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ABSTRACT: Acid—base catalysis, which involves one or more proton transfer reactions, is a chemical
mechanism commonly employed by many enzymes. The molecular basis for catalysis is often derived from
structures determined at the optimal pH for enzyme activity. However, direct observation of protons from
experimental structures is quite difficult; thus, a complete mechanistic description for most enzymes
remains lacking. Dihydrofolate reductase (DHFR) exemplifies general acid—base catalysis, requiring
hydride transfer and protonation of its substrate, DHF, to form the product, tetrahydrofolate (THF).
Previous X-ray and neutron crystal structures coupled with theoretical calculations have proposed that
solvent mediates the protonation step. However, visualization of a proton transfer has been elusive. Based

on a 2.1 A resolution neutron structure of a pseudo-Michaelis complex of E. coli DHFR determined at 3¢

acidic pH, we report the direct observation of the catalytic proton and its parent solvent molecule.
Comparison of X-ray and neutron structures elucidated at acidic and neutral pH reveals dampened
dynamics at acidic pH, even for the regulatory Met20 loop. Guided by the structures and calculations, we
propose a mechanism where dynamics are crucial for solvent entry and protonation of substrate. This

mechanism invokes the release of a sole proton from a hydronium (H;0") ion, its pathway through a narrow channel that sterically
hinders the passage of water, and the ultimate protonation of DHF at the NS atom.
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B INTRODUCTION

Enzymes undergoing acid—base catalysis typically, where
protons are transferred, show bell-shaped pH profiles of
activity, with minimal activity observed at acidic and alkaline
pH, flanking a pH optimum where the enzyme is most active.
A simplistic model of the bell-shaped curve interprets the rising
and falling inflection points to approximate two pK, values
associated with catalytic residues, although in reality it can be
more complex. The molecular basis for catalysis is often
derived from crystal structures or NMR structures determined
close to the optimal pH, sometimes augmented with atomistic
simulations using both classical force fields and quantum
chemistry methods. These structures provide useful informa-
tion about the locations and motions of catalytic residues,
solvent, ligands, and metal cofactors associated with catalysis.
However, it is difficult to visualize catalytically important
protons using X-ray crystallography because the single electron
of hydrogen scatters X-rays weakly and protons do not scatter
X-rays at all.' Using neutrons instead of X-ray photons in the
diffraction experiment helps to overcome this limitation, as
neutrons scatter from atomic nuclei.”® Therefore, neutron
crystallography is an ideal tool for studyin§ the mechanisms of
enzymes that employ acid—base catalysis."

E. coli dihydrofolate reductase (ecDHFR) serves as a classic
model of acid—base catalysis. DHFR catalyzes the NADPH-
dependent reduction of 7,8-dihydrofolate (DHF) to 5,6,7,8-

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

5873

tetrahydrofolate (THF) for nucleotide and amino acid
synthesis during cell proliferation.* ' During the reaction,
the NS atom of DHF is protonated while its C6—C7 bond is
reduced due to hydride transfer from NADPH. The source of
the proton for reduction of NS is unknown, and its position
has never been visualized. As DHFR is an important drug
target in certain cancers”” and rheumatoid arthritis'' as well as
fungallz’13 and bacterial'* infections, a complete mechanistic
understanding is a prerequisite for designing catalytically
relevant drug molecules.'”'”"> The catalytic mechanism has
been experimentally investigated through enzymology,”~"®
biophysical studies,'®'” NMR,** isotope labeling, >
electrical field measurements,” and X-ray crystallography.”'’
Furthermore, numerous molecular dynamic (MD) studies have
been integral to probing all aspects of the catalytic mechanism,
includin§ the role of coupled networks of residues and protein
motions >* and the phenomenon of hydrogen tunneling for
the hydride transfer step.”*>” Most importantly to this work
are the computational studies linking Met20 loop conforma-
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tions, solvent entry into the active site, and substrate
protonation.”*”*° However, the atomic details of DHF
reduction, including the source and pathway of the proton
linked to DHF reduction, have not been experimentally
observed.

A conserved acidic residue (Asp27 in the E. coli enzyme) has
been proposed to accept a proton from the N3 of DHF and
transfer it to NS through O4 tautomerization from the keto to
the enol form.”"** This mechanism appears unlikely due to the
unfavorable proton transfer geometry between O4 and N5.%*
The presence of both Asp27 and a bound catalytic mimic
complex (DHF and NADP") significantly raises the pK, value
of the NS atom of DHF from 2.6 to 6.5, the pH at which
DHFR has maximal activity.'”” This pK, value closely
matches that of the hydride transfer step'® and likely describes
the concentration of N5-protonated DHF substrate available.
In an ecDHFR—folate—NADP" ternary crystal structure (PDB
entry 1RA2), a water molecule has been modeled within
hydrogen-bonding distance to the N5 atom.'” The active site
loop, known as the Met20 loop, is in an open conformation.
Thus, a nearby solvent molecule could access the NS atom as
long as the active site loop containing Met20 adopts a
conformation that is transiently at least partially open.”***’
When the Met20 loop is in the closed conformation, the pK, of
the NS atom is predicted to be elevated and favorable for
protonation,®*”**** and this catalytic pK, shift would also be
relevant for hydride transfer. Therefore, loop dynamics is
critical for catalysis: subtle loop opening could allow solvent
entrance to the active site and subsequent closing accompanied
by narrowing to necessitate direct protonation of NS.
Foundational molecular dynamics simulations by Shrimpton
and Allemann revealed that, in a Michaelis complex, water
could access the NS atom for protonation, and subsequently,
the Met20 side chain would block the active site.”® Thus, high-
resolution views of solvent structure and protonation states are
needed to verify this as the potential mechanism for proton
donation in DHFR.

Indeed, considerable effort has been made to visualize the
protonated structures of the catalytic site of the inhibited
complex of ecDHFR bound to methotrexate (MTX) (PDB
2INQ) and, more recently, the pseudo-Michaelis complex
ecDHFR—folate—NADP* (PDB 4PDJ) using neutron crys-
tallography.” ™" Neither of these structures allowed us to
visualize catalytic protons. Furthermore, deuterium isotope
experiments conducted at extreme alkaline pH suggest pH-
dependent alterations in the catalytic mechanism of
ecDHFR."® This prompted us to determine neutron diffraction
structures spanning the kinetically characterized pH range of
DHEFR activity. We chose to study the ecDHFR—folate—
NADP" complex structure at lower pH so that protons relevant
to the catalytic mechanism may be more easily observed as
there may exist clear nuclear density for them, and they will
have higher occupancies. Recently, this strategy was applied to
a glycoside hydrolase and HIV-1 protease, where neutron
structures across a range of pH enabled the observation of
isolated protons in the active site and allowed the pK,
determination of catalytic acidic residues.””

In this study, neutron diffraction experiments were
conducted on the ecDHFR—folate—NADP" complex at pH
4.5, which is ~2 pH units below the pH optimum of the
ecDHFR® and well below the pH (7.0) of our previously
determined pseudo-Michaelis structure. This acidic pH results
in an ~300-fold elevated concentration of free protons,
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increasing the probability of visualizing the elusive proton
postulated to protonate the NS atom of DHF. Indeed, by
determining the neutron structure of the acidic pH pseudo-
Michaelis complex (ecDHFR—folate—NADP*) at 2.1 A
resolution, the catalytic proton required for protonation of
the substrate was observed for the first time. Moreover, a room
temperature X-ray structure of the same ternary complex was
determined at 1.65 A resolution, allowing joint X-ray and
neutron (XN) refinement. The combined X-ray and neutron
diffraction data allow us to analyze the protonation states in
the active site, compare pH-mediated changes between the
acidic and neutral pH structures, model regulatory loop
dynamics associated with ecDHFR activity, and propose a
pathway for substrate protonation at NS, a critical step in the
catalytic mechanism of this highly conserved enzyme. Addi-
tionally, quantum mechanics/molecular mechanics (QM/
MM) calculations on a ternary complex model using the
joint XN structure provide further support of this mechanism,
indicating that progression from the bare proton state to
protonation of NS is barrierless and energetically favorable.
Further, the calculations indicate a distortion in DHF to
receive the proton that would be hindered in the DHF mimic
and thus the basis, in part, for its capture of the bare proton
state.

B MATERIALS AND METHODS

Neutron Crystallography. The crystal was initially
screened for diffraction quality using a broad-bandpass Laue
configuration using neutrons from 2.8 to 10 A at the
IMAGINE instrument at the High Flux Isotope Reactor
(HFIR) at Oak Ridge National Laboratory.””™*' The 2.1 A
resolution neutron diffraction data were collected at 291 K on
the monochromatic macromolecular neutron diffractometer
BioDift at the FRM II research reactor at the Heinz Maier-
Leibnitz Zentrum (MLZ). This instrument is equipped with a
cylindrical neutron image-plate detector.”” The neutron
wavelength was set to 2.66 A using a pyrolytic graphite
monochromator (PG002). Two hundred eight frames of 0.3°
oscillation and 50 min exposure time were recorded. The
diffraction data were indexed and inteﬁrated using DENZO
and then scaled with SCALEPACK."*** The 1.4 mm? crystal
of E. coli DHFR was in complex with folate and NADP" at pH
4.5. This crystal was initially crystallized in the reservoir
solution (18% PEG 400, 100 mM MnCl,, 20 mM imidazole at
pH 7.0).°° The crystal quality was improved by the
microseeding technique and reached the maximum size by
the macroseeding technique with the decreased concentration
of PEG 400 to 15%. After that, this crystal was sealed in a
quartz capillary and vapor diffused for 1 year against the same
reservoir solution made by 100% D,O. Before data collection,
it was vapor diffused against the low pH solution (15% PEG
400, 100 mM MnCl,, 100 mM NaAc at pH 4.5) for 1 week.
Hydrogen and its isotope deuterium possess neutron cross
sections that allow these atoms to be located in nuclear density
maps even at modest resolutions (~2.5 A).2’3 However,
hydrogen has a negative neutron scattering length (—3.74 fm)
while deuterium has a positive scattering length (+6.67 fm);
thus, crystals that are to be used for neutron diffraction
oftentimes undergo a period of hydrogen—deuterium exchange
(HDX) prior to the experiment. Deuterium atoms stand out as
strong positive peaks in difference nuclear density maps, yet
negatively contoured nuclear density maps can be used to
visualize hydrogen remaining in the model (nonexchanged
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hydrogens). A 1.65 A resolution room temperature X-ray
diffraction data set was collected using a smaller crystal on a
Rigaku HighFlux HomeLab instrument equipped with a
MicroMax-007 HF X-ray generator and Osmic VariMax optics.
The diffraction images were obtained using an R-Axis IV++
image-plate detector. Diffraction data were integrated and
scaled using the HKL3000 software suite indicating no
appreciable radiation damage.”’ Crystallographic data collec-
tion statistics are provided in Table S1.

Joint X-ray/Neutron Refinement. Because both data sets
were collected at the same temperature with the same space
group and almost identical unit cell dimensions, iterative joint
X-ray and neutron (XN) refinement was performed using the
program Phenix.refine,* followed by model building. Atomic
positions and individual atomic displacement parameters (B-
factors) of all atoms were refined with stereochemical
restraints, and occupancies of hydrogen/deuterium atoms at
chemically exchangeable positions were refined and con-
strained to sum to unity. The refined R, and Ry, are 0.177
and 0.219, respectively (Table S1). To verify the identity of the
deuteron (“D1”) modeled into the nuclear difference density
peak in the active site near DOD47, we performed occupancy
refinement against only the neutron diffraction data with a
fixed B-factor for this atom at 30 A%

Due to poor nuclear density, we modeled the Met20 side
chain in the neutron structure based on the position of one of
the alternate conformers observed in the complementary
electron density maps. This conformer was chosen as it does
not form a close contact with the DOD47 and does not overlap
with the position of the deuteron, as would be observed for the
other Met20 conformer. Thus, the positioning of the side chain
in the neutron structure is inferred, even though it is guided by
the X-ray structure.

To compare the structures at pH 4.5 and pH 7.0 at higher
resolution, we also refined their X-ray structures using
Phenix.refine. After refinement, the models were validated
using the PDB_REDO web server. The refined model
without alternate conformations against the 1.65 A resolution
data at pH4.S has the R, and Rg,. values of 0.154 and 0.178,
respectively. The model without alternate conformations
refined against the 1.60 A resolution data at pH7.0 has the
R and Ry, values of 0.165 and 0.187, respectively. We
further performed ensemble refinement to compare the
dynamics of both structures in different pH environments.*’
All structural statistics are listed in Table SI.

Structural Analysis. Structural alignment was performed
using the program Superpose incorporated in the CCP4
program suite.”” The distance difference matrix of C, atoms
generated from the X-ray structures at pH 4.5 and pH 7.0 was
generated using the program DDMP." B factors of both X-ray
structures were analyzed using the program Baverage in the
CCP4 suite.” All structural figures were created with Pymol
(version 2.3.3).50

Molecular Dynamics Simulations and QM/MM Calcu-
lations with the Low-pH XN Structure. The starting point
for the simulations was the pH 4.5 ecDHFR—folate—NADP"
XN crystal structure. The cocrystallized folate was modeled as
dihydrofolate (DHF, NS atom unprotonated), and NADP*
was modeled as NADPH by making the appropriate atom type
reassignments and protonation changes. The unbound proton
(technically a deuteron but referred to as proton from here)
was modeled as a Li* ion since CHARMM MM parameters are
available for this ion, and it is of a similar van der Waals (vdW)
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radius, thus serving as a reasonable mimic. All water molecules
identified in the XN structure were retained in their
crystallographic coordinates. Bulk solvent surrounded the
entire ternary complex in a cube with the size being the
largest dimension of the protein plus 10 A. Counterions (32 K*
and 22 CI” ions) were added to the model to correspond to a
0.15 M concentration (physiological ionic strength) and an
overall electrically neutral model. The final model contained
30 438 atoms. The all36 CHARMM force field>' was used for
all moieties in the model.

MD simulations were primarily used to obtain an
equilibrated bulk solvent phase surrounding the solute
(enzyme, substrate, and cofactor) with minimal changes to
the solute structure compared to the XN structure at low pH.
Simulations were performed with the CHARMM/OpenMM
interface®’ in version c42bl using periodic boundary
conditions, particle mesh Ewald for long-range electrostatic
interactions, and a Langevin thermostat (© friction
coefficient = S) to maintain the temperature at 298 K.
Harmonic restraints of 10.0 kcal mol™ A~ were placed on all
non-hydrogen atoms of the solute during the first 1 ns of the
simulation, which used a 2 fs time step. The simulation was
continued without restraints for another 5 ns with a 2 fs time
step. The Li* ion remained within 3.5 A of the coordinates
from the XN structure, and thus a snapshot from the end of the
simulation was used for further investigation using QM/MM
methods. The final snapshot was geometry optimized using the
steepest descent algorithm for 1000 steps in order to remove
the kinetic energy in the model.

In order to facilitate QM/MM calculations using DFTB3,
DFT, and wave function-based methods, a spherical boundary
model was constructed by deleting all atoms 30.0 A away from
the unbound proton without breaking any covalent bonds.
This construction step retained a solvent shell around the
entire enzyme, substrate, and cofactor. Subsequently, all atoms
further than 20.0 A from the unbound proton were kept fixed,
and all other atoms were unrestrained. The QM region
included the side chains of Met20 and Asp27, the
dihydrofolate molecule, the nicotinamide moiety of NADPH,
the water molecule closest to the unbound proton plus the
proton (the hydronium ion), and the water molecule in
contact with the hydronium ion. Two hydrogen link atoms
were placed along the Ca—Ca axis at a distance of 1.09 A from
the Ca atom for the amino acid side chains. The third link
atom was placed along the second C—C bond from the
nicotinamide moiety. A total of 109 atoms were represented by
the DFTB3 method.”” This structure was geometry optimized
with the DFTB3/MM hybrid potential until the average
gradient was less than 0.0001 kcal mol ™" A~ using the adopted
basis Newton—Raphson algorithm. The reaction coordinate for
the proton transfer reaction is the mass-weighted distance
difference between the oxygen atom of the adjacent water (the
“hydronium”) to the unbound proton and the NS of DHF to
the unbound proton. Each point on the potential energy profile
was geometry optimized for at least 200 steps using the ABNR
algorithm with a restraining force on the reaction coordinate
set to 400 kcal mol™" A™'. We also estimated the proton
affinity to the NS atom of both DHF and folate (the “mimic”
in the XN structure). The proton affinities of both molecules
were calculated by geometry optimizing both molecules at the
spin-component-scaled SCS-MP2/def2-SVPD level and then
reoptimizing them with a proton added to NS (see Figure S2).
The differences in electronic energy between the neutral
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Figure 1. Structural comparison between the X-ray structures at pH 4.5 and pH 7.0. (A) The C, difference after superposition shows the most
significant changes occur in the Met20 and F—G loop regions. (B) The distance different matrix shows that, in the pH 4.5 structure, the cleft
around the folate substrate is slightly closed due to the shifts by the Met20 and F—G loops.

molecule and the protonated one result in an estimate of the
proton affinity of each molecule.

The QM region was also modeled with spin-component-
scaled second-order Moller—Plesset (SCS-MP2)>* method and
the range-separated wB97X-D DFT method.”* Both methods
used the def2-SVPD basis set*® with the def2/]*° auxiliary basis
set using ORCA®’ through the pDynamo program.’ The
models were all geometry optimized without any restraints.

For the MD simulations comparing dynamics and RMSF
between the pH 4.5 and 7.0 XN structures, for the lower pH
model, the bare proton binding near NS-DHF has not been
included since inclusion would likely require ad hoc restraints
to the position of the bare proton when using classical force
fields. Inclusion of this proton and possibly others represented
in the surrounding solvent of future studies may provide
further insight into the differential dynamics.

Data Deposition. Coordinates and structure factor files for
all DHFR ternary complex structures described in the paper
have been deposited into the Protein Data Bank with the
following accession codes: neutron (7D6G), joint-refined XN
at pH 4.5 (7D3Z), joint-refined XN at pH 7.0 (7D4L),
ensemble-refined X-ray structure at pH 4.5 (7D49), and
ensemble-refined X-ray structure at pH 7.0 (7D4X).

B RESULTS

Neutron and X-ray Structures of ecDHFR—Folate—
NADP* at pH 4.5. Neutron diffraction data extending to 2.1 A
resolution were collected at 291 K from a crystal of an
ecDHFR—folate—NADP* ternary complex at pH 4.5 (pD 4.9)
(Table S1). In this experiment, catalytic hydrogens and other
exchangeable protons were visualized as D atoms due to H/D
exchange (see Materials and Methods). A 1.65 A resolution X-
ray diffraction data set was also collected using a smaller crystal
to conduct joint X-ray/neutron refinement. Both structures
have been refined to acceptable stereochemistry. The final
model was refined to an R, of 0.219 for the neutron data and
0.178 for the X-ray data, respectively (Table S1).
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We had previously determined the X-ray structure of this
complex at pH 7.0 to 1.6 A resolution.”” This now allows us to
compare DHFR ternary complex structures at two different pH
values. The backbone structures at pH 4.5 and pH 7.0 are
similar, with a C, atom RMSD of 0.104 A. After superposition,
the most significantly different regions are the Met20
regulatory loop (residues 9—24) and the F—G loop (residues
116—132) (Figure 1A). The difference distance matrix of C,
atoms shows that the Met20 loop and the F—G loop are
shifted slightly closer (~0.5 A) to the region ranging from P39
to V75 (Figure 1B). The coordinate error estimates for the
structures are 0.12 A (pH 4.5) and 0.16 A (pH 7.0),
respectively. Thus, this shift is significant, with the acidic
environment resulting in the active site cleft to be narrower at
pH 4.5 compared to pH 7.0 and concomitantly shifting the pK,
of the bound ligand.”

Because the pH 4.5 and 7.0 X-ray structures were
determined at room temperature and have the same space
group, isomorphous unit cell dimensions, and comparable
diffraction resolutions (Table S1), we can compare atomic
mobility using B-factor analysis with minimal bias from crystal
packing or lattice artifacts. Overall, the B-factors of the pH 4.5
structure are significantly lower than those of the pH 7.0
structure (Table 1 and Figure 2A—B). The pH 4.5 structure
has more ordered water molecules than the pH 7.0 structure
(Table S1). Ensemble refinement implemented in PHENIX
also shows that the pH 4.5 structure is more ordered,
particularly the Met20 loop and the F—G loop (Figure 2C).
MD simulations of both the pH 4.5 and 7.0 structures also
indicate that the Met20 loop is less mobile at pH 4.5 though

Table 1. B-Factor Analysis of the X-ray Structures at pH 4.5
and pH 7.0

Wilson B By Bprotein)  B(main chain)  B(side chain)  Bsolvent
pH 4.5 13.6 17.5 159 12.9 17.8 33.5
pH 7.0 18.1 214 20.5 17.2 22.2 33.7
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Figure 2. DHFR has dampened dynamics at acidic pH. (A, B) B-factor analysis between the X-ray structures at pH 4.5 and pH 7.0. (C) The
ensemble refined structures show that the Met20 loop at pH 4.5 is significantly less dynamic than at pH 7.0. (D) MD simulations of the pH 4.5 and
pH 7.0 X-ray structures provide root-mean-square fluctuations (RMSF) and also reveal dampened dynamics for the Met20 loop at acidic pH. (E)
The (EPH*3—F PH70) X-ray isomorphous difference map (contour level: 3.5 &) shows that the Met20 side chain and HOH14 are more ordered at

pH 4.5.

the two simulations result in very similar global dynamics
(Figure 2D). The basis for dampened Met20 loop dynamics in
the simulation of the lower pH model is difficult to discern
since the residues that are uniquely protonated are not in
direct contact with the Met20 loop.

An isomorphous difference map comparing the electron
density between the pH 4.5 and pH 7.0 structures (FP™*S—
FPH79) reveals that the side chain of Met20 and a water
molecule above the N10 atom of folate (HOH14 in the high-
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resolution X-ray structure at pH 4.5) are both more ordered at
acidic pH (Figure 2E). These results suggest that ecDHFR is
less dynamic in an acidic environment, particularly the Met20
loop. We note that the Met20 loops in both neutron structures
are in a closed conformation, even though the C, atom RMSD
calculations described above show that their backbones do not
perfectly align. This suggests that these are two distinct
subconformations of the closed loop. Indeed, a surprising
amount of conformational space is sampled by the Met20 loop
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Figure 3. NS of substrate can be directly protonated by a solvent molecule. (A) 2F,—F, nuclear density map (contour level: 1.5 6) and F,—F,
nuclear density omit map (contour level: 3.5 o) in the active site show a H-bond formed between the ionized Asp27 and the protonated N3 of
folate at pH 4.5. The omit map was created without the deuterium contribution for neutron scattering. (B) 2F,—F. nuclear density map (contour
level: 1.2 6) and F,—F, nuclear density omit map (contour level: 3.8 o) at pH 4.5. The omit map revealed a strong nuclear density peak near
DOD47. We have modeled this as a deuteron (pink sphere), and it is H-bonded between DOD47 and the S§ atom of the Met20 side chain.
Importantly, this deuteron is also positioned near the substrate, ~3.9 A from the N5 atom. (C) 2F,—F, electron density map (contour level: 1.2 &)
shows the Met20 side chain has alternate conformations at pH 4.5 (D) 2F,—F, electron density map (contour level: 1.2 ¢) shows the Met20 side

chain is more dynamic at pH 7.0.

in the ensemble refinement of the pH 7.0 model (Figure 2C).
These motions and the alternative conformational states of the
Met20 loop have been invoked as critical for catalysis.’”
Although the dynamics of the Met20 loop in the pH 4.5
structure is reduced compared to the pH 7.0 structure,
fluctuations are apparent. This mobility may play a role in
solvent entry into the active site.

The neutron structure of the ecDHFR—folate—NADP*
complex at pH 4.5 is generally similar to our previously
described pH 7.0 neutron structure.”” However, due to the
acidic pH, deuterons are observed on many ionizable side
chains, including all His residues (His4S, Hisl14, His124,
His141, and His149), Glu48, Glul01, Glul39, and Asp132
(Figure S1). In contrast, His4S, Glul01, and Glul39 are not
protonated in the neutron structure determined at pH 7.0.”
These differences confirm that the newly obtained crystal is
indeed in a lower pH environment. Additionally, our ability to
model deuterons on chemically exchangeable side chains,
especially those that titrate at acidic pH, verifies the quality of
the maps.

Interactions in the Active Site and Loop Dynamics.
To locate the deuterium atoms (the exchangeable protons) in
the active site around the folate substrate, 2F —F. and F,—F.
nuclear density maps were generated and contoured at 1.5 and
3.5 o, respectively. It is clear that the N3 atom of folate is
protonated and forms a strong ionic interaction with the
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anionic 082 atom of Asp27 at a distance of 1.8 A (Figure 3A).
The refined occupancy of the N3-associated deuterium is 0.99,
compared to 0.83 in the pH 7.0 structure. The observation that
Asp27 maintains its negative charge at pH 4.5 suggests that its
carboxylate side chain forms a remarkably strong charge-
assisted hydrogen bond with the protonated N3 atom of the
substrate. The O4 atom of folate is in the keto form, the same
as in the pH 7.0 structure. This confirms our previous proposal
that keto-to-enol tautomerization is not necessary for ecDHFR
catalysis and that the reaction proceeds through the
stabilization of the keto isomer.”” These observations also
suggest that important protein/substrate bonding interactions
have not been adversely affected by the significant change in
pH.
In ecDHFR, the dynamics of the Met20 loop has been
implicated in catalytic turnover. Fluctuations in the loop are
thought to enable the entrance of solvent molecules required
for protonation of the NS atom of DHF.”*® Due to this
flexibility, inherent crystallographic disorder, the relatively
weak neutron scattering cross section of sulfur, as well as
scattering cancellation effects from the hydrogenated side
chain, the Met20 residue has poor nuclear density at 2.1 A
resolution (Figure 3B). However, it is visible in the 1.65 A
resolution electron density map (Figure 3C). In these maps,
the side chain of Met20 could be modeled into two alternate
conformations, with the minor one (~40% occupancy) turning
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away from a nearby water (Figure 3C, labeled HOH14 in the
X-ray structure and DOD47 in the neutron structure in Figure
3B) and its major one (~60% occupancy) rotating 109°
around its y-3 angle and pointing toward this water molecule.
In contrast, the pH 7 structure shows the occupancies of these
side chain conformations to be switched, with the major
conformation of the Met20 side chain (~60%) rotating away
from DOD47 and the minor one (~40%) pointing toward the
water (Figure 3D). Since the Met20 side chain alternate
conformations can be observed at two different pH values, this
suggests that the rotational dynamics of this residue has
functional importance. In addition, the nature of this disorder
changes as the pH is lowered, with the pH 7.0 structure being
more extensively disordered at Met20 (Figure 2E) while the
pH 4.5 structure shows two well-resolved conformations about
the Cy—S6 torsion (Figure 3C—D).

Due to the absence of nuclear density for the Met20 side
chain as explained above, we modeled a singular conformation
in the neutron structure based on electron density maps from
the complementary X-ray structure (see Materials and
Methods). In this model, DOD47 is within 3.4 A of the Ce
atom and 3.8 A of the S5 atom in the Met20 side chain (Figure
3B). DOD47 also forms a hydrogen bond with N10 of folate,
an interaction that appears to be highly conserved in DHFR
ternary structures (see Discussion below). Strikingly, in the pH
4.5 nuclear density maps, there is a strong nuclear density peak
(at +3.8 o contour level in the F,—F. omit map; Figure 3B)
between the side chain sulfur atom (S5) of Met20 and the
oxygen atom of DOD47. As this peak is not observed in the
electron density maps and its shape is not consistent with a
water molecule, we modeled a deuteron (labeled D1 in Figure
3B). Its occupancy refines to 0.78. As modeled and refined, the
deuteron forms a typical hydrogen bond with the S& of Met20
(distance = 2.3 A) and a low-barrier hydrogen bond with the
oxygen (1.5 A) of DOD47. We note that the deuteron is also
3.9 A from the NS atom of folate, the target of protonation in
the DHFR mechanism. As it is bordered on either side by the
Met20 side chain and the DOD47, the structural path from the
deuteron to the NS5 atom resembles a short narrow “channel”
(Figure 3B), where steric constraints in the active site could
serve as a type of conduit for substrate protonation.

In a previous study, it has been suggested that an open
Met20 loop conformation enables solvent access to the NS
readily while the closed conformation prohibits solvent entry."’
Although it is likely for solvent to access NS more readily in
the open conformation, our study identifies the important
catalytic water molecule DOD47 to be present in the closed
conformation. Based on the proximity of the deuteron (D1) to
DOD47, we propose the likelihood of DOD47 to be a short-
lived hydronium (H;0") species that could be the candidate
for proton donation at NS. Previous neutron crystallographic
studies of xylose isomerase and rubredoxin have identified
H,;0" ions in their respective active sites.”

QM/MM Calculations on Proton Transfer from
Hydronium to the N5 of DHF. In order to investigate the
potential energy profile for the protonation of the N5 substrate
atom from H;0*, QM/MM calculations were performed on a
geometry-optimized ecDHFR—DHF—NADPH ternary com-
plex based on the structure of the pH 4.5 XN model, with
protons substituted for modeled deuterons. For these
calculations, the catalytically optimal substrate dihydrofolate
(DHF) was substituted for folate, and NADPH was substituted
for the product cofactor NADP*. The QM region included the
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side chains of Met20 and Asp27, dihydrofolate, the
nicotinamide moiety of NADPH, a hydronium ion (the
water molecule closest to the unbound proton plus the
proton), and the water molecule in contact with the
hydronium ion.

A DFTB3/MM” potential energy scan that transfers the
unbound proton to the N5 atom of DHF is a barrierless
process favorable by S8 kcal/mol (AE). Though this energy
change is more significant than the predictions of past
computational studies,”* this could be due to the subtle
differences in the mechanism of protonation and the exclusion
of a direct interaction between a water molecule and the NS of
DHEF. Interestingly, while a minimum energy well is not
observed for the process, a plateau region in the potential
energy (PE) scan is seen when the proton is 2.37 A from the
oxygen atom of water, 2.44 A from the sulfur atom of Met20,
and 1.86 A from the NS of DHF (Figure 4A). Within this
energetic plateau, the proton is positioned closer to NS
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Figure 4. DFTB3/MM potential energy scan of transferring the
position of the proton from the unbound position to the NS of DHF.
(A) The reaction coordinate is the mass-weighted distance difference
between the oxygen atom of the adjacent water (the hydronium) to
the unbound proton and the NS of DHF to the unbound proton. (B)
The approximate path and trajectory of the proton in the QM/MM
calculations and MD simulations.
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compared to the position of the potential deuteron in our
neutron structure containing a mimic of DHF. The PE scan
also indicates that there is no energy barrier that prevents
protonation of NS once the proton is unbound as modeled
from our pH 4.5 structure. A local energy minimum well could
trap the proton and prevent its transfer to the N5 atom or its
reassociation with the water molecule to reform H;O"
However, the PE profile does not indicate that the unbound
proton/deuteron resides in a potential energy well. The lack of
a minimum for the configuration with the unbound proton
could be due to crystal-packing effects and/or quantum
dynamical effects to describe the delocalized nature of
protons® that are not included in the present computational
model. In addition, our aim was to model the “unbound
proton” configuration of the DHFR reactant state while, in
contrast, the XN structure contains a mimic of DHF (folate),
which has a weaker affinity (by 24 kcal/mol) for protons based
on quantum chemistry calculations of DHF and the folate
mimic (Figure S2 and Table S2).

The QM region was also represented by the spin-
component-scaled (SCS)-MP2 and wB97X-D DFT methods
(see Materials and Methods for details of the models). The
unbound proton is captured by the NS atom of DHF in each
case within a few optimization steps despite the closed
conformation of the Met20 loop. Typically, a proton transfer
originates from a hydrogen-bonded complex that resides
within a local energy minimum with a short donor—acceptor
distance (~2.5 A). Yet, in this closed conformation in which
the NS atom pK, is considerably increased,'®*”*" it appears
that only a bare proton is able to traverse through the channel
due to steric constraints in the active site directly adjacent to
NS (Figure 3B and Figure S3). The ring containing NS
assumes a “boatlike” conformation during the proton
abstraction reaction and then, once the proton is captured,
relaxes to a more planar structure (Figure 4B). Thus, this
vibrational motion is likely to be a component of the
coordinate that facilitates proton transfer to the NS atom.

5880

Since the DHF mimic (folate) in the XN structure contains an
additional double bond (between C7 and N8 in the pteridine
ring), folate would be significantly less flexible, thus inhibiting
the NS capture of the unbound deuteron.

B DISCUSSION

DHEFR is an excellent model enzyme to study acid—base
catalysis. The hydride transfer and the protonation steps are
key steps in the catalytic mechanism that are experimentally
difficult to visualize. In recent years, neutron diffraction has a
proven track record for answering these types of mechanistic
questions through the direct observation of catalytic
protons.”**>37°1%* In this study, we directly visualize the
catalytic proton originating from solvent, with access to the
substrate possibly being mediated by side chain conformational
dynamics.

The crucial steps in the DHFR catalytic mechanism
involving hydride transfer and the substrate protonation have
not been directly observed. Although the hydride transfer step
is well established, the lack of identification of a catalytic
residue has led to the proposal that protonation requires
solvent mediation,'”®> and the regulatory Met20 loop could
facilitate such solvent entry.”**” In our pH 7.0 neutron
structure of the ecDHFR ternary complex (4PDJ), we did
observe and model a partially occupied water molecule within
generous hydrogen-bonding distance of the NS5 atom of
folate.”” However, the modeling of this water was based solely
on electron density, as we were unable to observe any nuclear
density peak that could be modeled as a solvent molecule or a
deuteron that could be the candidate responsible for the
protonation of the N5 atom.””

In the present study, we conducted the neutron diffraction
experiment with an ecDHFR ternary complex crystal at acidic
pH (pH 4.5), 2 pH units below the enzyme’s optimum, to
increase the chances of observing the elusive proton. For both
pH values, two distinct conformations of the Met20 side chain
could be modeled in the high-resolution X-ray structures that
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complemented the neutron structures (Figure 3C—D). The
nuclear density for the Met20 side chain is poor at pH 4.5
(Figure 3B), possibly due to weak scattering, scattering
cancellation effects, and crystallographic disorder. However,
in the pH 4.5 nuclear density maps, a strong positive difference
density peak is observed in the omit maps positioned between
DOD47 and one of the conformations of the Met20 side chain.
We ultimately modeled a deuteron (D1 in Figure 3B) within
this peak. We based this identification on the following: (1) the
peak is only observed in nuclear density, not electron density;
(2) the shape of the density is almost perfectly spherical and
not trapezoid or triangular as would be expected from a water
molecule; (3) its unique position in the active site adjacent to
Met20 and the folate (DHF) NS as well as its very close
distance to DOD47 of 1.5 A (Figure 3B); and (4) its
occupancy refines to nearly 0.8.°%°%°° We note that the
neutron data reported here were collected near room
temperature (291 K); thus, we cannot be certain that at
growth temperatures optimal for most strains of E. coli (~310
K) the deuteron would be observable. However, at room
temperature, deuterons have been observed previously in a few
neutron structures (such as in refs 4 and 66). Indeed, we have
previously used acidic pH and neutron crystallography to
capture a deuteron in the active site of xylose isomerase, and it
also formed low-barrier hydrogen bonds with surrounding
oxygen atoms.”

In the conformation of Met20 as modeled in the neutron
structure (Figure 3B), the S5 atom may stabilize the deuteron
as modeled in the nuclear density peak, with Met20, DOD47,
and NS triangulating the deuteron. We propose that this
deuteron emanated from a H;O" ion that originated from the
DOD47 solvent molecule as observed in our neutron structure
(Figure 3B). Indeed, the distance between the oxygen of
DOD47 and the deuteron is very short, 1.5 A, suggesting that
this may be a short hydrogen bond®” such as a low-barrier
hydrogen bond.” DODA47 forms an H-bond with the N10 atom
of folate (2.5 A; Figure 3B; labeled as W47 in Figure S).
Inspection of crystal structures of the DHFR—folate—NADP*
complex from several different species shows that DODA47 is a
conserved water molecule and is within H-bonding distance to
the N10 atom in structures from H. sapiens (4M6K®®), E. coli
(1RX2'%), P. carinii (2CD2%"), and S. aureus (3FRD"°).

Our studies have implications for the role of loop dynamics
in DHFR catalysis. Previously, Sawaya and Kraut have
implicated linkage between the open and closed Met20 loop
conformations and regulation of catalysis, as supported by their
analysis of a multitude of isomorphous crystal structures.'® In
the open conformation, there is unrestricted solvent entry
important for NS protonation. They suggested that the solvent
accessibility is prohibited in a closed conformation; however, it
is in the closed conformation that catalysis occurs. In our
structures, at both pH 7 and 4.5, we observe that the Met20
loop is in a closed conformation, yet a solvent molecule
(DODA47) is seen in the active site and forms a hydrogen bond
with the N10 atom of folate. In both structures, two distinct
side chain conformations exist for the Met20 residue. These
dynamics, for the global structure as well as specifically at
Met20, are more pronounced at pH 7 (Figures 1—2). The
Met20 side chain dynamics in the closed loop conformation
and the proximity to DOD47 suggest a possible role for this
residue in mediating solvent (proton) access to the substrate
during catalysis. Our observations help to verify the previous
important molecular dynamics simulations that were the first
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to reveal that solvent could access the active site of DHFR in a
Michaelis complex;”® indeed, this insight in part laid the
motivational groundwork for the current study.

We propose that DOD47 is the catalytic water that
promotes protonation of the NS atom in DHF. The deuteron
(modeled as D1 in Figure 3B) possibly forms a low-barrier
hydrogen bond with the oxygen atom of DOD47. Though its
distance to NS is beyond the hydrogen-bonding range (3.9 A),
the deuteron is positioned between the Met20 side chain and
the DOD47 so as to define a pathway that could lead to
protonation of NS by the deuteron. Structural analysis of this
“channel” reveals that only a hydrogen atom can fit within and
travel along this pathway toward NS to protonate it (Figure
§3). For instance, modeling studies show that a water molecule
(either as D,O or H,0) is sterically not tolerated due to the
narrowing of this channel, strongly suggesting that the
observed D1 is the catalytic proton.

B CONCLUSIONS

Taken together, our observations are consistent with a
mechanism in which a transient H;O" intermediate (formerly
DOD47) is stabilized at acidic pH. Molecular dynamics and
QM/MM calculations show rapid and favorable transfer of the
proton from the H;O* to the NS atom of DHF (Figure 4,
Table S2). The computational studies also indicate that the
protonation is accompanied by DHF ring distortion. Thus, we
propose that, in the closed loop state of the Michaelis complex
(DHF—NADPH), DOD47 obtains a proton from the solvent,
thus becoming an H;O" ion. This H;0" ion is well positioned
to protonate the NS atom of DHF, access to which is
facilitated by Met20 side chain dynamics (Figure S). This
specific active site environment aids in significantly increasing
the pK, of NS in DHF while still allowing a bare proton to
traverse and ultimately reduce the NS atom. Because of the
conservation of DOD47 in ternary complex structures of
DHEFR, solvent-mediated protonation via a transient H;O"
may be a viable mechanism by which substrate protonation
occurs in DHFR catalysis.

These results demonstrate the power of comparative
neutron and X-ray diffraction studies performed across a pH
range, even when these pH values markedly differ from the pH
optimum of the enzyme investigated. Structures solved with
neutron diffraction at low pH can provide a “proton trap” as
demonstrated here. The combination of X-ray and neutron
diffraction with QM/MM calculations exemplifies a unique
tool for visualizing dynamic systems where each technique
provides valuable missing details complementing one another,
painting a more complete picture of an enzyme mechanism.
This is especially important for enzymes that have an acid—
base catalytic mechanism, as it can provide not only the
snapshot but also the potential trajectory of protons being
donated or accepted along a reaction pathway.
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