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Abstract: An integrated view of protein structure, dynamics, and function is emerging, where proteins are
considered as dynamically active assemblies and internal motions are closely linked to function such as
enzyme catalysis. Further, the motion of solvent bound to external regions of protein impacts internal motions
and, therefore, protein function. Recently, we discovered a network of protein vibrations in enzyme cyclophilin
A, coupled to its catalytic activity of peptidyl-prolyl cis-trans isomerization. Detailed studies suggest that
this network, extending from surface regions to active site, is a conserved part of enzyme structure and
has a role in promoting catalysis. In this report, theoretical investigations of concerted conformational
fluctuations occurring on microsecond and longer time scales within the discovered network are presented.
Using a new technique, kinetic energy was added to protein vibrational modes corresponding to
conformational fluctuations in the network. The results reveal that protein dynamics promotes catalysis by
altering transition state barrier crossing behavior of reaction trajectories. An increase in transmission
coefficient and number of productive trajectories with increasing amounts of kinetic energy in vibrational
modes is observed. Variations in active site enzyme-substrate interactions near transition state are found
to be correlated with barrier recrossings. Simulations also showed that energy transferred from first solvation
shell to surface residues impacts catalysis through network fluctuations. The detailed characterization of
network presented here indicates that protein dynamics plays a role in rate enhancement by enzymes.
Therefore, coupled networks in enzymes have wide implications in understanding allostericity and
cooperative effects, as well as protein engineering and drug design.

Introduction

Enzymes are highly efficient catalysts;1 a number of theories
have been proposed to explain the reaction rate enhancement
achieved by enzymes.2,3 For more than a century, enzymologists
have known the importance of structure; the “lock-and-key” and
“induced-fit” models suggested that function depends on direct
structural interaction between the enzyme and the substrate.4,5

Increasing evidence, however, continues to reveal that proteins
are dynamically active assemblies with a link between structure
and dynamics. The range of time scales of dynamical events
that occur in enzyme complexes and the time scales for substrate
turnover steps catalyzed by enzymes are similar, raising the
question of whether they are interrelated or not.6 Protein
dynamics7 has been implicated in many aspects of enzyme
function including substrate/cofactor binding and release. Evi-
dence linking protein dynamics and the substrate turnover step
also continues to grow.6,8-12 Moreover, studies have also linked

dynamical motions of solvent molecules on the exterior of a
protein complex with enzyme function.13-15

A variety of internal protein dynamics events occur on the
femtosecond to second time scales;6,9,16experimental investiga-
tions have already revealed a wealth of information for events
occurring at select time scales. Techniques including neutron
and X-ray scattering,17,18NMR spectroscopy,8,19,20X-ray crys-
tallography,21 and hydrogen-deuterium exchange22 continue to
provide fascinating details about movement of different parts
of proteins. Enzyme kinetics and mutation studies have provided
compelling evidence linking protein dynamics to the substrate
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(6) Benkovic, S. J.; Hammes-Schiffer, S.Science2003, 301, 1196-1202.
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here we use it to describe internal protein motions occurring at all time
scales.
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turnover step.10,11,23Further, Mössbauer and neutron scattering
experiments have also indicated that bulk-solvent and hydration-
shell fluctuations control protein dynamics and function.13-15

Obtaining much needed collective information on multiple time
scales, using experimental techniques, however, still remains a
challenge.

Theoretical and computational modeling of protein dynamics
and enzyme kinetics is complementing the knowledge gained
from experimental studies;24-36 two recent reviews overview
numerous theoretical investigations that continue to provide
valuable insights into the detailed mechanisms of reactions
catalyzed by enzymes.6,37Theoretical investigations of enzyme
catalyzed reactions are based on some variation of the general-
ized transition state theory (TST);6,33,37 like other condensed
phase reactions, an enzyme catalyzed reaction can be expressed
in terms of a free energy profile (FEP). In the TST framework,
enzymes can influence reaction rates by decreasing the activation
energy barrier (see Figure 1). It has also been suggested that
enzymes, which are dynamical systems, can have an impact on
reaction rates by altering the active site environment such that
more trajectories become productive after successful barrier

crossing.33,37 Figure 1 illustrates the behavior of two reaction
trajectories close to the transition state (TS). The first trajectory
crosses the TS but returns to the reactant side (nonproductive),
while the second trajectory crosses the barrier several times
before reaching the product state (productive). The transmission
coefficient (κ) is a prefactor which corrects the TST reaction
rate for the number of barrier recrossings. Theoretical modeling
by Truhlar, Gao, and co-workers32,37,38and Hammes-Schiffer
and co-workers,6,25,30,33and others have estimated transmission
coefficients for a number of enzyme reactions.

How do dynamical events within an enzyme complex alter
reaction trajectories and reaction rates? The relationship between
dynamics and the transmission coefficient has been investigated
in the interesting work of Kramers and other supporting
analyses.39,40 These investigations describing the dynamical
effect as “friction”, indicated that at low friction the transmission
coefficient is proportional and at high friction it is inversely
proportional to the friction coefficient.41 For a more direct link,
important clues are available from recent theoretical studies of
reactions in small chemical systems; addition of small amounts
of kinetic energy (KE) into select vibrational modes increases
TS barrier recrossings.42,43This approach, known as the dynamic
reaction path (DRP) method,44,45 indicated that if sufficient
energy is added to vibrational modes coupled to the reaction,
trajectories quickly become productive. For enzymes, it has been
suggested that correlated motions may be involved in increasing
the frequency of barrier crossing.46 It has also been noted that
in some enzymes the contribution of transmission coefficient
to overall rate enhancement may be small.37

With the aim of investigating the link between protein
dynamics and reaction rate enhancement by enzymes, we
recently identified a network of protein vibrations in enzyme
cyclophilin A (CypA) coupled to its activity of catalyzing
peptidyl-prolyl cis-trans isomerization (see Figure 2).26 Extend-
ing from surface loop residues of the enzyme all the way to the
active site, this network was first discovered during catalysis
of small peptide substrates by CypA and later confirmed during
the catalysis of the N-terminal domain of capsid protein (CAN)
from human immunodefiency virus type 1 (HIV-1), a biologi-
cally relevant substrate.26,27The dynamical events in the network
occur on time scales ranging from picosecond to microsecond-
millisecond (time scale of the reaction). Genomic and structural
analyses indicated that the residues and hydrogen bonds forming
crucial points in the network are conserved in several cyclophilin
structures of species ranging from bacteria to human. NMR
relaxation studies have observed motions in some of these
residues coupled to the substrate turnover step.19 The proposed
importance of the dynamical events in this network lies in their
ability to impact catalysis by changing the crucial interactions
between the CypA residues and substrate.26 Previously, another
network of coupled motions promoting hydride transfer in

(23) Cameron, C. E.; Benkovic, S. J.Biochemistry1997, 36, 15792-15800.
(24) Agarwal, P. K.; Billeter, S. R.; Rajagopalan, P. T. R.; Benkovic, S. J.;

Hammes-Schiffer, S.Proc. Natl. Acad. Sci. U.S.A.2002, 99, 2794-2799.
(25) Agarwal, P. K.; Billeter, S. R.; Hammes-Schiffer, S.J. Phys. Chem. B2002,

106, 3283-3293.
(26) Agarwal, P. K.; Geist, A.; Gorin, A.Biochemistry2004, 43, 10605-10618.
(27) Agarwal, P. K.Proteins2004, 56, 449-463.
(28) Radkiewicz, J. L.; Brooks, C. L.J. Am. Chem. Soc.2000, 122, 225-231.
(29) Villa, J.; Strajbl, M.; Glennon, T. M.; Sham, Y. Y.; Chu, Z. T.; Warshel,

A. Proc. Natl. Acad. Sci. U.S.A.2000, 97, 11899-11904.
(30) Billeter, S. R.; Webb, S. P.; Agarwal, P. K.; Iordanov, T.; Hammes-Schiffer,

S. J. Am. Chem. Soc.2001, 123, 11262-11272.
(31) Billeter, S. R.; Webb, S. P.; Iordanov, T.; Agarwal, P. K.; Hammes-Schiffer,

S. J. Chem. Phys.2001, 114, 6925-6936.
(32) Gao, J. L.; Truhlar, D. G.Annu. ReV. Phys. Chem.2002, 53, 467-505.
(33) Hammes-Schiffer, S.Biochemistry2002, 41, 13335-13343.
(34) Li, G.; Cui, Q.J. Am. Chem. Soc.2003, 125, 15028-15038.
(35) Antoniou, D.; Schwartz, S. D.J. Phys. Chem. B2001, 105, 5553-5558.
(36) Antoniou, D.; Caratzoulas, S.; Kalyanaraman, C.; Mincer, J. S.; Schwartz,

S. D. Eur. J. Biochem.2002, 269, 3103-3112.
(37) Garcia-Viloca, M.; Gao, J.; Karplus, M.; Truhlar, D. G.Science2004, 303,

186-195.
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341.
(41) Frauenfelder, H.; Wolynes, P. G.Science1985, 229, 337-345.
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11512-11525.
(43) Taketsugu, T.; Gordon, M. S.J. Phys. Chem.1995, 99, 14597-14604.
(44) Stewart, J. J. P.; Davis, L. P.; Burggraf, L. W.J. Comput. Chem.1987, 8,

1117-1123.
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(46) Bruice, T. C.; Benkovic, S. J.Biochemistry2000, 39, 6267-6274.

Figure 1. Schematic illustration of free energy profile for an enzymatic
reaction. Protein dynamics can influence reaction rates in two possible ways;
by altering the height of the activation free energy barrier (∆G‡) and
transmission coefficient (κ).
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dihydrofolate reductase has been identified by Agarwal et al.24

However, the detailed understanding of the role these networks
play in rate enhancement during enzyme catalysis, specifically
the effect on activation free energy barrier (∆G‡) and TS barrier
crossings (κ), remains limited. Obtaining estimates of transmis-
sion coefficient for an enzyme-catalyzed reaction from experi-
mental techniques still remains a difficult task. Further, experi-
mental investigations of the link between protein dynamics and
dynamical barrier crossing are even more challenging.

This report describes investigations of the relationship
between dynamical modes in proteins to enzyme rate enhance-
ment, using the CypA-CAN complex as a prototypical system.
A new approach is designed that allows addition of kinetic
energy to a specific dynamical mode of protein. The behavior
of trajectories in real time near TS was monitored after KE was
added to protein vibrational modes from the network of protein
vibrations. Results provide insights into how dynamical fluctua-
tions in the active site environment cause reaction trajectories
to surmount the barrier, therefore, leading to productive
trajectories. The transfer of energy between the solvent and
enzyme at the surface has also been investigated. Together these
results provide new insights into role of internal protein
dynamics and solvent fluctuations in promoting enzyme cataly-
sis. Experimental techniques, such as neutron scattering, con-
tinue to make significant progress in investigating protein
dynamics and protein-solvent interface properties. Collaborative
investigations, using experimental techniques and the new
theoretical method approach described here, will provide means
for a better understanding of protein dynamical events, energy
flow within a protein, between protein and solvent, and enzyme
catalysis at multiple time scales.

Methods

The model for the solvated CypA-CAN complex from our previous
study was used for investigations of reaction trajectories.27 Based on
the crystallographic structure from Howard et al. (PDB code 1M9C),47

this model consists of 165 CypA and 146 residues from HIV-1 capsid
protein and explicit solvent. The system consisted of 2503 CypA atoms,
2273 CAN atoms, and 51 240 solvent atoms. In our previous study, a
potential of mean force (PMF) representation for the FEP of cis-trans
isomerization of the Gly89-Pro90 peptide bond (counterclockwise
rotation) was obtained using the amide bond dihedral angle,ω, as the

reaction coordinate. The TS was determined as the highest point on
FEP, ω ) 107.6°. A network of protein vibrations coupled to the
reaction was identified based on analysis of CypA-CAN and CypA-
peptide complexes with a variety of computational techniques including
quasi-harmonic analysis, dynamic cross-correlated motions, monitoring
key inter-residue distances over the reaction, and structural analysis of
the cyclophilin structure.26,27 Protein vibrational modes relevant at the
time scale of the reaction were identified using quasi-harmonic analysis
of system snapshots traversing the entire reaction path. Note that a
protein vibrational mode, indicated byæ, contains vector displacements
for atoms in the enzyme-substrate complex; solvent is excluded from
the calculation ofæ. Three reaction coupled protein vibrational modes
(mode A, B, and C) were found to impact the reaction significantly.
Several conserved and semiconserved residues, including surface
residues, show large displacements in these modes. See refs 26 and 27
for illustrations and animation movies of these modes.

For the present study, system snapshots close to the TS were selected
from the FEP of cis-trans isomerization of the Gly89-Pro90 peptide
bond. Regions R* (116° < ω < 117°) and P* (97° < ω < 98°),
respectively, indicate a small section of the reactant side and product
side in the vicinity of the TS (∼10° away). 40 system snapshots
separately from the R* region and the P* region were selected for
investigations. Atomic velocities associated with system coordinates
were also selected. System snapshots were selected from four different
umbrella sampling runs, to avoid any sampling bias.

A new approach is used in this study to investigate the effect of
protein vibrations on reaction trajectories by adding kinetic energy to
specific parts of the enzyme-substrate complex or the hydration-shell
solvent. This approach is analogous to the DRP method previously used
to investigate small chemical systems.42-45 KE was added to select
protein vibrational modes by scaling velocities proportional to atomic
displacements indicated in protein vibrational mode. The total system
energy was kept unchanged by scaling down velocities of the entire
system (enzyme, substrate, and solvent), according to the following
equation:

whereV represents component of velocity for atomi; mi is the mass of
the atom;Nenz-subsis the number of solute atoms;Nsol is the number of
solvent atoms;Ntotal are total atoms in the system;R represents
summation over axesx, y, z; parameterδ represents the fraction of
system KE transferred into the protein vibrational modeæ; andη is a

(47) Howard, B. R.; Vajdos, F. F.; Li, S.; Sundquist, W. I.; Hill, C. P.Nat.
Struct. Biol.2003, 10, 475-481.

Figure 2. A network of coupled protein vibrations promoting catalysis in cyclophilin A.26 Loops colored in red and residues indicated by ball-and-stick
show largest displacements in vibrational modes coupled to the substrate turnover step. The yellow arrows represent the network pathway from outside of
the enzyme to the active site. Reprinted with permission from Agarwal et al.Biochemistry 2004, 43, 10605-10618. Copyright 2004 American Chemical
Society.
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variable calculated based on the above equation. Scaled velocities (Vn)
for atoms were assigned according to following expressions:

Note, system coordinates were not manipulated. In this paper,æ from
quasi-harmonic analysis based on system snapshots from the entire
reaction were used; however, this new approach can also be used with
æ obtained from normal-mode analysis as well. A similar methodology
was used for adding KE to the solvent molecules. Atomic velocities of
solvent molecules in the first solvation (or select molecules of the first
solvation shell) were scaled to increase KE (total system KE was
unchanged). In this study, the following values ofδ were used for
investigations: 0.0002, 0.001, 0.002, 0.005, 0.01, 0.02, and 0.05.

The selected snapshots with increased KE in the protein vibrational
mode or the surface solvent molecules were propagated using molecular
dynamics (MD). The AMBER suite of programs with parm98 force-
field was used for MD runs and analysis.48,49 A time step of 1 fs was
used, and other conditions were similar to those of our previous
studies.26,27The interaction energy for the enzyme-substrate complex
was calculated as a sum of electrostatic and van der Waals energies
between all atom pairs:

where the first term is the electrostatic contribution and the second
term is for van der Waals interactions,qi are partial charges, andAij,
Bij are the Lennard-Jones parameter and the summation runs over all
atom pairs for the enzyme-substrate complex. The charges and
Lennard-Jones parameters were obtained from the AMBER parm98
force field. A distance-dependent dielectric function was used:

whereB ) εo - A; εo ) 78.4 for water;A ) -8.5525;λ ) 0.003 627
andk ) 7.7839.50,51

Results and Discussion

Theoretical and experimental studies of CypA indicate that
internal protein dynamics events are linked to its catalytic
activity of peptidyl-prolyl cis-trans isomerization.19,20,26,27The
discovered network of protein vibrations, coupled to the
substrate turnover step, plays a role in promoting catalysis. The
dynamical events in this network range from picosecond to

microsecond-millisecond time scales (note that the substrate
turnover step catalyzed by CypA occurs on the microsecond-
millisecond time scale). On one side of this range, the network
consists of fast and harmonic motions known as vibrations,
occurring on femtosecond-picosecond time scales. These
vibrations, involving mainly the movement of bonds, angles,
and a few atoms, alter the enzyme-substrate interaction in the
active site. On the other side, the network also consists of
collective conformational fluctuations (low-frequency modes)
spanning larger areas of protein and occurring on microsecond
and longer time scales (see Table 1). Note these coherent,
collective, and repeated movements of many residues spanning
different parts of the protein are different from random con-
formational fluctuations observed in proteins. For the discovered
network, several residues participating in rate enhancing con-
formational fluctuations are conserved due to their role in
enzyme function, even though some of these residues are several
angstroms away from the active site.26 NMR relaxation studies
of CypA provide experimental evidence for the existence of
concerted fluctuations coupled to the reaction; motions in several
conserved residues forming crucial points in the network (Arg55,
Asn102, Ala103, and Gly109) were only observed during the
presence of substrate.19,20Further, large temperature factors (â-
factors)52-54 associated with the conserved network residues also
provide supporting evidence for the existence of vibrations. The
role of these vibrations, proposed on the basis of theoretical
studies, in altering the active site enzyme-substrate interactions
agrees with the detailed reaction mechanism based on recent
crystallographic structures.47

Detailed investigations of dynamical reaction trajectories
indicate that certain protein dynamics events (conformational
fluctuations) coupled to the catalytic step play a role in reaction
rate enhancement achieved by enzymes. For these investigations,
a new method was designed to add kinetic energy to a specific
protein vibrational mode (see Methods section for details). This
method is analogous to the DRP method, which has been used
to investigate vibrational modes coupled to reactions in small
chemical systems.42,43 Investigations of CypA with the new
method reveals that protein vibrational modes, discovered as a
part of the network of protein vibrations, and corresponding to
the time scale of substrate turnover, impact reaction trajectories
by influencing the TS barrier crossings (Figure 3). Figure 3a
shows the behavior of a representative trajectory, in the vicinity
of the TS, attempting to proceed from the trans (reactant) to
the cis (product) state. The original trajectory, indicated by solid

(48) Case, D. A. et al.AMBER 7; University of California, San Francisco, 2002.
(49) Pearlman, D. A.; Case, D. A.; Caldwell, J. W.; Ross, W. S.; Cheatham, T.

E.; Debolt, S.; Ferguson, D.; Seibel, G.; Kollman, P.Comput. Phys.
Commun.1995, 91, 1-41.

(50) Mehler, E. L.; Eichele, G.Biochemistry1984, 23, 3887-3891.
(51) Mehler, E. L.; Solmajer, T.Protein Eng.1991, 4, 903-910.

(52) Zhao, Y. D.; Ke, H. M.Biochemistry1996, 35, 7356-7361.
(53) Zhao, Y. D.; Ke, H. M.Biochemistry1996, 35, 7362-7368.
(54) Vajdos, F. E.; Yoo, S. H.; Houseweart, M.; Sundquist, W. I.; Hill, C. P.

Protein Sci.1997, 6, 2297-2307.

Table 1. Rate-Enhancing Protein Vibrational Modes Investigated in This Studya

protein
vibrational
mode

protein regions with large displacements active site motions

A CypA: 12-18, 66-75, 78-84, 118-124, 136-152
CAN: 16-31, 35-44, 59-63, 88-95,110-120

CypA residues 60, 102, 103, 122 and CAN

residues 89, 90 show large displacements
B CypA: 12-15, 68-76, 80-85, 90-94, 101-106, 118-125, 144-156

CAN: 35-44, 88-95, 110-124
motions of CypA residues 101-104,
concerted with those of substrate

C CypA: 12-15, 66-74, 90-94, 101-107, 118-125, 136-156
CAN: 1-15, 88-95

fluctuations in CypA 102-CAN 89 and
CypA 55-CAN 90 hydrogen bonds

a These modes are coupled to the cis-trans isomerization in the CypA-CAN complex. Pictorial representation and animation movies of these modes are
available with refs 26 and 27.

enzyme-substrate complex: Vn
iR ) (1 - δ)1/2ViR + ηæiR (2)

solvent: Vn
iR ) (1 - δ)1/2ViR (3)

Eenz-subs) ∑[( qiqj

ε(r)rij
) + ( Aij
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12

-
Bij
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6)] (4)

ε(rij) ) A + B
1 + k exp(-λBrij)

(5)
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black curve, shows several barrier recrossings but is not
productive. Addition of KE into a network vibrational mode
coupled to the reaction alters the behavior of the trajectory. Even
a small amount of energy, such as 0.02% of system KE (δ )
0.0002), indicates deviation from the original trajectory. Increas-
ing the amount of KE added to the mode leads to reduction in
the number of barrier recrossings, and with 2% system KE (δ
) 0.02) added, trajectory quickly becomes productive, on the
picosecond time scale in investigation, with just a single crossing
of the barrier. The reverse reaction (cis to trans) also shows
similar behavior as depicted in Figure 3b; a nonproductive
trajectory with no barrier crossings starts to cross the TS barrier
and becomes productive with only one crossing. The decrease
in the number of barrier recrossings and increase in the number
of trajectories with successful barrier crossings lead to a larger
value ofκ, therefore, rate enhancement. Note that the addition
of a large amount of energy illustrates successful barrier crossing
at the picosecond time scale in investigations; furthermore the
trend also indicates that smaller amounts of energy in the protein
vibrational mode will cause barrier crossings at longer time
scales (nanosecond and microsecond). For computational rea-

sons, the detailed investigations described below used only
trajectories withδ ) 0.02. The results from trajectories with
the addition of smaller amounts of energy, however, are also
expected to be qualitatively similar at longer time scales.

Multiple low frequency conformational fluctuations coupled
to reaction possibly provide a way for enzymes to achieve large
rate enhancements by promoting trajectories to successfully
surmount the activation energy barrier. All three protein
vibrational modes, identified as a part of the network of protein
vibration in CypA, show changes in barrier recrossings with
the addition of KE leading to productive trajectories. Table 2
presents a summary of observations for a variety of trajectories
with additional KE in the protein vibrational modes. Only 1
out of 40 regular trajectories (without addition of KE) was
productive, and the majority of trajectories did not have any
forward crossings. However, redistribution of 2% system KE
(δ ) 0.02) into the three protein vibrational modes from the
network makes the majority of trajectories recross the barrier
several times. Further, around 50% of trajectories also became
productive within 0.1 ps. It is important to note that not every
low frequency conformational fluctuation promotes the reaction,
as is indicated by results from two nonpromoting modes; only
slight increases in barrier crossings were observed for these
modes and no change in the number of productive trajectories.
Figure 4 shows representative trajectories indicating the effect
of increasing KE in modes A, B, and C forming the network of
protein vibrations and also a nonpromoting mode. These figures
indicate that the presence of energy in a reaction promoting
conformational fluctuations alters the dynamical behavior of
trajectories, which can lead to successful barrier crossing.

The biophysical impact of the discovered network on the
reaction can be understood by inspecting changes in the active
site environment that are introduced by reaction promoting
conformational fluctuations. Detailed analysis reveals that TS
barrier recrossing behavior is correlated with the fluctuations
in the enzyme-substrate interactions as a result of increased
energy in protein vibrational mode. The insights into the reaction
mechanism from previous theoretical and crystallographic
studies indicate that the interaction between target proline
residue of the substrate (Pro90) and active site hydrophilic and
hydrophobic residues of enzyme play a crucial role during the
reaction.26,47Rate-enhancing conformational fluctuations impact

Figure 3. The effect of increasing KE in a network protein vibrational
mode (mode A) on reaction trajectories. (a) Representative trajectories
starting in the R* region. (b) Representative trajectories starting in the P*
region (reverse reaction). The dashed horizontal line indicates the TS, the
solid black curve represents the native trajectory, and the parameterδ
indicates the fraction of system KE added to the protein vibrational mode
(see eq 1).

Table 2. The Effect of Increasing KE in Protein Vibrational Mode
and First Solvation Shell on TS Barrier Recrossings and
Productive Nature of Reaction Trajectoriesa

trajectories with
forward crossings

total
number of
trajectories 0 1 >)2

productive/
nonproductive

trajectories

regular 40b 33 1 6 1/39

2% system KE added in protein vibrational mode (δ ) 0.02)
mode A 40b 8 24 8 25/15
mode B 40b 10 20 10 23/17
mode C 40b 17 16 7 19/21
mode NP1 40b 32 1 7 1/39
mode NP2 40b 31 1 8 1/39

regular 20c 11 0 9 9/11

KE in first solvation shelld

δ ) 0.05 (5%) 20c 4 1 15 11/9

a NP1 and NP2 are nonpromoting modes.b Trajectory duration: 0.1 ps.
c Trajectory duration: 1.0 ps.d KE was only added to solvent molecules
around surface residues which are a part of network.
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these key interactions in the active site as indicated by the
enzyme-substrate interaction energy profile in Figure 5. An
interesting observation is that the maximum enzyme stabilization
of the substrate occurs close to TS (consistent with the TS
stabilization theory for enzyme catalysis). The role of the
reaction promoting low frequency conformational fluctuations
could, therefore, be interpreted as concerted internal protein
movements, which facilitate in stabilization of the TS. The
conservation of the network residues and hydrogen bonds as a

part of cyclophilin structure, or the conservation of protein
“fold”, indicates a link among protein structure, dynamics, and
function. Previous investigations of hydride transfer reaction
catalyzed by enzyme dihydrofolate reductase provides evidence
that changing the structure leads to changed dynamics and,
therefore, a change in function.23,55,56 Mutation of a single
surface residue in dihydrofolate reductase, more than 12 Å away
from the active site, changes the dynamics and leads to a rate
reduction by a factor of 163.

The impact of rate-enhancing conformational fluctuation on
the reaction trajectory is related to the amount of energy
associated with the vibrational mode (see Figure 3). Estimates
for the amount of energy associated with the conformational
fluctuations in the discovered network are currently not avail-
able. The DRP method based investigations of a small chemical
system had indicated that addition of 13-16 kcal/mol of energy
in a mode promotes the reaction.42 For the system investigated
in this study, 0.02% of total system KE which is about 6 kcal/
mol shows changes in the dynamical behavior of trajectories.
Further, in a previous theoretical study, Kidera et al. have
investigated the transfer of energy between protein vibrational
modes by addition of 1 kcal/mol in a vibrational mode of
myoglobin.57 In that investigation of myoglobin, the energy
added to the vibrational mode was not lost by dissipation but

(55) Watney, J. B.; Agarwal, P. K.; Hammes-Schiffer, S.J. Am. Chem. Soc.
2003, 125, 3745-3750.

(56) Rajagopalan, P. T. R.; Lutz, S.; Benkovic, S. J.Biochemistry2002, 41,
12618-12628.

(57) Moritsugu, K.; Miyashita, O.; Kidera, A.J. Phys. Chem. B2003, 107,
3309-3317.

Figure 4. Representative trajectories from simulations with increased KE in network protein vibrational modes (modes A-C) and a nonpromoting mode.
2% of system KE (δ ) 0.02) was added to protein vibration modes. Five representative trajectories from each mode are shown in different colors. Not all
protein vibrational modes show increased barrier recrossing; much less effect on the barrier crossing is seen in a mode not coupled to the reaction.

Figure 5. Correlation between TS barrier recrossings (top) and enzyme-
substrate interactions (bottom). The interaction energy shown was calculated
for the CAN residues Gly89-Pro90 and all the residues of enzyme CypA.
Results from three representative trajectories with 2% KE (δ ) 0.02) added
to mode A are shown.
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instead was found to be transferred to other modes. Our
theoretical investigations provide insights into how increasing
amounts of energy in a reaction promoting conformational
fluctuation have a positive effect on reaction trajectories on a
picosecond time scale. In enzyme systems, smaller amounts of
KE, which are expected to be more realistic, will cause barrier
crossings on microsecond and longer time scales. Note, in our
simulations, KE was added to only one protein vibrational mode;
however, in real enzymes, energy is expected to be present in
several promoting modes simultaneously. Our observations,
therefore, support the suggestion that protein dynamics in
enzyme complexes changes the barrier crossings such that it
increases reaction rate by several orders of magnitude.46

What is the source of energy for rate-enhancing conforma-
tional fluctuations? In cases where enzymes work without any
other energy source, bulk solvent is expected to be the source
of thermal energy for surmounting the activation energy barrier.
Recent investigations have demonstrated that the bulk solvent
and hydration-shell fluctuations control internal protein dynam-
ics.13,14,58Our investigations indicate that the dynamical coupling
between hydration-shell solvent and surface enzyme residues
provides a mechanism for the transfer of energy from the solvent
to protein. In CypA, several surface residues, including Val29,
Thr68, and Lys82, extend out into the solvent and show large
displacements in the protein vibrational modes of the discovered
network. Note these surface residues are semiconserved or are
neighbors to conserved residues. Investigations of the real-time
trajectories reveal the presence of fast vibrations in surface
residues; for example, Figure 6 shows the presence of vibrations
on the picosecond-nanosecond time scale in surface residue
Thr68. To understand the role of hydration-shell solvent in
enzyme function, we investigated the transfer of KE from the
first hydration shell to external regions of protein and its effect
on the reaction trajectories (Figure 7 and Table 2). Figure 7a
shows results from two representative trajectories propagated

after increasing the KE of the first solvation shell by 5%; within
0.1 ps an increase in KE of external protein regions is observed.
These results indicate the transfer of energy from solvent to
protein residues, with an increase in energy of protein residues
more than 8 Å away from the surface occurring within a very
short time. This transfer of energy into the protein residues
impacts the barrier crossing behavior of reaction trajectories;
as depicted in Figure 7b, certain trajectories that are otherwise
nonproductive cross barrier within a short time period to become
productive trajectories. Note, to obtain insights within a reason-
able duration of simulation for investigations indicated in Figure
7b, KE was only added to solvent molecules around surface
residues that are a part of the network. However, the distribution
of energy in the entire first solvation shell is expected to provide
similar results in longer simulations.

Experimental investigations are required to obtain further
details of the role of protein dynamical events and solvent
fluctuations in enzyme catalysis. Significant progress has
recently been made in Mo¨ssbauer, neutron scattering, and NMR
relaxation techniques, instrumentation, and analysis relevant to
investigations of fluctuations in proteins and solvent surrounding

(58) Frauenfelder, H.; Fenimore, P. W.; McMahon, B. H.Biophys. Chem.2002,
98, 35-48.

Figure 6. Real-time fluctuations of Thr68, a surface residue, indicate
vibrations. The gray curve indicated a fitted curve indicating vibration of
this protein residue. The distances between center-of-mass of the enzyme-
substrate complex (COM) and selected atoms on the residue are shown.

Figure 7. Effect of additional KE in first solvation shell. (a) The KE is
transferred from the solvent to the protein residues, as indicated by increasing
energy in the protein regions (up to 5 Å from protein surface, and between
5 Å and 8 Å from the surface). (b) Two otherwise nonproductive regular
trajectories (solid lines) become productive (broken lines) due to transfer
of energy from the solvent to residues forming parts of the protein vibrations
network. The corresponding trajectories are indicated by squares and circles.
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the protein.17,59-62 Individual residues can now be investigated
using deuterium labeling, and using instruments with different
resolutions, it will be possible to differentiate between the
motions and energy associated with protein and solvent at the
interface.62 Collaborative experimental and theoretical investiga-
tions will be key to understanding the role of protein dynamics
in function;10 theoretical techniques, such as the one described
in this paper, will guide the experimental investigations by
highlighting the areas of proteins which can make the most
impact on catalysis.

In our past reports and this present paper, we have used the
term protein dynamics to describe internal protein motions
occurring at all time scales. Note, this does not conflict with
the previous terminology used by Hammes-Schiffer and co-
workers; who have used “dynamics” for motions that influence
the transmission coefficient,κ.6,33 Our present investigations
indicate that not only the fast motions but also conformational
fluctuations on the time scale of reaction impact the barrier
recrossing behavior of trajectories leading to a significant
increase in transmission coefficient. Therefore, in addition to
averaged distances, dynamical fluctuations on all time scales
are also expected to impact enzyme catalysis.

In addition to making an impact on TS barrier recrossings,
an alternate way in which slower conformational fluctuations
and fast vibrations can impact catalysis in the TST framework
is by changing the height of the free energy activation barrier.
Some insights into the effect of protein vibrational modes on
the free energy profile have been obtained in our previous
studies of CypA.26 Early indication obtained from quantum-
mechanical calculations of the enzyme active site model are
that the system (potential) energy close to the TS decreases as
the system is displaced along the protein vibrational modes.
Recently, reports from other research groups have also indicated
that vibrations and correlated motions play a role in the
fluctuation of the activation energy barrier.63,64 Note, it is
possible that the effect of protein dynamics on the activation
energy barrier height and transmission coefficient may be
interrelated. Further investigations are required for understanding
the role of conformational fluctuations coupled to the reaction
in modulating the height of the barrier region. Concerted
conformational fluctuation in the enzyme-substrate complex
may possibly be the mechanism, in part, for decreasing the
activation energy barrier for an enzyme-catalyzed reaction as
compared to a reaction in solution (in the absence of enzyme).

Conclusions and Summary

In this report, we present theoretical investigations of the link
between internal protein motions and rate enhancement by
enzymes. Recently, we discovered a network of protein vibra-
tions coupled to the peptidyl-prolyl cis-trans isomerization
catalyzed by CypA.26,27 This network extends from surface
regions of the enzyme to the active site. The fast motions
(vibrations) in this network impact the hydrophobic and

hydrophilic interactions between the enzyme and substrate. The
concerted conformational fluctuations (low-frequency modes)
spanning conserved residues impact the dynamical behavior of
reaction trajectories. Using a method analogous to DRP, reaction
trajectories were propagated after the addition of KE to protein
vibrational modes. Results indicate that certain conformational
fluctuations alter transition state barrier recrossings. An increase
in productive trajectories was observed with increasing KE in
select protein vibrational modes corresponding to low-frequency
network fluctuations, suggesting the role of these protein
dynamics in enzyme rate enhancement by increasing the
transmission coefficient. Our simulations also show that energy
transfer from the first solvation shell to surface protein residues
impacts catalysis through conformational fluctuations in the
discovered network.

Taken together, recent experimental observations and our
theoretical studies provide insights into the emerging integrated
view of solvated protein structure, dynamics, and function.
Several experimental techniques (including NMR and neutron
scattering) indicate that proteins are not rigid but are dynamical
assemblies with a close link between structure and dynamics.17

Mössbauer and neutron scattering experiments indicate that bulk
solvent and hydration-shell fluctuations control protein dy-
namics.13-15 Our theoretical investigations of CypA indicated
the transfer of energy from solvent molecules in the first
solvation shell to external protein regions through dynamical
coupling; this energy is then transferred to a network of protein
vibrations, which promote the reaction by changing the dynami-
cal behavior of the reaction trajectories. Note that crucial parts
of the network are found to be conserved across several species26

and experimental evidence for the existence of this network
comes from previous NMR relaxation studies, where motions
in several residues forming parts of this network were detected
only during substrate turnover.19 High-temperature factors (from
X-ray crystal structures) associated with the network residues
in CypA crystal structures provide further evidence.26,52-54 The
link between atomic fluctuations visible in high resolution crystal
structures and enzyme function has previously been noted for
other enzymes.65,66 Understanding reaction-coupled protein
dynamics has interesting implications in manipulating enzyme-
catalyzed reactions. For example, laser pulse has already been
used to initiate an enzyme reaction involving thermally excited
protein dynamics (molecular motions on a picosecond time
scale).67 Recent progress made in experimental techniques,
instrumentation, and analysis for investigating protein and
solvent dynamics will lead to more detailed investigations.59,62

The characterized network of vibrations promoting enzyme
catalysis in CypA and also the one previously characterized in
the enzyme dihydrofolate reductase have wide implications in
understanding enzyme rate enhancement, allostericity, and
cooperative effects, as well as protein engineering and drug
design. These networks also provide some insights into the
conservation of protein “folds”; enzymes catalyzing similar
reactions often belong to the same fold family, and enzymes
catalyzing mechanistically similar reactions belong to same
protein superfamily.68,69Sequence analyses with thermodynamic

(59) Parak, F. G.Rep. Prog. Phys.2003, 66, 103-129.
(60) Diehl, M.; Doster, W.; Petry, W.; Schober, H.Biophys. J.1997, 73, 2726-

2732.
(61) Doster, W.; Diehl, M.; Petry, W.; Ferrand, M.Physica B2001, 301, 65-

68.
(62) Becker, T.; Hayward, J. A.; Finney, J. L.; Daniel, R. M.; Smith, J. C.

Biophys. J.2004, 87, 1436-1444.
(63) Antoniou, D.; Abolfath, M. R.; Schwartz, S. D.J. Chem. Phys.2004, 121,

6442-6447.
(64) Thorpe, I. F.; Brooks, C. L.Proteins2004, 57, 444-457.

(65) Petsko, G. A.Nat. Struct. Biol.1996, 3, 565-566.
(66) Schramm, V. L.; Shi, W. X.Curr. Opin. Struct. Biol.2001, 11, 657-665.
(67) Heyes, D. J.; Hunter, C. N.; van Stokkum, I. H. M.; van Grondelle, R.;

Groot, M. L. Nat. Struct. Biol.2003, 10, 491-492.
(68) Gerlt, J. A.; Babbitt, P. C.Curr. Opin. Chem. Biol.1998, 2, 607-612.
(69) Babbitt, P. C.; Gerlt, J. A.J. Biol. Chem.1997, 272, 30591-30594.
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mapping have indicated long-range energetic coupling in
proteins;70 low frequency conformational fluctuations could
possibly be the mechanism of energy transfer over long ranges
in protein structure and, therefore, provide insights into under-
standing allostericity. Simulations have already revealed that
energy can be transferred between specific vibrational modes
in a protein.57,71 Emerging evidence continues to link protein
structure, dynamics, and function. In this report, we have
described the role of protein dynamics in rate enhancement by
enzymes. Further insights from our ongoing investigations also
suggest that protein vibrations may also have a role in

biomolecular recognition and in overcoming local energy
barriers in protein folding.

Acknowledgment. I thank Dr. Hans Frauenfelder, Dr. Amnon
Kohen, Dr. William T. Heller, Dr. Simon P. Webb, and Dr.
Dean A. A. Myles for stimulating discussions. This research
used resources of the Center for Computational Sciences at
ORNL, which is supported by the Office of Science of the U.S.
Department of Energy under Contract No. DE-AC05-00OR22725.

Supporting Information Available: Complete ref 48. This
material is available free of charge via the Internet at
http://pubs.acs.org.

JA055251S

(70) Lockless, S. W.; Ranganathan, R.Science1999, 286, 295-299.
(71) Moritsugu, K.; Miyashita, O.; Kidera, A.Phys. ReV. Lett.2000, 85, 3970-

3973.

A R T I C L E S Agarwal

15256 J. AM. CHEM. SOC. 9 VOL. 127, NO. 43, 2005


