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ABSTRACT: Previous studies oEscherichia colidihydrofolate reductasee(@HFR) have demonstrated

that residue G121, which is 19 A from the catalytic center, is involved in catalysis, and long distance
dynamical motions were implied. Specifically, thteDHFR mutant G121V has been extensively studied

by various experimental and theoretical tools, and the mutation’s effect on kinetic, structural, and dynamical
features of the enzyme has been explored. This work examined the effect of this mutation on the physical
nature of the catalyzed hydride transfer step by means of intrinsic kinetic isotope effects (KIEs), their
temperature dependence, and activation parameters as described previously for vetD PR [Sikorski,

R. S., etal. (2004). Am. Chem. Soc. 126778-4779]. The temperature dependence of initial velocities
was used to estimate activation parameters. Isotope effects on the preexponential Arrhenius factors, and
the activation energy, could be rationalized by an environmentally coupled hydrogen tunneling model,
similar to the one used for the wild-type enzyme. Yet, in contrast to that in the wild type, fluctuations of
the donor-acceptor distance were now required. Secondaty KPEs were also measured for both H-

and D-transfer, and as in the case of the wild-type enzyme, no coupled motion was detected. Despite
these similarities, the reduced rates, the slightly inflated primafy KIEs, and their temperature
dependence, together with relatively deflatédK2Es, indicate that the potential surface prearrangement
was not as ideal as for the wild-type enzyme. These findings support theoretical studies suggesting that
the G121V mutation led to a different conformational ensemble of reactive states and less effective
rearrangement of the potential surface but has an only weak effect on H-tunneling.

Dihydrofolate reductase frofascherichia col(edDHFR) has been the subject of intensive structural and kinetic
is a small monomeric enzyme (18 kDa) that consists of an investigation over many years, serving as a paradigm of
eight-strandeq3-sheet and four-helices connected with  enzymatic systems in many experimental and theoretical
several loop regions. It catalyzes the reduction of 7,8- studies {—8).
dihydrofolate (DHF) to 5,6,7,8-tetrahydrofolate (THF) with The complete kinetic scheme for wild-typeDHFR was
the concomitant oxidation of NADPH (nicotinamide adenine derived from equilibrium binding, steady-state, and pre-
dinucleotide phosphate, reduced form) to NAD® which steady-state kinetic experimengs 10). That kinetic scheme
a hydride is stereospecifically transferred from pine-R C4 revealed that the entire kinetic cascade is rather complex and
position of the nicotinamide ring to th& face of the C6 that the slowest step at neutral pH is THF release, while the
position of pterin. This enzyme helps maintain intracellular hydride transfer step (the chemical step) is mostly rate-
pools of THF used in the biosynthesis of purine nucleotides limiting at pH >8.0. Similar kinetic schemes were con-
and some amino acids. Furthermore, the essential role ofstructed for mutant enzymes, laying the foundation for studies
DHFR in DNA synthesis and in a variety of anabolic of relationships between kinetics and mutatiohs<20). In
pathways makes it a common target for antiproliferative addition to kinetic studies, structural studies suggested that
therapeutics. Because of its biological and pharmacologicalresidues 9-24, denoted as the Met-20 loop, adopt three
importance, and it being a small monomeric enzyme, DHFR different conformations (closed, occluded, and open) during
the catalytic cycle and that these conformations are stabilized

T This work was supported by NIH Grant RO1 GM65368-01 and by interactions between the Met-20 loop and fife-G
NS*FTGra?]t CHE-OlSSllg to A.Kh 4 be add 4D . . f|oop (residues 117131) @Q1).
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335-0234. Fax: (319) 335-1270. E-mail: amnon-kohen@uiowa.edu. Netic relaxation studies of DHFR demonstrated that glycine

# University of lowa. o 121, though 19 A from the catalytic center of the enzyme,

; gnfr;?gg?;gg}'%gtfgﬁr#e”r:‘t’glfss'%ctural Bioloav. The We had large-amplitude backbone motions on the nanosecond
Institute of Science, Rek?ovot, Israel. gy, The Werzmann time scale 22—24). Equilibrium binding studies of G121V

1 Abbreviations: DHFR, dihydrofolate reductase; KIE, kinetic isotope €DHFR indicated that the mutant retained wild-type binding
effect; HPLC, high-pressure liquid chromatography; LSC, liquid properties with respect to dihydrofolate and tetrahydrofolate;

scintillation counter; DHF, 7,8-dihydrofolate; THF, 5,6,7,8-tetrahydro- indi
folate; TEAA, triethylammonium acetate; NADPH, nicotinamide however, the extent of binding to NADPH and NADRas

adenine dinucleotide’®hosphate (reduced form); NADPnicotina- dgcreased by 40- and 2-fold, respectively, relative to that of
mide adenine dinucleotide-phosphate (oxidized form). wild-type DHFR @3). In yet another study of G121V
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edHFR that is relevant to this paper, adiabatic compress- secondary (2 KIEs were used to test possible coupling
ibility that was determined by the sound velocity indicated between the Land 2 hydrogens on the donor carbon (4C
a modified volume fluctuation of the native stags). These of NADPH). This study used the same kinetic tools to
results emphasized the role of G121 in packing and stability investigate the effect of G121V on the nature of the hydride
affecting the enzyme function, via long-range interactions transfer step. A comparison of the findings for the wild-
(26, 27). Finally, CD and fluorescence spectroscopy studies type enzyme isolated effects of the mutation on the H-transfer
indicated that the folding pattern of the enzyme was also event from its effects on other kinetic steps. This in turn
altered by the G121V mutatioi6), which is in accordance afforded direct comparison to relevant theoretical studies,
with a substantial effect of G121V on the protein thermal which most generally focus on that step.
dynamics.

Support for the connection between enzyme dynamics andMATERIALS AND METHODS
catalysis in DHFR came from various theoretical studies. )
Very different simulations and molecular dynamic studies Materials
sug_gesteq stro'ng corrqlated and anticorrelated .side g:hain All materials were obtained from Sigma unless otherwise
motions involving spatially r_emoved residues, including indicated. 7,8-Dihydrofolate (DHF) was prepared by dithio-
G121 @-5, 28). A computational study by Thorpe and nite reduction of folic acid as described by BlakeB2).
Brooks @9) sugggsted that_ DFT. and NADPH populate [1-°H]Glucose available from Sigma came with98%
_preferenhglly aregion of ponflgu_ratlonal space of DHFR that deuterium content, which is insufficient for use in competi-
is conducive to thc_—} reactlon,whlle the substrgte ar_1d cofactortive KIE measurements. [2H]Glucose was prepared by
become trapped in unproductive configurations in G121V reduction of 6-gluconolactone with 5% sodium mercury

e_dZ)I-:FtI_?. Hybri(_JI (?ua?:)umH cIassicaIS rE_(;flecula(; dynamkics amalgam in 99.96% deuterium oxide D) (33). The C1
Sém5u a '((;.ns C?jmﬁ o;]J dy ammes- hC Ih edr %n CO'V\:‘m €IS deuterium content of the product was greater than 99.9% as
(3, 5) indicated that the decrease in the hydride transfer rate yotermined byH NMR.

for G121V DHFR was due to an increase in the free energy . )
barrier but not to a decrease in the transmission coefficients, Synthesis of Labeled Cofactors fof KIEs. (R)-[4-*H]-
suggesting that this mutation may interrupt the network of NADPH was prepared through stereospecific reduction of

motions coupled to the H-transfer. According to these studies, NAPP+ with 2-pr0pan0|d8 (>99.7% D at C2 as determined
mutations spatially removed from the active site caused by *H NMR) using alcohol dehydrogenase fsro'ﬁnermoa-
nonlocal structural perturbations and significantly affected Naerobium brockii(tbADH) (34, 39). (R)-[4-°"HINADPH

the catalysis by altering the conformational motions of the (680 mCi/mmol) was synthesized by reduction of NNDP
entire protein. using glucose dehydrogenase frdbmyptococcus unigut-

These, and other studies, suggested that the G121V mutantUlatus (GI,UEH)’ followed by OXid?tli?n 0; Lhe resultinél:]
affects the dynamic, kinetic, and folding properties of the ADPH with acetone usin¢bADH, followed by a secon

; ; duction with unlabeled glucose using GluDH as described
enzyme. This mutant is probably the mutanedDHFR that re ; .
has been studied most intensively. The goal of this work is N More detail elsewheresg). [Ad-“CINADPH (50 mCi/

to check whether and how this mutation affects the chemical mmoL) was prepared .by'-z)hosphor_ylatmr} of [ACI-

step (C-H—C hydride transfer) of the DHFR-catalyzed NADl using arlNAD“ kinase from chlcken liver to produpe

reaction, and its coupling to the protein dynamics. [Ad-**CINADP", followed by reduction W'_Eh g3|ucose using
Previous studies of G121V that attempted to better isolate GlubH as described elsewhe@]. (R)-[4.4 H HINADPH

the H-transfer from other kinetic steps used stopped-flow (680 mCi/mmol) was prepared by foll?f)wmg a threg-step

methods {1, 30). These pre-steady-state experiments at pH procedure. NADP was reduced to)-[4-°HINADPH with

N . 1-3H]glucose using GIuDH, oxidized by acetone using
7 indicated that the rate of hydride transfer was reduced from [ . .
220 s (for the wild type) to 1.3 St. The kinetic analysis tbADH, and finally, the resulting [#H]NADP* was reduced

; ; ; ith [1-°H]glucose using GluDH. Prior to the final reduction,
was complicated by a conformational change, which pre- V! L
ceded H-transfer and occurred at a rate of 3.5 K this tbADH was removed by ultrafiltration. [AdC,42H,]-

e o - - NADPH (50 mCi/mmol) was prepared from [AdC]-
step exists in the kinetic mechanism of the wild-type enzyme, . . :
then it would be predicted to occur at a rate higher than 2000 NADP", which was synthesized as described above, and then

s To test the suggested dynamic coupling between a reduced with [TH]glucose to produce §-[Ad-C,42H]-
remote residue and the H-transfer step at the active site, thé\l'A_‘DPH using GluDH. (&)-[Ad-14c,4-2H]l>|2ADPH Wf‘s then
effect of the mutation on the H-transfer step has to be isola’tedox'oIIzed with acetone to produce [MK.': 4 H]NADP using
from other kinetic steps. Then, effects on the coupling tbADH, followed by a second reduction with PH]glucose.
between the active site environment and the nature of the Synthesis of Labeled Cofactors fot RIEs. (S)-[4-°H]-
H-transfer have to be compared to these of the wild-type NADPH was prepared by reduction of NADRvith [1-*H]-
enzyme. glucose using GIuDH.R)-[Ad-“C,4°H]NADPH was pre-
While studying wild-typeedDHFR, we demonstrated that ~ Ppared by reduction of [AG{CINADP* (37) with [1-°H]glucose
the intrinsic KIE can be extracted from competitive KIE using GIuDH. §)-[4,4-°H?HINADPH was prepared by
experiments of primary ¢} H/T and D/T KIE and that these ~ reduction of NADP with [1-*H]glucose using GIuDH,
KIEs appeared to expose the nature of the chemical stepfollowed by oxidation with acetone usinpADH and a
better than most other method81). The temperature Second reduction with [#]glucose using GIuDH. Prior to
dependence of the intrinsic KIEs indicated possible contribu- the final reductiontbADH was removed by ultrafiltration.
tions of quantum mechanical hydrogen tunneling and enzyme A mixture of (-[4-*H]NADPH with [Ad-*C]NADPH for
motion to the wild-type enzyme catalysis. Additionally, 2°H/T KIE measurements with H-transfer was prepared by
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reducing [Ad**CINADP* with [1-3H]glucose using GIuDH.
A mixture of (§-[4,4-H,°H]INADPH with (R)-[Ad-1C,4-
2H]NADPH for 2° H/T KIE measurements with D-transfer
was prepared by reduction of a mixture of J4INADP*
and [Ad*C]NADP* (36, 37) with [U-?H]-2-propanol
(>99.3% D at 2°C as determined byH NMR) using
tbADH.

All synthesized cofactors were purified by semipreparative
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of the reactants and products using the analytical method
described elsewher88). Fractions (0.8 mL) were collected
every minute, mixed with 10 mL of Ultima Gold liquid
scintillation cocktail (PerkinElmer), and stored in the dark
for more than 24 h beforg-emission analysis with a Packard
Tricarb Tr2900 liquid scintillation counter (LSC) for 5 min/
sample. Infinite time samplest & ) were processed
identically as the time points to estimate background levels

reverse-phase HPLC on a Supelco Discovery C18 columnof radiation and the ratios 8H to *“C att = « (R.). Blank

(25 cm x 10 mm, 5uL) as described previously38) and
lyophilized for long-term storage at80 °C.

Enzyme Preparatiorthe G121V mutant oE. coliDHFR
(G121VedHFR) was expressed, purified, and stored as
discussed elsewheré; 30).

Methods

Preparation of Samples for Competii KIE Experiments
For 1° KIE measurements, [A&*C]NADPH and R)-[4-3H]-
NADPH (H/T experiments) or [AdC,4°H,JNADPH and
(R)-[4,4°HHINADPH (D/T experiments) were combined
at a radioactivity ratio close to 1:64C/H, compensating
for the lower efficiency of tritium scintillation counting).
Each of the mixtures was copurified by reverse-phase HPLC
on a Supelco Discovery C18 column (25 cm4.6 mm, 5
uL), divided into aliquots containing 300 000 dpm H€C,
and frozen in liquid nitrogen for short-term storage3(
weeks) at—80 °C.

For 2 H/T KIE measurements, mixtures of [AdE]-
NADPH and §)-[4-*H]NADPH or (R)-[Ad-4C,4°H]NAD-

PH and §-[4,4-*H,°H]NADPH for experiments with H- or
D-transfer, respectively, were repurified by HPLC, divided
into 300 000 dpm!“C aliquots (sufficient for 10 HPLC
injections), and stored at80 °C for less than 3 weeks.

Competitve Kinetic Isotope Effects (KIEsAIl experi-
ments were performed in MTEN (50 mM 2-morpholino-
ethanesulfonic acid, 25 mM Tris, 25 mM ethanolamine, and
100 mM NacCl) at pH 8.0 under an atmosphere of oxygen
over a range of 545 °C. In each experiment, one aliquot
of the copurified labeled NADPH was thawed just before
use. DHF was added to the reaction mixture to a final
concentration of 0.85 mM (approximately 200-fold excess
over the 4uM NADPH). The final volume was brought to
1040 uL by adding MTEN, and the pH was readjusted to

samples (= 0) were used to ensure the quality and purity
of the label NADPHSs. The observed KIEs were calculated
according to 89)

In(1—1)
KIE=——————
In[1 — f(R/R.)]
where the fractional conversiof) (vas determined from the

ratio of 14C in the product to the total amount HC, which
was calculated from

1)

. [Ad-**CINADP™"
[Ad-**CINADP" + [Ad-**CINADPH

()

andR: andR., are ratios ofH to '“C in products at various
fractional conversions and at 100% conversion, respectively.
Each experiment resulted in at least five time points and was
performed at least in duplicate.

Intrinsic KIEs. The intrinsic D/T KIEs were derived by
numerically solving the following equatio®@—44):2

(VK)pops * =1 _ (kplkp) ' — 1
T(VK) s =1 (kplk) %=1

©)

whereT(V/K)u obs and T(V/K)p ons are the observed H/T and
DIT KIEs, respectively, an#ip/kr is the intrinsic D/T KIE.

The intrinsic H/T KIE is formulated akp/kr (41, 45). In the
procedure, it is assumed that the Swaithaad relationship
holds or has little temperature dependence for intrinsic
primary KIEs @1, 44, 46). In systems where nonclassical
isotope effects have been suggested from temperature
dependency or theoretical simulation, the experimental
relationship between®IH/T and D/T KIEs has been shown

to be very close to the semiclassical lim#4( 47—50).

8.0 at the experimental temperature. Oxygen was bubbledSeveral recent gas-phase calculations for the small model

through the reaction mixture for 5 min to ensure the trapping
of the product (THF). Before initiation of the reaction, two
100uL samples = 0) were withdrawn. Two other 100
aliquots for infinite time samples € «) were also removed,

reaction also result in a SwaitBchaad exponent that at
ambient temperature (3650 K) did not deviate signifi-
cantly from its semiclassical valu&1—55). Furthermore,
even if the magnitude of the exponent (3.3) was altered for

and wild-typeedHFR (approximately 0.2 unit) was added a full tunneling model, it would not be expected to change
to each of the latter two samples to ascertain complete over the narrow temperature range under study and, hence,
fractional conversion. The reaction was initiated by adding would not affect the trend manifested in the temperature
G121V-DHFR. At various time points 1Q aliquots were dependence of the intrinsic isotope effec8l, (46). To
withdrawn at fractional conversion$) fanging from 25 to eliminate other common assumptions associated with this
85% as determined from the distribution C between procedure 44), the overall reaction should be irreversible
NADPH and NADP. All samples were quenched with inthe procedure. Accordingly, the experiments were designed
methotrexate (final concentration of 1.8 mM). The overall
reaction lasted between 15 and 40 min, and all quenched

2 Equation 3 cannot be solved analytically. Referef¢teffer a table

samples were immediately frozen and stored in dry ice.
Prior to HPLC-LSC analysis, the samples were thawed
and bubbled with oxygen for 3 min. The samples were then

(Appendix 1) that offers numerically calculated values for a range of
observed KIEs for this kind of equation. More recently, we posted on
our web site free of charge a JAVA script-based program that can
numerically solve eq 1 for any experiment of interest (cricket.chem.uio-

injected into the reverse-phase HPLC system for separationwa.edu/kohen/tools.html).
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to ensure the irreversibility of the overall reaction by trapping a. 45 35 25 15 5 C
the product THF with oxyger3@). Values for intrinsic H/T 8 ]

and H/D KIEs were calculated numerically using the 6 %  — =t HT
appropriate modification of eq 314). Standard errors in the wo @ @ @ o

intrinsic KIEs were calculated by calculating the intrinsic £ ‘L P " & | HD
KIEs from the raw data (without the averaging procedure) 3 o
followed by standard error analysis as described by Francisco , |

et al. @16_), by Sikorsl_<i et al. 81), and in more detail in the === DT
Supporting Information.

The isotope effects on the activation parameters for the b. ol ' ' ] W
intrinsic KIEs were calculated by fitting them to the 8 M:F
Arrhenius equation for KIEs: 6 g @ “ ]

5 =— H/D

w . P s %=
K Ik = (AJA) R (4) ¥

2 - u » . " D/T
where L represents H or D and | represents D 0ATA
and AE,-. are the isotope effect on the preexponential . . s
Arrhenius factors and the difference in activation energy 0.0032 0.0034 0.0038
between L and I, respectively. 1T [K']

Noncompetitie KIEs.Initial velocity measurements were FIGURE 1: Arrhenius plot of observed (open structures) and intrinsic

; ; i (closed structures)°IKIEs for wild-type edHFR (panel a, from
obtained under saturating conditions of both the substrateref 31) and G121VedHFR (panel b, from Tables 15 and 25 of

and cofactor (10:M) by monitoring the decrease in 340 e Supporting Information). The lines represent the nonlinear
nm absorbanceNezso= 13.2 MM cm?) (56). Experiments regression to eq 2.

were carried out over a temperature range-645 °C using

a Hewlett-Packard 8453 series YVis spectrophotometer [Cl

equipped with a water-jacketed cuvette holder. All assays 4 3% 2 15 5

were performed in MTEN buffer (pH 8.0, adjusted at the

experimental temperature) containing 1 mM DTT. In a G121V

typical experiment, 3@L of 100 nM enzyme was preincu- 10 W
o ]

bated with 10QuM cofactor, and the reaction was initiated
by addition of 100uM substrate. DHF and NADPH
saturation was ensured by doubling the concentrations of
DHF and NADPH at the temperature extremes, which did 71
not affect the measured rates. Turnover rates were also
determined with 10M (R)-[4,4-*H,2H]NADPH using the 6
same procedure. All measurements were performed at least
in triplicate, and standard deviations for each temperature 5 . . .
set were computed. Calculat&g; values for each temper- 0.0032 0.0034 0.0036

ature were fit to the Arrhenius equation using a nonlinear 1T [K'1]

least-squares regression, in which errors were weighted USinq:IGURE 2: Arrhenius plot of intrinsic H/T KIEs for the wild type

the standard deviations. The resulting parameters were usegp|ue) and G121\edHFR (red) (same as the blue points and lines
to calculate the activation parameters, and the noncompetitivein both panels of Figure 1).

KIEs on Kcat

KIE

| WT

——
i

——
i

——

°C are given in the Supporting Information. Figure 1 presents
RESULTS AND DISCUSSION the observed (open structures) and intrinsic (closed structures)

KIEs for both wild-typeedHFR (panel a)31) and G121V-

Competitve 1° KIEs. Mixed labeling experiments were edHFR (panel b). Figure 2 presents only the intrinsic H/T

conducted with G121\édDHFR using the same method KIEs for the wild type (blue) and G121V (red) to allow a
previously used to study wild-typedHFR 31). Primary better assessment of the differences between these two
H/T and D/T V/IK KIE measurements were conducted as enzymes. The same trend is also observed for the H/D and
described briefly in reB1 and in more detail here (Materials D/T KIEs. Apparently, all the KIEs of G121V are slightly
and Methods). As for the wild-type enzyme, the intrinsic larger than those measured with wild-type DHFR and are
H/D, H/T, and D/T KIEs were calculated numerically from  slightly temperature dependent.
the observed H/T and D/T KIEs through the methodology  The reason that the observed KIEs are often smaller than
developed by Northrop4Q, 44, 57). The average intrinsic  their corresponding intrinsic KIEs is that isotopically insensi-
KIEs and their respective standard errors were then used intive kinetic steps “mask” the intrinsic KIEs. In this work,
calculating the isotope effects on the activation parameters.the KIEs were measured under irreversible reaction condi-
Tables summarizing the observed and intrinsidHIT and tions and the kinetic complexity can be formulated as follows
D/T isotope effects over a temperature range from 5 to 45 (44, 58):
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T(V/K) _ kL/kl + Cf (5) Table 1: Rates and Isotope Effects on Arrhenius Fattors
bobs 1+ G wild type? G121V SCA/AL
. . —1
where C; represents the forward commitment to catalysis, Xaﬁ\(s ) 2728i 513 5 %“éi 8% 05-16
which is the ratio of the forward isotopically insensitive step /A, 35405 37405 0.6-1.4
to preceding reverse steps. The intrinsic H/D KIE at°€5 AolAr 1.70+ 0.14 1.8+ 0.1 0.9-1.2
afforded calculations of the commitment on the pre-steady- AEan-t —0.1+0.4 0.22+0.12
state hydride transfer rate at the same temperature and pH 7 QEE‘H‘D :gg;i 8'% 8'(1)% 8'82
. aD-T . . . .

as reported in ret1. The KIE measured for G121V by pre- AGHct 14.3+ 0.5 173+ 05
steady-state kinetics using UV absorbance and fluorescence AH* 3.14+0.2 2.6+0.3
resonance energy transfer (FRET) at Z5was 2.4 §0). TAS25c —11.2+£05 —14.7+ 0.6
The intrinsic KIE that we report here is 4490.2, suggesting a All energy units are in kilocalories per moleFrom ref31. ¢ Pre-

a commitment close to 1.8 on the pre-steady-state KIEs. In steady-state rates at pH 7 from réfs and 30. ¢ Semiclassical limits
accordance with ref80 and31, a model that may explain ~ Of isotope effects on Arrhenius preexponential factai?y, where
the commitment on the pre-steady-state hydride transfer rateggaﬂp‘gfrg ﬁg;)acmrs for the light and heavy isotopes, respectively
includes two kinetic steps, the isotopically insensitive flip ————— '
of the nicotinamide ring out of the active site [the reverse o o _
of flip-in observed by FRET30)] and the hydride transfer ~ €nzymes 9, 11)] resulted in similar activation energies for
itself. Taken together, the much slower flip-in of the both enzymesH, = 3.7+ 0.2 and 3.2+ 0.3 kcal/mol for
nicotinamide ring (3.5 and 2000 5for G121V-DHFR and  the wild type and G121V, respectively). Below 20, the
wild-type edHFR, respectively) and the increased pre- _Eavalues fo_r b_o_th enzymes were larger, |nd_|cat|ng a change
steady-state commitment for G121V-DHFR suggest that the N the rate-limiting step. Thedg, values are in _accordance
flip-out is also slower for the mutant. Similar conclusions With & pre-steady-state study (for the chemical step) and
were reached by Wright et al. in their NMR studi€s,(59), steady—state (for the product release step) measurements by
identifying the effect of the G121V mutation on the rates Maglia and Alemanngg3). Naturally, AH* values for both
and thermodynamic distribution of the different conforma- €nzymes £ 20 °C) were also similar 4AH* = 0.5 & 0.5
tional ensembles of the same wild-type and mutant enzymeskcal/mol). Apparently, the difference in rates between the
studied hereZ4). According to Wright's experiments, the WO enzymes results froMAAS' being equal to 3.5: 0.8
motion of the nicotinamide ring seems to be correlated to kcal/mol at 297 K (Table 1).
the motion of the M20 loop from an occluded to a closed ~ The initial velocities were also measured wil){4-°H]-
conformation. It is important to note that the protein ~ NADPH (under the same conditions), and the resulting KIEs
substrate coherent motion, suggested from the NMR studies 0N kearWere all temperature-independent and within the range
is not an indication of protein modes coupled to the of 2.8+ 0.6. This value is similar (within experimental error)
H-transfer coordinate, which is the focus of this work. The t0 the one measured by pre-steady-state experiments, sup-
coupled motion identified by Wright and co-worker4( porting the conclusion of Cameron et allj that at pH 8
59) is involved in the orientation of the reactants in the active the same kinetic steps limitdgs andk—tanstes AS discussed
site prior to the chemical step (H-transfer). Such motion below, this provides additional support for the suggested
might be relevant to the formation of a near attack conforma- Interpretation.
tion (NAC) as suggested by Bruice and co-worke8- This paper focuses on the effect of the distal mutation on
62) but is part of the commitment and not the chemical step. the chemical step, so effects on the intrinsic KIEs are
As emphasized in the following section, this work examines discussed in detail. As is apparent from Table 1, all isotope
the effect of the dynamically altered G121V mutant on the €ffects on the Arrhenius preexponential factors lie well above
C—H-C transfer step, which is the only step in which the semiclassical limits3Q, 57, 64—67). Traditionally, using
covalent bonds are cleaved or made (cf., the chemical $tep). & tunneling correction to transition-state thed@9,(64), such
Temperature Dependence of Intrinsic KIEs and Rakes. phenomenon would be interpreted as an indication of
measured H/T and D/T KIEs were used to calculate the tunneling of both heavy and light isotope6g), yet the
intrinsic KIEs. Figure 1 presents Arrhenius plots (KIE on a relatively small size of the KIEs and the measured energy
logarithmic scale vs the reciprocal of the absolute temper- Of activation cannot be explained by such a tunneling
ature) for the observed and intrinsic KIEs for both the wild correction, which predicts very large KIEs and no energy of
type (reproduced from re§1) and the G121V mutant (from  activation at the regime where both isotopes tunnel, leading
this study; see the tables in the Supporting Information). to temperature-independent KIE&88( 69). “Marcus-like”
While the intrinsic KIEs for the wild-type enzyme appeared models (discussed in the following section) appear to explain
to be temperature-independent, those of G121V were slightlythe findings better. These models can also be used to
larger and some temperature dependency is apparent (Figuréationalize the lack of isotope effects on the activation energy
2). The temperature dependence was further examined byfor the wild-type enzyme and the small but non-zéx8,
fitting the intrinsic KIEs to eq 4 (the lines in Figures 1 and for the mutant (Table 1).

2), and the fitting parameters are summarized in Table 1.  Marcus-like Models (Esironmentally Coupled Tunneling).
Initial velocity studies between 20 and 4& [pH 9, at Models assuming one-dimensional rigid potential surface
which chemistry is more rate limiting ok for both successfully reproduced temperature-independent large KIEs

with no activation energy for the isotopically sensitive step

3 For the purpose of this work, hydrogen bonds are not considered (48). For temperature-independent small KIEs with a sig-
covalent bonds. nificant activation energy, a different kind of model is
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E § E Marcus term) and fluctuations of the dontacceptor
J/ R distance as “gating” (the “FranelCondon” term). The first
P \ \/ P term (represented by the coordinate in Figure 3) is not
@ dependent on the mass of the transferred particle (no KIE)
— but determines most of the energy of activation of the rate.
The second term (represented by theoordinate in Figure
3) determines the KIEs and their temperature dependence
R (e.g., no gating, no temperature dependence on the KIES).
According to this interpretation, the lack of temperature
dependence of the KIEs and the laygAy for wild-type
edHFR are rationalized as a perfect rearrangementfthe
coordinate in Figure 3) of the potential surface so that the
average doneracceptor distance is right for tunneling and
no gating (fluctuations along the coordinate, Figure 3) is

P needed. For the G121V mutant on the other hand, the slightly
\>/ inflated KIEs and their small, but non-zero, temperature
— dependence would indicate that the rearrangement is not
perfect and that the average donacceptor distance is larger
q > Iz » than for the wild-type enzyme. Accordingly, some thermally

activated gating is required which leads to the slight
temperature dependence of the KIEs. Additionally, this model
is also in accordance with the slightly inflated KIEs as H

Ficure 3: lllustration of Marcus-like models: energy surface of
environmentally coupled hydrogen tunneling. Two orthogonal
coordinates are presenteg; the environmental energy parabolas . 7
for the reactant state (R) and the product state (P); enite tunnels from longer distance than“D.

H-transfer potential surface at egzhonfiguration. The gray shapes An alternative to the phenomenological models would be

represent the populated states (e.g., the location of the particle).QM/MM studies such as these described in &f83, and
Thermal fluctuations in the distance between the donor and acceptorgs \while studyingedDHFR, for example, Garcia-Viloca et
along theg coordinate [denoted gating by Knapp and Klinmad)[ . S .-
lead to the temperature dependence of the KIE. al. (7)_ predicted a 2 KIE [which is a sensitive p(obe of the .
reaction’s potential surface and was later confirmed experi-
required. The Marcus theory of electron and proton transfer mentally 81)]; Pu et al. 8) could reproduce the trends of
in the condensed phase offered a relevant procedire (  temperature dependence férkIEs, and Agarwal et al.28)
73). Several phenomenological models were developed in could reproduce and predict several experimental data. All
recent years that fall under the title Marcus-like models (e.g., these studies could address the role of protein motion and
refs 74—80). All these models were constructed assuming other mechanistic features that are not directly accessible in
that rates and KIEs can be measured for a single kinetic stepexperimental studies. Since the substantial features of Mar-
(the chemical step) and thus are relevant to the experimentalcus-like models are embedded in the QM/MM simulation,
efforts described here. Although these different models wereit would be worthwhile to “extract” features such as gating
constructed from very different basic principles, they all share from such simulations. Such efforts by Hammes-Shiffer and
several mathematical and physical aspects. Mathematically,co-workers while studying the enzyme lipoxygene&® and
they separate the temperature dependence of the reaction ratey Warshel and co-workers while studying alcohol dehy-
from that of the KIEs. This enables rationalization of systems drogenasegp) resulted in very interesting insights.
with or without temperature-dependent KIEs whether the Interestingly, the isotope effects on the preexponential
barrier for the reaction is significant or not. From the physical Arrhenius factors for the wild-type and mutant enzymes are
point of view, all these models suggest that (i) the hydrogen practically the same (within experimental errors). This, in
should be treated quantum mechanically throughout theturn, suggests that despite the 163-fold difference in rates
reaction coordinate (including tunneling), (ii) fluctuations of (11, 30), the mutation has not substantially altered the nature
the reaction’s potential surface are on a time scale similar of the hydride transfer. This conclusion is also in agreement
or slower than the H-transfer rate and thus determine thewith MM/QM calculations by Hammes-Shiffer and co-
overall rates §1) [the solvent coordinate is the reaction workers (, 28) that suggested a similar nature of H-transfer
coordinated as stated by Kiefer and Hyné&g, (52)], and (k) but a larger free energy barrieAG*). Interestingly, the
(i) these fluctuations can be treated as two orthogonal effects of the mutation on the activation paramet@sS
vibrations, one that represents fluctuations of the denor = 3 4 1 kcal/mol at 300 K and\H* = 0.54 1.7 kcal/mol)
acceptor distance and a second that represents changes isuggest that most of the difference between the wild type
the system’s symmetry (Figure 3). Various terms have beenand G121V is entropic and not on the enthalpy of activation.
coined recently to characterize H-transfer in enzymatic A deconvolution of the free energy of activation calculated

systems, including “vibrationally enhanced tunneling9)
“rate-promoting vibrations” §0), and “environmentally

coupled tunneling” 14, 75). In this paper, we use the term
environmentally coupled tunneling (ECT) that was coined

by Knapp and Klinman74), although other terms coined

by others are as valid. This model follows the treatment of
Kuznetsov and UlstrupB@), and the changes in the system’s

from the simulation reported in re28 into entropic and
enthalpic components might be able to provide insight into
these findings.

Wright and co-workers compared the conformational
ensembles of the reactant and product states of both wild-

4The Franck-Condon integral for H is significant at distances larger

symmetry are addressed as system “rearrangement” (thehan that of D 74).
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type and G121\edDHFR (23, 24). They concluded that the
“close” conformation of loop M20 (believed to be the
productive one) is more prevalent in the reactant state of
the wild-type enzyme. Together with the kinetic findings
presented here, it is tempting to suggest that their findings

Biochemistry, Vol. 45, No. 5, 20061389

wild-type edDHFR. The temperature dependence of the
intrinsic 1° KIEs with G121V yields isotope effects on
Arrhenius parameters that lie well above the semiclassical
limits and were identical (within experimental error) to those
of the wild-type enzyme. The enthalpy of activation for both

can now be extended beyond these two stable states teenzymes at high pH (where the chemical step is more rate-

indicate different conformational ensembles at the transition

limiting for both enzymes) was also similar, and most of

state, yet this extension is only circumstantial, because thethe rate differences appear to be associated with a change in
spectroscopic data examined two stable states while theentropy. The findings with both wild-typedHFR (31) and
kinetic data are also affected by the transition state and thusG121V-edHFR are consistent with environmentally coupled

reflect its nature.

The hybrid quantum-classical molecular dynamic simula-
tion conducted by Watney et ab)(also suggested that the
conformational ensemble at the transition state is affected
by the G121V mutation. That simulation compared the wild-

hydrogen tunneling7®4) and other Marcus-like models in
which the motion of the active site is coupled to the
H-transfer coordinate. The G121V mutation seems to have
little effect on the nature of H-transfer, yet while the wild-
typeedHFR reaction presented no temperature dependence

type enzyme to the G121V mutant, and the results Suggested)f the KIEs, that of the mutant did indicate a Sma”, but non-
that the mutation affected both the conformational ensemblesZ€ro, temperature dependence of these KIEs. Several phe-

of the mutant along the reaction coordinate and the coupling
of its dynamics to the H-transfer event. Furthermore, the
calculations indicated that most of the effect of the mutation
on the enzyme’s activity occurred via alteration of the

nomenological working models can be used to rationalize
our current findings. Using the terminology coined the Knapp
and Klinman model, the wild-type reaction involves envi-

ronmentally coupled H-tunneling with perfect preorganiza-

potential surface reorganization, and an only small changetion of the potential surface (no doneacceptor gating

in the degree of tunneling and the transmission coefficient

motion needed). Alternatively, the models such as that of

was observed. The findings presented here provide experi-Truhlar @1) or Kiefer and Hynesg1, 52) would suggest

mental support to both conclusions. Apparently, the nature
of the H-transfer was not altered significantly, and less
perfect reorganization is in accordance with the slightly
inflated KIEs and their temperature dependence.

Finally, 2 H/T KIEs for the G121V mutant (at 28C)
were measured witl§-[4-*H]- and §)-[4,4-*H,°H]NADPH,
namely, with H- and D-transfer from the 1 position. The
observed 2 KIEs were 1.087+ 0.005 and 1.125 0.007
for H- and D-transfer, respectively. The observedk2E
and the commitments for H and D reported abo®e= 0.7
+ 0.1 and 0.15+ 0.05 for H- and D-transfer, respectively)
were used to calculate the intrinsic KIEs (eq 5). These
intrinsic 2 KIEs were identical within experimental error
(2.15 + 0.01 and 1.14+ 0.02 for H- and D-transfer,
respectively). As in the case of the wild-type enzyr&)(
no breakdown of the rule of geometrical medv)(was
apparent, providing no evidence fot-12° coupled motion
(57, 67, 88—90). These intrinsic 2 H/T KIEs are smaller
than these measured for the wild-type enzyme [110.2
(31)], suggesting different transition-state conformations and
possibly different carbon center rehybridization. The lack
of coupled motion for both enzymes agrees with a similar
nature of the H-transfer mechanism, but reduceéKIEs
indicate some differences in the system’s vibrational states,
which could be in agreement with different rearrangements

of the potential surface close to the transition state. Interest-

ingly, a more rigorous MM/QM study of the°ZXKIEs for
wild-type edDHFR indicated nonsynchronized hybridization

of the donor and acceptor carbons and a slightly associative

transition stateq1). A similar study of the G121V mutant
is under way, and its findings may shed light on the
differences between the transition-state ensembles of the wil
type and G121\edHFR.

CONCLUSIONS

The H-transfer step in the reaction catalyzed by the mutant
G121VedHFR was examined and compared to that of

that for the wild-type enzyme the rearrangement of the
“solvent coordinate” leads to an average doenacceptor
distance that is ideal for tunneling. The G121V mutation
(~19 A from the reaction center) seems to affect the
preorganization of the system so that some thermally
activated donoracceptor fluctuations now affect H-tunnel-
ing, resulting in slightly larger and more temperature-
dependent KIEs. These findings are in accordance with this
remote residue being part of a dynamic network that is
coupled to the catalyzed chemistry, @, 5, 7, 30). These
QM/MM models did not deconvolute their simulation in
terms used by the Marcus-like models mentioned above.
Consequently, direct comparison of simulation and phenom-
enological studies is yet to come.

The 2 H/T KIEs measured with either H- or D-transfer
were identical (within experimental error). This result does
not indicate coupled motion between thé and 2 C4
hydrogens §8, 69). A similar conclusion has been drawn
for the wild-type enzyme from the “mixed labeling” experi-
ment [in which 2 H/T is measured with H-transfer and 2
D/T with D-transfer 67, 88, 92)]. The comparison of the
two enzymes is again in accordance with the similar nature
of H-transfer. The size of the°XIEs on the other hand
was smaller for the G121V mutant, indicating differences
in transition-state structure and vibrational states. A QM/
MM study, similar to the one conducted with the wild type
(92), is under way to explore the differences in theS&IEs
at the molecular level.

In the future, tools similar to those described above will
be used to examine the effect of dynamic perturbation of
DHFR on its catalyzed chemistry. Different theoretical

gstudies suggested that other residues (specifically, M42 and

S148) also participate in the same network of protein motions
as G121 and that this network is directly coupled to the
H-transfer eventl(—3, 29). Of special interest are the M42W
and M42W/G121V mutants, for which nonadditive decrease
in rates suggested synergism between residues 121 and 42
(30). A recent study3) suggested that several other residues,
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and specifically S148, were also part of the same network.
Detailed examination of different combinations of the
G121V, M42W, and S148A single, double, and triple
mutants, using the tools described above, is yet to be
conducted.
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