fasman (1978), and (e) joint prediction.
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RESULTS AND DISCUSSION

Secondary Structure Analysis from Amino Acid Sequence

Table IV.1 gives the amount of each secondary structure predicted

from amino acid sequence by the four different methods. From Fig.

IV.1 we see that the regions around the segments 7-16, 81-92, 113-138,

166-172, 234-244, 264-272 and 290-300 are predicted as a-helices by 3

out of 4 or by all 4 methods. Similarly, the commonly predicted

regions for 0-strands are 29-34, 51-58, 141-146, 178-182, 199-207,

210-216, 219-226 and 301-303 (Fig. IV.1). Although all the methods

predict most of the a-helices and 0-strands in similar regions along

the sequence, there is a considerable variation in their length and

hence in the total amount in each category. The prediction of

a-helical content by all the methods except Burgess et al. (1974) is

in good agreement (37% to 41%). However, there is a large difference

in the prediction of 0-sheet, varying from 21% to 33%. The Robson

method (Garnier et al., 1978) predicts the highest amount, whereas the

lowest value is predicted by Burgess at al. (1974). When we changed

the decision constants which correspond to total secondary structure

in the Robson method for the range 20%-50%, the changes in the

prediction of secondary structure were insignificant.

Since the joint prediction algorithm seems to give more reliable

results than any single prediction method, we applied this procedure

(as outlined in the Methods section) to estimate the secondary

structural regions. The locations of a-helices and 0-strands

predicted by this method are given in Table IV.2 and a schematic of



TABLE IV.2: Location of a-Helices, $-Strands and B -Turns in Thymidylate Synthase
(L. casei)1

a-Helices 0-Strands 0-Turns

7-16, 81-92, 113-138, 29-34, 47-49, 51-58,
149-154, 166-172, 234-244, 60-65, 71-75, 141-146,
246-260, 264-272, 290-300 160-163, 178-182, 190-196,

199-207, 210-216, 219-226,
279-284, 301-303

15-18, 20-23, 25-28,
41-44, 66-69, 68-71, 77-80,
93-96, 98-101, 102-105,
106-109, 109-112, 111-114,
137-140, 139-142, 147-150,
154-157, 156-159, 162-165,
174-177, 176-179, 186-189,
196-199, 207-210, 216-219,
242-245, 275-278, 285-288,
285-288, 287-290, 303-306,
305-308

1a-helices and 8-strands have been predicted by joint prediction algorithm, whereas
8-turns by Chou and Fasman method (1979).

-
c:
a
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Fig. IV.2. Schematic diagram of the predicted secondary structure in

thymidylate synthase. a-Helices (AL) and 5-strands (AA)

are from joint prediction algorithm and B-turns from Chou

and Fasman method (Table IV.2).
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these predicted regions along the sequence is shown in Fig. IV.2.

Table IV.2 also includes the 5-turns predicted by the Chou and

Fasman method (Chou and Fasman, 1979). It is obvious from the figure

and table that a-helical regions are dominant in the latter part of

the chain, whereas 6-strands are concentrated in the N -terminal

(29 -75) and middle portion (178-226). It is interesting to note that

the segment 113-138, which is not present in the bacteriophage

thymidylate synthase sequence, is predicted as a long a-helix.

Finally, the secondary structure estimated by the joint prediction

algorithm amounts to 34% a-helix, 27% 5-sheet, and 39% other structure

(Table IV.1).

Secondary Structure Analysis from CD Data

The CD spectrum depicted in Fig. IV.3 is an average of six

measurements. The error bars at 193 nm, 208 nm and 220 nm are the

deviations from the average value and hence represent the

repeatability of At for our measurements. The shape of the CD is

similar for all runs. The spectrum is characterized by two negative

minima around 208 nm and 220 nm and a positive peak at 193 nm. The

spectrum crosses the baseline from negative to positive at 200-201 nm

and again from positive to negative at 178-179 nm. As described in

the Methods section, we computed the X from CD spectra of proteins

with known secondary structure. Multiplication of the CD of

thymidylate synthase by X gives the estimation of each secondary

structure. The secondary structure analysis for the CD spectrum shown

in Fig. IV.3 yields 33% a-helix, 23% antiparallel and 2% parallel
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Fig. IV.3. CD spectrum of thymidylate eynthase in 0.01 M potassium

phosphate, 5 mM a-mercaptoethanol, pH 7.1: experimental

fitted CD: our method ), Provencher &

GlOckner (----) and variable selection method



Figure IV.3

I i I i I 1

180 200 220

Wavelength (nm)
240



109

5- sheet, 20% 0-turns, 16% 'other' structure, which totals 94% (Table

IV.3). Also, the reconstruction of the CD spectrum is excellent,

having an SSE = 0.520 (Fig. IV.3).

We also used the Provencher and GlOckner method to analyze the CD

spectrum of thymidylate synthase for secondary structure. To use

their method, we substituted our CD and X-ray data for sixteen

reference proteins into their program. The chosen solution has a =

9.69 x 10-5, Prob1(a) = 0.603 and degrees of freedom = 10.425. Also,

the residuals between calculated and experimental CD data appeared

random. This satisfied their criteria for choosing a solution. The

predicted secondary structure for this solution (Table IV.3) is 36%

a-helix, 26% 0-sheet (23% antiparallel and 3% parallel), 25% turns and

13% 'other' structure. Compared to our analysis, the amount of

0-sheet is very similar, but it predicts , respectively, A and 5%

more a-helix and 5 -turns than our methods, and 3% less 'other'

structure.

The Provencher and Glockner method fits the experimental data for

thymidylate synthase perfectly. However, this is not really

surprising. These workers make use of all the data in the CD spectra

of the 16 reference proteins, and avoid instability by using a

regularizer term in their constraint. In contrast, we avoid

instability by using only five of the 16 basis vectors from SVD.

Using more basis vectors would provide a better fit, but we argue that

the rest of the basis vectors fit only noise in the system. Indeed,

when using our method on the CD spectra of the original 16 reference

proteins, we find that up to a point, adding more basis vectors makes

the analysis poorer. The most complete analysis is by definition



TABLE IV.3: Secondary Structure for Analyzing CD Data of Thymidylate Synthase and Its Ligand
Complex

Method H A P T 0 Total

CD of thymidylate synthase

Hennessey & Johnson
(unconstrained)

0.33±.03 0.23t.02 0.02±.01 0.20t.03 0.16t.05 0.94±0.08

Provencher & GlOckner
(constrained)

0.36 0.23 0.03 0.25 0.13 1.00

Variable Selection
method (unconstrained)

0.33±.00 0.24±.01 0.02±00 0.21±.01 0.20±.00 1.001.00

CD of thymidylate synthase
+ FdUMP + 5,10 -CH2H4folate

Hennessey & Johnson
(unconstrained)

0.31±.02 0.16t.02 0.02±.01 0.17t.03 0.181.03 0.84t.05

Provencher & Gl5ckner
(constrained)

0.31 0.25 0.02 0.19 0.23 1.00

Variable Selection
method (unconstrained) 0.321.01 0.19±.00 0.04±.01 0.15±.00 0.28±.03 0.981.02

H = a-helix, A = antiparallel 0-sheet, P = parallel 0-sheet, T = 0-turns and
0 = others.
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when all 16 basis vectors are used. Adding more basis vectors will

always improve the fit to the CD spectrum, but need not improve the

analysis for secondary structure.

The constraint with the regularizer term in the Provencher and

GlOckner method is a clever way to improve the analysis for secondary

structure with a bias for certain proteins in the data set. Different

biases (by changing the value of a) are used, and one is selected

using the criteria discussed briefly in the Methods section. Another

bias is to remove or add proteins to the data set and perform the

analysis for secondary structure. This variable section (Mosteller

and Tukey, 1977) is not new and is a standard procedure in the

statistical analysis of data. Following the outline in the Methods

section, we applied SVD analysis for all possible subsets generated by

removing 1 to 6 reference proteins. In the case of thymidylate

synthase, the analysis using all 16 proteins itself is good, as it

fits the CD within the noise level and the total adds to 0.94. The

variable selection method will become important when we analyze the CD

of thymidylate synthase complexed with ligands. However, to be

consistent, we applied it here to uncomplexed thymidylate synthase,

and obtained three subsets with the sum of the secondary structure

equal to 1.00. These subsets have 14 proteins in the basis set and

satisfied all the criteria mentioned in the Methods section. The

average values given in Table IV.3 indicate that all the secondary

structures except 'other' have similar values. Only the 'other'

structure has been increased from 16% to 20%, which again reflects

that in most cases the error tends to accumulate in the 'other'

structure (Hennessey and Johnson, 1982). Thus the calculation of
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secondary structures from CD data by various methods indicate that

there is not much change in the a-helix, 0-sheet predictions, and this

gives confidence in the results.

In comparing the CD estimation with the results predicted from

sequence, it should be mentioned that our fractions of secondary

structure were based on the number of amides instead of residues.

This is due to the fact that the amide, not the residue, in each

ordered segment contributes to the CD. If we make corrections to the

sequence-prediction values accordingly, the joint prediction results

in terms of amides should be 32% a-helix and 23% 0-sheet. These

results agree very well with our CD estimation. Also, the predictions

of a-helix and 5-sheet by Chou and Fasman and Robson group are very

close to CD estimation, while a-helix prediction by Lim agrees with

the CD results (Tables IV.1 and IV.3).

CD Analysis of Thymidylate Synthase and Ligand Complexes

We also monitored the conformational changes of thymidylate

synthase upon binding of ligands by CD. The addition of dUMP, FdUMP

or cofactor 5,10 -CH2H4folate did not change the CD spectrum measured.

However, when FdUMP was added to thymidylate synthase in the presence

of cofactor, we noticed a definite change in the CD spectrum of

thymidylate synthase (Fig. IV.4). The addition of both ligands

decreased the positive band at 193 nm as well as the negative band at

208 nm. The titration of FdUMP with thymidylate synthase in the

presence of a 5-fold molar excess of cofactor revealed that the

maximum changes in ellipticity occur when the concentration of FdUMP
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Fig. IV.4. CD spectra of thymidylate synthase and its ligand

complex with FdUMF and 5,10 -CP2H4folate The fitted

spectra for the ligand complexes computed by our method

(), Provencher & Glackner (----) and variable

selection method
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is 1 mol/mol of enzyme. The conformational changes, studied by

hydrodynamic methods (Lockshin and Denenberg, 1980), also reveal that

70% of the change in Stoke's radius occurs upon binding of 1 mol of

ligands/mol of enzyme. Furthermore, Sharma and Kisliuk (1975) have

studied the titration of FdUMP by fluorescence techniques and report

that maximum quenching occurs when one mole of FdUMP interacts with

one mole of enzyme. These results strongly suggest that there is some

kind of structural alteration when the first site is occupied by FdUMP

and cofactor.

The CD spectrum of ternary complex shown in Fig. IV.4 was also

analyzed for secondary structure by all these different methods. The

analyses by the Hennessey and Johnson method give a total equal to

0.84 and it is hard to assess the conformational changes when the

total does not add up to 1.0. However, by the variable selection

method, we obtained a total value of 0.97, and the results are given

in Table IV.3. According to this analysis, there is about a 6%

decrease in 0-turns and a 8% increase in 'other' structure when

thymidylate synthase and the ligands form a ternary complex. The

analysis carried out by the Provencher and Glockner method also

reveals a 6% decrease in 0-turns and a 5% decrease in a-helix,

accompanied by a 10% increase in 'other' structure. It is of interest

to note here that the cysteine residue number 198 is involved in FdUMP

binding, and is part of a 0-turn which connects two 0-strands (Fig.

IV.2). However, for the following reasons, the quantitative

estimation of conformational transition associated with ligand binding

should be treated with caution.

The CD and absorption measurements at longer wavelength regions
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(250 nm to 500 nm), fluorescence and F19 NMR studies all indicate that

aromatic residues of thymidylate synthase, as well as ligand

chromophores, might be perturbed upon the formation of ternary complex

(Galivan et al., 1975; Donato et al., 1976; Lewis et al., 1981).

Since any changes in the environment of chromophore or asymmetric

binding of chromophore ligands will also affect the CD in the far UV

region, the changes in the CD may not be due solely to the secondary

structure of thymidylate synthase.

Structural Domains in Thymidylate Synthase

It is obvious from the analyses for secondary structure that

thymidylate synthase is a mixture of a-helices and 5-strands. Also,

a-helices and 5-strands along the chain do not occur alternatively as

observed in a/B type (Levitt and Chotnia, 1976), but each structure

seems to cluster in separate regions of the molecule (Fig. IV.2).

This segregation of a-helices and B -strands suggest the a+5 tertiary

structural type. Also, the larger magnitude of 220 nm CD band, a

positive peak at 193 nm and crossover at 178-179 nm are all

characteristics of a+5 structural type (Manavalan and Johnson, 1983),

thus agreeing with the sequence prediction. Further, the monomer

molecular weight of 35,000 daltons puts this protein in the two-domain

classification (Manavalan and Johnson, 1985) in which case one domain

may be predominantly a-helical and the second domain predominantly

antiparallel 5-sheet.

To summarize, the conformational analysis of thymidylate synthase

from amino acid sequence and by CD indicates that this protein is rich
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in both a-helices and 13-sheet. The segregation of these two ordered

structures along the sequence and the CD characteristics suggest this

protein is of a+0 type. Further, the addition of ligand complexes

FdUMP and 5,10-CH2H4folate to thymidylate synthase changes the CD

spectrum significantly.
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APPENDIX I: SUPPLEMENTARY METHODS

Growth of Lactobacillus casei (L. easel.).

Amethopterin -resistant L. casei were chosen due to the high yields

of thymidylate synthase (25 mg of protein/25 gm. of cells) present.

The L. casei were grown in 10 liter Microferm fermentors under

anaerobic conditions at 37°C. The growth media consisted of 5 gm/1

yeast extract, 15 gm/1 tryptone, 10 gm/1 sodium acetate trihydrate,

0.5 gm/1 potassium phosphate diabasic, 0.5 gm/1 potassium phosphate

monobasic, 0.05 mg/1 amethopterin and 20 gm/1 glucose. The glucose

solution was prepared in one liter of water and autoclaved for twenty

minutes separately to prevent carmel formation. The rest of the media

was autoclaved in two liters of water for twenty minutes. Once all

the solutions were cooled, they were added together and brought to ten

liters with autoclaved water. The water had been previously

autoclaved in the Microferm container for a time of twenty minutes per

liter of water.

A starter culture was grown in one liter of the growth media for

at least two days at 37°C prior to addition to the fermentors. Once

the starter culture was added, the cells were grown for approximately

48 hours with monitoring of 0.0.660 and pH. The 0.D.660 monitored the

amount of light scattering which is proportional to the density and

indicative of continued growth of cells. Since L. casei are acid

producing bacteria with optimal growth at pH 6.5 and dormancy at pH

4.5, maintaining the pH at 6.5 allows for maximum growth. Maintenance

of the pH involved frequent checks of the pH and the addition of
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50-100 mis of 10% ammonium hydroxide to raise the pH whenever

necessary. The cells were harvested by centrifugation at 5000 x g for

fifteen minutes (Beckman J-6B centrifuge, 4000 rpms). The cells were

then washed in 50 mM Tris, 25 mM potassium chloride, 1 mM EDTA, 10 mM

3- mercaptoethanol, pH 6.5 (CM-wash buffer), and spun at 5000 x g for

twenty minutes (Beckman J-6B, 4000 rpms). The supernatent was

removed, and the cells were stored at -20°C. Yield was approximately

8 gms of L. casei per liter of media.

Purification of Thymidylate synthase

Thymidylate synthase was purified using the method of Dunlap

et al. (1971) as modified by Galivan et al. (1975). Forty grams of

L. casei were suspended in two to three volumes of CM-wash buffer.

The cell membranes were then ruptured using a Branson Sonic Power

sonicator set at maximum level for thirty minutes maintaining a

temperature between 4-19°C. It was necessary to sonicate for four

minute intervals due to temperature instability. All centrifugations

discussed in the following use of SS-34 rotor at 10,000 rpms. The

solution was centrifuged at 12,000 x g for fifty minutes. The pellet

was discarded while the supernatent was brought to 35% saturation with

ammonium sulfate (19.6 gms ammonium sulfate/100 mis of solution).

This was then stirred on ice for twenty minutes and centrifuged at

12,000 x g for thirty minutes. The pellet was discarded while the

supernatent was brought to 65% saturation with ammonium sulfate (18.6

gms of ammonium sulfate/100 mis of solution). This was stirred on ice

for twenty minutes and spun at 12,000 x g for thirty minutes. The
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supernatent was discarded and the pellet was dissolved in the minimal

amount of CM-wash buffer. This was dialyzed overnight in two changes

of 2.5 liters of CM-wash buffer at 4°C.

The dialyzed sample was applied to a CM-sephadex (Sigma) column

(3 x 25 cm). The column was washed with CM-wash buffer until the

elutent had 0.1 O.D. at 280 nm. This elutent could be saved at -20°C

in order to isolate dihydrofolate reductase at a later time. The

protein was then eluted using a two liter gradient increasing salt and

pH concentrations with one liter of 50 mM Tris, 50 mM potassium

chloride, 1 mM EDTA, 10 mM 8-mercaptoethanol pH 6.5 in the mixing

flask and one liter 50 mM Tris, 350 mM potassium chloride, 1 mM EDTA,

10 mM 5-mercaptoethanol pH 7.7 in the reservoir flask (flow rate 1

ml/min). The protein eluted within the first liter. The protein was

identified by 0.D. at 280 nm and an activity assay (Wahba and

Friedkin, 1961) at 340 nm. The protein was dialyzed overnight against

two changes of 2.5 liters 0.01 M potassium phosphate, 20 mM

13-mercaptoethanol, pH 7.1.

The dialyzed sample was applied to a phosphocellulose (Schleicher

and Schuell 79P/Standard phosphocellulose) column (3 x 25 cm). The

column had been equilibrated in 0.01 potassium phosphate, 20 mM

8-mercaptoethanol, pH 7.1. A step gradient with progressively higher

amounts of phosphate was then used to elute the protein. All buffers

contained 20 mM $- mercaptoethanol and were at pH 7.1. The amounts and

potassium phosphate concentrations in order of addition were 250 mls

of 0.01 M, 250 mls of 0.05 M, 250 mls of 0.075 M, 250 mis of 0.09 M

and 500 mis of 0.1 M (flow rate 1.7 mls/min). The enzyme would elute

between 0.075 M and 0.1 M. The elutent was then saturated with 80%
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ammonium sulfate (56.1 gms ammonium sulfate/100 mis of solution),

stirred on ice for thirty minutes then spun at 12,000 x g for twenty

minutes. The supernatent was discarded and the pellet was dissolved

in 50 mM potassium phosphate, 20 mM 8 -mercaptoethanol, pH 7.1. The

enzyme was precipitated by adding saturated ammonium sulfate until the

solution was opalescent, then allowed to sit overnight at 0°C. The

solution was spun at 12,000 x g for ten minutes and the precipitation

procedure described above was repeated. When the enzyme was in this

form at 0°C, it remained stable for months. Purity of the enzyme has

been determined using 7.5% sodium dodecyl sulfate (S.D.S.)

polyacrylamide gels (Lammli, 1970) which showed one band at 35,000

daltons. Table AI.I shows a typical purification table for the

enzyme.

Enzyme activity

The activity of thymidylate synthase was determined by a

spectrophotometric assay (Wahba and Friedkin, 1961). The assay used

the absorbance increase at 340 nm indicating the formation of

dihydrofolate. Assays were performed in 50 mM Tris, pH 7.2 at 37°C.

The incubation mixture contained 62.5 pM 5,10-CH2H4folate and a

nanomolar concentration of thymidylate synthase. The reaction was

started by the addition of 250 pM dUMP. The £340 is 6.4 x 103 M-1

cm-1. The formula for the specific activity is seen in equation

(AI.1).
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(AI.1)

The specific activity for the enzyme usually ranged between 3.2-3.6

pmole/min/mg.

Native Gel Procedure

This procedure was a modification of a method by Aull et al.

(1974). The stock solutions were lower tris (48 mis of 1 N HCl, 36.6

gm Trizma BAse add 820 until 100 mis total volume, pH 8.9), upper tris

(48 mis of 1 N HC1, 5.98 gms Trizma BAse, add 820 until total volume

is 100 mis, pH 6.7), acrylamide (30% acrylamide, 0.8%

N,N, -methylenebiscarylamide (BIS)) and stock running buffer (6 gm

Trizma Base add glycine until pH 9.5 final volume one liter) (Davis,

1964). The final concentrations of reagents in the running gel was

composed of 25% v/v lower tris, 25% v/v acrylamide, 0.3% v/v 10%

ammonium persulfate (made fresh), 0.1% v/v temed and 49.6% v/v 820.

It was allowed to polymerize at least one hour. The stacking gel was

composed of 10% v/v acrylamide, 15% v/v upper tris, 0.3% v/v 10%

ammonium persulfate, 0.1% v/v temed and 74.6% v/v water. The running

buffer was a 1:10 dilution of the stock running buffer and contained

20 mM $ -mercaptoethanol. The sample buffer, a 3X concentration,

contained 20% v/v glycerol, 12.5% v/v upper tris, 2.5% v/v bromphenol

blue, and 65% v/v water. The gel was a mini-gel 83 mm by 102 mm. The

gel was run at 4°C, 10 mamps at constant current for five hours. The

gel was stained with Coomassie blue in fixative (5:1:4 parts
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methanol:acetic acid:water) for thirty minutes and then destained in

7.5% acetic acid and 5% methanol.

Dihydrofolate Reductase Purification

Dihydrofolate reductase which is also found in high concentrations

in the amethopterin -resistant L. casei could be isolated during the

thymidylate synthase procedure (Dunlap, 1971). The two proteins were

in solution together until after the CM -sephadex column was loaded.

The elutent from the wash contained dihydrofolate reductase. This

elutent was then saturated with 65% ammonium sulfate (37 gms ammonium

sulfate/100 mis of solution), stirred on ice until mixed and spun at

12,000 x g for twenty minutes. The pellet was then dissolved in the

minimal amount of G-100 buffer (50 mM Trio, 50 mM potassium chloride,

10 mM 8 -mercaptoethanol, 1 mM EDTA, pH 7.2) and dialyzed overnight in

two changes of 2.5 liters of G-100 buffer.

The sample was then loaded onto a G-100 sephacryl (Pharmacia)

column (8 cm x 104 cm). It was then eluted with G-100 buffer. The

dihydrofolate reductase eluted between the first and second liter of

buffer. A 10% S.D.S. polyacrylamide gel showed that the enzyme was

between 80-90% pure. The enzyme was concentrated with 80% ammonium

sulfate and spun at 12,000 x g for twenty minutes. The resulting

pellet was dissolved in a minimal amount of G-buffer and then

saturated ammonium sulfate was added until the solution was

opalescent. The enzyme was then stored at 0°C and remained stable for

months.
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Dinydrofolate Reductase Activity

The assay for measuring activity was developed by Gunderson et al.

(1972). The assay is performed at 340 nm at 37°C and followed the

conversion of NADPH to NADP measuring the decrease in absorbance. The

incubation mixture contained 136 pM NADPH (made fresh), and a nM

quantity of dihydrofolate reductase in 50 mM potassium phosphate pH

6.5. The reaction was started with 2.2 mM dihydrofolate. The cup

equals 12.3 x 103 M-1 cm-1 for this reaction.

TABLE AI.I: PURIFICATION TABLE OF THYMIDYLATE SYNTHASE"

Enzyme Step
Volume
ml

Protein
mg

Specific
activity
unit" /mg

Total
activity
units Yield

cell lysate 160 1200 0.016 192 100%

ammonium sulfate
precip.

135 600 0.027 162 84%

CM-sephadex 380 66 2.3 152 79%

Phosphocellulose 390 41 3.6 148 77%

starting material 50 grams L. casei
unit = 1 pmole product/minute
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APPENDIX II: SUPPLEMENTARY MATERIAL TO CHAPTER II

Steady-state Kinetics

Various kinetic constants determined in rapid kinetic techniques

can be compared to steady-state results to give support for a proposed

mechanism. Although the steady-state kinetics for L. casei

thymidylate synthase have been studied (Daron and Aull, 1978), the

buffer system (100 pM Pipes, pH 6.8 at 30°C) was very different from

that used in the experiments presented here. Since differences in

buffer systems and temperature can cause differences in steady-state

kinetic values, it was therefore necessary to perform the steady-state

kinetic measurements under the experimental conditions used in the

rapid kinetic experiments.

The experiments were performed using the enzymatic assay described

in Appendix I on the Cary 219 spectrophotometer connected to a water

bath to maintain a constant temperature of 25°C. The buffer system

was 0.01 M potassium phosphate, 20 mM 0 -mercaptoethanol, pH 7.1.

Initial experiments suggested the concentration range of

5,10 -CH2H4folate (16.7, 20, 33, 50 and 75 pM) and dUMP (30, 40, 66.7,

100 and 200 pM) while the enzyme concentration was 15 nM. Figure

(AII.1) shows an initial velocity pattern where the dUMP concentration

was varied while the 5,10 -CH2H4folate concentration was held

constant.

Experiments by Denenberg and Denenberg (1978) and Daron and Aull

(1978) have already determined that thymidylate synthase obeys an

ordered mechanism in which dUMP binds first and dTMP is released last.
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Figure (AII.1) is consistent with an ordered sequential mechanism.

Analysis of the data therefore used equation (AII.1) where A is dUMP

and 13

1/v = Ka/Vm(1 + KiaKm/Ka1137/1/(Al + 1/Vm(1 + Kb/D3]) (AII.1)

is 5,10-CH2H4folate. The data were analyzed using the fortran

computer programs developed by Cleland (1963) on a LSI 11/23

minicomputer. Plots of the intercept values versus the reciprocal

concentration of cofactor and the slope values versus the reciprocal

concentration of 5,10 -CH2H4folate (Figures (AII.2) and (AII.3)

respectively) are used to determine the unknown values in equation

(AII.1). The values for this reaction are given in Table (AII.2).

Since the rapid kinetic experiments monitoring product formation

were also determined for the case where one site of the enzyme was

alkylated, the steady-state reaction when FdUMP and 5,10 -CH2H4folate

were premixed with the enzyme was studied. The pre-mixing conditions

involved saturating 5,10 -CH2H4folate and FdUMP equal to 1.6 times the

enzyme concentration. The solution was then dialyzed overnight to

remove excess 5,10 -CH2H4folate. Native gels run on the samples showed

the enzyme either partially (80%) or completely alkylated (20%). The

steady-state reaction used the same concentrations as in the original

enzyme. Figure (AII.4) shows the initial velocity study of 80%

alkylated enzyme. Table (AII.1) lists the steady-state coefficients

under these conditions. Comparison of Figure (AII.1) and (AII.4) show

that the alkylated enzyme has different intercept and slope values

than the native enzyme. This suggests that prior alkylation of the
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enzyme results in non-competitive inhibition. This agrees with

results previously seen in similar studies (Denenberg and Lockshin,

1981).

Supplementary figures

These figures were requested removed from the journal article as

the data were presented in Tables 11.1 and 11.2 in Chapter II.

Figure (AII.5) shows a van't Hoff plot of the dependence of the

natural log of the association constant Ka on temperature for FdUMP.

The line drawn through the data was calculated using a non-weighted

least squares fit of the data where -AM/R - 8893 deg and ln A

-22.5. Figure (AII.6a) is an Arrhenius plot of the dependence of the

natural log of the forward rate constant 41 on temperature for FdUMP.

The line drawn through the data was calculated using a non-weighted

least squares fit of the data where -Ea/R - -12,230 deg and In A c

47.1. Figure (AII.6b) is an Arrhenius plot of the dependence of the

natural log of the reverse rate constant on on temperature for FdUMP.

The line drawn through the data was calculated using a non-weighted

least squares fit of the data where -Ea/R - 7518 deg and in A - 27.8.
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Table (AII.1): Steady-State Coefficients for Thymidylate Synthase

Kinetic 80% alkylation
Constant Thymidylate Synthase Thymidylate Synthase

Vm 6.23 i 0.26 X 10-4 0.D. /sec 1.72 X 0.19 X 10-4 C.D./sec

Ka 28.9 pM ± 4.3 67.5 pM ± 17.5

Kb 8.6 pM ± 1.7 24.8 pM ± 6.8

Kia 24.0 pM ± 15.5 41.7 pM ± 24.1

Kib 7.2 pM ± 4.4 15.3 pM ± 8.7
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Figure AII.2: Plot of the intercept values of Figure AII.1

versus the concentration of 5,10-CH2H4folate.
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Figure AII.6: A, An Arrhenius plot of the dependence of the natural

log of the forward rate constant 41 on temperature for

FdUMP. B, An Arrhenius plot of the dependence of the

natural log of the reverse rate constant on

temperature for FdUMP.



APPENDIX III: DERIVATION OF THE 2'- DEOXYNUCLEOTIDE MECHANISM

The mechanism for this reaction is given in equation (AIII.1)

where E is thymidylate synthase and A is 2' -deoxynucleotide

K k+1

E + A .* EA f EA'

k_1

Two general assumptions were made:

1) [A]so » [E]o therefore [A] 5 [A]c,

[E][A]o
2) Formation of EA equilibrates rapidly i.e. K

[EA]

The total enzyme concentration, E0, at any time, is given by

equation (AIII.2).
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(AIII.1)

E0 E + EA + EA' (AIII.2)

Using assumption (2) and equation (AIII.2), EA can be defined as in

equation (AIII.3).

EA =
(1 +

[AL)

E0 - EA'
(AIII.3)

The differential equation describing the time-dependence of EA'

formation is given by equation (AIII.4)

d(EA')
dt

k+1 (EA) - k_1 (EA') (AIII.4)
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Substituting equation (AIII.3) into equation (AIII.4) and rearranging

gives equations

[A]d(dtEA') k+10
K+[A]o

(E
0

- EA') - k_1 (EA')

d(AE') k+1[A]0Eo 41[1]0
dt K-14100 (E-1 K+[A]o ) EA'

t d(EA')
f att

o (

J 41[A].E0 141[A]o

K +[A]0 (k_1 K+[A]o )
EA') °

(AIII.5)

(AIII.6)

(AIII.7)

The solution for equation (AIII.7) is given by equation (AIII.8) where

c is the constant of integration.

-1 K.1.1[A]oK0 411A)0

41[A]o
IC ( K+LAJr.1

O (k-1 K+[A]o LA')
t + C (AIMS)

(k_1 Ic+[A]o
)

41[A]e
(k-1 K+[A]o )

ln
(K+[A]o)

k+1[A]oE0
(AIII.9)

After substituting in for c, the equation is rearranged to solve for

EA' (equations (AIII.10-AIII.12).

41[A]0E0 141[A]0
In (

K+[A]o (A-1 K+[A]o
) EA')

41[A]o 41[A]0E0
(k_1 K+[A]o

)t + ln
K+[A]o



41[A]oE0 41[A]o
(A..1 + ) EA'

K+[A]o K+[A]o

41[A]o
41[A]oE0 K+[A]o )t

K+[A]o e
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(A111.11)

Asl[A]o

EA, = (1 - e
As1[A]oE0 - (A_1 +

K+[A]o
)t

(A_1([A]o+K)+41[A]o
(AIII.12)

The value T-1 is defined in equation (AIII.13).

T-1 = k_l +
[A 0

:++1[Vo
(AIII.13)

k_1
If K1 -- then the solution for the amplitude for the mechanism is

given in equation (AIII.14).

Amplitude
KIK + [A]o(1+K1)

[A]0E0
(A111.14)

The overall equilibrium constant, Kov, is defined in equation (AIII.15)

[B][A]
Kov [EA]+[EAl]

(AIII.15)

Substitution using assumption (2) and the definition for

Kl(Ki
[EA]

]) into equation (AIII.15) results in equation (AIII.16).
[EA'



Kov
1 + K1

ICK1
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(AIII.16)



APPENDIX IV: DERIVATION OF THE FdUMP-5,10-CH2H4folate-ENZYME

TERNARY COMPLEX MECHANISM

Equation (AIV.1) describes an ordered kinetic mechanism for a

dimeric enzyme in which the second active site binds ligands only

after the first active site has been completely filled. E is

thymidylate synthase, A is FdUMP and B is 5,10-CH2H4folate.

K1 K2 k3 K4

EA + B * EAB + A * AEAB * AEAB' + B *
k_3

k5

BAEAB' * BAEAB*
k -5

In order to simplify the equation, the terms involving E were

substituted with X1 to X6 consecutively (equation (AIV.2)).

Ki K2 k3 K4

Xi + B * X2 + A * X3 * X4 + B 'S

k5

X5 * X6

k_5
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(AIV.1)

(AIV.2)

The total enzyme concentration Bo, at any time, is given by equation

(AIV.3).

Eo X1 + X2 + X3 + X4 + X5 + X6 (AIV.3)
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The assumptions for this derivation are:

1) The initial concentrations of A and B are in large excess

compared to E so that the free ligand concentrations (A, B)

are essentially equal to the total ligand concentrations

(A0, Bo).

2) Kinetic steps one, two and four equilibrate rapidly compared

to steps three and five i.e.

[Xi][B]o [X2][A]o [X4][B]o
Ki = , K2 = and K4

[K5]

The source of the signal is the formation of the complexes (X4 plus X5

and 1(6. Further simplification of equations (AIV.2) and (AIV.3) give

equations (AIV.4)-(AIV.7).

M = Xi + X2 + X3

N = X4 + X5

k3 k5

M * N * X6

k_3 k_5

(AIV.4)

(AIV.5)

(AIV.6)

Bo = M + N + K6 (AIV.7)

The quenching (E) for this reaction is EM>EN>EX6 i.e. N has less

fluorescence than M and more fluorescence than X6.

The differential equations describing this reaction are given by



equations (AIV.8) and (AIV.9).

dN
dt

= k3X3 + k_5X6 - k_3X4 - k5X5

aX6

dt
k5X5 k_5X6

148

(AIv.8)

(Aiv.9)

Using assumption (AIV.2) and rearranging equations (AIV.4), (AIV.5)

and (AIV.7) gives equation (AIV.10) - (AIV.12)

N

(1 417)

X3 =

(1 +

E0 -N -X6

K2 K1K2

[A]c, (A)0(870
)

(AIV.10)

(AIV.11)

(AIV.12)

These equations can then be substituted into equations (AIV.8) and

(AIV.9) giving equations (AIV.13) and (AIV.14).

dN E0-N-X6

dt - k3 ( ) + k_54 -K2 K1K2
1 + +

(A]0 [A],)[13]0

k_3 k5
[B]o Kg

(1
+N ) (1 +

[B]o
)

(AIV.13)



adX6 K4
( N ) k_5X6

1 +
[B]o
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(AIV.14)

Use the following definitions (equations (AIV.15) - (AIV.17)) to

simplify equations (AIV.13) and (AIV.14) giving equations (AIV.18) and

(AIV.19).

k3[A]o[B]o

k3I [A]o[B]o + K2E134, + K1K2

k_3K4
k_g.

k5(9)0

(AIV.15)

(AIV.16)

(AIV.17)1(5
(B]0

dN
at k31E0 - N(k31 + k_3' + k5') - X6(k3' - k_5)

dx6

dt k5IN k-54

(AIV.18)

(AIV.19)

A simple way to solve these equations is by matrix algebra in which

d/dt is defined as Equation (AIV.20) shows the matrix used.

k31-1-k_3,+K5' ,k3,
)(
N

) ( ) E (AIV.20)
(X6 ) ( k_5 X6 0 °



Solution of (AIV.20) as described (Bernasconi, 1976) gives

A2 Al = k3' + k_3' + k5' + k_5'
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(A/V.21)

Assuming that A1>>X2 and step 3 >> step 5 this simplifies to give

Al k3' k-3' (AIV.22)

x2 c A112,01 where X1X2 is the solution of the determinant in equation

(AIV.20) (Bernasconi, 1976). Thus

12 - (k3'k_5 k3lk-5 k51k31),X1

1[311[51
k_5 +

(AIV.23)

(AIV.24)

The coefficients in these equations are then defined giving equations

(AIV.25) and (AIV.26).

k_3K4 k3[A]o[B]o

K4 + [6]0 [A]o[B]o + K2[B]o + K1K2
(AIV.25)



12 k-5+

k5(A1(B)02
[A]o[B]o2 + K4[A]o[B]o + K3K4 ([A]opitjo + K2[B]o + K1K2)

where each K1
k_i
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(AIV.26)

In order to understand the overall reaction, the amplitude terms must

be determined as well as the equilibrium concentrations of N and X6,

defined as N and 76 respectively. At equilibrium, N and X6 equal zero

and the matrix is given by equation (AIV.27).

(k31 + k_3' + k5'

- k5,

K3' )L5.113117

k_5 it-X6

,k3',

t 0
Bo (AIv.27)

Using this matrix, the solution for N and X6 are given by equations

(AIV.28) and (AIV.29) respectively.

k3'Ec,
0

k3'k_5
k_5

-
A1A2

k31k_5Ec,
1112 1112

1111 k3'

k3' + k_3' + k5"

-k5,

kfE0
0 k3')(5'Ep

1112

The equations describing N and X6 at any time, t, are given by

equations (AIV.30) and (AIV.31) respectively.

(AIV.28)

(AIV.29)



Nt=t + ale-Alt a2e
-X2t

X6t.t X6 ale
-Alt a2e-alt
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(AIV.30)

(AIV.31)

In order to determine al and a2 for N, the initial conditions that at

time equal zero, [N] equals zero is used. These equations (AIV.32)

and (AIV.33) are derived from equations (AIV.30) and (AIV.18).

Nt.. o + al + a2 (AIV.32)

Nt.0 -X1a1 - A2a2 k3X3° where X3° [X13tme (AIV.33)

Rearranging these equations and solving for al and a2 gives equations

(AIV.34) and (AIV.35).

k3X3'
al (Al A2)

k3X3° -

a2 (A1 - A2)

(AIV.34)

(AIV.35)

In order to determine al and a2 for X6, two equations use the boundary

condition that at time equal zero, [X6] equals zero. These equations

(AIV.36) and (AIV.37) are derived from (AIV.31) and (AIV.19).

X
6t-o

- 0 X6 + al + a2 (AIV.36)



x6t=o = 0 = -Alai - A2a2
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(AIV.37)

Rearranging these equations and solving for a1 and a2 gives equations

(AIV.38) and (AIV.39).

X276

a1 (Xi - )(2)

a2 (A2 - Al)

(AIV.38)

(AIV.39)

Thus the time dependence of the formation of N and X6 is given by

equations (AIV.40) and (AIV.41), respectively.

N N +
- 1c2X2° R2X2° - AN

e
_A2t

Al A2 Al

=
X.25

e-Xlt
X116

e-A2tX6 X6 +
Xi -X2

(AIV.40)

(AIV.41)
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APPENDIX V: MECHANISM OF PRODUCT FORMATION OF THYMIDYLATE SYNTHASE

Equation (AV.1) gives a schematic representation of the proposed

mechanism assuming independent sites for product formation where E is

thymidylate synthase, A is dUMP, B is 5,10-CH2H4folate, P is H2folate

and Q is dTMP

A B k2 k4 k5

E * EA * EAB * EPQ * EQ * E

KI K2 + 4,

P 2

(AV.1)

The total enzyme concentration, E0, at any time is given by equation

(AV.2)

E0 = E + EA + EAB + EPQ + EQ (AV.2)

The assumptions for this derivation are:

1. The initial concentrations of Ao and Bo are in large excess

over Et) thus A=A0 and B=B0

2. The concentrations of P and Q within the measured time

interval are minimal and can be ignored

3. Formation of EA and EAB equilibrate rapidly i.e. KI

(E][A]o (EA][B]o
and K2

(EA] (EAB]

In order to understand this mechanism, the solution of a system of

three differential equations (equations (AV.3), (AV.4) and (AV.5))

will be necessary.



d(EPQ)
k3(EAB) - k4(EPQ)

dt

d(EQ)
k4(EPQ) - k5(EQ)

dt

d(P)
k4(EPQ)

dt
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(AV.3)

(AV.4)

(AV.5)

Using assumption (3) and equation (AV.2), it is possible to solve for

EAB (equation (AV.6)) and to rearrange equation (AV.3) to give

equation (AV.7).

EAB
E - EPQ - EQ

(1 + K2
K1K2

[B]0 (A10(830

d(EPQ) E0 -

K2

EPQ - EQ

KiK2
k2 - k4(EPQ)

dt
(I [B30 [A]0[B]0)

(AV.6)

(AV.7)

Equations (AV.4) and (AV.7) were solved using the method of

Laplace-Carson transforms (Rodriguin and Rodriguina, 1964). For

simplification, let EQ equal n, EPQ equal m and 01/(It equal the

operator S. Equations (AV.4) and (AV.7) become equations (AV.8) and

(AV.9).

Sn k4m - k5n (AV.8)



Sm
k3(E0-m-n)

(1 +

-
K2 KiK2

[B]o [A]o[B]oi

Rearrange equation (AV.B) solving for n gives equation (AV.10).

n
k4m

S + k5
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(AV.9)

(AV.10)

Substitute equation (AV.10) into equation (AV.9) rearranging the

resulting equation to give equation (AV.11).

(S2 + (k4 + k5 +
k3

) S +
K2 K1K2

(1
[S]o [A]o[B]o)

(k4k5 +
K2

k3k5

K1K2 K2

k3k4

K1K2

(1 [B]0 [M0[13]0
(1 +

[B]o [Mot/3j° )

k3E0(S + k5)

K2 KiK2
(1 + [B]o [A10[13]0)

Substitute for the two coefficients by the following (equations

(AV.12) and (AV.13)).

R = k4 + k5 +
k3

K2
(1 +

[B]o
K1K2 )

[A]0[13]0)

(AV.12)



T = k4k5 +
k3k5

k3k4

K2 KiK2

+[B]o [A]o[B]o)

K, K1K2
(1 +

[B]o [A]o[B]o)

Rearranging equation (AV.11) results in equation (AV.14)

(82 + RS + T)m
k3E0(S + k5)

K2 K1K2
(1 +

[B]o [A]o[S]o)

Using the quadratic equation on the coefficient of m gives the

following

Or

where

(S + X1)(S + X2)m
K2 K1K2

(1 +
[B]o [A]o[B]o)

k3E0(S + k5)
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(AV.13)

(AV.14)

(AV.15)

k3E0(S + k5)
m - (AV.16)

K2 K1K2
(1 + J

(S A1)(S A2)[B]o [A]o[B]o

R +
2

(AV.17)



R - ViTZTF
2 2

and

Al A2 R

A1A2 a T

If Al»A2 then

Al R a k4 k5

A2 - T/R

k3

K2 K1K2

(1310 (Alo[S]oi

K2 KiK2
k4k5 (1 + +

(A10[13]p)
k3(k4 k5)

K2 K1K2
(k4 + k5)(1 +

L [A]o[B]o
) + k3

Substituting the original for the transform in equation (AV.16)

results in equation (AV.23)

158

(AV.18)

(AV.19)

(AV.20)

(Av.21)

(AV.22)

k2E0 k5 k5-Al
eAlt

)

K2 K1K2 LA1X2 (A1)(A2-X1)

(810 (A10[13]0

k5-A2
-A2t)

(X2)(A1-A2)
e

The solution to equation (AV.10) is given by equation (AV.24).

(AV.23)
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k3k4E0
1 -Alt

EQ =
( 1

K2 K1K2 LA112 (A1)(X2-X1)
e

(1 [6]0 [A]0[13]0)

1

(

e-X2t) (AV.24)
X2) (X1-A 2 )

The steady-state portion of the curve is derived from equation (AV.5)

involving product (P) formation. Substituting equation (AV.23) into

equation (AV.5) and integrating gives equation (AV.25) where c is the

constant of integration.

k3k4E0
K2 KiK2

(1 +
[6)0 [A]o[E]o)

k5
-X2

.-A2t)

(A2)2(x1-x2)

rk5t

xi A2

ks-Xi
- Alt

(A1)2"2-A1)

(AV.25)

The initial conditions,

-k3k4E0

t=0, P=0, allow determination of c (AV.26)

(AV.26)

K2 1(11(2

(1 +
1610

k5 - Xi

[A30(73)0)

1(5 - X2

(A1)20,2-X1) (X2)2(X1-X2)

Thus the time dependence of P formation is given by equation (AV.27)
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k2k4K0 k5t k5-11
P (1-e-1lt) - (AV.27)

1 +
K2

+
K1K2

1i12
Al2(12-11)

Bo A080

k5-X2
(1 e-X2t)3

A22(X1-X2)

The steady-state term of equation (AV.25) is given in equation (AV.28)

steady-state rate
k3k4k5E0

K2 KiK2
(1 +

[8]0 [A]o[B]o)

t (AV.28)

The amplitude values (A1 and A2) are given by equations (AV.29) and

(AV.30) respectively and the values for 11 and 12 are given above in

equations (AV.21) and (AV.22).

Al
K2

(1 +
[B]o [A]0KiK[810 )

(11)2(12 -11)

k2k4E0(k5 -A1)

A2
K2

(1 +
) (A2)20,1-A2)[B]o [A]K1K20[8]0

k2k4E0(k5....12)

(AV.29)

(AV.30)


