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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 dynamical motions of solvent molecules on the exterior of a

Enzymes are highly efficient catalysts; number of theories ~ Protéin complex with enzyme functid. 1°
have been proposed to explain the reaction rate enhancement A variety of internal protein dynamics events occur on the
achieved by enzymés For more than a century, enzymologists femtosecond to second time scalés?experimental investiga-
have known the importance of structure; the “lock-and-key” and tions have already revealed a wealth of information for events
“induced-fit’ models suggested that function depends on direct 0ccurring at select time scales. Techniques including neutron
structural interaction between the enzyme and the subdtfate. and X-ray scattering!-**NMR spectroscopy;'**°X-ray crys-
Increasing evidence, however, continues to reveal that proteinstallographyZ* and hydrogerrdeuterium exchangécontinue to
are dynamically active assemblies with a link between structure Provide fascinating details about movement of different parts
and dynamics. The range of time scales of dynamical events Of proteins. Enzyme kinetics and mutation studies have provided
that occur in enzyme complexes and the time scales for substratéompelling evidence linking protein dynamics to the substrate
turnover steps catalyzed by enzymes are similar, raising the
question of whether they are interrelated or hderotein ggg E‘;?]Z”'ZA-)F(’VPE-eeRe?‘?t-R*gs”iﬁ; 0O 28, L9 . o 3. Proc
dynamicg has been implicated in many aspects of enzyme Natl. Acad. Sci. U.S.A2004 101, 9556-9561. T
function including substrate/cofactor binding and release. Evi- 823 ;ggﬁ'%‘r%’jtbf"\'/;\/.';)?:"r‘zt&eerhf‘éldf:"eH”.“;' ,\BA'C",\')'g?]%ﬁ’léi 1H9?Z’_a1rg¢,zi:|?@c.
dence linking protein dynamics and the substrate turnover step ~ Natl. Acad. Sci. U.S.A2002 99, 16047-16051.
also continues to grof#12 Moreover, studies have also linked ~ (14) Ferimore, . W Fradenteier H feManory B- H- Young, Retc.
(15) Daniel, R. M.; Dunn, R. V.; Finney, J. L.; Smith, J. &nu. Re. Biophys.

3
4

(1) Neet, K. E.J. Biol. Chem.1998 273 25527-25528. Biomol. 2003 32, 69—92.
(2) Kraut, J.Sciencel988 242 533-540. (16) Cannon, W. R.; Benkovic, S. J. Biol. Chem1998 273 26257-26260.
(3) Knowles, J. RNature 1991, 350, 121-124. (17) Zaccai, GScience200Q 288 1604-1607.
(4) Fischer, EBer. Dtsch. Chem. Ge4894 27, 3189. (18) Heller, W. T.Acta Crystallogr., D2005 61, 33—44.
(5) Haldane, J. B. SEnzymesLongmans, Green: London, 1930. (19) Eisenmesser, E. Z.; Bosco, D. A.; Akke, M.; Kern,&zience2002 295,
(6) Benkovic, S. J.; Hammes-Schiffer, Science2003 301, 1196-1202. 1520-1523.
(7) The term protein dynamics has been previously used in different contexts; (20) Bosco, D. A.; Eisenmesser, E. Z.; Pochapsky, S.; Sundquist, W. I.; Kern,
here we use it to describe internal protein motions occurring at all time D. Proc. Natl. Acad. Sci. U.S.£2002 99, 5247-5252.
scales. (21) Rader, S. D.; Agard, D. AProtein Sci.1997, 6, 1375-1386.
(8) Wand, A. J.Nat. Struct. Biol.2001, 8, 926-931. (22) Zavodszky, P.; Kardos, J.; Svingor, A.; Petsko, GPoc. Natl. Acad.
(9) Hammes, G. GBiochemistry2002 41, 8221-8228. Sci. U.S.A1998 95, 7406-7411.
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K crossing®®37 Figure 1 illustrates the behavior of two reaction

Exmdmwe trajectories close to the transition state (TS)._ The first traject_ory
crosses the TS but returns to the reactant side (nonproductive),

ot (-2 while the second trajectory crosses the barrier several times

<" --{--~“ nonproductive before reaching the product state (productive). The transmission

. coefficient () is a prefactor which corrects the TST reaction

,_{‘ rate for the number of barrier recrossings. Theoretical modeling

g by Truhlar, Gao, and co-workeéfs®”-3and Hammes Schiffer

AG and co-worker§;25:30333nd 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
analyses240 These investigations describing the dynamical
effect as “friction”, indicated that at low friction the transmission
o = k,T —AG* coefficient is proportional and at high friction it is inversely

TSt "( h ] k,T ] proportional to the friction coefficierft For a more direct link,
important clues are available from recent theoretical studies of
k= Kkps reactions in small chemical systems; addition of small amounts
Figu?? L PSih_engjatiC ill_ustratiqnﬂof free ene;gy pﬂt)f"e_ ftz\;v an enz_glmatic of kinetic energy (KE) into select vibrational modes increases
aclon, P yrcecan s eacor ales 1 e eSSl WaYS TS barrer recrossingSThis approach, known as the chnamic
transmission coefficient]. reaction path (DRP) methdd* indicated that if sufficient
energy is added to vibrational modes coupled to the reaction,
turnover step%11.23Further, Mssbauer and neutron scattering trajectories quickly become productive. For enzymes, it has been
experiments have also indicated that bulk-solvent and hydration-suggested that correlated motions may be involved in increasing
shell fluctuations control protein dynamics and funcidri® the frequency of barrier crossirglt has also been noted that
Obtaining much needed collective information on multiple time i some enzymes the contribution of transmission coefficient
scales, using experimental techniques, however, still remains ato overall rate enhancement may be sriall.
challenge. With the aim of investigating the link between protein

Theoretical and computational modeling of protein dynamics dynamics and reaction rate enhancement by enzymes, we
and enzyme kinetics is complementing the knowledge gained recently identified a network of protein vibrations in enzyme
from experimental studie®; 36 two recent reviews overview  cyclophilin A (CypA) coupled to its activity of catalyzing
numerous theoretical investigations that continue to provide peptidyl-prolyl cis-trans isomerization (see Figure?2)Extend-
valuable insights into the detailed mechanisms of reactions ing from surface loop residues of the enzyme all the way to the
catalyzed by enzymés” Theoretical investigations of enzyme ~ active site, this network was first discovered during catalysis
catalyzed reactions are based on some variation of the generalof small peptide substrates by CypA and later confirmed during
ized transition state theory (TS?$337 like other condensed  the catalysis of the N-terminal domain of capsid protein {CA
phase reactions, an enzyme catalyzed reaction can be expressdtPm human immunodefiency virus type 1 (HIV-1), a biologi-
in terms of a free energy profile (FEP). In the TST framework, cally relevant substrafé€:?’ The dynamical events in the network
enzymes can influence reaction rates by decreasing the activatiorpccur on time scales ranging from picosecond to microseeond
energy barrier (see Figure 1). It has also been suggested thamillisecond (time scale of the reaction). Genomic and structural
enzymes, which are dynamical systems, can have an impact oranalyses indicated that the residues and hydrogen bonds forming
reaction rates by altering the active site environment such thatcrucial points in the network are conserved in several cyclophilin

more trajectories become productive after successful barrierstructures of species ranging from bacteria to human. NMR
relaxation studies have observed motions in some of these

reaction coordinate

(23) Cameron, C. E.; Benkovic, S. Biochemistry1997 36, 15792-15800. residues coupled to the substrate turnover &tdhe proposed
) o o i A 002 55, Domaosse. ** importance of the dynamical events in this network lies in their
(25) fggnévzaé,;é Ig.éel?illeter, S. R.; Hammes-Schiffer JSPhys. Chem. B002 ability to impact catalysis by changing the crucial interactions
(26) Agarwal, P. K.; Geist, A.; Gorin, ABiochemistry2004 43, 10605-10618. between the CypA residues and substfatreviously, another
(27) Agarwal, P. KProteins2004 56, 449-463. network of coupled motions promoting hydride transfer in

(28) Radkiewicz, J. L.; Brooks, C. LJ. Am. Chem. So@00Q 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.£00Q0 97, 11899-11904. (38) Truhlar, D. G.; Gao, J. L.; Alhambra, C.; Garcia-Viloca, M.; Corchado, J.;
(30) Billeter, S. R.; Webb, S. P.; Agarwal, P. K.; lordanov, T.; Hammes-Schiffer, Sanchez, M. L Villa, JAcc. Chem. ReQOOZ 35, 341— 349,
S.J. Am. Chem. So@001, 123 11262-11272. (39) Kramers, H APhyS|ca (Utrecht)194Q 7, 284.
(31) Billeter, S. R.; Webb, S. P.; lordanov, T.; Agarwal, P. K.; Hammes-Schiffer, (40) Hanggl ; Talkner, P.; Borkovec, Mev. Mod. Phys.199Q 62, 251~
S.J. Chem. Phys2001, 114, 6925-6936.
(32) Gao, J. L.; Truhlar, D. GAnnu. Re. Phys. Chem2002 53, 467-505. (41) Frauenfelder H.; Wolynes P Gciencel985 229 337—345.
(33) Hammes-Schiffer, Biochemistry2002 41, 13335-13343. (42) Gordon, M. S.; Chaban .; Taketsugu, JI.Phys. Chem1996 100,
(34) Li, G.; Cui, Q.J. Am. Chem. So@003 125, 15028-15038. 11512-11525.
(35) Antoniou, D.; Schwartz, S. Ol. Phys. Chem. R001, 105 5553-5558. (43) Taketsugu, T.; Gordon, M. S. Phys. Chem1995 99, 14597-14604.
(36) Antoniou, D.; Caratzoulas, S.; Kalyanaraman, C.; Mincer, J. S.; Schwartz, (44) Stewart, J. J. P Dauvis, L. P.; Burggraf, L. W.Comput. Cheml987, 8,
S. D. Eur. J. Biochem2002 269 3103-3112. 1117 1123
(37) Garcia-Viloca, M.; Gao, J.; Karplus, M.; Truhlar, D. Science2004 303 (45) Maluendes, S. A.; Dupuis, M. Chem. Phys1990 93, 5902-5911.
186—-195. (46) Bruice, T. C.; Benkowc S. Biochemistry200Q 39, 6267-6274.
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Figure 2. A network of coupled protein vibrations promoting catalysis in cyclophilif®Aoops 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 fodbm outsid
the enzyme to the active site. Reprinted with permission from Agarwal &@themistry 200443, 10605-10618. Copyright 2004 American Chemical

Society.

dihydrofolate reductase has been identified by Agarwal &t al.

reaction coordinate. The TS was determined as the highest point on

However, the detailed understanding of the role these networksFEP, @ = 107.6. A network of protein vibrations coupled to the
play in rate enhancement during enzyme catalysis, specifically 'éaction was identified based on analysis of Cyg@A" and CypA-

the effect on activation free energy barridlG*) and TS barrier
crossings«), 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

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 structuré®2” 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 lgy; contains vector displacements

for atoms in the enzymesubstrate complex; solvent is excluded from

between dynamical modes in proteins to enzyme rate enhancethe calculation ofp. Three reaction coupled protein vibrational modes

ment, using the CypACAN 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-

(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< w < 117) and P* (97 < w < 98°),

tions in the active site environment cause reaction trajectories rggpectively, indicate a small section of the reactant side and product

to surmount the barrier, therefore, leading to productive

side in the vicinity of the TS £10° away). 40 system snapshots

trajectories. The transfer of energy between the solvent andseparately from the R* region and the P* region were selected for
enzyme at the surface has also been investigated. Together thesevestigations. Atomic velocities associated with system coordinates

results provide new insights into role of internal protein
dynamics and solvent fluctuations in promoting enzyme cataly-

were also selected. System snapshots were selected from four different
umbrella sampling runs, to avoid any sampling bias.

sis. Experimental techniques, such as neutron scattering, con- A New approach is used in this study to investigate the effect of

tinue to make significant progress in investigating protein
dynamics and proteinsolvent interface properties. Collaborative

investigations, using experimental techniques and the new

protein vibrations on reaction trajectories by adding kinetic energy to
specific parts of the enzymesubstrate complex or the hydration-shell
solvent. This approach is analogous to the DRP method previously used
to investigate small chemical systefds®® KE was added to select

theoretical method approach described here, will provide meansytein vibrational modes by scaling velocities proportional to atomic
for a better understanding of protein dynamical events, energy gisplacements indicated in protein vibrational mode. The total system

flow within a protein, between protein and solvent, and enzyme
catalysis at multiple time scales.

Methods

The model for the solvated CypACAN complex from our previous
study was used for investigations of reaction trajectctiédased on
the crystallographic structure from Howard et al. (PDB code 1M3C),
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 CA! atoms, and 51 240 solvent atoms. In our previous study, a
potential of mean force (PMF) representation for the FEP ofttans
isomerization of the Gly89-Pro90 peptide bond (counterclockwise
rotation) was obtained using the amide bond dihedral arglas the

(47) Howard, B. R.; Vajdos, F. F.; Li, S.; Sundquist, W. I.; Hill, C. Rat.
Struct. Biol.2003 10, 475-481.
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energy was kept unchanged by scaling down velocities of the entire
system (enzyme, substrate, and solvent), according to the following
equation:

1Nso|
_ 1/2 2 - _ _ 2 _
M1 = ) v + 1]+ 2,=E QE mM(1 — O)viy

Niotal

EZ T mu @

wherev represents component of velocity for atoym is the mass of
the atom;NenzsubsiS the number of solute atomis; is the number of
solvent atoms;Ni are total atoms in the systenw represents
summation over axes, y, z, parameterd represents the fraction of
system KE transferred into the protein vibrational mgdeandy is a

1Nenrsubs

22 2
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Table 1. Rate-Enhancing Protein Vibrational Modes Investigated in This Study?

protein protein regions with large displacements active site motions

vibrational

mode

A CypA: 12—18, 66-75, 78-84, 118-124, 136-152 CypA residues 60, 102, 103, 122 and €A
CAN: 16-31, 35-44, 59-63, 88-95,110-120 residues 89, 90 show large displacements

B CypA: 12-15, 68-76, 80-85, 90-94, 10+-106, 118-125, 144-156 motions of CypA residues 164104,
CAN: 35-44, 88-95, 110-124 concerted with those of substrate

C CypA: 12-15, 66-74, 90-94, 101+-107, 118-125, 136-156 fluctuations in CypA 102-CA 89 and

CAN: 1-15, 88-95 CypA 55-CAN 90 hydrogen bonds

aThese modes are coupled to the-disans isomerization in the CypA-CBcomplex. Pictorial representation and animation movies of these modes are
available with refs 26 and 27.

variable calculated based on the above equation. Scaled veloeffies ( microsecone-millisecond time scales (note that the substrate
for atoms were assigned according to following expressions: turnover step catalyzed by CypA occurs on the microseeond
millisecond time scale). On one side of this range, the network
consists of fast and harmonic motions known as vibrations,
3) occurring on femtosecontpicosecond time scales. These
vibrations, involving mainly the movement of bonds, angles,
Note, system coordinates were not manipulated. In this papfgm and a few atoms, alter the enZyﬂ‘mJbStrate interaction in the
quasi-harmonic analysis based on system snapshots from the entireactive site. On the other side, the network also consists of
reaction were used; however, this new approach can also be used withcollective conformational fluctuations (low-frequency modes)
¢ obtained from normal-mode analysis as well. A similar methodology spanning larger areas of protein and occurring on microsecond
was used for addlng KE to the solvent molecules. Atomic velocities of and |onger t|me scales (See Table 1) Note these Coherent,
solvent molecules in the first solvation (or select molecules of the first collective, and repeated movements of many residues spanning

enzyme-substrate complex: ", = (1 — 0)"%, + 791, (2)

solvent: So=1 -0,

solvation shell) were scaled to increase KE (total system KE was
unchanged). In this study, the following values dfwere used for
investigations: 0.0002, 0.001, 0.002, 0.005, 0.01, 0.02, and 0.05.

different parts of the protein are different from random con-
formational fluctuations observed in proteins. For the discovered

The selected snapshots with increased KE in the protein vibrational "€tWOrk, several residues participating in rate enhancing con-
mode or the surface solvent molecules were propagated using moleculaformational fluctuations are conserved due to their role in

dynamics (MD). The AMBER suite of programs with parm98 force-
field was used for MD runs and analy$fs'® A time step of 1 fs was
used, and other conditions were similar to those of our previous
studies?®?" The interaction energy for the enzymsubstrate complex

enzyme function, even though some of these residues are several
angstroms away from the active stfeNMR relaxation studies

of CypA provide experimental evidence for the existence of
concerted fluctuations coupled to the reaction; motions in several

was calculated as a sum of electrostatic and van der Waals energiegonserved residues forming crucial points in the network (Arg55,

between all atom pairs:

_ Gi% B;
Eenz-subs™ Z’(e(r)rij) E-,)]

where the first term is the electrostatic contribution and the second
term is for van der Waals interactiorg,are partial charges, arfj,

Bj are the LennargélJones parameter and the summation runs over all
atom pairs for the enzymesubstrate complex. The charges and
Lennard-Jones parameters were obtained from the AMBER parm98
force field. A distance-dependent dielectric function was used:

+ (ﬁ (4)

12
T

B

clry) =A 1+ kexp(-4Br;)

(6)

whereB = ¢, — A; ¢, = 78.4 for waterA = —8.5525;4 = 0.003 627
andk = 7.783920:51

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 isomerizatio#?-20-26.27The
discovered network of protein vibrations, coupled to the

Asnl102, Alal103, and Gly109) were only observed during the
presence of substrat&2°Further, large temperature factofs (
factorsy2-54 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 enzyn®mibstrate interactions
agrees with the detailed reaction mechanism based on recent
crystallographic structure.

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 system®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

substrate turnover step, plays a role in promoting catalysis. Theshows the behavior of a representative trajectory, in the vicinity

dynamical events in this network range from picosecond to

(48) Case, D. A. et ahMBER 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, ®omput. Phys.

Commun.1995 91, 1-41.
(50) Mehler, E. L.; Eichele, GBiochemistryl984 23, 3887-3891.
(51) Mehler, E. L.; Solmajer, TProtein Eng.1991, 4, 903-910.

of the TS, attempting to proceed from the trans (reactant) to
the cis (product) state. The original trajectory, indicated by solid

(52) Zhao, Y. D.; Ke, H. MBiochemistryl1996 35, 7356-7361.

(53) Zhao, Y. D.; Ke, H. MBiochemistry1996 35, 7362-7368.

(54) Vajdos, F. E.; Yoo, S. H.; Houseweart, M.; Sundquist, W. I.; Hill, C. P.
Protein Sci.1997 6, 2297-2307.
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(a) Table 2. The Effect of Increasing KE in Protein Vibrational Mode
and First Solvation Shell on TS Barrier Recrossings and
Productive Nature of Reaction Trajectories?

Prociuct (Cis) |

ey
8

=
=]

total trajectories with productive/
number of forward crossings nonproductive
trajectories 0 1 >=2 trajectories

regular 40 33 1 6 1/39

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

9

regular 20 11 0 9/11

KE in first solvation shefl
0 = 0.05 (5%) 20 4 1 15 11/9

g

8
-
L]
o

- X
3
Amide bond dihedral angle, o, ()

Reaction coordinate, Aw, (*)

\ 8=0.005 ~ 9=0.002
§=0.01
20 | ]

8=0.02
Reactant (Trans)

-0.1 -0.05 0 0.05 0.1

Time (ps) aNP1 and NP2 are nonpromoting mode3rajectory duration: 0.1 ps.
¢ Trajectory duration: 1.0 p$.KE was only added to solvent molecules
around surface residues which are a part of network.

G

140 } I Produci (Trans)

)

sons, the detailed investigations described below used only
trajectories withdo = 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
. . Heacllant (Cis) 1 presents a summary of observations for a variety of trajectories
-0.1 -0.05 0 0.05 0.1 with additional KE in the protein vibrational modes. Only 1
Time (ps) out of 40 regular trajectories (without addition of KE) was
Figure 3. The effect of increasing KE in a network protein vibrational productive, ar?d the majority of traJeCtorleS did not have any
mode (mode A) on reaction trajectories. (a) Representative trajectories forward crossings. However, redistribution of 2% system KE
starting in the R* region. (b) Representative trajectories starting in the P* (§ = 0.02) into the three protein vibrational modes from the
region (reverse reaction). The dashed horizontal line indicates the TS, thenetwork makes the majority of trajectories recross the barrier
solid black curve represents the native trajectory, and the parameter . . .
indicates the fraction of system KE added to the protein vibrational mode S€Veral times. Further, around 50% of trajectories also became
(see eq 1). productive within 0.1 ps. It is important to note that not every
low frequency conformational fluctuation promotes the reaction,

black curve, shows several barrier recrossings but is not as is indicated by results from two nonpromoting modes; only
productive. Addition of KE into a network vibrational mode slight increases in barrier crossings were observed for these
coupled to the reaction alters the behavior of the trajectory. Evenmodes and no change in the number of productive trajectories.
a small amount of energy, such as 0.02% of system &E( Figure 4 shows representative trajectories indicating the effect
0.0002), indicates deviation from the original trajectory. Increas- of increasing KE in modes A, B, and C forming the network of
ing the amount of KE added to the mode leads to reduction in protein vibrations and also a nonpromoting mode. These figures
the number of barrier recrossings, and with 2% system &E ( indicate that the presence of energy in a reaction promoting
= 0.02) added, trajectory quickly becomes productive, on the conformational fluctuations alters the dynamical behavior of
picosecond time scale in investigation, with just a single crossing trajectories, which can lead to successful barrier crossing.

of the barrier. The reverse reaction (cis to trans) also shows The biophysical impact of the discovered network on the
similar behavior as depicted in Figure 3b; a nonproductive reaction can be understood by inspecting changes in the active
trajectory with no barrier crossings starts to cross the TS barrier site environment that are introduced by reaction promoting
and becomes productive with only one crossing. The decreaseconformational fluctuations. Detailed analysis reveals that TS
in the number of barrier recrossings and increase in the numberbarrier recrossing behavior is correlated with the fluctuations
of trajectories with successful barrier crossings lead to a largerin the enzyme-substrate interactions as a result of increased
value ofk, therefore, rate enhancement. Note that the addition energy in protein vibrational mode. The insights into the reaction
of a large amount of energy illustrates successful barrier crossingmechanism from previous theoretical and crystallographic
at the picosecond time scale in investigations; furthermore the studies indicate that the interaction between target proline
trend also indicates that smaller amounts of energy in the proteinresidue of the substrate (Pro90) and active site hydrophilic and
vibrational mode will cause barrier crossings at longer time hydrophobic residues of enzyme play a crucial role during the
scales (nanosecond and microsecond). For computational reareaction?®#’ Rate-enhancing conformational fluctuations impact
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Figure 4. Representative trajectories from simulations with increased KE in network protein vibrational modes (md@pardl a nonpromoting mode.
2% of system KE § = 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.

T T

< 120 F o TI T ] part of cyclophilin structure, or the conservation of protein
1S

/:::.:—J “fold”, indicates a link among protein structure, dynamics, and
TS ] function. Previous investigations of hydride transfer reaction
60 | ] catalyzed by enzyme dihydrofolate reductase provides evidence
that changing the structure leads to changed dynamics and,
therefore, a change in functid>55¢ Mutation of a single
surface residue in dihydrofolate reductase, more than 12 A 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-
Time (ps) able. The DRP method based investigations of a small chemical

Figure 5. Correlation between TS barrier recrossings (top) and enzyme system had indicated that addition of-4B6 kcal/mol of energy

substrate interactions (bottom). The interaction energy shown was calculated. - . -
for the CAY residues Gly89-Pro90 and all the residues of enzyme CypA. in a mode promotes the reactiéhior the system investigated

Results from three representative trajectories with 2% &E (0.02) added in this study, 0.02% of total system KE which is about 6 kcal/
to mode A are shown. mol shows changes in the dynamical behavior of trajectories.
Further, in a previous theoretical study, Kidera et al. have
these key interactions in the active site as indicated by the investigated the transfer of energy between protein vibrational
enzyme-substrate interaction energy profile in Figure 5. An  modes by addition of 1 kcal/mol in a vibrational mode of
interesting observation is that the maximum enzyme stabilization myoglobin®” In that investigation of myoglobin, the energy
of the substrate occurs close to TS (consistent with the TS added to the vibrational mode was not lost by dissipation but
stabilization theory for enzyme catalysis). The role of the
reaction promoting low frequency conformational fluctuations (%) %gg‘%;é%‘gfgg‘é‘ga'v P. K.; Hammes-Schiffer,JSAm. Chem. Soc.
could, therefore, be interpreted as concerted internal protein (se) Rajagopalan, P. T. R.; Lutz, S.; Benkovic, SBibchemistry2002 41,
movements, which facilitate in stabilization of the TS. The 12615-12628.

. . (57) Moritsugu, K.; Miyashita, O.; Kidera, AJ. Phys. Chem. R003 107,
conservation of the network residues and hydrogen bonds as a  3309-3317.
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Figure 6. Real-time fluctuations of Thr68, a surface residue, indicate Cis '®>
vibrations. The gray curve indicated a fitted curve indicating vibration of — g
this protein residue. The distances between center-of-mass of the enzyme = &
substrate complex (COM) and selected atoms on the residue are shown. <31 )
g 120 60 §
instead was found to be transferred to other modes. Our ¢ ®
theoretical investigations provide insights into how increasing 'g E
amounts of energy in a reaction promoting conformational 8 3
fluctuation have a positive effect on reaction trajectoriesona § 60 120%’
picosecond time scale. In enzyme systems, smaller amounts of 5 ﬁ
KE, which are expected to be more realistic, will cause barrier @ 3
crossings on microsecond and longer time scales. Note, in our 5
simulations, KE was added to only one protein vibrational mode; 0 0 o1 0.2 0.3 0 41 80

however, in real enzymes, energy is expected to be present in
several promoting modes simultaneously. Our observations,F, 7. Effect of additional KE in first solvation shell. (a) The KE |

. ] . i Figure 7. ect of additiona in first solvation shell. (a) The KE is
therefore, support the suggestion th_at prOte'_n dynamics m_transferred from the solvent to the protein residues, as indicated by increasing
enzyme complexes changes the barrier crossings such that ienergy in the protein regions (up 5 A from protein surface, and between
increases reaction rate by several orders of magnitude. 5 A and 8 A from the surface). (b) Two otherwise nonproductive regular

: _ : _ trajectories (solid lines) become productive (broken lines) due to transfer
What is the source of energy for rate-enhancing conforma of energy from the solvent to residues forming parts of the protein vibrations

tional fluctuations? In cases Where_ enzymes work without any network. The corresponding trajectories are indicated by squares and circles.
other energy source, bulk solvent is expected to be the source

of thermal energy for surmounting the activation energy barrier. . . ) . -
. 9 r increasing the KE of the fir Ivation shell %; within
Recent investigations have demonstrated that the bulk solventan(te creasing the of the first solvation shell by 5%; wit

. . . . 0.1 ps an increase in KE of external protein regions is observed.
and hydration-shell fluctuations control internal protein dynam- These results indicate the transfer of enerav from solvent to
ics1314580yr investigations indicate that the dynamical coupling oy

. . rotein residues, with an increase in energy of protein residues
between hydration-shell solvent and surface enzyme reS|duesp gy o'p

. . more tha 8 A away from the surface occurring within a very
provides a mechanism for the transfer of energy from the solvent : . . : .
. . . . short time. This transfer of energy into the protein residues
to protein. In CypA, several surface residues, including Val29, . . . . . . -
. impacts the barrier crossing behavior of reaction trajectories;
Thr68, and Lys82, extend out into the solvent and show large . I . . . .
. . L . as depicted in Figure 7b, certain trajectories that are otherwise
displacements in the protein vibrational modes of the discovered . ; o . i
. . nonproductive cross barrier within a short time period to become
network. Note these surface residues are semiconserved or are

. . S . productive trajectories. Note, to obtain insights within a reason-
neighbors to conserved residues. Investigations of the real-time . . . . A - oo

. ) oo . able duration of simulation for investigations indicated in Figure
trajectories reveal the presence of fast vibrations in surface

residues; for example, Figure 6 shows the presence of vibrationsYb’ KE was only added to solvent molecules around surface
’ pe, Fg P residues that are a part of the network. However, the distribution

on the picosecondnanosecond time scale in surface residue of energy in the entire first solvation shell is expected to provide
Thr68. To understand the role of hydration-shell solvent in . " oy - . - P P
similar results in longer simulations.

enzyme function, we investigated the transfer of KE from the - . LT . .
i . . . . Experimental investigations are required to obtain further
first hydration shell to external regions of protein and its effect . . .
. . . . . details of the role of protein dynamical events and solvent
on the reaction trajectories (Figure 7 and Table 2). Figure 7a . : . N
shows results from two representative trajectories propa atedfluctuanons in _enzyme catalysis. Significant progress has
P J propag recently been made in Msbauer, neutron scattering, and NMR

(58) Frauenfelder, H.; Fenimore, P. W.: McMahon, BBibphys. Chem2002 relaxation techniques, instrumentation, and analysis relevant to
98, 35-48. investigations of fluctuations in proteins and solvent surrounding

Time (ps)
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the proteint”5%-62 Individual residues can now be investigated hydrophilic interactions between the enzyme and substrate. The
using deuterium labeling, and using instruments with different concerted conformational fluctuations (low-frequency modes)
resolutions, it will be possible to differentiate between the spanning conserved residues impact the dynamical behavior of
motions and energy associated with protein and solvent at thereaction trajectories. Using a method analogous to DRP, reaction
interface®? Collaborative experimental and theoretical investiga- trajectories were propagated after the addition of KE to protein
tions will be key to understanding the role of protein dynamics vibrational modes. Results indicate that certain conformational
in function® theoretical techniques, such as the one described fluctuations alter transition state barrier recrossings. An increase
in this paper, will guide the experimental investigations by in productive trajectories was observed with increasing KE in
highlighting the areas of proteins which can make the most select protein vibrational modes corresponding to low-frequency
impact on catalysis. network fluctuations, suggesting the role of these protein

In our past reports and this present paper, we have used thedynamics in enzyme rate enhancement by increasing the
term protein dynamics to describe internal protein motions transmission coefficient. Our simulations also show that energy
occurring at all time scales. Note, this does not conflict with transfer from the first solvation shell to surface protein residues
the previous terminology used by Hammes-Schiffer and co- impacts catalysis through conformational fluctuations in the
workers; who have used “dynamics” for motions that influence discovered network.
the transmission coefficient.%33 Our present investigations Taken together, recent experimental observations and our
indicate that not only the fast motions but also conformational theoretical studies provide insights into the emerging integrated
fluctuations on the time scale of reaction impact the barrier view of solvated protein structure, dynamics, and function.
recrossing behavior of trajectories leading to a significant Several experimental techniques (including NMR and neutron
increase in transmission coefficient. Therefore, in addition to scattering) indicate that proteins are not rigid but are dynamical
averaged distances, dynamical fluctuations on all time scalesassemblies with a close link between structure and dynathics.
are also expected to impact enzyme catalysis. Maossbauer and neutron scattering experiments indicate that bulk

In addition to making an impact on TS barrier recrossings, solvent and hydration-shell fluctuations control protein dy-
an alternate way in which slower conformational fluctuations namics3~1% Our theoretical investigations of CypA indicated
and fast vibrations can impact catalysis in the TST framework the transfer of energy from solvent molecules in the first
is by changing the height of the free energy activation barrier. solvation shell to external protein regions through dynamical
Some insights into the effect of protein vibrational modes on coupling; this energy is then transferred to a network of protein
the free energy profile have been obtained in our previous vibrations, which promote the reaction by changing the dynami-
studies of CypA® Early indication obtained from quantum- cal behavior of the reaction trajectories. Note that crucial parts
mechanical calculations of the enzyme active site model are of the network are found to be conserved across several sffecies
that the system (potential) energy close to the TS decreases agnd experimental evidence for the existence of this network
the system is displaced along the protein vibrational modes. comes from previous NMR relaxation studies, where motions
Recently, reports from other research groups have also indicatedn several residues forming parts of this network were detected
that vibrations and correlated motions play a role in the only during substrate turnovétHigh-temperature factors (from
fluctuation of the activation energy barri&%* Note, it is X-ray crystal structures) associated with the network residues
possible that the effect of protein dynamics on the activation in CypA crystal structures provide further eviderf€€2%* The
energy barrier height and transmission coefficient may be link between atomic fluctuations visible in high resolution crystal
interrelated. Further investigations are required for understandingstructures and enzyme function has previously been noted for
the role of conformational fluctuations coupled to the reaction other enzyme&:¢ Understanding reaction-coupled protein
in modulating the height of the barrier region. Concerted dynamics has interesting implications in manipulating enzyme-
conformational fluctuation in the enzymsubstrate complex  catalyzed reactions. For example, laser pulse has already been
may possibly be the mechanism, in part, for decreasing the used to initiate an enzyme reaction involving thermally excited
activation energy barrier for an enzyme-catalyzed reaction asprotein dynamics (molecular motions on a picosecond time
compared to a reaction in solution (in the absence of enzyme).scale)?” Recent progress made in experimental techniques,
instrumentation, and analysis for investigating protein and
solvent dynamics will lead to more detailed investigatiohs.

In this report, we present theoretical investigations of the link ~ The characterized network of vibrations promoting enzyme
between internal protein motions and rate enhancement bycatalysis in CypA and also the one previously characterized in
enzymes. Recently, we discovered a network of protein vibra- the enzyme dihydrofolate reductase have wide implications in
tions coupled to the peptidyl-prolyl cidrans isomerization  understanding enzyme rate enhancement, allostericity, and
catalyzed by Cyp&827 This network extends from surface cooperative effects, as well as protein engineering and drug
regions of the enzyme to the active site. The fast motions design. These networks also provide some insights into the
(vibrations) in this network impact the hydrophobic and conservation of protein “folds”; enzymes catalyzing similar
reactions often belong to the same fold family, and enzymes

Conclusions and Summary

(59) Parak, F. GRep. Prog. Phys2003 66, 103—-129. i isti imi i
(60) Diehl, M.; Doster, W.; Petry, W.; Schober, Biophys. J1997, 73, 2726~ catalyzmg meCh.anf;igcally similar react|on_s belong to Same
2732. protein superfamily86°Sequence analyses with thermodynamic
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mapping have indicated long-range energetic coupling in biomolecular recognition and in overcoming local energy
proteins’® low frequency conformational fluctuations could barriers in protein folding.

possibly be the mechanism of energy transfer over long ranges
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