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Abstract: The overall motions and atomic fluctuations of DHFR are calculated using molecular dynamics
simulations to explore potential links between catalysis and dynamics in this enzyme system. Calculations of
10 ns duration were performed on three ternary complexes from the DHFR catalytic cycle: DHFR/DHF/
NADPH (DH), DHFR/THF/NADP+ (TP), and DHFR/THF/NADPH (TH ). The protein maintains a core
structure very similar to the initial X-ray model, while several flexible loops undergo conformational changes.
Comparison of the dynamics of the protein in the different complexes demonstrates that the ligands affect the
behavior of the protein even though the ligands only differ by one to two hydrogen atoms. In particular,
strong-coupled motions that appear in the reactive complexDH disappear in the product complexes, indicating
that these motions may be linked to catalysis. Furthermore, mutants, which have been observed to be debilitating
to particular chemical steps in catalysis, occur with high correlation in the regions of the protein structure
observed in our simulations to participate in highly coupled motions. We conclude from our analysis that the
mutants could be affecting catalysis by altering the protein dynamics.

Introduction

The source of the rate enhancement of enzymes is still
intensely debated, and numerous theories explaining the catalytic
power of enzymes have been proposed.1-5 Part of this debate
includes the importance of protein dynamics. The most common
theory states that the binding differences between the ground
state and the transition state determine the rate of catalysis.6-8

In this picture, the arrangement of the residues in the active
site is the major contributing factor to the rate enhancement,
and protein motions have no effect. However, other theories
do propose that protein dynamics play a vital role in catalysis.9-11

In particular, the motions of the protein can act as a “gate” such
that some conformations have much lower energy barriers than
others.12 This is not unreasonable, since it is well-known that
proteins sample numerous conformational states.13-15 In addi-

tion, vibrational coupling between the protein and substrate
could exist. This has been observed for several enzymatic
reactions involving electron transfer.16-18

Experimental evidence suggests that protein dynamics may
play a role in the dihydrofolate reductase catalytic pathway.
Escherichia colidihydrofolate reductase (DHFR) catalyzes the
NADPH-dependent reduction of 7,8-dihydrofolate (DHF) to
5,6,7,8-tetrahydrofolate (THF). X-ray, NMR, kinetic, mutagenic,
and molecular dynamics data indicate that regions of this 159-
residue protein are highly flexible and undergo conformational
changes on the order of the catalytic cycle time scale.19 The
kinetic pathway consists of five intermediate steps (Scheme 1),
two of which are the Michaelis (DHFR/DHF/NADPH) and
product (DHFR/THF/NADP+) complexes.20 A third ternary
structure (DHFR/THF/NADPH) is formed during the catalytic
cycle. The binding of NADPH increases the loss of THF, which
is rate-limiting.

The globular structure of DHFR is comprised of a mixed
eight-strandâ-sheet flanked by fourR-helices and several
flexible loops (Figure 1).21 The NMR order parameters for the
complex of DHFR with folate demonstrate that the main regions
of motion are in the M20 loop (residues 14-24), the neighboring
FG loop (residues 116-125), the distant CD loop (residues 64-
71) and the hinge region (the area connecting the two subdo-
mains of DHFR).22 In addition, short molecular dynamics
simulations onE. coli DHFR complexed with folate and with
methotrexate, an inhibitor, found that the largest fluctuations
occurred in these same regions.23
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Three distinct M20 loop conformations, occluded, closed, and
open, have been observed in X-ray crystal structures and have
been suggested to represent important conformations in the
catalytic cycle (Figure 2).21 The nature of bound ligands and
the space group of the crystal also contribute to the M20 loop
conformation. Thus, several ligand induced conformational
changes could transpire during the catalytic cycle. The rate of
M20 loop fluctuations, determined from NMR data on the apo-
enzyme, occur on the same time scale as loss of THF, suggesting

that an M20 loop conformational change may limit the rate of
THF dissociation.24 In addition, this loop is not just involved
in the regulation of ligand binding but also in catalysis. The
replacement of four M20 loop residues (16-19) with a glycine
residue result in a 500-fold decrease in the rate of the chemical
step, hydride transfer.25

Correlation in atomic fluctuations and quasi-harmonic vibra-
tional analysis obtained from molecular dynamics simulations
on Lactobacillus caseiDHFR with NADPH and methotrexate
(MTX) indicate the existence of two subdomains.26 These
subdomains are roughly similar to those determined from X-ray
structural analysis.21 The interactions of the NADPH adenosine
ring and the (p-aminobenzoyl) glutamate section of MTX with
different regions of the same subdomain provide long-range
coupling between these two groups and may account for the
observed cooperativity in ligand binding.

Site-directed mutagenesis has been performed on residues in
the active site, in the binding sites of substrate and cofactor,
and in positions distant from the active site. The study of these
mutants has provided two interesting results. First, residues far
from the active site can have a significant effect on the kinetics.
In particular, mutations in the FG loop (residues 121 and 122),
approximately 17 Å from the active site, cause significant
decreases in the rate of hydride transfer.27-29 According to the
theory that binding differences account for enzyme catalysis,
mutations far from the active site cause slight alterations in the
active-site geometry by communicating structural changes
through intervening residues. However, if protein fluctuations
are involved in catalysis, mutations far from the active site can
affect rates simply by changing the global dynamics of the
protein. A similar theory has been proposed for explaining
mutational effects on ligand specificity and noncatalytic protein
function.15,30-32 In addition, the effects of distant double mutants
in DHFR are not additive.33-35 These residues must be com-
municating through the protein scaffold, possibly through protein
fluctuations. These experimental results and computations
suggest that the DHFR catalytic pathway strongly depends on
correlated motions, which can encompass the whole enzyme.

In this study, we explore the protein fluctuations of DHFR
using molecular dynamics simulations. DHFR has been the
subject of numerous simulations previously; however, most of
these focused on protein-inhibitor interactions or used folate
as the substrate.23,26,36-39 The present work covers calculations
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Scheme 1

Figure 1. Representative structure of the ternary enzyme complex
DHFR/DHF/NADPH.

Figure 2. M20 loop conformations in DHFR, open, closed, and
occluded.
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on the three ternary complexes from the DHFR catalytic cycle:
DHFR/DHF/NADPH (DH), DHFR/THF/NADP+ (TP), and
DHFR/THF/NADPH (TH ). Comparison of the dynamics of
these three complexes will demonstrate the effect ligands can
have on the behavior of the protein and possibly which motions
are important for catalysis. Ligand-dependent alterations in the
protein motions could be necessary for the completion of the
catalytic cycle. The ligands only differ by one to two hydrogen
atoms. If these small differences can affect dynamics, then
mutations, which involve more significant changes, can also
influence protein fluctuations.

The motions that we wish to study, however, usually occur
on longer time scales than normally covered by molecular
dynamics simulations. Thus, our simulations have been carried
out to 10 ns, to increase the sampling of slower correlated
motions. The extension of these simulations to relatively long
time periods raises another question; are the trajectories stable
for that length of time. Prior to this, native state simulations
had been performed for 5.3 ns on truncated chymotrypsin
inhibitor 2 (CI2, 64 residues)40 and for 100 ns on the villin
headpiece subdomain (36 residues)41,42(the resulting simulations
yielded root-mean-square differences from the target crystal-
lographic or NMR structure of 1.5 Å for both). While the earlier
work on CI2 did address concerns about stability, the villin
headpiece simulation was more concerned with protein folding
and only used the native simulation as a control. Errors in both
the methodology and the force field could cause a breakdown
of the protein structure over this time period. Hydrogen bonds
in secondary structures may shift to neighboring residues,
causing the protein to lose its tight packing. Thus, we will also
discuss the overall behavior of the protein in our simulations
prior to a discussion of the dynamics of the three simulations.

Methodology

The simulation procedure previously used for segment B1 of protein
G was slightly modified for these calculations.43 The CHARMM
macromolecular mechanics program was employed for all molecular
dynamics simulations and analysis calculations.44 The protein was
characterized by the CHARMM param22 parameter set,45 and the water
by the TIP3P model.46 The force field developed by Mackerell and
co-workers for NADPH and NADP+ was used to describe the
cofactors.47 The charges for DHF and THF were developed from ab
initio calculations. MSI/CHARMM folate parameters48 were used as a
template to develop bonded parameters for DHF and THF.

No crystal structures containing DHF and THF exist; therefore, a
model was developed from the crystal structure of DHFR/FOL/
NADPH+ with the closed M20 loop conformation.21 This model was
used as the starting structure for all three simulations. After placing
the appropriate ligands in their binding sites by superposition onto the
folate structure, the complexes were minimized with harmonic restraints

to allow the resulting structure to adjust to the new ligands. The
minimized structure was then placed in a truncated octahedron of
equilibrated water.43 Overlapping solvent molecules were removed
leaving ∼3000 water molecules. Before data collection began for
analysis, 100 ps of dynamics were run. During the first 20 ps, a
harmonic restraint was applied to the protein and ligands, and the
temperature was raised to 298 K.

A van der Waals switching function between 8 and 11 Å, an
electrostatic shifting function cutoff of 11 Å, a cutoff of 13 Å for the
nonbonded list, and periodic boundary conditions were employed during
the simulations to reduce errors in the nonbonded forces.49 All heavy
atom-hydrogen atom bonds were held rigid by the SHAKE algorithm.50

A time step of 0.002 ps was used, and the velocities were reassigned
from a Gaussian distribution as necessary to keep the temperature within
5 K of 298 K. During the 10ns, the velocities required adjustment only
one time for each simulation. A total of 10 ns of dynamics were run
after the equilibration period and snapshots were taken every 200 steps.

Results and Discussion

General Characterization of the Models.Several types of
analysis provide information on the stability of a protein during
a molecular dynamics trajectory. The time development of the
root-mean-square distances (RMSDs) and the static RMSDs with
respect to the X-ray structure, as well as the time evolution of
side chain contacts and hydrogen bonds, are employed to judge
the soundness of the simulations. All of these properties, when
combined, furnish a complete picture of the sturdiness of the
protein structure in the context of the CHARMM force field.

The X-ray crystal structure and MD average structure were
compared to snapshots along the trajectory by calculation of
RMSDs (Figure 3). Both theTP andTH complexes spend an
additional period of 2.5 and 0.9 ns, respectively, reaching their
equilibrium basins on the potential energy surface. After this,
the RMSDs from the X-ray structure oscillate about a mean
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Figure 3. Time dependence of structural comparisons in DHFR. (a),
(b), and (c) RMSD versus time: RMSD between X-ray crystal structure
and trajectory snapshots (solid); RMSD between MD average structure
and trajectory snapshots (dashed). (d), (e), and (f) The number of side
chain contacts versus time: the number of contacts that overlap with
the X-ray crystal structure (solid); the number of overlapping contacts
for nonloop residues (dashed). (a) and (d) DHFR/DHF/NADPH, (b)
and (e) DHFR/THF/NADP+, (c) and (f) DHFR/THF/NADPH.
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value of 1.2 for TP and 1.1 for TH . For DH, periods of
fluctuation about an average structure (flat RMSD from the
X-ray structure) are interspersed with periods of structural
transformations (increasing RMSD from the X-ray structure).
These transitions correspond to M20 loop conformational
changes as identified by inspection of the snapshots along the
trajectory. As noted in the Introduction, such motions are
anticipated on time scales greater than a few nanoseconds.
Snapshots from theTP andTH trajectories reveal that the minor
long-term fluctuations in the RMSDs from the X-ray structures
are also the result of M20 loop conformational changes. In
addition, the CD and FG loops undergo slight conformational
modifications. The RMSDs from the MD average structures for
all three complexes oscillate about a mean of∼0.85 and are
relatively flat except for an increase at∼9 ns forDH.

A comparison of the starting X-ray structure with the MD
average structures illustrates the correspondence between the
X-ray structure and those adopted within the CHARMM force
field and in the presence of differing ligands. The RMSDs
between the backbone atoms of these two structures are 1.15
for DH, 0.95 forTP, and 0.90 forTH (Table 1). Such a small
amount of movement away from the X-ray structure is remark-
able for a 10 ns trajectory. The RMSDs are 0.84, 0.73, and
0.70, respectively, when only the nonloop CR atoms (i.e. not
in the M20, CD, or FG loops) are included in the calculation.
This further demonstrates that the core structure of the protein
is sustained during the simulation.

The stability of the trajectories can also be assessed by
reviewing the time evolution of side chain contacts and hydrogen
bonds. This provides a picture of the nature of inter-residue
interactions in the complexes. The total number of contacts,
whether between side chains or hydrogen bonds, remains
constant throughout the simulations, indicating that the protein
is not unfolding. In addition, the loss of hydrogen bonds present
in the X-ray structure is very small (∼10%), and the hydrogen
bonding patterns between all fourR-helices and eightâ-strands
are maintained. However, slight but significant decreases in the
number of side chain contacts that overlap with contacts in the
X-ray structure are observed. Ignoring contacts involving
residues in the three loops, M20, CD, and FG, reduces this
decrease, and in the case ofDH completely removes it (Figure
3). Thus, flexible loop conformational changes account for the
majority of the changes in contacts compared to the X-ray
structure. The core structure of the protein is maintained
throughout the simulations.

Our analysis of the RMSDs, hydrogen bonds,and side chain
contacts provides evidence for the stability of our simulations.
Over such a long trajectory, possible errors in our methodology
or force fields could have caused a breakdown in the protein
tertiary and secondary structures, but this is not observed.
Instead, the core structure of the protein remains particularly
close to the X-ray structure, while flexible loops are allowed to
change conformation.

Characterization of Motions. Comparison of the RMSDs
from the MD average structure for various loops illustrates that
differences between the trajectories exist. By first orienting the
X-ray structure and average MD structure using only the
nonloop CR atoms, RMSDs for the M20, CD, and FG loops
can be calculated (Table 1). These regions generally have larger
RMSDs than the nonloop CR atoms. The RMSDs vary between
the three complexes, and the loop with the largest deviations
for each simulation also differs. Obviously, the behavior of the
loop regions is different for each complex. This variation is
explored by an investigation of order parameters and relaxation
times and by a more in-depth examination of the M20 loop
conformational changes.

(a) Order Parameters, Relaxation Times, and B-Factors.
The flexibility of the backbone can be assessed by determining
the N-H bond vector order parameters. Small fluctuations in
the angular orientation of the N-H bond result in a high order
parameter and indicate low backbone mobility.51 The results
from the three simulations are very similar, although slight
differences in the extent of motion exist (Figure 4b). In
particular, the M20 loop is less flexible in theDH complex.
The calculated order parameters from our simulations are in
general agreement with those determined by NMR for DHFR/
FOL.52 The major peaks (indicating the most significant
motions) occur in the same regions, although the NMR order
parameters are much larger (less motion indicated) for these
regions. Differences between the three simulations are more
apparent in the effective internal correlation times (Figure 4a).53

The relaxation time of the N-H bond angular correlation
function indicates the time scale of backbone motions. The M20,
CD, and FG loops all show considerable differences in relaxation
times between the three simulations, demonstrating that the
ligands affect the dynamics of the protein.

B-factors from the X-ray structure were also compared to
those calculated from the MD simulations. Correlations of 0.70
for DH, 0.65 for TP, and 0.72 forTH were observed in
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Table 1. Structural Differences between the Reference Crystal
Structure (DHFR/FOL/NADP+) and MD Average Structure

complexa

structural element DHF/NADPH THF/NADP+ THF/NADPH

backbone 1.15 0.95 0.90
nonloop CR 0.84 0.73 0.70
M20 loop 1.31 1.94 0.93
CD loop 2.69 1.47 1.00
FG loop 1.80 1.28 1.41
ligands 1.50 1.37 2.18

a RMSD measured in Å.

Figure 4. (a) The effective internal correlation times per residue. (b)
The order parameters per residue. DHFR/DHF/NADPH (solid); DHFR/
THF/NADP+ (dashed); DHFR/THF/NADPH (dotted).
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comparison with the residue-averaged X-ray B-factors for the
reference DHFR/FOL/NADPH+ complex. The B-factors are in
general agreement with the order parameters: the largest
fluctuations occurred in the same regions, and secondary
structural elements were less flexible. Like the order parameters,
the B-factors were very similar between the three simulations
although slight differences exist.

(b) M20 Loop Conformational Changes.The extent of the
M20 loop conformational changes, which occur in all of the
simulations, varies between the three complexes. The M20 loop
undergoes a stepwise conversion to a new conformation during
theDH trajectory. A small change results in a new conformation
that fluctuates about an average structure for an extended period
of time before another conformational change occurs. Whether
or not the M20 loop has completed its conversion by the end
of the 10 ns simulation is unclear. In theTP simulation, the
M20 loop samples several conformations for extended periods
of time. The conformations observed include closed, open, a
new conformation, and a branching point structure, which lies
between all three of these conformations. ForTH , the M20 loop
remains mostly in the closed conformation with short excursions
to other conformations: more closed, the branching point, and
the new conformation.

In all three simulations, very similar conformations are
sampled that do not occur in any X-ray crystal structures. This
suggests that a minimum on the force field potential energy
surface exists in this region of loop conformations. The existence
of this conformation in solution is not precluded by its absence
in X-ray structures. However, whether this structure is an
aberration of the force field or is truly a solution structure
remains to be seen.

Our results demonstrate that the frequency and type of M20
loop conformational changes depend on the ligands bound to
the enzyme. Most likely, these differences are necessary to the
completion of the catalytic cycle and for the differentiation
between reactants and products. In addition, it is interesting to
note that small alterations in the ligands can have profound
effects on the protein fluctuations.

Coupled Motions and Catalysis. (a) Correlated Motions.
One can question whether the fluctuations of one residue are
related to the fluctuations of another distant residue. Generally,
movements of one residue with respect to another appear to be
random. However, in some cases the two residues move in
concert with each other, either in the same direction (correlated)

or in opposite directions (anti-correlated). The extent of the
correlation (positive or negative) can be quantified by calculating
the covariance between the fluctuations of two residues as shown
in Figure 5.54 Positive correlation (yellow and red regions in
the figure) indicates that the two residues generally move in
the same direction, while a negative correlation (dark blue
regions) indicates that they move in opposite directions.

It is also useful to calculate the correlated motions for parts
of the trajectory to determine if the correlation coefficients have
converged. Correlated motions have been shown not to be
converged after 800 ps in simulations of BPTI, and very
different correlation graphs are obtained for lysozyme when
sampling different parts of relatively short trajectories.55 To
explore this issue, cross correlations were calculated for each
half of the 10 ns trajectory. For the product complexes (TP and
TH) agreement is found between the correlations computed from
the first half of the trajectory and the entire trajectory. These
results are converged. However, for the first 5 ns segment of
the reactant trajectory (DH) an anti-correlation pattern is
observed which is different from that observed overall. The
change in the correlation pattern observed for the reactant occurs
when the M20 loop begins to change conformation. Correlations
during 4-8 ns also agree with the results from the entire 10 ns,
suggesting that a consistent pictures of the correlated motions
emerge during the last 5 ns.

Analysis of the data presented in Figure 5 shows, as one
would expect, that the areas of positive correlation correspond
to coupled motions between neighboringâ-strands and neigh-
boring loops. However, the pattern of strong anti-correlation
between the M20 loop (residues 14-24) and residues∼40-80
and between the FG loop (residues 116-125) and residues
∼40-80 in DH was not anticipated. These correlations cor-
respond to coupled fluctuations between the structures of the
subdomains of the protein that were defined from comparison
of X-ray crystal structures21 and MD simulation studies of the
L. caseiprotein.26 However, what is so surprising is that this
coupling disappears inTP and TH ; instead, no significant
correlation patterns are observed. The disappearance of this
coupling in the two product complexes, even though they also
undergo M20 loop conformational changes, shows that the anti-

(54) Ichiye, T.; Karplus, M.Proteins1991, 11, 205-217.
(55) Hunenberger, P. H.; Mark, A. E.; Gunsteren, W. F. v.J. Mol. Biol.

1995, 252, 492-503.

Figure 5. Residue-residue based map of correlated motions. Red and yellow indicate regions of positive correlation, and dark blue indicates
regions of anti-correlation. (a) DHFR/DHF/NADPH, (b) DHFR/THF/NADP+, (c) DHFR/THF/NADPH.
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correlated motions are caused by some other factor. We
conjecture that such coupling may be evidence of a link, at this
point undiscovered, between dynamics and catalysis in this
system.

(b) The Effect of Mutations on Dynamics.Further support
for this conjecture comes from mutagenic data. A majority of
the mutants that affect the first half of the catalytic cycle occur
in regions of theDH complex with strongly coupled anti-
correlated motion, while those that do not affect catalysis occur
mainly in regions of no correlation (Figure 6). The Asp 27
mutant is not included in this analysis, since this residue is
involved in the chemical reaction.56 Mutants included in our
analysis must modify catalytic rates through binding or dynamic
effects.

There are eleven mutants that affect the rate of at least one
of the first three steps of the catalytic cycle by a factor of 6 or
more. Seven of these occur in regions that are strongly coupled
with distant residues through anti-correlated motions: Ala 9,57

Arg 44,58 His 45,58 Thr 46,59 Leu 54,60 Gly 121,27,28Asp 122.29

Perhaps these mutations alter the dynamics of the protein, and
the variations in the rates are not just the result of modifications
to the binding of the transition state. Interestingly, the four
mutants which do not occur in regions with significant coupling
to distant residues, Leu 28,33 Phe 31,61 Tyr 100,62 and Thr 113,63

line the active site. In this case, alterations in the binding
geometry probably determine the rate of catalysis.

There are also eleven mutants that do not affect the first three
steps of the catalytic cycle. Seven of these occur in regions

where there are no anti-correlated motions: Cys 85,64 Val 88,65

Phe 137,66 Ala 145,67 Cys 152,64 Phe 153,68 Ile 155.68 The Ser
49 mutant62 occurs in a region with significant coupling and is
surrounded by mutants that do affect catalysis. Not every residue
in such regions will necessarily influence the kinetics, but the
majority should if there is a relationship between dynamics and
catalysis. The Gly 67 mutant57 may be in a situation similar to
that of Ser 49. However, no surrounding residues have been
mutated to see if this region can effect kinetics through catalysis.
Two of the residues, Ile 1462 and Trp 22,59 occur in the M20
loop, a region involved in anti-correlated motions. These two
residues may have no effect because they are not involved in
the conformational changes of the M20 loop.

For the majority of the mutated residues, the kinetic effect
of the mutation correlates with the degree of motional coupling
in that region: strong coupling through anti-correlated motions
occurs with rate modifications, and regions without such
correlations show no affect. This, together with the information
that these coupled motions disappear in the product complexes,
is highly suggestive of a role for protein dynamics in effecting
catalysis. The exception are those residues which are in the
active site. They cause changes in the rates presumably due to
their juxtaposition to the binding pocket or active site residues.
This underlies the role that binding plays in determining the
rate of catalysis, as was previously understood. Our results
reinforce the conjecture that protein dynamics should be
considered when exploring how enzymes catalyze reactions,
particularly when evaluating the effects of residues far from
the active site.

(c) Hydride Transfer Geometry. The appearance of mo-
tional coupling through the observation of patterns of correlated
motions only in the Michaelis complex suggests that these
dynamic processes are coupled to the chemical steps in catalysis
for this protein system. However, this would be true only if the
DHF and NADPH are poised for reaction. The geometry
necessary for reaction can be estimated from hydride transfer
ab initio calculations reported in the literature.69-72 These
systems, although different in detail, can act as approximate
models for the DHFR reaction. An examination of this reaction,
cis hydride transfer between a pteridine ring (the reactive part
of DHF) and (N-methyl)nicotinamide (the reactive part of
NADPH), at the AM1 and PM3 levels of semiempirical quantum
chemistry was also performed.71 However, examination of the
DHFR binding pocket indicates that acis transition state is not
possible. Thus, an accurate quantum chemical calculation
directly representative of this reaction does not exist. Consensus
findings from the earlier calculations were employed to guide
our considerations of the “catalytic competence” of the reactive
elements from our simulations. From the earlier studies we find
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Figure 6. Correlations between correlated motions of DHFR/DHF/
NADPH and the location of debilitating mutants. Those along the top
of the diagram do not affect the first three steps of the catalytic cycle.
Those below affect at least one of the first three steps of the catalytic
cycle.
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that: (i) the range of distances between the two carbons which
transfer the hydride is 2.6-2.9 Å (average∼2.75 Å); (ii) the
angle between the two carbons and the hydride (∠C-H-C)
ranges from 155 to 180° (average∼168°); (iii) the dihedral angle
between the two atoms, hydride and nitrogen, of the DHF model
(∠C-H-C-N) is only available from one calculation and is
180°.69

The distance, angle, and dihedral angle involved in the
hydride transfer were collected and compared to the average
ab initio transition state values (Figure 7). The distances between
the hydrogen atoms (pro-R and pro-S) of NADPH and the
reactive carbon of DHF were measured. Thepro-R H-C
distance is generally shorter with a peak at a distance of 3 Å
(Figure 8). This distance is within reason for the initiation of
hydride transfer and agrees with the experimental evidence that
the pro-R hydrogen is transferred.73 The average ab initio TS
value for the angle (168°) compares well with the simulation
distribution of this angle, which peaks at∼130° (Thepro-SH
angle peak is at∼90°.). The dihedral angle between the C-(pro-
R)H of NADPH and the C-N of DHF peaks at-175° in
agreement with the ab initio value of 180°. The frequency with
which both the bond distance and angle are aligned for hydride
transfer was also calculated. Thepro-R hydrogen of DHF is in
a reactive geometry 43% of the time, while thepro-Shdyrogen
is reaction competent only 7% of the time.

Further support that the reactant complex helps to align the
ligands for hydride transfer comes from the absence of this
alignment in the product complex. The same distance, angle,
and dihedral angle were calculated for theTP complex.
However, the hydrogen is now on the THF, and the distance
being measured is between this H and the reactive carbon of
NADP+. The distance and angle in the product complex are
seldom close to values conducive to hydride transfer with a large
peak around 5.2 Å and∼60° respectively. In addition, the
dihedral angle has a peak at-80° and never approaches the
optimal value of 180° during the simulation. The bond distance
and angle are aligned for hydride transfer only 16% of the time.

Clearly, in the reactant complex the ligands are aligned for
hydride transfer. Thepro-R hydrogen has the preferred geom-
etry, and the position of DHF will result in the formation of
the correct stereoisomer of THF.74 This alignment disappears
in the product complex.

Conclusions

We have successfully performed three molecular dynamics
simulations of DHFR complexes relevant to catalysis to 10 ns.
Analysis of our simulation data indicates that our models are
highly representative of the complexes studied. The protein
maintains its secondary structure as well as the tertiary arrange-
ment of these elements while several flexible loops undergo
conformational changes. Surprisingly, the loop changes are very
sensitive to which ligands are bound to the protein. Small
alterations, such as the addition of one to two hydrogen atoms,
cause dramatic differences in the behavior of the protein
dynamics.

Strikingly, the Michaelis complex,DH, was the only one to
exhibit extensive coupling between distant regions of the
structure as indicated by the presence of correlated motions.
Since all three complexes occur along the kinetic pathway, these
differences in coupled motions are probably necessary to the
completion of the catalytic cycle, although we have as yet been
unable to identify the specific coupled motions that influence
catalysis. In addition, the mutagenic data shows a high cor-
respondence between the position of debilitating mutations and
the regions of distant residues involved in correlated motions
indicating that the mutants could be effecting catalysis by
altering the protein dynamics.

Taken together, our results suggest that a relationship between
protein dynamics and the rate of catalysis may exist. Despite
the fact that the full extent of motions sampled in our
calculations of the Michaelis complex may not be complete,
our findings are highly suggestive and provide some promise
for use of simulation to explore such coupling. Additional
evidence is needed to determine the extent of this relationship
and its generality. Nevertheless, the effect of dynamics should
be considered when investigating other proteins and when
designing enzymes.
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Figure 7. Depiction of the reactive complex for hydride transfer.

Figure 8. (a) Distribution of the distance between transferring hydrogen
and the recipient carbon: DHFR/DHF/NADPH C2-HR (solid); DHFR/
DHF/NADPH C2-HS (dotted); DHFR/THF/NADP+ C1-H (dashed);
b) Distributions of bond angle for C1-H-C2: DHFR/DHF/NADPH
pro-R H (solid); DHFR/DHF/NADPHpro-SH (dotted); DHFR/THF/
NADP+ (dashed). (c) Distribution of dihedral angle C1-H-C2-N:
DHFR/DHF/NADPHpro-R H (solid); DHFR/THF/NADP+ (dashed).
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