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ABSTRACT: A kinetic scheme is presented fascherichia coliglycinamide ribonucleotide transformylase

(GAR transformylase, EC 2.1.2.2) based on a steady-state and pre-steady-state kinetic analysis of the
reaction in both directions employing stopped-flow absorbance and fluorescence spectroscopy. Steady-
state parameters showed that for the reverse direction is about 10 times lower than that for the forward
direction although theK, values for formyl dideazafolate and dideazafolate or for glycinamide
ribonucleotide and formyl glycinamide ribonucleotide are similar. No pre-steady-state transient was
observed in either direction, and the single-turnover rate constant under saturating levels of substrates in
each direction was found to be very close to the respective steadyksgtatelue. This indicates that

steps involving ternary complexes are rate-determining for steady-state turnover in each direction. By
conducting the single-turnover reactions under various preincubation and mixing conditions, a random
sequential kinetic mechanism was implicated in which the enzyme binds glycinamide ribonucleotide or
formyl dideazafolate productively in no obligatory order. The collective data provided a quantitative
kinetic scheme to serve as a basis for the analysis of mutations.

Glycinamide ribonucleotide transformylase (GAR trans- Scheme 1. GAR transformylase Reaction
formylaset EC 2.1.2.2) catalyzes the third step of the de

[e] o
novo purine biosynthetic pathway. This enzyme formylates o HNJ\/NHZ o HNJQNHcHo
glycinamide ribonucleotide (GAR) using the 10-formyltet-
rahydrofolate cofactor to make formylglycinamide ribonucle- ; :
HO OH CHO-H,folate H,folate HO OH

otide (fGAR) (Scheme 1). The GAR transformylase,
especially the product of thEscherichia coli puN gene?

has been the subject of intensive structural studies owing to
its small size (23241 Da)3( 4) relative to the human  provided a kinetic scheme following an ordered sequential
trifunctional enzymef). An efficient overexpression system mechanism with the cofactor binding first@).

in an auxotropic. coli (purN~, purT ™) strain was developed To date no detailed kinetic sequence identifying the rate-
recently @) permitting either wild type or mutant enzyme determining step has been determined. In this study, we used
production. Several high-resolution X-ray structures of the stopped-flow techniques witk. coli GAR transformylase

E. coli GAR transformylase complexed with substrate to obtain a detailed kinetic mechanism as a basis for studies
analogues revealed the identity of amino acid residues of mutant derivatives to define the mechanism of action of
important in the binding of substrates and in catalygis (  the enzyme.

9), consistent with specific and saturation site-directed

mutagenesis studies of active site residues implicated inMATERIALS AND METHODS

catalytic activity 6). The steady-state kinetic mechanism Materials f-p-Ribofuranose 1-acetate 2,3,5-tribenzoate,
has been elucidated for the murine GAR transformylase and 1-(3-dimethylaminopropy!)-3-ethylcarbodiimide, EDC, bis-
(4-nitrophenyl) phosphate, and,N-diisopropyl dibenzyl

" This work was supported by PHS Grant GM24129 from the phosphoramidite were purchased from Aldrich and used
National Institutes of Health (S.J.B.). without purification. N-Formylglycine was prepared by the

* To whom correspondence should be addressed. Phone: 814-865- ; ;
2882, Fax: 814-865.2973. method of Sheehan and Yanyjlf and recrystallized twice

GAR fGAR

! Abbreviations: GAR-glycinamide ribonucleotide; GAR trans-
formylase, glycinamide ribonucleotide transformylase; fDDF, 10-
formyl-5,8-dideazafolate; DDF, 5,8-dideazafolate; fGAR, forryl-
glycinamide ribonucleotidegd-TGDDF, 3-thioglycinamide dideazafolate;
GAROH, s-hydroxyacetamide ribonucleotide; EDC, 1-(3-dimethylami-
nopropyl)-3-ethylcarbodiimide; DCC, 1,3-dicyclohexylcarbodiimide;
BzCl, benzoyl chloride; DMAP, 4-methylaminopyridine; mCPBA,
3-chloroperoxybenzoic acid; TFA, trifluoroacetic acid.

2 Another GAR transformylase, which isparT gene product, has
been found inE. coli. It uses formate and ATP in place of the 10-
formyltetrahydrofolate and has been characterized recehtlg)(

in water. Phosphate assays were performed as described by
Chen et al. 12). The cofactor 10-formyl-5,8-dideazafolate
(fDDF) was purchased from Dr. John Hynes, Medical
University of South Carolina, and 5,8-dideazafolate (DDF)
was prepared previously in our laboratory by Ingledg (
p-Thioglycinamide dideazafolatgg{TGDDF) was synthe-
sized by the procedure of Inglese et aI3); Hydroxyacet-
amide ribonucleotide (GAROH) was a generous gift from
Dr. Dale Boger, The Scripps Research Institute. NMR
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spectra were recorded on a Bruker 200, 300, or 360 MHz Scheme 2. Synthesis of fGAR

Spectrometer. HPLC were performed on either a Waters
600E system or a Beckman 421A/110B system. Deuterium
oxide (99.9 atom %) was purchased from Aldrich. All
kinetics and equilibrium measurements were performed at
25 °C, pH 7.5 in a buffer that contained 50 mM R-(
morpholino)ethanesulfonic acid, 25 mM ethanolamine, 25
mM Tris, and 100 mM sodium chloride (MTEN buffer).
Enzyme E. coli GAR transformylase was prepared as
previously described using a pMSW?2 vector in MW12 cell

HO— o Ns
BzO o N3 1) NaOMe \g ?/
2) MeO_ OMe " o. O
BzO OBz : PaN

2

(o]
J‘j\/NHCHO
BzO o AN

1) BzCI/Et3N/DMAP 1) NaOMe

(6). Aliquots of purified enzyme were stored af70 °C at 2) Hy/PIO, 0_0 2 f,"h'zgg;‘;‘:g'm",:’:: 2
0.1-0.5 mM concentrations in 50 mM Tris-HCl and 1 mM 3 EDC/N-formylgiycine N 3) MCPBA

EDTA, pH 7.5. Enzyme solutions at micromolar concentra- 3

tions are stable at least 24 h at room temperature without

loss of activity. The concentration of the purified protein o o

was determined by either an active site titration with  @no),-Po ° HN L NHCHO

B-TGDDF or a BCA assay method according to the protocol 1) Ho/Pd fGAR
provided by the manufacturer (PIERCE). Both methods gave 5 2)H*

the same result. <

Synthesis of GARGAR was prepared by the procedure 4
of Boschelli et al. {4) with some modifications. The first
modification involved the coupling of the ribosylamine and small amount of reagent left was removed by a short silica
carbobenzyloxyglycine. In this step, ethyl acetate and EDC gel column (1x 5 cm, 1/1 EtOAc/Hexanes) to giv&(0.97
were used instead of acetone and DCC as reported. They, 4.5 mmol, 98%) as a colorless oitH NMR (CDCl) ¢
yield was improved to 92% with the:: isomer ratio as  5.54 (s, 1 H), 4.78 (dd) = 0.9, 6.0 Hz, 1 H), 4.53 (d] =
2:1. The other modification was in the acetonization step. 6.0 Hz, 1 H), 4.39 (tJ = 4.9 Hz, 1 H), 3.73 (m, 2 H), 2.34
Instead of Dowex-H, bis-(4-nitrophenyl) phosphate was (t, J= 5.7 Hz, 1 H), 1.50 (s, 3 H), 1.32 (s, 3 H).
used as an acid catalyst to give an 81% yield of acetonide A mixture of azide2 (0.97 g, 4.5 mmol), BzCl (0.88 mL,
product afte 2 h atroom temperature. The final product 7.5 mmol), EtN (1.0 mL, 7.2 mmol), and DMAP (105 mg,
was a mixture ofa- and g-anomers with a ratio of 1:1.6, 0.88 mmol) in CHCIl, (50 mL) was stirred at room
and its structure was identical B NMR, °C NMR, and temperature for 2 h. The solution was diluted with £t}
mass spectrometer data to that reported in the literalie ( (50 mL), and the organic layer was washed witfOH2 x
16). GAR was precipitated as a barium salt for long-term 50 mL), saturated aqueous NaHE(® x 50 mL), and
storage. For kinetic studies, GAR was further purified by a saturated aqueous NaCl (50 mL), dried §8@), filtered,
Whatman C-18 Partisil ODS-3 HPLC column (1x245 cm) and concentrated in vacuo. The resulting yellow oil was
by using a linear gradient of 0.1% TFAJ/E to 100% CHCN dissolved in EtOAc (75 mL) and hydrogenated with PtO
over 50 min with a flow rate of 3 mL/min. The peaks were (100 mg) under KHatmosphere (1 atm). The solution was
monitored at 230 nm, and GAR was eluted at 8 min. The stirred fa 2 h atroom temperature. After Hvas removed
concentration off anomer of GAR was determined by by flushing with Ar, MgSQ (ca. 2 g) was added to the
enzymatic turnover in the presence of a 15-fold excess of reaction mixture. The resulting suspension was filtered
fDDF. through Celite into a round-bottom flask containimg

Synthesis of fGARScheme 2 2,3,5-Tri-O-benzoyls-p- formylglycine (515 mg, 4.9 mmol) in EtOAc (30 mL). EDC
ribofuranosyl azideX) was synthesized frori-b-ribofura- was added (950 mg, 4.9 mmol) to the solution, and the
nose l-acetate 2,3,5-tribenzoate in quantitative yield by the mixture was stirred at room temperature for 12 h. The
procedure of Boschelli et al1§). To a solution of azidd solution was diluted with EtOAc (75 mL), and the organic
(2.2 g, 4.6 mmol) in MeOH (150 mL) at room temperature layer was washed with 4 (2 x 50 mL), saturated aqueous
was added NaOMe (0.75 g, 14 mmol). After stirring for 1 NaHCGQ; (50 mL), and saturated aqueous NaCl (50 mL),
h, the reaction mixture was neutralized by adding Dowex dried (NaSQy), filtered, and concentrated in vacuo. The
50W-X8 (H" form) (ca. 1.2 g). Dowex was removed by crude product was purified by a silica gel chromatography
filtration, and the filtrate was evaporated in vacuo. The (2.5 x 10 cm, EtOAc) to give3 (680 mg, 1.8 mmol, 40%)
residue was dissolved in B (50 mL), and the resulting as a colorless oil'H NMR (CDCl) 6 8.26 (s, 0.8 H), 8.18
solution was washed with diethyl ether {225 mL). The (s, 0.2 H), 8.01 (m, 2 H), 7.53 (m, 3H), 6.99 (m, 1 H), 6.64
aqueous layer was concentrated to give the triol. The triol (br s, 1 H), 5.93 (ddJ = 4.1, 9.1 Hz, 0.8 H), 5.60 (d] =
was then dissolved in DMF (20 mL) and reacted with 7.5 Hz, 0.2 H), 4.76 (m, 2 H), 4.533.93 (m, 5 H), 1.57 (s,
dimethoxypropane (15 mL, 120 mmol) and bis-(4-nitrophen- 3 H), 1.35 (s, 3 H).
yl)phosphate (3.1 g, 9.1 mmol). The resulting yellow  To a solution of3 in MeOH (50 mL) was added NaOMe
solution was stirred fio2 h atroom temperature, and the (100 mg, 1.80 mmol). The reaction mixture was stirred for
volatiles were evaporated in vacuo. The yellow residue was 2 h at room temperature, and MeOH was removed in vacuo.
dissolved in EtOAc (200 mL), and the organic layer was The resulting residue was dissolved in 50% MeOH/CHCI
washed with 10% aqueous NaHg@® x 50 mL) and (0.2 mL) to load on a short silica gel column (355 cm).
saturated aqueous NaCl (50 mL). The organic solution was The column was washed first with CHQb get rid of methyl
dried (NaSQy), filtered, and concentrated in vacuo. The benzoate and second with 50% MeOH/CEI@ collect
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product fractions. The pooled fractions were concentrated tion of 1—2 nM.
to give the debenzoylated intermediate (488 mg, 1.78 mmol, For the initial velocity of a reverse reaction in which
98%) as a yellow oil:*H NMR (CDCl3) 6 8.26 (s, 0.8 H), enzyme was reacted with fGAR and DDF, the production
8.20 (s, 0.2 H), 7.19 (m, 2 H), 5.83 (ddi= 4.2, 8.9 Hz, 0.8 of fDDF was monitored by a fluorescence increase at 400
H), 5.74 (d,J = 7.9 Hz, 0.2 H), 4.74 (m, 2 H), 4.143.60 nm when excited at 340 nm. The data were obtained on a
(m, 5 H), 1.53 (s, 3 H), 1.35 (s, 3 H). To a solution of the stopped-flow apparatus with the enzyme concentration in the
above intermediate in Gi&l, (50 mL) at room temperature range 3-4 uM. A molar fluorescence chang@\F) was
was added\,N-diisopropyl dibenzyl phosphoramidite (0.9 established by measuring known concentrations of fDDF in
mL, 2.7 mmol) and tetrazole (375 mg, 5.4 mmdly). After solutions containing the same amount of enzyme and DDF
being stirred fo 2 h atroom temperature, the reaction mixture used in the initial rate measurement. The mal&rfor fDDF
was cooled to—40 °C, and mCPBA (57#86%, 1.2 g in 25 is only valid with a given concentration of enzyme and DDF
mL of CH,Cl,) was added. The resulting solution was stirred becauseAF is different as the concentration of enzyme or
for 2 h at 0°C. The reaction mixture was diluted with GH DDF changes. Data were fit to the Michaeliglenten
Cl, (25 mL), and the organic layer was washed with 10% equation to obtaik.andK, values using a nonlinear least-
aqueous Ng5O; (2 x 20 mL), saturated aqueous NaHEO  squares fitting program.
(2 x 15 mL), H,O (15 mL), and saturated aqueous NaCl  StoppeeFlow Experiment All stopped-flow experiments
(15 mL), dried (NaSQy), filtered, and concentrated in vacuo. were performed on an Applied Photophysics Kinetic Spec-
The crude product was purified by silica gel chromatography trometer (Cambridge, England) that has a thermostated
(2.5x 5 cm, EtOAC) to gived (845 mg, 1.6 mmol, 89%) as  sample cell. The formation of fDDF in the reverse reaction
a colorless oil:'H NMR (CDCl;) 6 8.24 (s, 0.8 H), 8.19 (s,  and the enzymefDDF complex in competition experiments
0.2 H), 7.33 (m, 10 H), 6.84 (br &l = 9.1 Hz, 1 H), 6.61 was monitored by excitation of the fDDF fluorescence at
(bs, 1 H), 5.77 (dd) = 4.3,9.1 Hz, 0.8 H), 5.72 (A1 = 7.6 340 nm with a 2 nnslit width and then by observation of
Hz, 0.2 H), 5.05 (m, 4 H), 4.63 (m, 1 H), 4.46 (m, 1 H), the emission with an output filter at 400 nm. Enzyme
4.13 (m, 1 H), 4.00 (m, 4 H), 1.51 (s, 3 H), 1.31 (s, 3 H). DDF complex formation was monitored by the intrinsic
The solution o#4 (845 mg, 1.6 mmol) and PeC (20 mg) protein fluorescence quenching at 340 nm with excitation at
in ethanol (100 mL) was placed in a Parr hydrogenator at 290 nm. Absorbance measurements were conducted at 295
25 psi H. After stirring for 6 h atroom temperature, the  nm with a 1 nmslit width. In most experiments,-33 traces
reaction mixture was filtered through Celite and concentrated were recorded and averaged for data analysis. Data were
to give a colorless oil. Tothe oil in 4D (12 mL) was added  collected over a given time interval by an Archimedes
TFA (20 uL, 0.26 mmol), and the resulting solution was computer. All data were analyzed by a nonlinear least-
stirred for 24 h at room temperature. The crude fGAR was squares computer program provided by Applied Photophys-
purified by an anion exchange HPLC (SAX, 0.4625 cm) ics.
to provide fGAR of maximum purity for kinetic studies. It Fluorescence Titrations The thermodynamic dissociation
also allowed the removal of GAR contaminant that could constants Kq) for ligands from the enzyme or enzyme
be formed in the last step of the synthesis. The fGAR was ligand complexes were measured by fluorescence titration
eluted with a linear gradient of ammonium acetate buffer employing an SLM 8000 spectrofluorimeter. The binding
(pH 7.0, G-100 mM, 30 min) with a flow rate of 1.0 mL/  of fDDF to the enzyme or to the enzym&AROH complex
min. Since fGAR did not give any detectable UV absor- was followed by measuring the increase in fluorescence of
bance, the fGAR fractions were detected by GAR trans- fDDF at 400 nm with an excitation wavelength of 340 nm
formylase activity after they were converted to GAR by acid upon addition of a fDDF solution. In a control experiment,
hydrolysis. An aliquot (9@L) from each fraction was mixed the fluorescence of fDDF in the absence of enzyme species
with 10 uL of 1 N HBr, and the mixture was boiled at 100 was recorded and later used to correct the data for any

°C for 15 min to complete the conversiobd). The fGAR background and inner filter effects. For a fluorescence
was collected in fractions between 15 and 25 min. The titration experiment involving DDF, the quenching of the
undesired GAR fractions, which were eluted at®Bmin, intrinsic enzyme fluorescence at 340 nm upon excitation at

were detected by the enzyme assay and were well separate@90 nm was monitored as a function of ligand concentration.
from fGAR fractions. The combined fGAR fractions were In this experiment, a solution of tryptophan with a fluores-
lyophilized to give a white powder that was dissolved in cence similar to that of the enzyme solution was titrated to
water and stored at80 °C. The structure of fGAR was  correct for the absorbance caused by added ligands. In these
confirmed byH NMR and mass spectrometry, identical to experiments, the enzyme concentration used was less than
that reported16). The concentration gf-anomer of fGAR 0.5Kq, and both the excitation and emission slits were set at
was determined by NMR and total phosphate content by the4 nm. The data were fit to a quadratic equation to calculate
procedure of Chen et all®). Kq values (9).

Kinetic Measurements Instead of the unstable natural Equilibrium Dialysis The dissociation constant for GAR
cofactor, 10-formyltetrahydrofolate, a kinetically equivalent from GAR transformylase was measured by equilibrium
and more stable fDDF was used in all kinetic measurementsdialysis. A microequilibrium dialyzer with 5 sets of cham-
(4). The initial velocity for the reaction of GAR transformyl-  bers (25«L in one chamber) was set up with Spectra Por 2
ase with GAR and fDDF was determined by monitoring the MWCO 12 00G-14 000 dialysis tubing20). An enzyme
production of DDF at 295 nmAe = 18.9 mM* cm™?). sample (63«M) was dialyzed against a range from 200 to
These studies were done in 1 mL cuvettes thermostated on600uM of GAR while gently rotating the dialysis setup back
a Gilford 252 spectrophotometer, and the reaction was and forth. As a control, a buffer was dialyzed against GAR
initiated with one of the substrates at an enzyme concentra-to determine the time to reach equilibrium (about 4 h). The
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Table 1: Steady-State Kinetic Parameters for GAR Transformylase Scheme 3. Folate Binding Kinetics

- - ky k
forward reaction reverse reaction E-DDF E + DDF E + {DDF 2 E-DDF

Keat 90+2st Keat 0.73+0.02 st ky ko

Km(fDDF)  12.34+1.3uM Kim(DDF) 19.0+ 1.3uM

Km(GAR) 118+ 3uM Kn(fGAR) 102+ 5uM

tion up to 0.8 mM, suggesting that GAR or fGAR does not
bind to the apoenzyme. In fact, a steady-state kinetic study
amount of GAR in each compartment was measured by on murine GAR transformylase has suggested a sequential
enzyme turnover with 10-fold excess of fDDF. ordered mechanism in which GAR binds only to the
Data Analysis The KINSIM kinetic simulation program  enzyme-fDDF complex (L0). TheE. coli enzyme was also
(21) was used to model the single-turnover experiments. shown to follow a sequential type mechanis#). ( Thus,
Computer simulation of Scheme 5 was carried out with the we attempted to measure the dissociation constant for GAR
known rate and dissociation constants. The values for thefrom the enzymefDDF—GAR complex using a GAR
on- and off-rate of fDDF and DDF to the enzyme were analogue that would form a stable ternary complex. GAROH
estimated from the competition binding experiment. The rate was used for this purpose because it has the same structure
constant for the interconversion step of the ternary complexesas the natural substrate except for a hydroxyl group instead
in the forward direction was set at 95'sas measured by a  of the amine, and has been known to act as a competitive
single-turnover experiment, and that for the reverse direction inhibitor (10). Like the natural substrate, GAROH did not
was set at 0.773, which is the steady-statex value that  cause any change in the enzyme’s intrinsic fluorescence.
represents the rate-limiting step. The dissociation constantsywhen GAROH was titrated into a solution of enzyme
for various species involving GAR and cofactors and the satyrated with fDDF, there was no change in either the
requirement of the same free-energy change for both enzyme’s intrinsic fluorescence or that of the cofactor.
pathways leading to the ternary complex from the free However, in the titration of the enzym®DF complex (E-
enzyme were used to constrain the fitting process. The dataDDF) with GAROH, we were able to follow the quenching

were fit by a trial and error process to find rate constants or of the enzyme’s intrinsic fluorescence, which yielded the
equilibrium constants as the best fit to all the single-turnover gissociation constant of 9% 3 M.

results. Binding of GAR to EnzymeThe fact that GAR actually
RESULTS AND DISCUSSION binds to the apoenzyme came from an equilibrium dialysis
experiment. Although it was not as accurate as using a

SteadyState Kinetic Parametersinitial velocity studies radioactive compound, we were able to estimateKhes

in the forward and reverse reactions gave the kinetic 150 & 40 uM employing high concentrations of enzyme.

parameters listed in Table 1. Both tkg:for the forward  The error range is quite large because the amount of GAR

reaction anKi, for GAR are about 5 times higher than the  \yas quantitated by enzyme turnover in a spectrophotometer

previously reported values, 16'and 16.74M, respectively,  ag described in the Materials and Methods. The binding is

m(_aasured at the same pH but in a buffer containing 50 MM much weaker than fDDF, and it is very close to thgvalue

Tris and 0.5 mM EDTA 4, 6). The change in the buffer,  fom the steady-state kinetics. However, it is not certain

however, had little effect on the parameters, so that the o this experiment alone whether GAR binding actually
differing values must be due to some impurities in the GAR |cads to a productive ternary complex.

sample that inhibited the enzyme. In the current study, those
impurities have been removed by HPLC. The measure of
keatandKy, for fGAR and DDF in the reverse reaction made

Cofactor Binding Kinetics Because the binding of fDDF
or DDF with GAR transformylase induces a change in

use of the difference in the fluorescence spectra of fDDF ﬂuorescer?cez the measurement of on- and off-rate_ for
and DDF. A maximum difference was observed at 400 nm cofactor bmdmg was attempted by folloyv!ng an approprlgte
when excited at 340 nm. Althougdhyis 13-fold less, the fluorescence signal resulting from mixing enzyme with

K.'s for {GAR and DDF are not much different from those cofactor. Unfortunately, no fluorescence change was de-
for GAR and fDDE. tected in the formation of a binary complex using stopped-

Fluorescence Titrations The binding of fDDF to GAR ~ 11OW mixing of 0.5-7 uM enzyme and 561004M fDDF

transformylase was measured by following the increase in or DDF_ (final poncentration). Either the_ rate _Of approa_lch
fluorescence upon fDDF binding to the enzyme. The to equilibrium is so fast that most of the signal is lost during

fluorescence change at 400 nm was measured as a functiof’® dead time of the stopped flow, or the signal itself may
of fDDF concentration for fDDF alone and in the presence be too small to be detected because, in the titiration of fDDF

of enzyme. No significant primary absorption effect was to the enzyme, the total change of signal represented only
observed since the increase of fluorescence at 400 nm in@Pout 3%.
the absence of enzyme was linear with fDDF concentration. Next, we tried a competition experiment in which the
The corrected data were computer fit to a quadratic equationenzyme-DDF complex was mixed with fDDF that competes
by nonlinear regression to obtain the dissociation constantfor the folate binding site (Scheme 3). The formation of
of 2.5+ 0.4uM. For DDF binding to GAR transformylase, the enzyme-fDDF complex (E-fDDF) was followed by a
the quenching of the intrinsic enzyme fluorescence upon time-dependent increase in the fluorescence signal at 400
ligand titration was followed. The data were computer fit nm (Figure 1). The observed rate constant can be expressed
as above to give a dissociation constant off13 uM. in terms of the rate constants in Scheme 3 under the near-
No noticeable change in enzyme intrinsic fluorescence wasequilibrium condition 22), and is a function of all four rate
observed upon addition of GAR or fGAR at any concentra- constants and the concentration of DDF and fDDF (eg 1).



8780 Biochemistry, Vol. 37, No. 24, 1998

0.04
i
8 o003 + .
=
[ REROAA
g | o’ .
e L
_3 0.02
[E
3 [
& 001
o P Y E RS B

0.005 0.01 0.015 0.02

Time (Sec)

Ficure 1: Competition experiment for cofactor binding—BDF
binary complex (68&M DDF, 7 uM GAR transformylase) was
mixed with fDDF (39uM) (concentrations after mixing) and the
fluorescence increase monitored at 400 nm resulting from the
formation of the E-fDDF complex in MTEN buffer, pH 7.5, 25
°C. The data were fit to a first-order rate equation.

_ k_y(k_, + K[fDDFI) + ky[DDFIk

bs™ k_, + k[DDF] + k[fDDF] + k_, @
K, K.,
@@m%>q,@mmm:E- )

By varying the DDF concentration between 34 and AR5
and fDDF between 39 and 230M, we obtainedky,s values
ranging from 380 to 6703. Thesekqys values were then
fit to eq 1 by using a nonlinear regression curve fitting in
the SIGMAPLOT program (v. 4.14 for Macintosh). By

reducing the number of parameters (individual rate constants)

2-fold by substituting the known values Kf for DDF and
fDDF (eq 2), the resulting rate constants wkre= (4.0 +
05)x 100 M ts?t k =772+ 123 s, k= (5.5+ 1.0)
x 100 M1 st andk_, = 143+ 32 s The dissociation
rate constants for fDDF and DDF are much higher than the
steady-staté., value for the forward and reverse reactions,
indicating that the dissociation of the cofactors from the
binary complexes is not rate-limiting during steady-state
turnover.

Pre-SteadyState ExperimentsNo pre-steady-state tran-
sient was observed in either direction by stopped-flow
methods using up to ZM enzyme and saturating concentra-

Shim and Benkovic
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Ficure 2: Time course for a single-turnover reaction. (A) Forward
reaction. E-fDDF complex (124uM fDDF, 14 uM GAR trans-
formylase) was mixed with GAR (4.#M) (concentrations after
mixing), and the formation of DDF was monitored. (B) Reverse
reaction. E-DDF complex (667uM DDF, 14 uM GAR trans-
formylase) was mixed with fGAR (5.2M) (concentrations after
mixing), and the formation of fDDF was monitored by fluorescence
increase at 400 nm. The data were simulated with the kinetic
parameters listed in Scheme 5.

single-turnover conditions with a given substrate in limiting
concentration. Representative plots from single turnover in
either direction are shown in Figure 2. The data were fit to
single exponentials arki,s values were obtained. Table 2
summarizes the various single-turnover experiment results
in either direction.

The first of such experiments has enzyme preincubated
with fDDF and the reaction initiated by mixing of GAR with
the production of DDF monitored at 295 nm (reactions 1
and 2). When fDDF was at a limiting concentration (reaction

tions of substrates. No rapid reaction occurred during the 2), the value ofkops Was very close tde for the steady-
dead time of the instrument because the curve extrapolatedsiie experiment and was independent of protein concentra-

to the point of AA = 0 or AF = 0. No pre-steady-state

tion, demonstrating that the binding of fDDF to the enzyme

transient was observed at pHs ranging from 6 to 10 in either ycive site was not rate-limiting. This strongly suggests that

direction. Thus, it is likely that the rate-determining step

the rate-limiting step during steady-state turnover involves

during steady-state turnover is a step involving the ternary he ternary complexes, -EDDF—GAR and E-DDF—

complexes.
SingleTurnover Experiments of the Forward Reaction

fGAR. Thus, the catalytic efficiencyk../{Kn for fDDF,
which is 7.5x 10° M1 s, reflects an interconversion step,

Since the above experiments implied that the catalytic step ot the rate of binding of f{DDF. When GAR was at a

itself may be rate-limiting, we investigated more closely the

limiting concentration (reaction 1), a much lowss (13

chemistry step at the enzyme active site using enzyme ing-1) \was obtained. This rate constant showed a linear
excess of substrate, so that the conversion of substrates t%ependence on protein concentration, suggesting that the

products is comple;e in a single turnover of thg enzyme. B'oth binding of GAR to the binary complex is rate-limiting under
free enzyme and binary complexes were subjected to variousihe condition of reaction 1.

3 Actually, the fluorescence change should be a double exponential

with another rate constant,71# k-1 + kyDDF] + ky[fDDF] + k_».

However, this rate is too fast to be measured and therefore is not

considered in the fitting.

Single-turnover experiments were also performed with two
different preincubation conditions as shown in reaction pairs
3 and 4 or 5 and 6. Interestingly, different rate constants
were obtained depending on the preincubation and mixing
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Table 2: Single-Turnover Reactichs

reaction no. foward reaction reverse reation

E + fDDF — GAR Kobs (57 E + DDF — fGAR Kobs (S

1 14 124 4.7 13.2: 0.6 14 667 5.2 0.23:0.03

2 14 2.5 470 93.6:1.0 14 5.3 520 0.53-0.04
E + GAR — fDDF E + fGAR — DDF

3 14 4.7 124 7.%x14 14 5.2 667 0.13-0.02

4 14 470 25 95.6-3.9 14 520 5.3 0.66- 0.05
E — fDDF + GAR E — DDF + fGAR

5 14 124 4.7 6.8 1.5 14 667 5.2 0.12 0.02

6 14 2.5 470 78.5-5.5 14 5.3 520 0.45-0.02

aConcentrations of E, fDDF, GAR, DDF and fGAR are givenuii.

Scheme 4. Possible Kinetic Mechanism for Single Turnover  The physical nature of the isomerization step is currently

Reactions unknown. Crystallographic results, however, have indicated
A. Ordered Mechanism a conformational change upon binding of fDDF to the
Kobs enzyme. A flexible loop consisting of amino acids 10
=—= E-fDDF === E-fDDF-GAR — DDF 132 has a disordered structure in the apoenzyme and becomes
\ better resolved with folate bound to B,(9). Mutagenesis
E-GAR studies also have implicated this loop in folate bindify (

SingleTurnover Experiments of the Rerse Reaction
Single-turnover kinetics in the reverse direction were mea-
E-GAR . sured by the increase in fluorescence at 400 nm as fDDF
E =z T E-fDDE-GAR L"LDDF formed. A sequence of single-turnover experiments identical

\\ EDDF = to that in the forward direction was performed (Table 2 and

Figure 2). The observed rate constants were in the range

: ; .
condition, although the same concentration of substrate and(fm 0-1 t0 0.7 s%, about 100 times lower in value than the

enzyme was used in each reaction pair. These experiment£Crespondingss from the forward reactions. However, it
provide a good assessment of the importance of kinetic appeared that the reverse reactions did not go to completion,

ordering of substrates. Since GAR binds to the apoenzyme,CONVerting only~25% of the substrate to the product (Figure

the question is whether the-E5AR complex can proceed 28B), i.ndicatir?g that thekops V"’?'“es represent_ the rate of
directly to a productive ternary complex. Scheme 4 shows reaching equilibrium. Interestingly, their relative values are

two possible sequential kinetic mechanisms, ordered andV€"Y Similar to those in the forward reaction. Since the
random. Reactions 1 and 2 do not distinguish between theconcentrations of limiting substrate were the same in each

ordered and the random mechanisms because most of th&€t of reactions, the differences in these rate constants must
enzyme is in the form of the enzyméDF complex (E- e due to the order of binding and mixing. Thus, the same

fDDF) during preincubation and the reactions will follow course of reast_)n_ing as in _the forward reactions was use_d to
the same pathway in both mechanisms (Scheme 4). establish the minimal kinetic scheme for the reverse reaction.

In reaction 4, most of the enzyme is in the form of the However, theékops value from reaction 2 was lower than that

E—GAR complex in the preincubation mixture. The reaction from reaction 4. This .is due to a weak binding O.f DDF to
proceeded with the sameys as reaction 2, indicating that the enzyme, resulting in less than half of DDF being bound

; ; : to the enzyme in the preincubation of reaction 2, suggesting
an identical level of productive ternary complex was formed . : ;
directly from the E-GAR complex. This result clearly that DDF binds more tightly to the HGAR complex. This

shows that the reaction follows a random sequential kinetic is the case because the_ dissociation constant of DDF from
mechanism. Likewise, owing to random bind?ng, the condi- E_DDF_fG.AR. complex is 1Q:M but 20.M frqm E-DDF

tion for reaction 3 is identical to that for reaction 5 as verified COMPIex (vide infra). The smalldes for reactions 3 and 5

by similar kops values. Although reactions 3 and 5 are pompared to reaction 1 w'here the Iev.els'of "ga”d.s.?“e
comparable to reaction 1, the latlersis 50% higher. To identical also is consistent with the isomerization of t_he initial
explain this difference as well as thg,s value for reaction E_D_DF comple_x as in the lowekops found in reaction 6

6, we introduced a second#DDF complex. In reaction relative to reaction 2.

6, both pathways in the random mechanism become equally The steady-staties value is the same order of magnitude
important even though GAR is in large excess over fDDF as thekops Values, indicating that the interconversion of the
because of the lower affinity of GAR for the apoenzyme. ternary complexes is the rate-limiting step during steady-
However, if the initial E-fDDF complex has to further  state turnover in the reverse direction.

isomerize to a second-HDDF complex, a decrease in the Binding of Cofactor to EGAR The equilibrium constant
overallkyyswould result. The random action of the pathway for binding of fDDF to E-GAR was estimated by using
is supported by the fact that theys for reaction 6 was  GAROH. The fluorescence change of fDDF at 400 nm was
increased when a higher concentration of GAR was used.monitored upon addition to enzyme saturated with GAROH.
Collectively, the single-turnover experiments are consistent After subtraction of fluorescence due to fDDF alone, the data
with the minimal kinetic mechanism in the forward direction were fit to the quadratic equation to give a dissociation
presented in Scheme 5. constant of 1.2+ 0.3uM. Attempts to measure the on- and

B. Random Mechanism
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Scheme 5. Kinetic Scheme for GAR Transformylse at@5n MTEN Buffer, pH 7.5

70 pM's™! E-GAR 100 uM's! 10 pM E-fGAR 130 uM

1045 100" 955! / \
E E-fDDF-GAR E-DDF-fGAR E

0.7s
\o pM st 541 HMV \Xo +20 uM 20 ;,LM/
150 5! 135£155"!
150! 10403
E-fDDF (E-fDDFY (E-DDF)' E-DDF
210£ 105!

off-rate of fDDF to enzyme GAROH complex in a stopped-  transfer between the amino group of glycine and N10 of the

flow experiment were not successful. The binding of DDF cofactor during catalysis has been postulated on the basis of

to enzyme-GAROH was also measured by monitoring the mutagenesis studies guided by the crystal struct)re The

guenching of intrinsic protein fluorescence upon addition of collection of kinetic and equilibrium constants in Scheme 5

DDF. Fitting the data to a quadratic equation gave a should be sufficient to provide a basis for understanding the

dissociation constant of 94& 0.9 uM. effect of mutations on the catalytic cycle of GAR trans-
Computer Simulation of Kinetic ConstantBased onthe  formylase.

proposed mechanism in Scheme 5, the single-turnover results

were simulated by using the KINSIM simulation program REFERENCES

as described in Materials and Methods. The simulated rate 1 parolewski, A., Smith, J. M., and Benkovic, S. J. (1994)

or equilibrium constants are summarized in Scheme 5. The Biochemistry 332531-2537.

reverse reactions were equilibrium processes and we assumed 2. Nygaard, P., and Smith, J. M. (199BBacteriol 175 3591~
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; : ; ; ; ; : _ 3. Smith, J. M., and Daum, H. A., 1ll (1987) Biol. Chem 262,
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