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ABSTRACT. The thymidylate synthase (TS) and dihydrofolate reductase (DHFR) enzymes are found on a
single polypeptide chain in several species of protozoa such as the pdraisticmania majar Earlier

studies with the bifunctional TSDHFR enzyme froni. major have suggested that this enzyme exhibits

a phenomenon known as substrate channeling [Meek, T. D., et al. (Bd@Hemistry 24678-686].

This is a process by which a metabolite or intermediate is directly transferred from one enzyme active
site to the next without being released free into solution. The crystal structure for the bifunctional TS
DHFR enzyme froni. majorwas recently solved, and it was shown that the TS active site was located
40 A from the DHFR active site [Knighton, D. R., et al. (199at. Struct. Biol. 1186-194]. On the

basis of the crystal structure, a novel mechanism has been proposed for the channeling of the intermediate,
dihydrofolate, from the TS active site to the DHFR active site [Knighton, D. R., et al. (198%)Struct.

Biol. 1, 186-194]. They suggest that the dihydrofolate is transferred via an “electrostatic” channel on
the protein surface which connects the two active sites. In this report, we describe the use of a rapid
transient kinetic analysis in examining the kinetics of substrate channeling as well as daloiaain
interactions in the bifunctional TSDHFR from L. major.

Substrate channeling is a process by which two sequentialprotein conformation that is transmitted to thesubunit
enzymes in a pathway interact to transfer a metabolite (or which increases the rate of chemical catalysis involving the
intermediate) directly from one enzyme active site to the next cleavage of indole 3-glycerol phosphate by approximately
without allowing free diffusion of the metabolit&,(2). Thus, 150-fold.
channeling is thought to play an important role in metabolic ~ Another example of an enzyme complex suggested to
regulation and cellular control of enzymatic activities. display channeling behavior is the bifunctional enzyme
However, rigorous kinetic and structural evidence for chan- thymidylate synthasedihydrofolate reductase (FDH-
neling is lacking in many cases. FR)'2?isolated from the protozoan speclesishmania major

Tryptophan synthase frorBalmonella typhimuriuman (9—11). The thymidylate synthase (TS) and dihydrofolate
P, tetrameric enzyme complex, is considered the bestreductase (DHFR) enzyme activities are found on a single
example for substrate channeling and represents one of theolypeptide chain in several species of protozoa. The
few cases in which both kinetic and structural evidence for recently solved X-ray structure of the F®HFR enzyme
channeling exists3). Tryptophan synthase catalyzes the last from L. major revealed the presence of a type of channel
two reactions in the biosynthesis of the essential amino acidvery different from that observed with tryptophan synthase
tryptophan. Thex subunit catalyzes the aldolytic cleavage (12, 13). In contrast to tryptophan synthase, no obvious
of indole 3-glycerol phosphate to indole and glyceraldehyde “tunnel” is observed even though the TS and DHFR binding
3-phosphate, while thé subunit catalyzes the condensation sites are too far apart (40 A) to allow for the direct transfer
of indole with serine in a reaction mediated by pyridoxal of Hjfolate without a major protein conformational rear-
phosphate. The solution of the three-dimensional structurerangement13). A novel mechanism has been proposed by
of the enzyme fromS. typhimuriumprovided physical Knighton et al. £4) in which the dihydrofolate intermediate
evidence for a 25 A, hydrophobic tunnel which connects the is channeled on the basis of the electrostatics at the protein
o and 8 active sites 4). Previous structural and kinetic surface, and a recent detailed modeling study of the- TS
studies have demonstrated that the formation of an ami- DHFR protein supports the concept of electrostatic chan-
noacrylate adduct between serine and pyridoxal phosphateneling.
at the subunit modulates the formation of indole at the
subunit 6—8). These data suggest that the formation of the 1 Abbreviations: TS, thymidylate synthase; DHFR, dihydrofolate

. - . : reductase; ChHfolate, methylene tetrahydrofolatejfidlate, tetrahy-
aminoacrylate species at tffesubunit induces a change in drofolate; Hfolate, dihydrofolate; MTX, methotrexate; dUMP;-2

deoxyuridine monophosphate; FAUMP, 5-fluofed2oxyuridine mono-
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In the bifunctional enzyme, thymidylate synthase (TS)
catalyzes the conversion of dUMP andr}6 -5,10-methyl-
enetetrahydrofolate (Ciisfolate) to dTMP and dihydro-
folate (Hfolate). The dihydrofolate reductase (DHFR) then
catalyzes the subsequent reduction gfothte by NADPH
to regenerate tetrahydrofolate fblate) which is required
for transfer of one carbon unit as illustrated in Scheme 1. It

has been suggested that the TS and DHFR catalytic domain

might communicate by transmitting protein conformational
changes 15). Steady-state kinetic studies comparing the
transient time for monofunctional forms of TS and DHFR
and the bifunctional form of the TSDHFR from metho-
trexate-resistart. major (formerly calledLeishmania trop-
ica) suggest that substrate channeling of the intermediate
dihydrofolate, is occurring9, 15). More recent studies
indicate that the bifunctional TSDHFR enzyme from
Toxoplasma gondialso exhibits channeling behaviat).
Although these steady-state studies indicated that channelin
is occurring in the bifunctional TSDHFR enzyme, the
mechanistic details which govern the reaction kinetics for
efficient channeling and domattdomain communication are
not understood. In this report, we describe an in-depth

transient kinetic analysis using rapid chemical quench and
stopped-flow fluorescence methods to provide a quantitative

description of the reaction pathway and identify essential
features for efficient channeling and ¥®HFR active site
communication.

Earlier studies on tryptophan synthase provide the founda-

tion for further investigation for determining the structural
and kinetic basis for efficient channeling. A detailed kinetic
and structural analysis of the F®HFR offers a unique
opportunity to compare important aspects of the kinetics of

channeling and active site communication with those deter-

mined for tryptophan synthase and may reveal mechanism
common to all enzymes involved in substrate channeling.

MATERIALS AND METHODS

Enzyme.The clone of the bifunctional TSDHFR enzyme
from L. major was a generous gift from C.-C. Kan and D.

S

Liang and Anderson

with formaldehyde. The kolate was synthesized by
reduction of folic acid with NaBEl The natural (&)-L-
CH;Hfolate enantiomer was purified by DE-52 anion
exchange chromatography (Whatman Co.) and used exclu-
sively in the studies. Holate was prepared from the
reduction of folate by sodium sulfite. The tritium-labeled
CH;Hsfolate and Hfolate were synthesized using tritiated
folic acid as a starting material. The' [8,7,9°H]folic acid
was obtained from Moravek Biochemicals (Brea, CA)S){6
Hfolate was enzymatically prepared fromfélate by using
dihydrofolate reductasely) and purified by DE-52 anion
exchange chromatography.

Enzyme AssaysThe DHFR activity of the bifunctional
enzyme was determined by following the decrease in
absorbance at 340 nm that accompanies the conversion of
substrates NADPH andJblate to products NADPand Hy-
folate (Ae = —12.8 mM* cm™Y) as described previously

49). The TS activity was monitored by following the increase

In absorbance at 340 nm that accompanies the conversion
of substrates dUMP and GHafolate to dTMP and kLfolate
(Ae = 6.4 mM1cm™?) (9).

Enzyme ConcentrationThe protein concentration of S
DHFR was determined spectrophotometrically at 280 nm by
using a molar extinction coefficient of 67 800 Mcm™.

"The active site concentration of DHFR in the bifunctional

TS—DHFR was determined by monitoring the decrease in
protein fluorescence upon titration with methotrexate (MTX).
The active site concentration of TS in F®HFR was

Yetermined by measuring the decrease in protein fluorescence

upon titration of CHHfolate in the presence of MTX and
FAUMP.

Equilibrium Fluorescence ExperimentSteady-state mea-
surements to determine tKg for ligands at the TS site were
taken using an SLM 4800 fluorimeter (Urbana, IL) at 25
°C. The excitation wavelength was 287 nm, and the
emission at 340 nm was monitored over time. Active site
titrations were carried ouhia 3 mLquartz cuvette that was
being stirred by adding ligand in small aliquots to minimize
any dilution effects. Fluorescence measurements were
recorded as an average ofdi¢ s readings within 1530 s
of ligand addition, and the recorded fluorescence intensities
were corrected for dilution. The data from the active site
titrations were fitted to the following expression which relates
the observed fluorescence to the concentration of ligand and
provides an estimate of thH& (198):

AF

F= Fo g g | (K6 B + IS

JKEP+ [Eg + [Sg)? — 4IEJIS |12

Matthews at Agouron Pharmaceuticals. This clone harbors
the pO2CLSA-4 plasmid expressed in Bacherichia coli Rapid Quench ExperimentsThe rapid quench experi-
Rue 10 expression vector. We obtained protein of high ments were performed using a Kintek RFQ-3 Rapid Chemi-
purity (>99%) using previously described methods for cal Quench Apparatus (Kintek Instruments, State College,
purification (L1). The protein has both thymidylate synthase PA). The reaction was initiated by mixing the enzyme
and dihydrofolate reductase activities similar to those previ- solution (15uL) with the radiolabeled substrates (14,
ously reported§—11). approximately 20 000 dpm). In all cases, the concentrations
Chemicals. All buffers and other reagents employed were of enzyme and substrates cited in the text are those after
of the highest commercial purity. Millipore ultrapure water mixing and during the enzymatic reaction. The enzyme
was used for all solutions. The buffer solutions were purged reaction was terminated by quenching with/870of 0.78 N
with argon prior to being used. Radiolabeled and unlabeled KOH to give a final concentration of 0.54 N KOH. Since
CH;Hafolate were prepared by the condensation gibkhte CH;Hsfolate is more stable under basic conditions, it was



Substrate Channeling and Domain Interaction in-D&HFR

necessary to maintain a basic pH (9.5) until mixing with
enzyme solution provided a final pH of 7.8 during the
enzymatic reaction. Experimental mixtures involving the
production of Hfolate were protected from nonenzymatic
oxidation to Hfolate by the addition of 10% (w/v) sodium

ascorbate and 200 mjgtmercaptoethanol to the base quench
solution to prevent kfolate degradation after the enzyme
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rapid chemical quench and stopped-flow methods allows an
accurate interpretation of absorbance and fluorescence
signals.

Data Analysis. The rate constants for individual single-
turnover rapid chemical quench experiments (Figure8)1
were estimated by fitting the data to a single exponential
using the curve fitting program Kaleidagraph. The stopped-

reaction is terminated. The addition of sodium ascorbate flow measurements provided estimates for the association

into the base quench solution results in a final pH of 12.6.

and dissociation rate constant&n(and ko), while the

The presence of sodium ascorbate in the substrate andequilibrium fluorescence measurements provided kqe

enzyme solutions prevented the oxidation afdtate during

values for substrate and product interaction with the enzyme.

the enzymatic reaction. The quenched reaction solution wasThe rapid chemical quench experiments provided measure-

directly collected into an argon-purged vial for a Waters
WISP autosampler, vortexed, and analyzed by HPLC in
combination with radioactivity-flow detection. The sub-

ments for the chemical catalysis at the TS and DHFR sites.
Using the rate constants aKg values obtained from these
measurements as well as previously determigds, Km,

strates and products were quantified by HPLC as describedand k. values as constraints, we then sought to provide a
below. To ensure that the base was quenching the enzymatidkinetic model that would be consistent with all the kinetic

reaction, a control was included with each experiment to

and thermodynamic measurements and that might provide

ensure that catalysis was being terminated. This involvedinsights into substrate channeling and domalomain
adding the substrate to a premixed solution of base andcommunication.
enzyme. Samples were collected in vials containing an argon The KINSIM kinetic simulation programl@) was used

atmosphere to protect against oxidation during analysis.

to model all of the kinetic data presented in this paper. The

Control experiments were also carried out to establish the program was modified to allow the input of data from the
stability of the radiolabeled substrates under the quenchrapid quench experiments ag pairs and to calculate the
conditions employed. Control experiments also establishedsum square errors in fitting the da0(21). The data were
that the addition of ascorbate did not affect the steady-statefit by a trial and error process, maintaining the constraints

enzyme turnover rates for the TS or DHFR reactions.
HPLC Analysis. The substrates and products were quanti-
fied by HPLC in combination with a radioactivity-flow

detector. The HPLC separation was performed using a BDS-

Hypersil C18 reverse phase column (250 nxmd.6 mm,
Keystone Scientific, Bellefonte, PA) with a flow rate of 1
mL/min. An isocratic separation using a solvent system of
10% methanol in 200 mM triethylammonium bicarbonate
at pH 8.0 was employed. The elution times were as
follows: Hjfolate, 6.5 min; Hfolate, 11 min; and CkH,4-
folate, 13.5 min. The HPLC effluent from the column was
mixed with liquid scintillation cocktail (Mono-Flow V,
National Diagnostics) at flow rate of 4 mL/min. Radioactiv-
ity was monitored continuously using a Flo-One radioactiv-
ity-flow detector (Packard Instruments, Downers Grove, IL).

of dissociation constants measured in this study (Table 1)
and in the following paper2R) andKgq, Ky, andk. values
previously reported for CiHfolate, dUMP, dTMP, Holate,
NADPH, and Hfolate @, 11, 22—24). As indicated above,
the rate constants involving the chemical interconversion of
CH,Hsfolate and Hfolate (the TS reaction), #blate and
Hafolate (the DHFR reaction), and GHsfolate and Hfolate

(the TS-DHFR reaction) were obtained as fits to the single-
turnover kinetics or measured by stopped-flow fluorescence
experiments. The focus of the simulations was twofold: first,
with estimates for the kinetic constants in hand, to see if
substrate channeling needs to be invoked to explain all the
kinetic data; and second, to predict if there may be additional
kinetic features such as domaidomain interactions which
may be important in substrate channeling (see the text in

The analysis system was automated by using a Waters 712BResults). A description of the modeling is given below. An

WISP (Milford, MA) autosampler.
Stopped-Flow ExperimentsStopped-flow measurements
were performed using a Kintek SF-2001 (Kintek Instru-

in-depth summary is provided as Supporting Information.
The model and estimated rate constants are described in
Chart 1. In this model, the reactions occurring at the TS

ments). This apparatus has a 1.5 ms dead time, a 0.5 cnsite include the first five stepk(andk_; throughks and
path length, and a thermostated observation cell maintainedk_s). The channeling step is representeckbgndk;s. The

at 25°C. For TS, the change in protein conformation upon reactions occurring at the DHFR site are indicated by steps
substrate binding was monitored by following protein k; andk_7 throughk;, andk-;,. These steps describe the
fluorescence using a monochromator set at 287 nm on theenzyme when either the TS or DHFR reaction is occurring
input and monitoring the change in intrinsic enzyme fluo- but not both reactions (FSDHFR). Stepskis and k-3
rescence with an output filter at 340 nm. For DHFR, throughk,;s andk_1gare used to describe the enzyme when
coenzyme fluorescence energy transfer experiments wereboth reactions are occurring simultaneously. If it is known
carried out with a 290 nm excitation and an output filter at how fast the substrates bind and dissociate as well as the
450 nm. In most experiments, an average of four runs wasrate at which catalysis at each site occurs, the kinetic
used for data analysis and a minimum of a 5-fold excess of simulations allow an estimate of whether the channeling
the variable substrate over enzyme was used to allow analysisteps ks andkis, need to be included in the model and if so
as a pseudo-first-order rate constant. The data were collectedvhat the rate may be. The kinetic simulations (see Results)
over a given time interval by an IBM 486 computer using suggest that a lower limit for the rate of channelingidtate
software provided by Kintek Instruments. Rate constants from the TS to the DHFR site is 1000%s This constraint
were obtained by fitting the data to a single or double is based upon our observation that ngdtate accumulates
exponential by nonlinear regression. The combination of during a single enzyme turnover of the FBHFR reaction
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Chart 1
k
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Y=dTMP D=Dihydrofolate

P=NADPH T=Tetrahydrofolate N=NADP"
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k 10=6.857

k 3=15 uM‘ls‘1 k 3=3 s

k1=100s" Kk j=10uMs? k7 =6.8s"

(within the limits of detection). If the rate of channeling
was slower, for instance 1007 we would have observed
a concentration of approximatelyM which is well within

our detection limits. Additional information on the modeling
is included as Supporting Information.

RESULTS

Equilibrium Fluorescence MeasurementiBhe equilibrium
dissociation constantsKf) for dUMP and CHH,folate
binding to TS-DHFR were measured by protein fluores-

k 10=34uM st k| =21 uMls? k=187

k 14 =30 uM-IS-l k _14=2005'1

ki =34pMIs! k4, =685

k5=2.65" k 5=0s"

k 17=34 M5t 0 =1000 sk 5=0s"

Scheme 2
H; folate* ------------oconomnnnn = H, folate*
Al AL -
I )2
CH,-Hy folate* Hyfolatex — ~° o H,folate* H, folate*
1 "Electrostatic Channel”
dUMP dTMP NADPH NADP
TS site DHFR site

cence quenching using the equilibrium fluorescence titration dUench experiments (see below) which suggest that the TS
experiments described in Materials and Methods. The plot Site is regulated by MTX.

of protein fluorescence versus [L] was fit to a quadratic
equation to obtain thd{y constants. They values for
different substrates at 28C and pH 7.8 (buffer A) sum-
marized in Table 1 are consistent with previous studées (
23). Ligand affinity at the TS is altered by the presence of
MTX at the DHFR site and is consistent with rapid chemical

Table 1: Dissociation Constants for the TS Site of- TBHFR at
pH 7.8 and 25°C

reaction Kg (uM)
CH;H4F + E= E-CHH.F 6.98+ 1.20
dUMP + E = E-dUMP 0.18+ 0.05
CHH4F + E-MTX =2 E-MTX-CH,H4F 52.1+ 4.7
CHH4F + E-MTX -FAdUMP= 4.05+ 0.3

E-MTX:FdUMP-CH;H4F

A combination of transient kinetic experiments using rapid
chemical quench and stopped-flow methods has provided
definitive evidence for substrate channeling and domain
domain interactions in the bifunctional F®HFR enzyme
from L. major. We have previously found that the examina-
tion of a single enzyme turnover provides an important
diagnostic experiment for evaluating substrate channeling as
well as for detecting enzyme intermediatés Z5, 26).

The first kinetic test of substrate channeling in-T3HFR
was to demonstrate that the product from the TS reaction,
dihydrofolate (Hfolate), is directly transferred from the TS
active site to the DHFR active site and not allowed to
dissociate from the enzyme. This was done by a series of
three single-enzyme turnover rapid chemical quench experi-
ments as illustrated in Scheme 2.
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Concentration (uM)

Time (sec)

Ficure 1: Single-turnover time course for the TS reactidie
bifunctional TS-DHFR enzyme (3@&M) preincubated with dUMP
(500 uM) was mixed with (&)-L-[3H]CH,Hfolate (4uM) in the
presence of MgGI(25 mM) and EDTA (1 mM) at pH 7.8 and 25
°C. The disappearance oH]CH,H.folate @) and formation of
[®H]Hfolate (&) were monitored by HPLC as described in Materials
and Methods. The data were fit to a single exponential to provide
a rate constant of 2.& 0.07 s. The curves were calculated by
numerical integration as summarized in Materials and Methods.

T T T T

Concentration (uM)

0.4 0.6 0.8

Time (sec)

FiGure 2: Single-turnover time course for the DHFR reactidhe
bifunctional TS-DHFR enzyme (3&M) preincubated with dUMP
(500uM) and NADPH (5004M) was mixed with fH]Hfolate (4
uM) in the presence of MgG25 mM) and EDTA (1 mM) at pH
7.8 and 25C. The disappearance ¢H]Hfolate @) and formation
of [3H]H folate (a) were monitored. The data were fit to a single
exponential to provide a rate constant of£4.5 s1. The curves
were calculated by numerical integration.

Single Turneer of the TS ReactionThe first experiment
established the rate of catalysis of the TS reaction under
single-turnover conditions designated by reaction 1 in

Biochemistry, Vol. 37, No. 35, 19982199

the DHFR activity of the bifunctional enzyme as designated
in reaction 2 in Scheme 2. The bifunctional FBHFR
enzyme (30uM) was preincubated with a saturating con-
centration of NADPH (50QuM) and then mixed with a
limiting amount of radiolabeled #blate (4uM). The time
course for the disappearance offélate and the formation

of Hsfolate is shown in Figure 2. Under these conditions,
the observed rate of ffolate formation was 14+ 0.5 s*.

The same rate was observed if the enzyme was preincubated
with radiolabeled Hfolate and then mixed with an excess
of unlabeled NADPH (data not shown). Experiments at
higher enzyme concentrations did not result in an increase
in the observed rate, indicating that either chemical catalysis
or product release but not substrate binding was rate-limiting.
Stopped-flow fluorescence experiments (see Figure 4 below)
showed no clear burst of product formation, verifying that
under these conditions chemical catalysis is at least partially
rate-limiting. These observations are consistent with studies
on the monofunctionak. coli DHFR enzyme which have
shown that at higher pH, the hydride transfer reaction limits
chemical catalysis2d). These two rapid chemical quench
experiments provide two important pieces of information:
(1) the rate of Hfolate formation at the TS site (2.1
(reaction 1 in Scheme 2) and (2) the rate of reaction sf H
folate from solution at the DHFR site (14% (reaction 2 in
Scheme 2).

Single Turneer of the TS DHFR Reaction. The third
experiment was designed to directly measure the rate of
conversion of CHH folate to Hfolate at the TS active site
and the subsequent conversion gfdtate to Hfolate at the
DHFR active site. In principle, folate may be observed
as an intermediate, particularly if it must dissociate from the
TS site and rebind at the DHFR site. On the other hand, if
Hfolate is rapidly channeled from the TS site to the DHFR
site (pathway 3 in Scheme 2), it may not be detected in the
bifunctional TS-DHFR reaction.

This experiment involved measuring the rate of formation
of Hjfolate in the bifunctional TSDHFR reaction using
radiolabeled ChHfolate substrate as illustrated by pathway
3 in Scheme 2. The bifunctional FDHFR enzyme (30
uM) was preincubated with a saturating concentration of
unlabeled dUMP (502M) and NADPH (500uM) and then
mixed with a limiting amount of radiolabeled GH4folate

Scheme 2. Previous steady-state kinetic studies suggest the@ «M). The time course for the disappearance of;BH

this is an ordered reaction with dUMP binding first followed
by CH:Hfolate 27). The bifunctional TS DHFR enzyme

(30 uM) was preincubated with a saturating concentration
of unlabeled dUMP (502M) and then mixed with a limiting
amount of radiolabeled GHfolate (4 uM). The time
course for the disappearance of {£iffolate and the forma-
tion of Hjfolate is shown in Figure 1. Under these
conditions, the rate of catalysis was 2:10.07 s%, similar

to the steady-state turnover rate (2.6)sindicating that
either chemical catalysis or substrate binding but not product
release is rate-limiting. There was no change in the rate of

catalysis under conditions in which the enzyme concentration |

was doubled, thus ruling out limiting substrate binding as a
rate-limiting step and establishing that it is chemical catalysis
which is rate-limiting under the experimental conditions
employed.

Single Turneer of the DHFR ReactionA similar set of
single-turnover experiments was conducted for examining

folate and the formation of lfblate is shown in Figure 3.
Under these reaction conditions, we only observed the
conversion of ChH,folate to Hfolate with no Hfolate being
formed as an intermediate. The data were fit to a single
exponential giving a rate constant of 260.1 s which
was similar to that measured for the TS reaction. Singe H
folate was not observed as an intermediate in the DBFR
reaction, this indicates that either the)félate rapidly

Scheme 3

Hj folatet _Z——> H, folate (excess unlabeled)

1 Al
u 8
H, folate* 3

 » Hjfolate*

CH,-H, folate* H, folate*

1 "Electrostatic Channel”

NADPH NADP*

dumMp dTMP

TS site DHFR site

L
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Ficure 3: Single-turnover time course for the F®HFR reactionThe bifunctional TS-DHFR enzyme (3&M) preincubated with dUMP
(500uM) and NADPH (500uM) was mixed with fH]CH,Hfolate (4uM) in the presence of MgGIl(25 mM) and EDTA (1 mM) at pH
7.8 and 25C. The disappearance ¢H]CH,Hfolate @) and formation of {H]Hfolate (o) were monitored. No®H]Hfolate was detected.
The data were fit to a single exponential to provide a rate constant af 2.8 s 1. The curves shown in panels/ were calculated by
numerical integration using KINSIM along with the rate constants and the kinetic model as described in Materials and Methods. (A) In the
first simulation, both substrate channeling (at a rate of 100Pand an activation of the DHFR catalytic activity (at a rate of 12t are
included. (B) In the second simulation, both substrate channeling and DHFR activation have been omitted. (C) In the third simulation, only
substrate channeling (at a rate of 1000 $s included. (D) In the fourth simulation, only DHFR activation (at a rate of I2is included.
In each case, the amount otfdlate (dashed line, designated by an arrow) which would be predicted to buildup is shown. A lag in the
formation of Hfolate (dashed line, designated by an arrow) is also predicted.
dissociated and rebound to the DHFR site to forpfiokhte folate from the TS site to the DHFR site did not account for
or the Hfolate was rapidly channeled to the DHFR site. The the rate of Hfolate formation and the lack of fblate
rapid dissociation and rebinding of.fdlate are less likely =~ accumulation. The simulations suggest that the rate of
since we have established that the rate of reaction of H DHFR catalysis must be faster by 1 order of magnitude (120
folate from solution (Figure 2) is rather slow (14's The s1) than the value of 148 measured in the DHFR reaction
absence of Kolate as an intermediate most likely indicates (Figure 2). Thus, catalysis at the DHFR site may be activated
that the rate of transfer from one active site to the next mustin the TS-DHFR reaction. The simulation shown in Figure
be rapid. Modeling of the kinetic data using the enzyme 3B predicts the reaction kinetics if the substrate channeling
kinetic simulation program KINSIM X9, 20) provided step is omitted and the DHFR reaction occurs at T4(so
insights into substrate channeling and domalomain activation of DHFR catalysis). In this case, a large buildup
communication for the TSDHFR reaction pathway. The  of Hjfolate and a substantial lag in the formation afdfate
rate constants ang, values obtained from our experiments are predicted (dashed lines indicated by arrows). The
as well as previously determindgl, Ko, Km, andke,: values simulation shown in Figure 3C predicts the reaction kinetics
were used as constraints (see Materials and Methods andf the substrate channeling step is included and the DHFR
Supporting Information) to develop a kinetic model that catalysis occurs at 14 5(no activation of DHFR catalysis).
would be consistent with all the kinetic and thermodynamic A buildup of Hyfolate and lag in formation of Holate are
measurements. predicted. The simulation in Figure 3D predicts the reaction
A Model for Substrate ChannelingThere were two key  kinetics if there is no substrate channeling but there is an
questions to be addressed by the modeling. (1) Is a substratactivation of DHFR catalysis (120°Y. Again, a buildup
channeling step required to explain the kinetic data? (2) Are of Hyfolate and lag in formation of kolate are predicted.
there additional kinetic parameters such as domdomain The results of modeling the kinetic data suggest that there
interactions which may play a role in the efficient transfer is substrate channeling of ;félate and that the DHFR
of Hjfolate from the TS site to the DHFR site? A series of catalysis may be activated in the FBHFR reaction perhaps
kinetic simulations are shown in Figure 3®. The reaction by domain-domain communication. Additional experiments
kinetics are most consistent with the kinetic simulation shown were required to confirm the suggestions made by modeling
in Figure 3A in which a very small amount of ;fdlate the kinetic data (see below).
accumulation (within the detection limit) is predicted. We A Pulse Chase Experiment To Test for Substrate Chan-
were surprised to find that simply including a substrate neling. An additional experiment provided corroborative
channeling stepX1000 s ) for the rate of transit of kt evidence for substrate channeling as illustrated in Scheme
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3. This is a straightforward pulse chase type experiment in folate to Hfolate was observed, indicating that MTX does

which enzyme is preincubated with radiolabeled 8k
folate* and NADPH and then mixed with an excess of cold
dUMP and Hfolate. The rationale is as follows. If
radiolabeled Hfolate* is observed, then the intermediate H
folate must have been channeled, because ifolbte

not occupy the TS site and the reduction of the TS rate in
the presence of MTX is most likely due to a regulating effect.
A Substrate Trapping Experimenf substrate trapping
experiment was carried out to establish that the TS reaction
is indeed ordered with dUMP binding first followed by

dissociated from the enzyme, it would have been diluted out CH,H,folate as indicated by earlier studie27). This

into the pool of cold excessFblate preventing the observa-
tion of radiolabeled Efolate*. In this experiment, the
bifunctional TS-DHFR enzyme (3@&M) was preincubated
with radiolabeled ChHfolate (4 uM) and NADPH (500
uM) and then mixed with an excess of cold dUMP (500)
and Hfolate (254M). The conversion of the radiolabeled
CH,Hfolate* to Hsfolate* was monitored over a period from

involved an experiment in which enzyme preincubated with
radiolabeled ChH,folate was mixed with a large excess of
unlabeled ChHH,folate and dUMP and the formation of
radiolabeled Hfolate was monitored. No radiolabeled-H
folate was detected, indicating that ¥BHFR binds dUMP
first; thus, the radiolabeled GH,folate was diluted into the
unlabeled CkHH folate pool.

10 ms to 8 s (data not shown). During this time, radiolabeled The combination of rapid quench experiments described

CH;Hsfolate was completely converted to the product,
radiolabeled Hfolate. However, under these conditions, no
H.folate was observed (within our limits of detection100

above provides evidence for the substrate channeling-of H
folate from the TS site to the DHFR site. The kinetic
simulations of the data suggest that in addition the rate of

cpm). Thus, this pulse chase experiment provides further DHFR catalysis must be enhanced approximately 10-fold in

evidence that the jfolate is directly channeled from the TS
site to the DHFR site without being released into solution.
To provide additional evidence that,fdlate is being

formed and rapidly converted tosfélate and to exclude the
possibility that Hfolate is not stable during the reaction, a
more direct control experiment was carried out in which the
conversion of ChH folate to Hfolate was monitored in the
presence of MTX and NADPH. Under these conditions, the
DHFR site would be blocked by the inhibitor, MTX,
preventing DHFR catalysis and thus allowing for the
observation of Hfolate. An experiment for examining a
single turnover of the TSDHFR reaction was carried out

the TS-DHFR reaction (from 14 to 120'%). The activation
of DHFR catalysis may be required for efficient transfer of
the intermediate, Holate, from the TS to the DHFR site
site such that there is no buildup of.fdlate. Since our
results suggest an enhancement in the DHFR activity under
conditions in which Hfolate is channeled, it was necessary
to design an experiment which directly demonstrates the
predicted 10-fold activation of DHFR catalysis.
Stopped-Flow Fluorescence StudieStopped-flow fluo-
rescence methods provide a convenient way of monitoring
catalysis at the DHFR active site for the bifunctionalTS
DHFR enzyme and of verifying rates measured using rapid

in a manner analogous to the conditions described for Figurechemical quench methods. In addition to standard fluores-

3 except that 15«M MTX was included along with the
bifunctional enzyme, dUMP, and NADPH. Under these

cence measurements, coenzyme fluorescence energy transfer
experiments allow one to observe the conversion of NADPH

experimental conditions (data not shown), the conversion of to NADP™ and the concomitant formation ofsfélate from

CH;Hfolate to Hfolate was observed with nosflate being
formed. The conversion of GHfolate to Hfolate occurred

at a rate 4-fold slower (0.5 than previously observed
for the conversion of CkHsfolate. The slower rate could
be the result of a reciprocal regulation of the TS site by MTX
or direct occupancy of the TS active site by MTX since the
concentration of MTX exceeded enzyme (8d). To rule
out the possibility that MTX may be directly occupying the
TS site. the experiment was repeated with/80 enzyme
and 70uM MTX. The same rate of conversion of GHa-
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H.folate. In these experiments, the fluorescence signal
measured at 450 nm is due to excitation of the dihydroni-
cotinamide fluorescence of the coenzyme via energy transfer
from the protein, and offers the advantage that only NADPH
bound to enzyme is detected.

Activation of DHFR Catalysis by the TS sit&he single-
turnover experiment (Figure 3) which examined the-TS
DHFR reaction points to a catalytic rate enhancement of the
DHFR reaction when the TS site is occupied and is consistent
with earlier studies which indicate domaidomain interac-
tions in the bifunctional TSDHFR enzyme 15). When
an experiment is designed to demonstrate the DHFR rate
enhancement for the FDHFR reaction under conditions
where Hfolate is channeled, an ancillary issue is the actual
chemical species at the TS which is responsible for this
activation. A likely candidate for this chemical species is
the covalent enzyme intermediate which has been shown to
form during the catalysis at the TS site (as illustrated3by
in Scheme 4). This covalent intermediate can be trapped
by using the dead end inhibitor, FAUMBg 29). Fluores-
cence studies on monofunctional thymidylate synthase have
shown that an enzyme conformational change is associated
with the formation of the covalent enzyme intermedi&@.(

Two stopped-flow experiments were carried out to look for
evidence of the activation of DHFR activity by the formation
of a ternary complex of TS, CiHfolate, and FAUMP. In
the control experiment, the enzyme (ZBl) was preincu-
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, 1 I bated with FAUMP (10@M) and Hfolate (50uM) and then
A mixed with a saturating concentration of NADPH (50W)
at pH 7.8. The chemical step rate in the first turnover is
approximately 6.4 & (Figure 4A). However, when the
CH;H,folate was added to the enzyme solution, the chemical
step rate for the DHFR is enhanced to 120 @igure 4B).
Formation of the dead end ternary complex at the TS site
was confirmed by assaying the enzyme and establishing that
it is unable to catalyze the TS reaction. The combination
! of these two experiments provides direct evidence for
0.0 0.05 o1 0415 02 activation of the DHFR site via the TS site and suggests the
Time (Sec) formation of the ternary complex is a prerequisite for the
catalytic enhancement. To confirm that the formation of the
ternary complex was essential for activation, a third experi-
ment was carried out in which enzyme preincubated with
CH;Hfolate and NADPH was mixed with jJfblate and
FAUMP. Under these conditions, no activation of DHFR
activity is observed (Figure 4C), indicating that formation
of the ternary complex is required and provides additional
evidence for an ordered mechanism for TS catalysis.
Reciprocal Actiation of the TS Actity via the DHFR
21 | | | - Site. Since the studies described above indicated that the
00 005 o1 015 02 formation of a ternary complex could activate the DHFR
Time (Sec) activity for the bifunctional TSDHFR enzyme, related
I | I issues are whether ligand occupancy at the DHFR site may
alter conformational changes or catalysis at the TS site which
may result in differences between monofunctional and
bifunctional forms of the enzyme. Recent transient kinetic
analysis of the monofunctional TS suggest that a protein
conformational change associated with formation of a ternary
complex precedes the rate-limiting chemical step involving
hydride transfer Z3). Previous studies on the monofunc-
tional TS enzyme have shown that the £tfolate can be
| | | " used to quench the intrinsic TS fluorescence in the presence
oo 008 o o1 o2 of FAUMP due to the formation of a ternary complex which
Time (Sec) is unable to undergo catalysi8(Q). Thus, the change in
intrinsic fluorescence could be used to measure the rate of
ternary complex formation between enzyme, FAdUMP, and
Ficure4: DHFR catalysis as measured by coenzyme fluorescence CH,H,folate at the TS active site of the bifunctional enzyme
energy transfer(A) A representative stopped-flow fluorescence i the absence and presence of ligand(s) at the DHFR site.

trace shows the time-dependent formation of NADPhe trace is . . .
the change of the fluorescence signal with time after mixing a | "€ €xperiments were performed in the presence of saturating
solution of bifunctional TSDHFR (7.5u4M) preincubated with concentrations of ligand such that binding would not be rate-

FAUMP (100uM) and Hfolate (50xM) with NADPH (500 M) limiting. A representative trace in the absence of the ligand,
in the presence of Mge{25 mM) and EDTA (1 mM) at pH 7.8 NADPH, displays the change in fluorescence observed after
and 25°C. The fluorescence excitation was at 290 nm and emission mixing a solution of enzyme and FAUMP (10M) with

at 450 nm. The data are fit to a single-exponential equation with a . A
rate of 6.4+ 0.3 s'L. (B) A representative stopped-flow fluorescence CHz2Hafolate solution (5Q:M) as shown in Figure 5A. The

trace shows the time-dependent formation of NADFhe trace ~ data were fit to a single-exponential phase followed by a
shows the change in the fluorescence signal with time after mixing linear phase to obtain the rate of complex formation as 1
a solution of bifunctional TSDHFR (75/1M) prelncubated with S—l and a very slow linear rate which may indicate enzyme
FAUMP (100xM), CH.H,folate (504M), and Hfolate (504M) photobleaching. The rate of this conformational change due

with NADPH (500uM) in the presence of Mggl(25 mM) and L :
EDTA (1 mM) at pH 7.8 and 25C. The fluorescence excitation ~ t© complex formation in the absence of NADPH (I)sis

was at 290 nm and emission at 450 nm. The data are fit to a burstrelatively slow and similar to the steady-state rate which is
equation with the rate for the fast phase of 1% s* and for the 2.6 s. However, as shown in Figure 5B, the rate of
slower phase of & 04 Sl. Under these Con.ditior:ls, the chemical Conformat|ona| Change |n the presence of NADPH Cﬁm

step rate constant is much faster than in Figure 4A. (C) A 5" anhanced. The data indicate two exponential phases

representative stopped-flow fluorescence trace shows the time- . .
dependent formation of NADP The trace shows the change in followed by a linear phase. The two exponential rates are

the fluorescence signal with time after mixing a solution of 210 and 5.4 s, respectively, and are now faster than the
bifunctional TS-DHFR (7.54M) preincubated with CbH.folate steady-state rate of TS. From these data, we cannot
(504M) and NADPH (50QuM) with Hofolate (50uM) and FAUMP  qjetermine which rate (210 or 5.4% may represent the

(100uM) in the presence of MgGIl(25 mM) and EDTA (1 mM) .
at pH 7.8 and 25C. The fluorescence excitation was at 290 nhm confqrmaﬂonal change. Although we Cf"mnOt rule out the
and emission at 450 nm. The data are fit to a single-exponential POssibility that these data may reflect differences between

equation with a rate of 7.8- 0.3 s’1. the behavior of FAUMP and dUMP, it is more likely that
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neled efficiently as a consequence of at least two features
of the reaction kinetics. First, the rate offblate transfer
from the TS site to the DHFR site is very rapiel 1000 s?)
such that it does not accumulate during a single enzyme
turnover. Second, the stopped-flow experiments demonstrate
that DHFR catalysis is activated approximately 10-fold in
the presence of the covalent ternary complex at the TS site.
| ‘ Likewise, NADPH bound in the DHFR site also activates
0.0 0.2 0.4 0.6 038 1.0 TS activity. In contrast, MTX bound in the DHFR site
Time (Sec) appears to decrease TS activity and may represent an off
FiGure5: (A) Formation of the ternary complex of TS as measured SW't(?h for reg“'at'qn of Hfolate format'on at_ the TS site.
by fluorescence quenching in the absence of NADPH. A repre- The information gained on the reaction kinetics fofdfate
sentative stopped-flow fluorescence trace shows the time-dependencthanneling and domatrdomain activation is summarized
formation of the ternary complex of TS. The trace shows the change in Scheme 5. The salient features of this model suggest that

in the fluorescence signal with time after mixing a solution of ; ; ;
bifunctional TS-DHFR (7 5M) preincubated with FdUMP (100 " (€ absence of ligands at the TS site (dUMP anaiCH

M) with CH,H,folate (50:M) in the presence of MgG(25 mM) fola_lt(_a) the enzyme _is in a conformer with a lower specific
and EDTA (1 mM) at pH 7.8 and 2%. The fluorescence excitation ~ activity. The binding of dUMP and Ci,folate and
was at 287 nm and emission at 340 nm. The data are fit to a burstformation of the covalent ternary complex result in an

equation with a rate of 1.6 0.03 s* for the single-exponential  activation to a more active conformer. For DHFR catalysis
phase. (B) Formation of the ternary complex of TS as measuredn, yha ahsence of the ternary complex at the DHFR site, this

by fluorescence quenching in the presence of NADRHepre- . . .
sentative stopped-flow fluorescence trace shows the time-dependentS fepresented by the a pathway in whictEolate NADPH

formation of the ternary complex of TS. The trace is for the change is converted to EHsfolate NADP* at a rate of 14 8. In
of the fluorescence signal with time after mixing a solution of the presence of the ternary complex-8&IMP-CH,Hfolate

uM) and NADPH (500uM) with CH,Hfolate (50uM) in the : L
presence of MgGI(25 mM) and EDTA (1 mM) at pH 7.8 and 25 folate NADPH is converted to BHHsfolate NADP* at a rate

°C. The fluorescence excitation was at 287 nm and emission at0f 120 s*. This experiment establishes that there are
340 nm. The data are fit to a double-exponential burst equation domain—domain interactions between the TS and DHFR
with a rate of 210t 30 and 5.4t 0.2 s'* for the faster and slower  active sites. Likewise, experiments examining the formation
phases, respectively. of the covalent EFdUMP-CH;H folate ternary complex in

h . . . | L the absence and presence of NADPH suggest reciprocal
these experiments indicate reciprocal communication be- .ommunication may also occur.

tween the DHFR and TS active sites. Further investigation |, the most active conformer under conditions of substrate
is required to understand the effect_s of Il_gf?md occupancy atchanneling, Holate is formed at the TS (2.6'§ and does
the DHFR site upon the TS catalytic activity. not accumulate but rather is transferred to the DHFR site at
a rate of>1000 s without diffusion into the medium. At
DISCUSSION the DHFR site, Hfolate is rapidly converted to jfblate (120
The application of rapid chemical quench and stopped- s™1). The activation and interplay between the TS and DHFR
flow fluorescence methods to the study of the bifunctional sites are most likely modulated via changes in protein
TS—DHFR has allowed a direct analysis of the kinetics for conformation and indicate that there is a tight coupling of
the conversion of ChHjfolate to Hfolate. This study TS—DHFR catalytic activity and that domaitdomain
provides definitive evidence for the substrate channeling of communication is important for efficient channeling of-H
H.folate from the TS site to the DHFR site and suggests folate.
some key features of the kinetics which govern the efficient  The structural basis for TSDHFR interdomain com-
transfer between sites. Thefblate intermediate is chan- munication is not completely understood; however, it is
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interesting to speculate on the basis of the three-dimensionakhe buildup of potentially reactive, toxic, or promiscous
structures for the bifunctional and monofunctional enzymes. intermediates to be released into the cytosol. Evidence is
Unlike its monofunctional counterparts, ¥®HFR is a growing that substrate channeling is a general feature of
bifunctional enzyme with a peptide linker connecting two biochemistry and is of fundamental importance to the overall
existing enzymes. The DHFR domain contains an N- control and catalytic efficiency of multifunctional enzymes
terminal extension which is absent in monofunctional DHFR and enzyme complexes.

enzymes. Earlier studies have demonstrated that there are
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