L T

/

1\

=y

CrossMark
& click for updates

Escherichia coli dihydrofolate reductase catalyzed
proton and hydride transfers: Temporal order and
the roles of Asp27 and Tyr100

C. Tony Liu®", Kevin Francis®™', Joshua P. Layfield, Xinyi Huang®, Sharon Hammes-Schiffer, Amnon Kohen®?,

and Stephen J. Benkovic®?

2Department of Chemistry, Pennsylvania State University, University Park, PA 16802; bDepartment of Chemistry, The University of lowa, lowa City, IA 52242;
and “Department of Chemistry, University of Illinois at Urbana-Champaign, Urbana, IL 61801-3364

Edited by Gregory A. Petsko, Weill Cornell Medical College, New York, NY, and approved October 30, 2014 (received for review August 18, 2014)

The reaction catalyzed by Escherichia coli dihydrofolate reductase
(ecDHFR) has become a model for understanding enzyme catalysis,
and yet several details of its mechanism are still unresolved. Spe-
cifically, the mechanism of the chemical step, the hydride transfer
reaction, is not fully resolved. We found, unexpectedly, the pres-
ence of two reactive ternary complexes [enzyme:NADPH:7,8-
dihydrofolate (E:NADPH:DHF)] separated by one ionization event.
Furthermore, multiple kinetic isotope effect (KIE) studies revealed
a stepwise mechanism in which protonation of the DHF precedes
the hydride transfer from the nicotinamide cofactor (NADPH) for
both reactive ternary complexes of the WT enzyme. This mecha-
nism was supported by the pH- and temperature-independent in-
trinsic KIEs for the C-H—C hydride transfer between NADPH and
the preprotonated DHF. Moreover, we showed that active site
residues D27 and Y100 play a synergistic role in facilitating both
the proton transfer and subsequent hydride transfer steps. Al-
though D27 appears to have a greater effect on the overall rate
of conversion of DHF to tetrahydrofolate, Y100 plays an important
electrostatic role in modulating the pK, of the N5 of DHF to enable
the preprotonation of DHF by an active site water molecule.

kinetic isotope effect | mechanism | dihydrofolate reductase | synergism

Eschen’chia coli dihydrofolate reductase (eccDHFR) catalyzes the
reduction of 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydrofolate
(THF) through the transfer of a proR hydride from the C4 atom of
NADPH to the C6 position of the dihydropterin ring of DHF (1).
This enzyme is critical in maintaining the intercellular pool of DHF,
which is subsequently used in the biosynthesis of purine nucleotides
and some amino acids. Given its biological importance, DHFR is an
important drug target (2, 3), and its function has been extensively
studied (4-12). However, several fundamental mechanistic details
remained incomplete. One unresolved issue is the chronological
order of the DHF protonation and hydride transfer steps. Quan-
tum mechanical/molecular mechanical (QM/MM) calculations
favor a stepwise protonation-hydride transfer reaction mechanism
(10, 13, 14), whereas recent experimental data were interpreted as
a change in the reaction mechanism between a concerted process
and a stepwise process as a function of pH (15).

The nature of DHF N5 protonation is also not fully understood.
D27 has been implicated in the protonation of the N5 position of
NADPH (4, 12, 14, 16-18) through a linked water molecule.
However, it is not clear how the water molecule-promoted DHF
protonation at the N5 of the pterin can change in response to
protein conformation (19) and to different electrostatic environ-
ments. Recently, the Y100 residue, which is located only ca. 3.5 A
from both the amide of the nicotinamide and N8 of the pterin ring
(Fig. 1), has been shown to play an important role in electro-
statically facilitating the ecDHFR-catalyzed reaction (20, 21). The
location of Y100 suggests that it may form hydrogen bonds with
both ligands to control the distance between them.

Herein, we studied the kinetic behavior of the WT ecDHFR
and its mutants (D27S, Y100F, and D27S/Y100F) across a much
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extended pH range, especially with pH > 9. Multiple kinetic
isotope effect (KIE) studies across a wide range of pH values
found that the WT ecDHFR catalyzes the stepwise reduction of
DHEF, with the protonation of the N5 of DHF preceding the
hydride transfer step, through a reaction mechanism that does not
change with pH. We also showed that the pK, of the DHF N5
atom was highly sensitive to changes in the active site electrostatic
environment caused by variation in pH (i.e., changes in a pro-
tein’s ionization state). Specifically, free energy perturbation
(FEP) calculations suggest that Y100 can have a large influence
on the N5 pK, so that it can be protonated at alkaline pH. Fur-
thermore, the D27 and Y100 residues function synergistically to
provide an active site environment for the solvent-assisted pro-
tonation of N5 and to position the reacting substrates, NADPH
and DHF, properly.

Results

pL Dependence of WT ecDHFR Hydride Transfer Rate. The experi-
mental pH ranges in previous reports were limited to pH 9.5 or
lower (1, 6, 15), and upon expanding the experimental conditions
to higher pHs, a second plateau was observed (Fig. 24). This
finding is consistent with parallel reaction pathways separated by
one ionization event (Fig. 3). The hydride transfer rate constant
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Fig. 1. Orientation of Y100, D27, M20 (magenta), and the ligands in the
active site of ecDHFR (from Protein Data Bank ID code 1rx2). The black arrow
indicates the hydride transfer path.
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(knya) in the low-pH domain (k;) is computed to be 830 + 70 s
(SI Appendix, Table S3), which agrees with the previously de-
termined value of ~950 s~ for the same process (1). The second
knya rate constant in the high-pH plateau, &, is 0.13 + 0.01 s7L
which is ~6,000-fold lower than k;. The two pathways are sepa-
rated by a kinetic pK, of 6.70 + 0.05, which is consistent with
previously determined values of ~6.5 (1, 5).

A similar sigmoidal relationship was also found for the WT
enzyme-catalyzed reaction in D,O (Fig. 24). The rate/pD profile
(pD = —log[D50™"]) crosses over once with the rate/pH profile at
approximately pL = 7 (pL = —log[H;0™] or —log[D;0%]). As
a result, a normal solvent kinetic isotope effect (SKIE) value was
found at low pH (k) and an inverse SKIE was found at high pH
(k) (Table 1). It should be noted that linear relationships were
observed in the proton inventory studies in both plateau regions
(SI Appendix, Fig. S2). This observation is consistent with the
involvement of only one proton in the normal SKIEs observed at
low pH, but with multiple protons leading to inverse SKIE at
high pH (22). Although the SKIE at low pH can be attributed to
the protonation of N5 of the DHF, the SKIE at high pH is in-
dicative of the involvement of a whole network of protons in the
protonation of N5-DHF. This explanation accords well with the
remote effect of protonation of Y100 on D27 and the pro-
tonation of N5-DHF discussed below. By that interpretation,
many exchangeable protons involved in the network of H-bonds
related to the protonation of Y100, D27, and N5-DHF are more
tightly bound in the transition state than at the ground state.
Based on the fact that the observed 1° KIE was unchanged across
the pH range measured, we can rule out the alternative explana-
tion of inverse SKIEs on the DHF binding to the enzyme-—
NADPH complex (and the associated conformational/pro-
tonation states) before the protonation of N5. This mechanism
would have led to an inflated commitment (C on single-turnover
rates) and deflated 1° KIE at higher pH. The observed pH-
independent 1° KIE also agrees well with the previously reported
values of 2.7-3.0 for the WT ecDHFR (1, 13, 15). The data from
the multiple isotope effect (23, 24) study (Table 1) show that
both SKIE and 1° KIE are suppressed by deuterium substitution
at low pH (k;) but are orthogonal to each other at high pH (k3).

pL Dependence of D275 and Y100F Mutations. The pL dependence
of the kpyq in the D27S, Y100F, and D27S/Y100F mutants was
investigated in detail. At pH 7 in water, the rate for the NADPH-
dependent reduction of DHF dropped by ~3,400-fold due to the
D27S modification (kwr =279 57", kpas = 0.082 s71), by ~14-fold
due to the Y100F mutation (kyjoor = 19.8 s’l), and more than
100,000-fold with both D27S and Y100F mutations (kvi00r/mp275 =
0.0027 s’l). Thus, the rate reduction in the double mutant is
greater than the sum of the individual D27S and Y100F effects
(i.e., the changes in the free energy barriers of the mutants
satisfy the following relation: AAG*y1orp27s > AAGFy100r +
AAG*py7s, where G* stands for the activation free energy). All
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three ecDHFR variants (D27S, Y100F, and D27S/Y100F) ex-
hibit linear pL/rate dependence, which differs from the sig-
moidal behavior observed in the WT enzyme (Figs. 2 and 4 and
SI Appendix, Fig. S3). This behavior is true regardless of the
identity of the cofactor [f-Nicotinamide adenine dinucleotide
phosphate reduced (NADPH) or [Carbonyl-'*C]-NADPH,
(R-4*H}:NADPH (NADPT) and (R)-[4->’H]-NADPH (NADPD)]
or the solvent (H,O or D,0). The slopes for the linear pL/rate
relationship were found to be slightly below unity (-0.6 to —0.9).
Such nonunity dependencies have been observed before, and they
are likely the result of multiple concurrent reaction pathways, each
with individual kinetic rate constants (4, 25, 26).

Because there are no plateau regions in the pL/rate profiles
for the ecDHFR mutants, multiple isotope effect analyses (23,
24) were conducted at specific pL values of 5.1, 6.0, 7.0, and 8.2
(81 Appendix, Table S2). The Y100F mutant exhibited an inverse
SKIE at high pH, and the SKIE progressively increased to
slightly above unity as the pH was lowered to 5.1. Conversely, the
primary KIE value starts at ~3.2-3.3 at pH 8.2, but it pro-
gressively decreases in magnitude in going to lower pHs. For
the D27S and D27S/Y100F mutants, inverse SKIE values were
found between pH 5.1 and pH 8.2, and the magnitude of the
SKIE stayed constant. Similarly, the 1° KIE values on the hy-
dride transfer reaction in these two ecDHFR mutants are ~2.7
and insensitive to pL changes.

Temperature Dependence of Intrinsic KIEs for Y100F, D27S, and Y100F/
D275 ecDHFRs. Competitive hydrogen to deuterium (H/D) and
hydrogen to tritium (H/T) KIEs on the second-order rate con-
stant (k../Ky) were measured for each variant of ecDHFR to
assess the intrinsic KIE on the catalyzed hydride transfer. The
intrinsic KIEs for each mutant are temperature-dependent, as
evident from the nonzero isotope effects on the activation energy
(AE.u-p) (Table 2). These results are very different from the
temperature-independent intrinsic KIE of the WT enzyme (27),
suggesting a role for each residue in the catalyzed hydride
transfer. A comparison of the AE,y_p values of the Y100F and
D27S single mutants with the AE,y_p value of the D27S/Y100F
double mutant indicates greater than additive behavior (Table 2;
AE.n_pp27vi00 > AEwy-pyioor + AEwn_pp27s), suggesting the
residues act synergistically.

Calculation of Relative pK, Values at Position N5 of DHF. FEP cal-
culations were used to calculate the free energy for deproto-
nating the N5 position of DHF with neutral Y100 relative to
anionic Y100 (i.e., when the hydroxyl group is deprotonated).
The pK, of the N5 of DHF has been measured (1, 16) and cal-
culated (12, 19) to be between 6.5 and 7. The calculated differ-
ence in the Helmholtz free energies of deprotonation for the two
protonation states of Y100 is AAA"FP = 6.08 + 0.92 kcal-mol ™!,
corresponding to a pK, shift of 4.7 units (Table 3). The hydride
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Fig. 2. Log kpyq vs. pH/pD for the WT ecDHFR at 25 °C with NADPH in H,O
(blue ) and NADPH in D,0 (red @) (A) and NADPD in H,O (blue ) and
NADPD in D,O (red @) (B). The data points were fit to S/ Appendix, Eq. S1,
and the rate constants are summarized in SI Appendix, Table S2.
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Fig. 3. Proposed reaction scheme for the ecDHFR-promoted hydride transfer
reaction with parallel pathways. EP, enzyme/products complex; ES, ternary
enzyme/substrate Michaelis—-Menten complex.

donor-acceptor distances from our molecular dynamics (MD)
simulations are the same to within the statistical accuracy when
the Y100 hydroxyl group is deprotonated or protonated.

Discussion

DHEFR is one of the most well-studied enzyme systems and is
commonly used as a model system for biochemical/biophysical
inquiries. Although much is known about its catalytic cycle, in-
hibition characteristics, and structural dynamics, many mechanistic
details regarding the chemical step of catalysis (DHF—-THF) are
still unresolved. This situation is troubling because the numerous
mutagenesis studies that examine how the chemical step is being
affected by specific mutations remain incomplete. Without a com-
prehensive understanding of the reaction mechanism, it is difficult
to attribute the kinetic effect of the mutation(s) definitively.

To gain further mechanistic understanding, we first extended
the pH range of the experimental conditions and found sigmoidal-
shaped pH/rate profiles (Fig. 2), which are consistent with two
parallel reaction pathways consisting of the ternary enzyme/
substrate (ES) Michaelis-Menten complex and the associated
deprotonated form, ES™! (separated by one ionization step).
Although multiple ecDHFR ternary/binary complexes in solution
have been reported (28), two catalytically competent ternary
complexes, separated by protein ionization, were unknown (S
Appendix, Fig. S4). Also, the origin of the activity change with
a pK, of 6.5 had drawn several interpretations. The data here show
that there is a second catalytic complex that exists predominantly
at higher pH and is capable of converting DHF into THF, albeit
with a much lower rate constant. The kinetic pK, determined from
the pH/rate profiles is associated with an ionization event that is
related to the interconversion between these two reactive com-
plexes (Fig. 3 and SI Appendix, Eq. S1), and not necessarily related
to a change in the order or timing of DHF-NS protonation and
hydride transfer. As a consequence, the system will contain dif-
ferent ratios of the two reactive species at the various pH values in
Fig. 2. It should be noted that the presence of two reactive ternary
complexes that occupy the high- and low-pH domains has been
hinted at in a recent study (G51PEKN, N23PP/G51PEKN, and
N23PP/L28F/G51PEKN ecDHFR mutants) (5), but the implica-
tions were unclear at that point.

Because the reduction of DHF involves both proton transfer
to its N5 and hydride transfer to C6, examination of the cross-
effects of 1° KIEs (probing the hydride transfer) and SKIEs
(probing the protonation step) is useful for dissecting the timing

Table 1. SKIE and 1° KIEs in the plateau regions of the WT
ecDHFR hydride transfer pL/rate profiles

pH region SKIE (NADPH)  SKIE (NADPD)  KIE (H,0) KIE (D,0)
Low pH (k1) 20+0.2 0.9+ 0.1 26+03 1.2+0.1
High pH (k)  0.57 + 0.09 053+008 27+03 26+04
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of these two processes. If protonation and hydride transfer occur
simultaneously in a concerted mechanism (middle mechanism in
Fig. 5 and SI Appendix, Fig. S5, Bottom), the observed 1° KIE
should increase in deuterated solvent because the deuterium
would increase the energy barrier for the hydride transfer event,
making it more rate-limiting (24). Thus, the data in Table 1 are
inconsistent with a concerted mechanism. At low pH, both
1° KIE and SKIE are suppressed by deuterium in the other step.
At high pH, on the other hand, the 1° KIEs and the SKIEs are
unchanged by D,O and NADPD, respectively, suggesting those
observed KIEs are not masked by deuterium in the other step.
These data are consistent with a stepwise mechanism illustrated
in SI Appendix, Fig. S5 (Upper). Previously it was suggested,
based on KIEs, that the reaction mechanism might shift to a
concerted process at a higher pH of 9.5 (15). However, this as-
sessment overlooked the fact (24) that in this case, the inverse
SKIEs at high pH would suppress a 1° KIE for a concerted
process. That behavior was not observed. More importantly,
a shift to a concerted mechanism would mean that the rate of the
reaction would continuously drop by 10-fold for every pH unit
increase, which is inconsistent with the high-pH plateau in Fig. 2.

There are two potential stepwise mechanisms, shown in Fig. 5
(Top and Bottom), and they differ in the chronological ordering
of events. The kinetic observable, oxidation of NADPH, may
capture both the isotope effects on the hydride transfer and
proton transfer. If hydride transfer occurs before the protonation
step in a stepwise mechanism (Fig. 5, Top), one should find a
nonunity 1° KIE and no significant SKIE effect (SKIE = 1) be-
cause the solvent-assisted protonation step would be after the
kinetic observable (loss of NADPH fluorescence energy transfer).
Table 1 shows that this situation is not the case, suggesting that
the actual mechanism involves N5-DHF protonation preceding
the hydride transfer (Fig. 5, Bottom).

The second ternary complex that exists at high pH is much
less reactive, with its free energy barrier for DHF reduction
being ~5.2 kcal/mol higher than the free energy barrier for DHF
reduction for the more reactive species. This change could cause
the kinetic expression to shift from a steady-state approximation
(low pH; SI Appendix, Eq. ST) to one that involves a preequili-
brium approximation (high pH; SI Appendix, Eq. S8). In other
words, when the kpyq << Kkpro' (protonation rate), the steady-state
expression would simplify into a preequilibrium approximation.
This interpretation is consistent with the observed inverse SKIE
at high pH, which is indicative of a preequilibrium step. The
inverse SKIE can then be attributed to the acid/base equilibrium
of DHF being affected by the higher acidity of D,O compared
with H,O (29, 30). Under comparable conditions, a higher con-
centration of the DHF-H*/D* intermediate will be formed in
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Fig. 4. Log (knhyg) vs. pH/pD for the D275/Y100F ecDHFR mutant at 25 °C. The
data points are presented as NADPH in H,O (@) and NADPH in D,0 (O) and
NADPD in H,O (M) and NADPD in D,O (J). The parameters used for the
fitted linear lines are given in S/ Appendix, Table S1.
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Table 2. Parameters from regression of intrinsic H/D 1° KIE;,,
data to Arrhenius equation

DHFR An/Ap AE.n_p, kcal/mol
WT, pH 7.0 2.83 + 0.66 0.03 + 0.04
WT, pH 9.0 3.61 + 0.86 —-0.01 £ 0.23
Y100F 3.35+0.13 0.24 + 0.02
D27S 1.41 + 0.09 0.76 + 0.04
D27S/Y100F 0.10 + 0.01 2.25 + 0.09

Ap, Arrhenius constant for D; Ay, Arrhenius equation for H.

D,0, relative to H,O, resulting in a larger observed rate (kpyg *
[DHF-D™]). It should be pointed out that global effects of higher
medium viscosity (D,O) and increased protein rigidity (N — D =
O hydrogen bonds) have been ruled out as the cause for the in-
verse SKIE data in ecDHFR (15).

The relationships between the observed KIEs on WT enzyme
knya and their intrinsic values further support the above inter-
pretations. The temperature dependence of the intrinsic KIEs is
pH-independent (zero at both high and low pH), which further
supports our conclusion that the C-H—C hydride transfer step,
per se, is not concerted with the protonation step in either pH
range. The data clearly reveal that the differences between the
temperature-independent deuteride transfer rate constant “kpq at
pH 9 (SI Appendix, Fig. S14) and temperature-dependent thyd at
pH 7 (SI Appendix, Fig. S1B) actually result from a pH-dependent
commitment to catalysis on the kyyq (C in SI Appendix, Eq. S6).
The likely explanation for these findings is that the commitment in
the DHF protonation step reflects the steady-state and equilib-
rium approximations for the fraction of protonated DHF in the
reactive Michaelis-Menten complex committed to the C-H-C
hydride transfer.

We also examined the roles of two active site residues, D27
and Y100, which might play a role in the protonation step and
the positioning of the substrates and water molecules for the
subsequent hydride transfer, based on crystal structures and
computer simulations. D27 has been shown in previous studies to
be important for facilitating a solvent-assisted proton delivery to
the N5 position of DHF, thus generating the protonated sub-
strate for the subsequent hydride transfer (4, 16-18, 31). The
direct source of the proton is likely to be a water molecule that
could enter the active site as the Met20 loop changes con-
formations (18), and crystal data supporting this hypothesis are
provided in the accompanying work by Wan et al. (32). Y100 has
been implicated to provide electrostatic stabilization of the de-
veloping positive charge on the nicotinamide moiety, as well as
exhibiting strong electrostatic interactions with NADP* and fo-
late (20, 21).

Mutagenesis studies show that the D27S, Y100F, and D27S/
Y100F mutants all exhibit linear pH/rate profiles with no in-
dication of a plateau region in either the low- or high-pH regions
(Fig. 4 and SI Appendix, Fig. S3). This disruption of the WT pH
dependence observed suggests that these two residues are impor-
tant for the proton transfer to DHF. Through appropriate elec-
trostatic interactions with the substrate and cofactor, Y100 and
D27 provide optimal conditions for the solvent-assisted proton
transfer step of the reaction (4, 7, 18, 20). In all mutants, 1° KIE
values above unity were found (SI Appendix, Table S2). Inverse
SKIE values were found in all cases across the probed pH range,
which indicates a preequilibrium protonation of DHF in a step-
wise mechanism for the reduction of DHF. Thus, the mutations
lead to a suboptimal catalytic environment but do not alter the
sequence of protonation followed by hydride transfer. Whereas
the D27S mutation induces a greater catalytic penalty than the
Y100F mutation, the rate reduction observed in the D27S/Y100F
double mutation is greater than the sum of the respective effects
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of the individual mutations (i.e., AAG*YlOOF/D27S > AAGinOOF +
AAG?*p,7s; SI Appendix, Table S4), strongly suggesting a synergis-
tic function of these two residues.

The role of Y100 and D27 in the hydride transfer step (just
C-H—C) was further investigated through the temperature de-
pendence of the intrinsic 1° KIEs, and our findings support the
synergism of D27/Y100. As shown by several theoretical (33-36)
and experimental (9) studies, the temperature dependence of
intrinsic KIEs is sensitive to changes in the hydride donor-
acceptor distance fluctuations. Fig. 6 and Table 2 indicate that
each single mutant not only has a larger temperature dependence
of intrinsic KIEs than the WT enzyme but also that the effect of the
double mutant is more than additive (Table 2; AE, vioorp27s >
AE, vioor + AE, po7s)- Replacing either Y100 or D27 resulted in
inflated and more temperature-dependent intrinsic KIEs on hy-
dride transfer, suggesting that these residues play a role in the
narrow donor-acceptor distance distribution of the WT.

An interesting question regarding the second catalytic com-
petent EENADPH:DHF complex in the high-pH domain is the
protonation of N5 to generate the reactive species for the hydride
transfer event (here E refers to the enzyme). If the pK, of the N5
stayed constant at ~6.5 (1, 12, 16), there would not be sufficient
concentration of the reactive species EENADPH:DHF-H™ in the
high-pH domain for the subsequent hydride transfer reaction to
occur at the observed rate. In fact, under single-turnover con-
ditions (3 pM total ternary species), the second-order rate con-
stant to protonate and achieve the observed k; value (0.13 s™")
in the high-pH plateau region of Fig. 24 (WT enzyme, NADPH,
and H,0) from E:NADPH:DHF would be above the diffusion-
controlled limit for a biomolecular process in water (37) (~4x
diffusion limit at pH 12). Because it is known that the N5 pK, can
fluctuate (up to ~9) depending on the active site conformation
(19), it is reasonable to speculate that structural rearrangement
will impose a change in the active site electrostatics, which might
affect N5 acidity. We focused on the effect of the Y100 residue,
a high-pK, residue close to the reactive center, and found that the
deprotonation of Y100 alone can greatly perturb the N5 pK,
by ~4.7 units (i.e., up to ~11.2; Table 3). Therefore, a more an-
ionic active site environment (with Y100/other residues depro-
tonated/partially deprotonated) could increase the N5 pK, to
ensure sufficient DHF protonation under alkaline conditions.

Conclusion

The mechanistic details of both proton and hydride transfers in
the reaction catalyzed by ecDHFR have been elucidated through
multiple isotope effects (SKIEs on 1° KIEs) (23, 24) over a
broader pH range than has been previously studied. Whereas the
measured rates and KIEs at the pH range of 7-9 were the same
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Fig. 5. Potential mechanistic pathways for the WT ecDHFR proton and
hydride transfer reactions.
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Fig. 6. Arrhenius plots of the intrinsic H/D KIEs of the hydride transfer re-
action catalyzed by WT (black) (27), Y100F (blue), D27S (green), and D27S/
Y100 (magenta) ecDHFRs.

as reported (1, 6, 15), the broader pH range revealed a previously
unidentified catalytically active ternary complex that exists pre-
dominantly at high pH. The data at both low and high pH support
a stepwise mechanism in which protonation of the N5 atom of
DHF precedes the reduction of a DHF-H' intermediate by
NADPH and no mechanistic shift as a function of pH.

Also, the active site D27 and Y100 residues play an important
and synergistic role in facilitating both the proton transfer and
hydride transfer steps. Mutations of D27, Y100, or both disrupt
the sigmoidal pH/rate dependence observed in the WT. The
protonation of DHF is likely to occur through a water molecule,
as shown by the accompanying crystallographic data by Wan et al.
(32), whereas the D27 and Y100 residues may help to orient the
substrates and the water molecule through various electrostatic
interactions. Further evidence of the important role of Y100 was
obtained from FEP calculations of the pK, of DHF N5. These
calculations indicate that the N5 pK, might be significantly altered
by the active site electrostatics via the ionization state of residues,
such as Y100, to ensure that DHF can be efficiently protonated
before the hydride transfer event.

These findings provide an important validation for computa-
tional simulations concluding that protonation of DHF occurs
before the transfer of a hydride, and further justify approaches
that assumed a protonated DHF for simulating the free energy
barriers for the hydride transfer reactions of ecDHFR/ecDHFR
mutants (10-13, 38). Furthermore, the results here provide ad-
ditional insights on how ecDHFR catalysis might be affected by
pH, which could induce large effects on active site ionization
states and electrostatics. Because ecDHFR catalysis has emerged
as a popular model system for enzyme-catalyzed reactions, a
better understanding of its reaction mechanism may have a
broad impact on enzymology in general.

Materials and Methods

ecDHFR Variants. Y100F, D27S, and D27S/Y100F ecDHFR variants were con-
structed using the Stratagene QuikChange site-directed mutagenesis kit and
the WT ecDHFR template as described (39). Primer sequences were 5'-CA
TGG AAC CTG CCT GCC AGT CTC GCC TGG TTT AAA CGC -3’ (D27S) and
5-GGC GGC GGA CGC GTT TTT GAA CAG TTC TTG CC-3’ (Y100F). Plasmid
construction, protein expression, and purification of mutant DHFRs were
performed according to the published protocols (39).

Kinetics. All reactions were performed following a published protocol in MTEN

[2-(N-morpholino)ethanesulfonic acid:2-Amino-2-hydroxymethyl-propane-1,3-
diol:ethanolamine] buffer adjusted to various pH values (with HCI/NaOH) (1).
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Presteady-state kinetics were done under either single-turnover or excess
substrate conditions using an Applied Photophysics stopped-flow spectro-
photometer at 25 °C. Both conditions yielded the same rate, indicating that at
the concentration of 3 pM, DHF is completely bound to the E:NADPH binary
complex within the mixing dead-time of the instrument. Under single-
turnover conditions, 10 uM enzyme, 200 uM NADPH, 2 mM DTT, and 50 mM
MTEN buffer were loaded into one of the stopped-flow syringes, whereas
the other syringe held 6-8 pM DHF, 2 mM DTT, and 50 mM MTEN buffer.
Upon mixing, the initial concentrations of the individual species in the re-
action chamber were halved. The excess substrate conditions (burst kinetics
in a multiple turnover experiment) used 20 pM enzyme, 250 1M NADPH,
2 mM DTT, and 50 mM MTEN buffer in one stopped-flow syringe. The other
syringe held 200 uM DHF, 2 mM DTT, and 50 mM MTEN buffer. The reaction
mixture was excited at 290 nm, and the emission was measured using
a 400-nm cutoff output filter for the loss of FRET from the enzyme to NADPH
(1). The fluorescence over time traces (of the burst phase under excess sub-
strate conditions) were fit to a standard single exponential expression to de-
termine kyyq4. The kpyq values at various pL values (pH/pD) are averages of
five separate kinetic runs. Primary KIE measurements in which NADPH
was substituted with NADPD were conducted according to the concen-
trations and conditions listed above. Detailed data analyses are described
in SI Appendix.

SKIE. Separate stock solutions of NADPH/NADPD, DHF, and DTT were pre-
pared in D,O. MTEN buffers in D,O (0.5 M) at various pD values were also
prepared. The enzymes were buffer-exchanged into a 50 mM phosphate
buffer prepared in D,O. The final experimental concentrations and the
conditions were similar to the experimental concentrations and conditions
described above. Under the concentrations used for stopped-flow kinetic
experiments, the [H,0] to [D,0] + [H,O] ratio was less than 5% (vol/vol).
Separate proton inventory studies were performed under the excess sub-
strate conditions. The proton inventory studies were performed with 0%,
20%, 40%, 50%, 60%, 80%, and 100% (vol/vol) D,O/H,0 at 25 °C. A stan-
dard linear expression was used to fit the kinetic data.

Competitive KIEs. Intrinsic KIEs were determined from H/T and D/T KIEs on the
second-order rate constant (k..+/Ky) measured by a competitive assay fol-
lowing published procedures (40, 41). In short, purified radiolabeled NADPH
with 4R-T (tritium at position 4R of NADPH) and Ad-'*C (**C on the adenine
base of NADPH) was mixed at a 5:1 3H/"*C ratio to measure 1° KIEs for either
H/T (where the Ad-'C traced 4R-H) or H/D (where the Ad-'*C traced 4R-D)
ratios. The mixtures were copurified by reverse-phase HPLC, divided into
aliquots containing at least 300,000 dpm of 'C, and flash-frozen in liquid
nitrogen for storage at —80 °C. KIEs were then measured in MTEN buffer at
5-45 °C. Each reaction mixture contained 0.85 mM DHF and 4 pM radio-
labeled NADPH. The reactions were quenched at various time points by
addition of methotrexate, mixed, and immediately frozen on dry ice. Sam-
ples were thawed before HPLC analysis and bubbled with oxygen for
12 min to oxidize the THF product. Resolution of the reaction mixture was
achieved by HPLC using a published method (42), and the fractions were
counted by liquid scintillation analysis. Detailed data analysis is provided in
SI Appendix.

FEP pK, Calculations. The relative pK, of the N5 position of DHF was de-
termined using FEP calculations (43) for the protonated and deprotonated
hydroxyl groups of Y100 using the GROMACS program (44). In both cases,
the rest of the titratable enzyme residues were assigned protonation states
that corresponded to pH 7. MD trajectories were propagated for a series of
intermediate states between the protonated (DHF-H") and deprotonated

Table 3. Calculated free energy for deprotonation and
associated pK, at the N5 of DHF bound in the closed form
of ecDHFR

Property Y100 protonated Y100 deprotonated
AA, kcal/mol -11.41 £ 0.42 -5.33 + 0.82
pKa 6.5% 1.2
<D-A>, A 37+02 3.6 +0.2

A, Helmholtz free energy; A, acceptor; D, donor; <D-A>, average hydride
donor-acceptor distance.
*Value obtained from ref. 1.
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(DHF) substrates. We used a i-dynamics methodology, where 1 defines a
potential energy function between two different states A and B:

U(l) = (1 —ﬂ)UA +AUg,

where state A corresponds to protonated DHF (DHF-H*) and state B corre-
sponds to an analog of DHF with a dummy particle bonded at the N5 po-
sition. The effective partial charges for the DHF substrate are varied as a
function of 1 for the intermediate windows.

For each system studied, nine intermediate windows were generated
(4=10.0,0.1,0.2,0.3,0.5,0.7, 0.8, 0.9, and 1.0). The system was equilibrated in
state A, followed by an additional 1 ns of equilibration for each window before
propagating for 10 ns per window for a total of 90 ns per dataset. The free
energy was calculated as a function of 1 using the g_bar utility in GROMACS, and
the free energy of DHF-H* deprotonation was calculated using the Bennett
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