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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 conipléxdisappear 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 tion, vibrational coupling between the protein and substrate

The source of the rate enhancement of enzvmes is still could exist. This has been observed for several enzymatic
y reactions involving electron transf&r;18

intensely debated, and numerous theories explainin_g the catalytic Experimental evidence sugaests that protein dvnamics ma
power of enzymes have been propoée‘ij_Part of this debate play g\ role in the dihydrofolg?e reductage cataly)t/ic pathway.y
includes the importance .Of protein dynamics. The most common Escherichia colidihydrofolate reductase (DHFR) catalyzes the
theory Séatﬁs that t_h_e blndmgddlffere_ncei betwee][] theﬁ gr(.)undNADPH-dependent reduction of 7,8-dihydrofolate (DHF) to
I ths picure, he artangement of the residues n the-acive 5 1EaNCfOlate (THF). X-ray, NVIR kinetic mtageric

ite is the major contributing factor to the rate enhancement anql moleculgr dynamlcs data'lnd|cate that regions of thIS. 159-
sﬂz IS tt _may " h ffect. H ther theori ' residue protein are highly flexible and undergo conformational
3” protein I:no lons, 3\’6 no € elc ) o_w;evelr,_o er ?é)nes changes on the order of the catalytic cycle time s¢ilEhe

Ir? p;ﬁ?gjgrt t?ltepr::)(t)?ilgnsygﬁmgs f:)?gir?g:f: ;gtzg];?tagj, éuch kinetic pathway consists of five intermediate steps (Scheme 1),
thzft some C(’)nformations have rFr)luch lower energy bgrriers thantw0 of which are the Michaelis (DHFR/DHF/NADPH) and
others!? This is not unreasonable, since it is well-known that product (DHFR/THF/NADP) co_mplexe§.° A _th|rd ternary

: P : structure (DHFR/THF/NADPH) is formed during the catalytic

proteins sample numerous conformational stéte$® In addi- cycle. The binding of NADPH increases the loss of THF, which
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Figure 1. Representative structure of the ternary enzyme complex
DHFR/DHF/NADPH.

Closed
Occluded

Figure 2. M20 loop conformations in DHFR, open, closed, and
occluded.
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that an M20 loop conformational change may limit the rate of
THF dissociatior?* 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 (189) with a glycine
residue result in a 500-fold decrease in the rate of the chemical
step, hydride transfe®.

Correlation in atomic fluctuations and quasi-harmonic vibra-
tional analysis obtained from molecular dynamics simulations
on Lactobacillus caseDHFR with NADPH and methotrexate
(MTX) indicate the existence of two subdomafisThese
subdomains are roughly similar to those determined from X-ray
structural analysid! 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 A from the active site, cause significant
decreases in the rate of hydride trangfef? 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
function153%-32|n addition, the effects of distant double mutants
in DHFR are not additivé3—3° 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 proteiinhibitor interactions or used folate
as the substraf:26:3639 The present work covers calculations
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15800.

(28) Miller, G. P.; Benkovic, S. Biochemistryl998 37, 6327-6335.
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on the three ternary complexes from the DHFR catalytic cycle: T \ " T 20 g T T L

DHFR/DHF/NADPH QOH), DHFR/THF/NADP" (TP), and 5 |

DHFR/THF/NADPH (TH). Comparison of the dynamics of M
these three complexes will demonstrate the effect ligands can L b ”""_ 1% f , E
have on the behavior of the protein and possibly which motions et PR I AN
are important for catalysis. Ligand-dependent alterations inthe g2, ., . . . 1o e
protein motions could be necessary for the completion of the 230 L i
catalytic cycle. The ligands only differ by one to two hydrogen 2t 12 M
atoms. If these small differences can affect dynamics, then £ W,W«N\W“ g 190 L d
mutations, which involve more significant changes, can also %1 EAN i o uumy o3 O [Pt s e,

influence protein fluctuations.

The motions that we wish to study, however, usually occur 230 b
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 #MW Rl T
motions. The extension of these simulations to relatively long ‘[~ " ™77y R et g
time periods raises another question; are the trajectories stable ¢ .. : . . 150 D - : .
for that length of time. Prior to this, native state simulations 2 -:ime(n:) 8 10 0 2 ’:ime(ng) 8§ 10
had been performed for 5.3 ns on truncated chymotrypsin

inhibitor 2 (CI2, 64 residue&) and for 100 ns on the villin Figure 3. Time dependence of structural comparisons in DHFR. (a),

- . : . : : (b), and (c) RMSD versus time: RMSD between X-ray crystal structure
h_e ?gpéjece stubdomaln (36 r?;g déS(the fresulttl;llg ?lmulf;mons tal and trajectory snapshots (solid); RMSD between MD average structure
yielded root-mean-square difierences from the target crystal- . yrajectory snapshots (dashed). (d), (e), and (f) The number of side

lographic or NMR structure of 1.5 A for both). While the earlier  chain contacts versus time: the number of contacts that overlap with
work on CI2 did address concerns about stability, the villin  the X-ray crystal structure (solid); the number of overlapping contacts
headpiece simulation was more concerned with protein folding for nonloop residues (dashed). (a) and (d) DHFR/DHF/NADPH, (b)
and only used the native simulation as a control. Errors in both and (e) DHFR/THF/NADP, (c) and (f) DHFR/THF/NADPH.

the methodology and the force field could cause a breakdown

of the protein structure over this time period. Hydrogen bonds to allow the resulting structure to adjust to the new ligands. The
in secondary structures may shift to neighboring residues, minimized structure was then placed in a truncated octahedron of
causing the protein to lose its tight packing. Thus, we will also eduilibrated watet? Overlapping solvent molecules were removed
discuss the overall behavior of the protein in our simulations leaving ~3000 water molecules. Before data collection began for

prior to a discussion of the dynamics of the three simulations. 21alysis, 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 A, an
The simulation procedure previously used for segment B1 of protein €lectrostatic shifting function cutoff of 11 A, a cutoff of 13 A for the
G was slightly modified for these calculatiof’ssThe CHARMM nonbonded list, and periodic boundary conditions were employed during
macromolecular mechanics program was employed for all molecular the simulations to reduce errors in the nonbonded fottad. heavy
dynamics simulations and analysis calculati#h3he protein was  atom—hydrogen atom bonds were held rigid by the SHAKE algorithm.
characterized by the CHARMM param22 parametef&and the water A time step of 0.002 ps was used, and the velocities were reassigned
by the TIP3P modet The force field developed by Mackerell and ~ from a Gaussian distribution as necessary to keep the temperature within
co-workers for NADPH and NADP was used to describpe the 5 Kof298 K. During the 10ns, the velocities required adjustment only
cofactors?” The charges for DHF and THF were developed from ab one time for each simulation. A total of 10 ns of dynamics were run
initio calculations. MSI/CHARMM folate parametéfsvere used as a  after the equilibration period and snapshots were taken every 200 steps.
template to develop bonded parameters for DHF and THF.
No crystal structures containing DHF and THF exist; therefore, a Results and Discussion
model was developed from the crystal structure of DHFR/FOL/
NADPH* with the closed M20 loop conformatidh This model was General Characterization of the Models.Several types of
used as the starting structure for all three simulations. After placing analysis provide information on the stability of a protein during
the appropriate ligands in their binding sites by superposition onto the 3 molecular dynamics trajectory. The time development of the
folate structure, the complexes were minimized with harmonic restraints root-mean-square distances (RMSDs) and the static RMSDs with
(40) Li, A.. Daggett, V.Protein Eng. 1995 8, 1117-1128. rt_aspect t_o the X-ray structure, as well as the time evolutiop of
(41) Duan, Y.; Wang, L.; Kollman, P. AProc. Natl. Acad. Sci. U.S.A.  Side chain contacts and hydrogen bonds, are employed to judge
1998 95, 9897-9902. , the soundness of the simulations. All of these properties, when
(42) Duan, Y.; Kollman, P. ASciencel99§ 282 740-744. combined, furnish a complete picture of the sturdiness of the

43) Sheinerman, F. B.; Brooks, C. L., IProteins1997 29, 193-202. . . .
2443 Brooks, B. R.: Bruccoleri, R. E.: Olafson, B. D.. States, D, J.. Protein structure in the context of the CHARMM force field.

vaarg)ir'\\;ﬂth?(n, SI.I; ?agplgs, Iglll- ﬁfonéplg- %hﬁlmtlf?/? 46 18b7—2t7-J L The X-ray crystal structure and MD average structure were
ackerell, J. A. D.; basntord, D.; bellott, Vl.; Dunbrack, J. R. L.; : :
Evanseck, J. D.. Field. M. J.: Fischer. S.- Gao, J.: Gao, H.: Ha, S.: Joseph_compared _to snapshots along the trajectory by calculation of
McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos, C.; RMSDs (Figure 3). Both th&P andTH complexes spend an
Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, I. W. E.; Roux, additional period of 2.5 and 0.9 ns, respectively, reaching their

B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub, J.; Watanabe, M.; il ; ; ;
Wiorkiewicz-Kuczera, J.: Yin. D Karplus, M0, Phys. Chem. A998 equilibrium basins on the potential energy surface. After this,

L) NN 150 P+ oy

P

0

Methodology

102, 3586-3616. the RMSDs from the X-ray structure oscillate about a mean
(46) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J.; Impley, R. W.;

Klein, M. L. J. Chem. Phys1983 79, 926-935. (49) Brooks, C. L., lll; Pettitt, B. M.; Karplus, MJ. Chem. Phys1985
(47) Pavelites, J. J.; Gao, J.; Bash, P. A.; Alexander D. Mackerell, J. 83, 5897-5908.

Comput. Chem1997, 18, 221-239. (50) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. JJQComput. Phys.

(48) QUANTA Polygen Corp.: Waltham, MA. 1977, 23, 327—341.
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Table 1. Structural Differences between the Reference Crystal : T T

Structure (DHFR/FOL/NADP) and MD Average Structure 750 a) . |
complex i i
structural element DHF/NADPH THF/NADP THF/NADPH i
backbone 1.15 0.95 0.90
nonloop Gx 0.84 0.73 0.70
M20 loop 131 1.94 0.93
CD loop 2.69 1.47 1.00
FG loop 1.80 1.28 141
ligands 1.50 1.37 2.18

aRMSD measured in A.

value of 1.2 forTP and 1.1 forTH. 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 50 , 100 150
trajectory. As noted in the Introduction, such motions are  Residueoumber _
anticipated on time scales greater than a few nanoseconds!lz_ 'hg”red“- @) Theteffectwe '”F;r“agﬁég}gtﬁgnﬂﬁgé 39(’ r?fil)dllé)eﬁlgg/
H H ; € oraer parameters per resiaue. solia);

ISnapshots from th_'éP a_ndTH trajectories reveal that the minor THF/NAD& (dashed);pDHFR/THF/NADPH (dotted),
ong-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~@.85 and are
relatively flat except for an increase a9 ns for DH.

A comparison of the starting X-ray structure with the MD
average structures illustrates the correspondence between th

X-ray structure and those adopted within the CHARMM force the th I d the | ih the | t deviati
field and in the presence of differing ligands. The RMSDs € three complexes, and the foop wi € largest deviations

between the backbone atoms of these two structures are 1.18°" each simulation also differs. Obviously, the behavior of the
for DH, 0.95 forTP, and 0.90 fofTH (Table 1). Such a small ““loop regions is different for each complex. This variation is
amount of movement away from the X-ray structure is remark- €Plored by an investigation of order parameters and relaxation
able for a 10 ns trajectory. The RMSDs are 0.84, 0.73, and times and_ by a more in-depth examination of the M20 loop
0.70, respectively, when only the nonloop.@toms (i.e. not conformational changes. ) )
in the M20, CD, or FG loops) are included in the calculation. _ (&) Order Parameters, Relaxation Times, and B-Factors.
This further demonstrates that the core structure of the proteinThe flexibility of the backbone can be assessed by dete.rm|n|lng
is sustained during the simulation. the N—H bond_ vector order parameters. sz_all flut_:tuat|ons in
The stability of the trajectories can also be assessed bythe angular orientation of the-\H bond result_m a high order
reviewing the time evolution of side chain contacts and hydrogen Parameter and indicate low backbone mobitityThe results
bonds. This provides a picture of the nature of inter-residue TOM the three simulations are very similar, although slight
interactions in the complexes. The total number of contacts, différences in the extent of motion exist (Figure 4b). In
whether between side chains or hydrogen bonds, remainsParticular, the M20 loop is less flexible in tf@H complex.
constant throughout the simulations, indicating that the protein 1€ calculated order parameters from our simulations are in
is not unfolding. In addition, the loss of hydrogen bonds present genesr;al agreement with those determined by NMR for DHFR/
in the X-ray structure is very smat{10%), and the hydrogen ~FOL->* The major peaks (indicating the most significant
bonding patterns between all fourhelices and eight-strands ~ Motions) occur in the same regions, although the NMR order
are maintained. However, slight but significant decreases in the Parameters are much larger (less motion indicated) for these
number of side chain contacts that overlap with contacts in the '€9ions. Differences between the three simulations are more
X-ray structure are observed. Ignoring contacts involving apparent in the effective internal correlation times (Figure®3a).

residues in the three loops, M20, CD, and FG, reduces this The relaxation time of the NH bond angular correlation
decrease. and in the casel]jfll combleteiy remove,s it (Figure function indicates the time scale of backbone motions. The M20,

3). Thus, flexible loop conformational changes account for the €D @nd FG loops all show considerable differences in relaxation
majority of the changes in contacts compared to the X-ray times between the three simulations, demonstrating that the
structure. The core structure of the protein is maintained /192nds affect the dynamics of the protein.
throughout the simulations. B-factors from the X-ray structure were also compared to
Our analysis of the RMSDs, hydrogen bonds,and side chain those calculated from the MD simulations. Correlations of 0.70
contacts provides evidence for the stability of our simulations. for DH, 0.65 for TP, and 0.72 forTH were observed in
Over such a long trajectory, possible errors in our.methodolog.y (51) Cavanagh, J.; Fairbrother, W. J.. Paimer, A. G., Ill: Skelton, N. J.
or force fields could have caused a breakdown in the protein protein NMR Spectroscopy: Principles and Practiéeademic Press: San
tertiary and secondary structures, but this is not observed.Diego, 1996. _ _ _ _
Instead, the core structure of the protein remains particularly , 4(%)05?_5391'8213 M.; Benkovic, S. J.; Wright, P. Biochemistry1995
close to the X-ray structure, while flexible loops are allowed to ™ “53) paimer, A. G., Ill; Case, D. Al Am. Chem. S04992 114, 9059
change conformation. 9067.

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 @t atoms, RMSDs for the M20, CD, and FG loops

an be calculated (Table 1). These regions generally have larger

MSDs than the nonloopd&atoms. The RMSDs vary between
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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/NADRC) DHFR/THF/NADPH.

comparison with the residue-averaged X-ray B-factors for the or in opposite directions (anti-correlated). The extent of the
reference DHFR/FOL/NADPHcomplex. The B-factors are in  correlation (positive or negative) can be quantified by calculating
general agreement with the order parameters: the largestthe covariance between the fluctuations of two residues as shown
fluctuations occurred in the same regions, and secondaryin Figure 5% Positive correlation (yellow and red regions in
structural elements were less flexible. Like the order parameters,the figure) indicates that the two residues generally move in
the B-factors were very similar between the three simulations the same direction, while a negative correlation (dark blue
although slight differences exist. regions) indicates that they move in opposite directions.

(b) M20 Loop Conformational Changes.The extent of the It is also useful to calculate the correlated motions for parts
M20 loop conformational changes, which occur in all of the  of the trajectory to determine if the correlation coefficients have
simulations, varies between the three complexes. The M20 loopconverged. Correlated motions have been shown not to be
undergoes a stepwise conversion to a new conformation duringconverged after 800 ps in simulations of BPTI, and very
theDH trajectory. A small change results in a new conformation gitferent correlation graphs are obtained for lysozyme when
that fluctuates about an average structure for an extended periodgmpling different parts of relatively short trajectoffésto
of time before another conformational change occurs. Whether gypiore this issue, cross correlations were calculated for each
or not the M20 loop has completed its conversion by the end naif of the 10 ns trajectory. For the product complexes (TP and
of the 10 ns simulation is unclear. In tf& simulation, the ) agreement is found between the correlations computed from
M20 loop samples several conformations for extended periods ihe first half of the trajectory and the entire trajectory. These
of time. The conformations observed include closed, open, aegyits are converged. However, for the first 5 ns segment of
new conformation, and a branchmg_pomt structure, which lies o reactant trajectoryDH) an anti-correlation pattern is
between all three of these conformations. TFer, the M20100p  gpserved which is different from that observed overall. The
remains mostly in the closed conformation with short excursions change in the correlation pattern observed for the reactant occurs
to other conformations: more closed, the branching point, and yhen the M20 loop begins to change conformation. Correlations
the new conformation. during 4-8 ns also agree with the results from the entire 10 ns,

In all three simulations, very similar conformations are g,qeqting that a consistent pictures of the correlated motions
sampled that do not occur in any X-ray crystal structures. This emerge during the last 5 ns.

suggests that a minimum on the force field potential energy Analvsis of the data presented in Figure 5 shows. as one
surface exists in this region of loop conformations. The existence y p n g - '
would expect, that the areas of positive correlation correspond

f thi nformation in solution is not precl i n . : . :
ofthis conformatio solution is not precluded by its absence to coupled motions between neighborifigtrands and neigh-

In X-ray structures. However, whether this structure is an boring loops. However, the pattern of strong anti-correlation
aberration of the force field or is truly a solution structure : P ? )
y between the M20 loop (residues-124) and residues-40—80

remains to be seen. . .
Our results demonstrate that the frequency and type of M20 and between the FG loop (residues +1@5) and residues

loop conformational changes depend on the ligands bound to ~40~80 in DH was not anticipated. These correlations cor-

the enzyme. Most likely, these differences are necessary to therespond to coupled fluctuations between the structures of the

completion of the catalytic cycle and for the differentiation s?t))(domalns oflthe prott;gl thgt'\\//lvDere_ def'n?d fron&_com?ar:lson
between reactants and products. In addition, it is interesting to O X"y crystal structures an simulation stucies of the

: e : Lo -
note that small alterations in the ligands can have profound L. caseiprotein: How_ever, what is SO surprising 1S ‘T‘?“ this
effects on the protein fluctuations. coupling disappears iTP and TH; instead, no significant

Coupled Motions and Catalysis. (a) Correlated Motions. correlation patterns are observed. The disappearance of this
One can question whether the fluctuations of one residue are¢0UPling in the two product complexes, even though they also
related to the fluctuations of another distant residue. Generally, Und€rgo M20 loop conformational changes, shows that the anti-
movements of one residue with respect to another appear to be (54 Ichiye, T.. Karplus, MProteins1991, 11, 205-217.

random. However, in some cases the two residues move in  (55) Hunenberger, P. H.; Mark, A. E.; Gunsteren, W. F.wWol. Biol.
concert with each other, either in the same direction (correlated) 1995 252, 492-503.
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where there are no anti-correlated motions: Cy&‘8Fal 8855

Phe 1378 Ala 14587 Cys 15254 Phe 1538 lle 15558 The Ser

49 mutanf? 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 mutatitmay 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, lle 24 and Trp 22° 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
Figure 6. Correlations between correlated motions of DHFR/DHF/  reinforce the conjecture that protein dynamics should be
NADPH and the location of debilitating mutants. Those along the top considered when exploring how enzymes catalyze reactions,
of the diagram do not affect the first thrge steps of the catalytic cycle_. particularly when evaluating the effects of residues far from
Those below affect at least one of the first three steps of the catalytic the active site.
cycle. (c) Hydride Transfer Geometry. The appearance of mo-
correlated motions are caused by some other factor. Wetional coupling through the observation of patterns of correlated
conjecture that such coupling may be evidence of a link, at this motions only in the Michaelis complex suggests that these
point undiscovered, between dynamics and catalysis in this dynamic processes are coupled to the chemical steps in catalysis
system. for this protein system. However, this would be true only if the

(b) The Effect of Mutations on Dynamics.Further support DHF and NADPH are poised for reaction. The geometry
for this conjecture comes from mutagenic data. A majority of necessary for reaction can be estimated from hydride transfer
the mutants that affect the first half of the catalytic cycle occur ab initio calculations reported in the literat%’2 These
in regions of theDH complex with strongly coupled anti- systems, although different in detail, can act as approximate
correlated motion, while those that do not affect catalysis occur models for the DHFR reaction. An examination of this reaction,
mainly in regions of no correlation (Figure 6). The Asp 27 cis hydride transfer between a pteridine ring (the reactive part
mutant is not included in this analysis, since this residue is of DHF) and (-methyl)nicotinamide (the reactive part of
involved in the chemical reactid.Mutants included in our NADPH), at the AM1 and PM3 levels of semiempirical quantum
analysis must modify catalytic rates through binding or dynamic chemistry was also performééiHowever, examination of the
effects. DHFR binding pocket indicates thafcss transition state is not

There are eleven mutants that affect the rate of at least onepossible. Thus, an accurate quantum chemical calculation
of the first three steps of the catalytic cycle by a factor of 6 or directly representative of this reaction does not exist. Consensus
more. Seven of these occur in regions that are strongly coupledfindings from the earlier calculations were employed to guide
with distant residues through anti-correlated motions: At 9, our considerations of the “catalytic competence” of the reactive
Arg 44 58 His 4538 Thr 463° Leu 5450 Gly 1212728 Asp 1222° elements from our simulations. From the earlier studies we find
Perhaps these mutations alter the dynamics of the protein, and (1) Chen, J.-T.; Taira, K.; Tu, C.-P. D.; Benkovic, SBlochemistry
the variations in the rates are not just the result of modifications 1987, 26, 4093-4100.

to the binding of the transition state. Interestingly, the four 30(?%22"‘5"1%53{ A.; Fierke, C. A.; Benkovic, S.Biochemistry1991,
mutants which do not occur in regions with significant coupling ™~ (g3) Fierke, C. A.; Benkovic, S. Biochemistry1989 28, 478-486.

to distant residues, Leu 28Phe 3151 Tyr 100%2and Thr 1133 (64) lwakura, M.; Jones, B. E.; Luo, J.; Matthews, C.JRBiochem.
line the active site. In this case, alterations in the binding 1995 117 480-488.

- - (65) Ahrweiler, P. M.; Frieden, Biochemistryl991, 30, 7801-7809.
geometry probably determine the rate of catalysis. (66) Dion-Schuiltz, A.; Howell, E. EProtein Eng.1997, 10, 263-272.

There are also eleven mutants that do not affect the first three  (67) ohmae, E.; Ishimura, K.; lwakura, M.; Gekko, K Biochem1998§
steps of the catalytic cycle. Seven of these occur in regions 123 839-846.
(68) Dion, A.; Linn, C. E.; Bradrick, T. D.; Georghiou, S.; Howell, E.
(56) Howell, E. E.; Villafranca, J. E.; Warren, M. S.; Oatley, S. J.; Kraut, E. Biochemistryl993 32, 3479-3487.

J. Sciencel986 231, 1123-1128. (69) Wu, Y.-D.; Houk, K. N.J. Am. Chem. S0d987, 109, 2226-2227.
(57) Miller, P. Ph.D. Thesis, Penn State University, 1998. (70) Wu, Y.-D.; Lai, D. K. W.; Houk, K. N.J. Am. Chem. S0d.995
(58) Adams, J.; Johnson, K.; Matthews, R.; Benkovic, Bidchemistry 117, 4100-4108.

1989 28, 6611-6618. (71) Andres, J.; Moliner, V.; Safont, V. S.; Domingo, L. R.; Picher, M.
(59) Farnum, M. F.; Magde, D.; Howell, E. E.; Hirai, J. T.; Warren, M.  T.; Krechl, J.Bioorg. Chem1996 24, 10-18.

S.; Grimsley, J. K.; Kraut, JBiochemistry1991, 30, 11567-11579. (72) Schiott, B.; Zheng, Y.-J.; Bruice, T. @. Am. Chem. Sod.998

(60) Murphy, D. J.; Benkovic, S. Biochemistryl989 28, 3025-3031. 120, 7192-7200.
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u O DHF Further support that the reactant complex helps to align the
Hz,,{“ D ligands for hydride transfer comes from the absence of this
N __>-’—§ alignment in the product complex. The same distance, angle,

N and dihedral angle were calculated for tA® complex.

";, comm , 0T However, the hydrogen is now on the THF, and the distance
fromab initmadel Py being measured is between this H and the reactive carbon of
calculations Ref. 45 K N -—% NADP*. The distance and angle in the product complex are
S::::: ;; Ha seldom close to values conducive to hydride transfer with a large

: peak around 5.2 A and-60° respectively. In addition, the

Cl-Hg-C2-N 180; .
dihedral angle has a peak &80° and never approaches the

optimal value of 180during the simulation. The bond distance

T T T y and angle are aligned for hydride transfer only 16% of the time.
] Clearly, in the reactant complex the ligands are aligned for
hydride transfer. Thero-R hydrogen has the preferred geom-
etry, and the position of DHF will result in the formation of
the correct stereoisomer of THEThis alignment disappears
in the product complex.

Figure 7. Depiction of the reactive complex for hydride transfer.

Frequency

g,_ 600 | Conclusions
£ 300 | We have successfully performed three molecular dynamics
. e simulations of DHFR complexes relevant to catalysis to 10 ns.
-180 B d Aneb (De - % 180 Analysis of our simulation data indicates that our models are
gle (Degrees) ) : . .
ool @ i " ] highly representative of the complexes studied. The protein
z / \ maintains its secondary structure as well as the tertiary arrange-
;f,“’o r / \ ] ment of these elements while several flexible loops undergo
&£ 300 M“"V\'\\Qj \ J conformational changes. Surprisingly, the loop changes are very
0 . ™~ . sensitive to which ligands are bound to the protein. Small
-180 -90 0 % 180 : P
Diedeal Angle (Degrees) alterations, suc_;h as the addlthn of one to two hydrogen atoms,
) o ) . cause dramatic differences in the behavior of the protein
Figure 8. (a) Distribution of the distance between transferring hydrogen dynamics
and the recipient carbon: DHFR/DHF/NADPR2EHR (solid); DHFR/ o . .
DHF/NADPH C2—Hs (dotted); DHFR/THF/NADP C1—H (dashed); Strikingly, the Michaelis complexpH, was the only one to
b) Distributions of bond angle for G-H—C2: DHFR/DHF/NADPH exhibit extensive coupling between distant regions of the
pro-R H (solid); DHFR/DHF/NADPHpro-SH (dotted); DHFR/THF/ structure as indicated by the presence of correlated motions.
NADP* (dashed). (c) Distribution of dihedral anglel€H—-C2-N: Since all three complexes occur along the kinetic pathway, these

DHFR/DHF/NADPH pro-R H (solid); DHFR/THF/NADP (dashed).  (differences in coupled motions are probably necessary to the

. . ~completion of the catalytic cycle, although we have as yet been
that: (i) the range of distances between the two carbons whichynaple to identify the specific coupled motions that influence
transfer the hydride is 2:62.9 A (average~2.75 A); (i) the catalysis. In addition, the mutagenic data shows a high cor-
angle between the two carbons and the hydrid€{H—-C) respondence between the position of debilitating mutations and
ranges from 155 to 18(average~168); (iii) the dihedral angle  he regions of distant residues involved in correlated motions
between the two atoms, hydride and nitrogen, of the DHF model jgicating that the mutants could be effecting catalysis by
(OC—H—C~—N) is only available from one calculation and is altering the protein dynamics.

180r.5° . .
Taken together, our results suggest that a relationship between

The distance, angle, and dihedral angle involved in the ) . . . -
hydride transfer were collected and compared to the averagePOtein dynamics and the rate of catalysis may exist. Despite

ab initio transition state values (Figure 7). The distances betweenth® fact that the full extent of motions sampled in our
the hydrogen atomspfo-R and pro-S) of NADPH and the calculations of the Michaelis complex may not be complete,
reactive carbon of DHF were measured. The-R H—C our findings are highly suggestive and provide some promise

distance is generally shorter with a peak at a distance of 3 A for use of simulation to explore such coupling. Additional
(Figure 8). This distance is within reason for the initiation of €vidence is needed to determine the extent of this relationship
hydride transfer and agrees with the experimental evidence that2nd its generality. Nevertheless, the effect of dynamics should
the pro-R hydrogen is transferref. The average ab initio TS ~ be considered when investigating other proteins and when
value for the angle (168 compares well with the simulation ~ designing enzymes.

distribution of this angle, which peaks atL30° (The pro-SH

angle peak is at90°.). The dihedral angle between the-(ro- Acknowledgment. We thank the NIH for financial support
RH of NADPH and the G-N of DHF peaks at—175 in (GM19276) and (GM56879) and the Pittsburgh Supercomputing
agreement with the ab initio value of 180rhe frequency with Center for its generous allocation of computer resources. We
which both the bond distance and angle are aligned for hydride also thank Professor Steve Benkovic for helpful comments and
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a reactive geometry 43% of the time, while {h®-Shdyrogen

. . . JA9913838

is reaction competent only 7% of the time.
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