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ABSTRACT: A growing body of evidence suggests a connection between protein dynamics and enzymatic
catalysis. In this paper, we present a variety of computational studies designed to investigate the role of
protein dynamics in the detailed mechanism of peptigyblyl cis—trans isomerization catalyzed by
human cyclophilin A. The results identify a network of protein vibrations, extending from surface regions
of the enzyme to the active site and coupled to substrate turnover. Indications are that this network may
have a role in promoting catalysis. Crucial parts of this network are found to be conserved in 10 cyclophilin
structures from six different species. 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. The high temperature factors (from X-ray crystal structures)
associated with the network residues provide further evidence of these vibrations. Along with the knowledge
of enzyme structure, this type of network could provide new insights into enzymatic catalysis and the
effect of distant ligand binding on protein function. The procedure outlined in this paper is general and
can be applied to other enzymatic systems as well. This presents an interesting opportunity; collaborative
experimental and theoretical investigations designed to characterize in detail the nature and function of
this type of network could enhance the understanding of protein dynamics in enzymatic catalysis.

Enzyme function depends on protein structure. A growing enzyme function. Understanding the role of protein dynamics
body of evidence from ongoing investigations continues to in enzymatic catalysis is proving to be a challenging task
reveal that proteins are dynamic assemblies with a close link (1, 2). Protein dynamicdshas been implicated in many aspects
between structure and dynamics. Therefore, there is consid-of enzyme function, including substrateofactor binding
erable interest in studying protein dynamics in relation with and release. Its connection with the substrate turnover step,

however, has been difficult to ascertai).(Biochemical
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a select time scale. The internal motions of proteins, however,large motions, however, is still not clear in the isomerization

occur over a wide range of time scales, ranging from mechanism. These NMR experiments are a motivating factor
femtosecond to second, (5, 9, 14—24); collective informa- for this study, in which we have investigated structural

tion over multiple time scales is highly desirable. Together changes and protein dynamics at multiple time scales,
with the knowledge of protein structure, detailed information coupled to the PPlase activity in CypA.

about protein dynamics at multiple time scales could provide  The PPlase activity of CypA has also been the subject of
a better understanding of enzymatic catalysis. other recent computational studies. Bruice and co-workers
Theoretical and computational studies are providing performed MD simulations of the reactant, transition state
information complementing the biochemical studies, thereby (TS), and product configurations for CypA in complex with
enhancing the understanding of protein dynamics at different peptide substrate§8). Using the near-attack conformation
time scales. Brooks and co-worke5(26) have reported  approach, the study reported structural insights into the
correlated motions coupled to hydride transfer in dihydro- reaction. The roles of several active site residues (including
folate reductase. Schwartz and co-worke2, (28) have  Arg55 and Asn102) were identified. Backbone motions for
identified a promoting vibration, occurring on a sub- Arg55 were not observed. It is important to note that parts
picosecond time scale, in the active site of liver alcohol of CypA were fixed (outside a 25 A sphere) with positional
dehydrogenase. Agarwal et a2 30) have identified and  harmonic restraints during the entire simulations reported in
characterized a network of COUpled promoting motions for this Study_ More recenﬂy’ Cui and CO-WOfke@X have
hydride transfer in dihydrofolate reductase, which has been reported results from their hybrid QM/MM studies aimed at
confirmed by Truhlar, Gao, and co-workegl). Additional investigating the role of Arg55. They found that the catalytic
reports from other research groups have also providedrole of Arg55 mainly involves stabilization of the peptide
valuable contributions to this areBX-37). Here we describe  supstrate by strong interactions between the guanidino group
Computational studies which have identified a network of and the backbone of the target pro"ne_ No effect of protein
protein vibrations that is closely coupled with the-€tsans ~ motions on catalysis on the nanosecond time scale was
isomerization catalyzed by human cyclophilin A (CypA).  observed. However, authors stated that protein dynamics on
The approach described here provides insights into proteinthe sub-millisecond time scale may play a role in catalysis.
dynamics at multiple time scales for CypA and can be applied |, ¢y paper, we describe a series of computational studies

to other.en.zymatlc ;ystems, as ngl. . . . designed to investigate the role of dynamics of various
CypA is involved in many biological reactions, including protein parts in the detailed mechanism of-¢isns isomer-
protein folding and intracellular protein transpo88( 39). ization catalyzed by human CypA. We have calculated
It is a ubiquitously expressed cytosolic protein, and is the protein vibrations on the time scale of the isomerization
”.‘ajor intracellular receptor protein fpr the imr_nunosuppres- reaction, investigated the dynamical flexibility of the back-
sive drug .cyclosporm A40). CypA is a peptidyt-prolyl bone, and comparegiifactors from X-ray structures, obtained
cis—trans isomerase (PPlaséjl( 42), which catalyzes the dynamical correlations between protein regions, monitored

|Nsotmer|_zat||(t)n of Ipeptldy} dprolyl_ am|d_(ej bono_lst, W?'Ch ?_rde conserved residues over the course of reaction, and performed
-terminal to prolin€ resiaues in a wide variety ol pepldes . ,cyra) analysis with other cyclophilin structures. The

gnd protein s_u_bstrate:s&(, 43). CypA IS requwed_for the results indicate that many conserved residues in the active
mfgctlous activity .Of HIV'l..@'A" 43). It |s'packed into the site and distal to the active site display a high degree of
virion and most likely f§1C|I|tates the 'dlsass'emply of the correlated motions, and constitute a part of a network of
capsid core by ac_celeratlng the-etsans isomerizatior ). protein vibrations coupled to the reaction. These vibrations
_Severa_l ”’!eCha”'Sf_‘”'s have been proposed for_the pml_yloccur on time scales ranging from picosecond to microsec-
isomerization reaction catalyzed by PPlases, which remain o+ illisecond (corresponding to the time scale of reac-

a subject of debatd.e’ 43, 4.7_55)' In this vyork, we haye tion). Early indications are that this network may have a role
assumed a mechanism which proceeds without formgﬂon of;, promoting catalysis. This presents an opportunity for
a tetrahedral complex or cleavage _and/o_r fo_rmat|on c_’f collaborative experimental and theoretical studies, which
covalent bon_ds. The resu_lts_ of our investigations are M could enhance the understanding of protein dynamics and
agreement with structural insights and a prpposed réaction;s role in protein function. The presence of these vibrations
mechanism based on recent crystallog_r aphlc studids ( . has recently been confirmed during CypA-catalyzed-cis
Recgnt NMR relaxation experiments indicate that protein trans isomerization in the N-terminal domain of the capsid

dynamics is linked to the PPlase activity of Cyp20(12). protein (CAY) from HIV-1 (56). This capsid protein is a

These exp_erlme_nts d_etectec_j mot|_0ns for the ba_ckbone Ofnaturally occurring and biologically relevant substrate for
several amino acid residues (including catalytically important CypA
Arg55, and Asn102 of the active site) only during substrate '
turnover. On the basis _of obser\(ed mptions of the_se and_ Ot_herMATERIALS AND METHODS
residues, an enzymatic cycle in which the motions within
the protein coincide with the rate of substrate isomerization ~Genomic Analysis for Sequence Consgion. The ge-
was proposed. The detailed role of many residues displayingnomic analysis for sequence conservation was performed by
aligning protein sequences of peptieigrolyl cis—trans

2 Abbreviations: CA, N-terminal domain of capsid protein; CypA,  isomerase type proteins (PPlases, EC 5.2.1.8). A total of 197
cyclophilin A; DCCM, dynamical cross-correlation map; HIV-1, human  PPlase type sequences were obtained from a SwissPROT
immunodeficiency virus type 1, MD, molecular dynamics; NMR, anq TrEMBL database searcls7j. To avoid divergent
nuclear magnetic resonance; PMF, potential of mean force; PPlase, ..
peptidyFprolyl cis—trans isomerase; rms, root-mean-square; TS, Seduences, 50 sequences that were most similar to that of
transition state; WHAM, weighted histogram analysis method. human CypA were selected for alignment. These sequences




Protein Dynamics and Enzymatic Catalysis Biochemistry, Vol. 43, No. 33, 2004.0607

belong to following speciesEscherichia coliHaemophilus
influenzae Pseudomonas aerugingsidelicobacter pylorj
Bacillus subtilis Synechococcusp. (strain PCC 7942),

All production phase MD runs were performed under the
NVE ensemble, with the periodic boundary condition with
explicit solvent, and the other conditions were the same as

Synechocystisp. (strain PCC 6803)reponema pallidum
Streptomyces chrysomallublycobacterium tuberculosis
Paramecium primaureligCandida albicansSchizosaccha-
romyces pomhe&accharomyces cerisiae Caenorhabditis

those in production runs in ré&6. The time step for all MD

simulations (equilibration and production) was 1.0 fs.
Models for Only Substrate Peptide in WatEor genera-

tion of free energy profiles for reaction in water (without

elegans Allium cepa Brassica napus Lupinus luteus
Catharanthus roseysArabidopsis thalianaEchinococcus
granulosus Zea maysHemicentrotus pulcherrimuschis-
tosoma mansoniLycopersicon esculentynDrosophila
melanogasteBlattella germanicaCricetulus longicaudatys
Bos taurus Mus musculusRattus nopegicus and Homo
sapiens Clustal-W £8) was used for sequence alignment.
The program default parameter values were used.
CypA—Substrate Model Preparation and Molecular Dy-

the enzyme), substrate peptides in the water box were
prepared using the procedure described above. These models
(termed Pep types), PepAWQ, PepCYH, and PepRMH,
correspond to CypAsubstrate models SImAWQ, SImCYH,
and SIimRMH, respectively. The initial substrate peptide
coordinates were obtained from the corresponding X-ray
structure. The total number of atoms and final simulation
box size for the three Pep types were as follows: (1)
PepAWQ, 3962 atoms (1294 water molecules), final simula-
namics (MD) SimulationsThree equivalent simulations  tion box size of 32.33 A« 39.01 Ax 31.68 A; (2) PepCYH,
(termed Sim types) were carried out for Cypsubstrate 2010 atoms (661 water molecules), final simulation box size
models based on three different X-ray structures of human of 27.42 A x 28.56 A x 25.90 A; and (3) PepRMH, 4536
CypA available from the Protein Data Bank (PDB): (1) atoms (1485 water molecules), final simulation box size of

SIMAWQ, starting structure from Vajdos et ab9j (PDB
entry 1AWQ), with substrate His-Ala-Glirans-Pro-lle-Ala;
(2) SIMCYH, starting structure from Zhao and K&l) (PDB
entry 2CYH), with substrate Alais-Pro; and (3) SimRMH,
starting structure from Zhao and K&Qj (PDB entry 1IRMH;

30.30 A x 39.93 Ax 37.95 A.

Free Energy Profile for the Isomerization Reactidine
cis—trans isomerization of the prolyl peptide bond was
simulated using a series of MD runs, in combination with
the umbrella sampling techniqué3 64). The free energy

only monomer A was simulated), with substrate succinyl- profile for the complete 360rotation of the peptide bond
Ala-Ala-cis-Pro-Phep-nitroanilide. was calculated using the weighted histogram analysis method
For each Sim type, the model included all 165 amino acids, (WHAM) (65). Seventy-two separate MD runs, each repre-
the substrate peptide, and explicit solvent (water moleculessenting a 3 window of peptide bond rotation, were used to
found in the crystal structure were included). Coordinates obtain the potential of mean force representation (PMF) for
for the missing first residue were generated on the basis ofthe free energy profile as a function of peptide bond rotation.
another human CypA crystal structure (PDB entry 1BCK). WHAM has been previously used to calculate the PMF along
Structure preparation and all MD simulations were performed a single coordinate6g, 67) and for the cis-trans isomer-
with the AMBER 7.0 biomolecular simulation programs and ization reaction §8).
parm98 force field §0, 61). Standard AMBER building For umbrella sampling, the amide bond dihedral angle (
blocks were used for amino acids, and new building blocks of the peptide bond was harmonically restrained at 5
(succinic acid and 4-nitroaniline) were generated by follow- increments beginning from the equilibrated structure prepared
ing the procedure described in the AMBER manual. The from the starting X-ray structure. The procedure described
protonation states for residues with polar side chains werein ref 56 was used for data generation and collection. For
identified at pH 7.0. The protonation states of the histidine each window, 20 ps of MD for equilibration was followed
residues were determined by examining the hydrogen bond-by a production run of 400 ps. Only solute coordinates were
ing structures; all four histidines were protonated gt Nhe stored after every 0.01 ps; a total of 2 880 000 structures
protonated form was used for all four cysteine residues. Otherwere collected from all production MD runs (total simulation
missing hydrogens were added. Each system was maddime of 28.8 ns) separately for each Sim and Pep type. During
charge neutral by addition of counterions; SImMAWQ and these data collection runs, the peptide bond was restrained
SIMCYH each required addition of one Cion, while using a harmonic force constant of 0.05 kcal naleg?
SimRMH was found to be charge neutral without addition for umbrella sampling. The final free energy profile was
of any counterions. The structures were placed in a rectan-calculated with WHAM, using a convergence criterion of 1
gular box of TIP3P §2) water, and the dimensions of the x 107 kcal/mol.
box were chosen so that the minimum distance between the Longer MD Trajectories for Trans, TS, and Cis States,
solute and the side of the box was 10 A. and Averaged StructuresExtended MD simulations, for a
The solvated complex was equilibrated using a proceduretotal period of 2 ns, were carried out for the nearest
described in reb6. The equilibrated complex was used as windows corresponding to trans (reactant), TS (transition
the starting structure for free energy profile generation. The state), and cis (product) states. On the basis of free energy
total number of atoms and final simulation box size for the profiles, the trans state is locatedaat= 180° and cis atw
three Sim types were as follows: (1) SimAWQ, 21862 = 0°, while the TS is located ab = 96.2, 103.3, and
atoms (6598 water molecules), final simulation box size of 104.3 for SIMAWQ, SimCYH, and SImRMH, respectively.
64.96 Ax 57.62 Ax 58.29 A; (2) SiImCYH, 22 892 atoms  Averaged structures were obtained by averaging 50 structures
(6955 water molecules), final simulation box size of 63.92 with v £ 0.5° of the corresponding state.
A x 59.52 A x 60.10 A; and (3) SimRMH, 20 865 atoms Cross-Correlation Coefficients and Dynamic Cross-Cor-
(6265 water molecules), final simulation box size of 58.93 relation Maps.Cross-correlation coefficient, 69, 70)
A x 59.30 Ax 59.57 A. were obtained on the basis of the conformations of CypA
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Ficure 1: Genomic analysis for sequence conservation of CypA. Residues highlighted with a darker background are more strongly conserved.
Fifty PPlase type sequences were used for analysis; only 10 representative sequences are listed here.

substrate complexes sampled during the MD simulations. The Distance ProfilesVariation of key interactions and select
matrix of cross-correlation coefficients can be visualized as distances over the course of isomerization was monitored
a dynamical cross-correlation map (DCCM)1. Values using the conformations sampled in MD runs. For generation
closer to 1.0 represent regions with positive correlation, and of the distance profiles for each Sim type, 2 880 000 collected
those closer te-1.0 represent anticorrelated motions. structures were separated in histogram bins based on the
Forty thousand regularly spaced structures from the 2 nsvalue ofw. Bins 1° in width were used, ranging from180°
of MD simulations were used for cross-correlation coef- to 18C. The distance under consideration was calculated for
ficients and DCCM calculations. Only the CypA and peptide all structures in each bin and averaged after the top and
substrate coordinates were used. Before the calculation ofbottom 1% were excluded as noise. Resulting profiles were
correlation coefficients, the structures were superimposed onplotted for only the change i@ from the trans state to the
a common reference structure to remove any translation andcis state (counterclockwise rotation, 180 bins). Adjacent
rotations introduced during the course of simulation. averaging in 10 bins was used for the final figures.

Protein Vibrations. Protein vibrations in the CypA ~  Quantum-Mechanical Modeling of the AetiSite Quantum-
substrate complex were identified by quasi-harmonic analysis mechanical (electronic structure) calculations were performed
(56, 72, 73). The atomic fluctuation matrix, required for  on a 192-atom model of the active site (consisting of CypA
calculation of protein vibrational modes, was constructed for residues 55, 60, 61, 102, 103, 113, 122, and 126 and residues
only solute atoms (from CypA and substrate peptide) using 35 from the SIMAWQ substrate). After the system had been
a total of 18500 structures from MD simulations in 37 gjisplaced along protein vibrational modes, three minimization
windows representing the progress of the reaction from the gteps were performed and the energy of the last step was
trans form to the cis formef = 18C°, 175, ..., (°). MD considered. These calculations were performed using Gauss-
simulation for each window was 400 ps in duration, and 500 jang8 with the restricted Hartred=ock (RHF) method, using

evenly separated (after every 0.8 ps) structures were usednhe standard doublg-quality 3-21G basis sef7f).
from each window. Before construction of the atomic

fluctuation matrix, the structures were superimposed onto aRgSULTS

common reference structure to remove any translations or

rotations. Note that in our calculations, the reaction coordi-  Genomic Analysis for CypA Sequence Conggéon. The

nate degree of freedom is effectively removed by restraints results of multiple-sequence alignment for identification of
applied on the amide bond dihedral angle for the umbrella conserved residues in CypA are summarized in Figure 1.
sampling. For computational reasons, only the first 50 This genomic analysis was performed by aligning 50 PPlase
eigenvectors were calculated. protein sequences from more than 25 diverse organisms.
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Seventeen of 165 amino acid residues in the human CypA (a) ‘

sequence were found to be conserved in all 50 PPlase 120y = PepAWa

sequences that were examined: Pro30, Asn35, Phe36, Pheb53, ?E> 10.0 | 2 pepRuH

His54, Arg55, Ile57, Phe60, GIn63, Gly65, Glug86, Met100, § 80

GIn111, Phell2, Phell3, Leul22, and Phel29. Eight ad- £ 60}

ditional residues were found to be strongly conserved: Thr32, 8 40l

Tyr48, Met61, Phe83, Leu98, Thrl07, llel14, and His126. 2 20| 4

Five other residues were found to be weakly conserved: 8 o0k

Phe22, Val29, Asn102, Ser110, and Gly130. = 20 | coumterolookwise clockulss
Inspection of the human CypA three-dimensional structure '180 0 60 o6 oo 120 180

reveals that many of these conserved residues (Arg55, Phe60, Amide bond dihedral angle, o, ()

Met61, GIn63, Asn102, Phell3, Leul22, and His126) are (b)

located in the active site and interact with the substrate 80 [ . SImAWQ

peptide. Several conserved residues, however, are located 3 eol 5 Simewm

considerable distance from the active site. Phe83 and Glu86 E "

are located more than 17 A from the active site, while Pro30, g 40 ¢

Asn35, and Phe36 are located more than 18 A away. Some > 20f

of these distal residues may be conserved for structural 2 00 hef

reasons or for their role in protein folding. NMR relaxation ; 20

studies, however, have indicated that the backbone of Leu98 & N P

(which is more than 12 A from active site) exhibits motion -4.0 | counterclockwise “r; Clockwise

120 60 0 -60 -120 -180
Amide bond dihedral angle, o, (°)

only in the presence of substrate?). Arg55, Asn102, and 180
Serl110 also display motions in the presence of the substrate. _ _ ol
To understand the role of these conserved residues inFIGURE 2: Free energy profiles for isomerization of the proly!
catalysis, their dynamics and interaction with the substrate PePtide bond (&) in water (b) catalyzed by human cyclophilin A.

S . Results for the complete rotation of the peptide bond from three
were investigated as described below.

) ) alternative simulations are presented.
Free Energy ProfilesThree completely independent but

equivalent simulations of the CypAsubstrate complex were by PPlases 756—78). Note that our estimates represent
performed (termed Sim types) to rule out any bias from approximate lower bounds for the activation free energy, as
starting X-ray structure and to ensure the reproducibility of i the present calculations corrections used in other enzyme
the results. These simulations differ in the starting X-ray studies have not been applied and a transmission coefficient
structure, the substrate peptide, and the direction of reactiongf 1 has been assumedd 80). The calculations and
mapping (reactant> product or product— reactant). For  discussions presented in the remainder of this paper pertain

SIMAWQ (trans form in the X-ray structure), the reaction only to counterclockwise rotation (trans to cis) with the lower
was mapped from the trans (reactant) to cis (product) free energy of activation.

conformation, while for SimCYH and SimRMH (cis form It is important to note that the collective reaction coordi-

in X-ray structures), the reaction was mapped from the cis nate for the isomerization reaction in this study corresponds
(product) to trans (reactant) conformation. No mixing of g the rotation of the peptide bond. The peptide bond was
structures or states between different Sim types was per-jotated (in 3 steps) to drive the reaction. Adequate sampling,
formed; an independent and complete reaction profile was ysing the umbrella sampling technique in 72 windows, was

generated for each Sim type. These simulations, performedperformed to obtain continuous sampling over the entire
in opposite directions, also rule out sampling biases which yeaction path.

may be introduced because of the direction of reaction profile

generation. _ changes in enzymesubstrate complexes during the course
Figure 2 depicts free energy profiles for theeteans  of reaction was performed. Superposition of average struc-
isomerization reaction investigated in this study. The first yres from the trans (reactant), TS, and cis (product) states
plot corresponds to only the substrate peptide undergoingindicates there is little difference in the overall protein
isomerization in water (without the enzyme), and the second conformation. The CypA backbone shows good overlap,
plot depicts the free energy profiles for isomerization reaction except in the loop regions comprised of residues 1%, 66—
in the presence of human CypA. These profiles indicate that 74, 78-86, and 146-154.
the catalysis by CypA lowers the activation free energy for  |nspection of the active site indicates that during the course
the counterclockwise rotatiérby about 5 kcal/mol. The  of the reaction there are minimal structural changes; most
activation free energy in the presence of enzyme for of these changes are localized toward the N-terminus of the
counte_rc_lockW|se rotation (from the trans fo_rm to the cis target proline. Figure 3 shows the substrate superimposed
form) is in the range of 56 kcal/mol, which is~2 kcall  from trans, TS, and cis states in the CypA active site. This
mol lower than the barrier for the corresponding clockwise figure indicates that the PN§SY ring remains essentially

rotation. These calculated values lie within a wide range of fixed in the hydrophobic pocket, while the oxygen of the
experimental values reported for different substrates catalyzed

Structural ChangesDetailed analysis of the structural

41n enzymes, which are dynamical systems, the environment may

3 Based on rotation of O from the preceding residue when viewed cause the reaction trajectories to recross the dividing surface at the
from the proline N atom along the bond between the proline N atom transition state (see re8) and31). The transmission coefficient is a
and the preceding residue C atom. corrective prefactor for these dynamical effects.
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Table 1: Key Active Site Distances Calculated from Average Trans, TS, and Cis Structures (all distances in adgstroms)

SIimAWQ SimCYH SimRMH
CypA—substrate interaction trans TS cis trans TS cis trans TS cis
Phell3 G.—ProN C, 3.94 3.90 3.71 5.58 3.76 3.92 4.32 3.75 4.17
Leul22 G;—ProN Cy 3.72 4.00 3.76 5.48 4.17 4.24 4.47 3.66 3.94
His126 C;—XaaN—1 C 4.63 3.94 3.84 6.55 4.05 3.55 4.84 4.12 3.64
Arg55 N,s—ProN O 2.82 2.79 2.81 4.57 3.67 6.79 2.94 2.85 2.82
Asnl102 O-XaaN—1 N 3.77 2.95 3.10 6.47 3.25 2.85 5.16 3.03 2.80

aProN and XadN—1 refer to the target proline and the residue preceding the target proline in the substrate, respectively. The letter following the
residue label refers to the atom.

Gly3(S)0

p-factor (A%

X4 ) »
1 4 N, - g .
SN N W N I S A N AW AT g
n 'y n 1 i AT 2 e

0
0 20 40 60 80 100 120 140 160
Residue

Ficure 4: Dynamical flexibility of the human CypA backbone.

Ficure 3: View of the CypA active site based on average structures

from the trans, TS, and cis forms of SIMAWQ. CypA is represented . Mt

with a pink surface, and only residues 3 of the substrate peptide ;’he Sl\(jllllg curve SQ‘?[‘P']"S (tjhe ﬁog‘FUted rms de\tnat;]?n§[ tpoi?r a

are shown. Pro4(S) is the target proline. The proline ring exhibits 2 NS MD run, and the dashed line represents/tactor values

a small deviation, while Gly3(S) O rotates Fdetween trans and I(:obtgl_neg\m)m )é'g?‘y ;tl\rAUﬁturttes _cortrespo_lgt:jlng tfoothe Sim t):jpes).
; ‘o fi : or Sim and Sim , a trajectory with amof 0° was used,

cis structures. This figure was generated using PyM&8).( and for SIMAWQ, arw of 180° (representing structures similar to

the X-ray crystal structure) was used.

preceding residue rotates F8@Quantum-mechanical model- . . .
ing of the active site based on trans and TS structures (dataSlngle bond character for the peptide bond near the TS. Using

not shown) indicates single bond character for the peptide a methodo_logy S‘T“”é?r to _that in this paper, investigation of
bond closer to the TS. This observation is based on inspectionc's_?ralns Isomerization in Ch catalyzed by CypA has_

of localized molecular orbitals (see réil for details of a provided additional details about t_he reaction r_nechamsm
similar analysis). Stronger interactions are present between.(56) ._The structural rearrangements in the active site observed
the substrate peptide and CypA residues in the TS and cis" th's study and re56 are also similar to those. reporte_d by
state structures (Table 1). Several hydrophobic contactsBru'Ce and co-workers5@), and the strong Interactions
between P(S) and conserved CypA residues are consider- between the substrate and Arg55 agree with the calculations

ably shorter in these states, indicating stabilization of the of Sqw ?‘nd (t::)j—-;vorkersE(S). found when the CvpA i
target proline ring. Hydrogen bonds from Ri&) O to the |?]n| icant differences wc(ajre '(t)f:jrt]h vtv ?n eth prPrIeac 'Ot?]
guanidino group of Arg55, and from Asn102 O to X&a mechanism was compared wi at ot another ase, the

1(S) N° are stronger in the TS and cis average structures.FKT506 binding protein (FKBP)47), as also observed by
Fluctuations in these crucial interactions during the course Cui and co-V\_/orkerSE(S)_. o .

of reaction, especially close to the TS, would change the Conformational Flexibility of the Backbonghe dynami-
nature of the peptide bond. Such rearrangements havec@ conformational flexibility of the CypA backbone was
previously been observed in the active site of other enzymesassessed by calculating rms d.eV|at|ons observed in the 2 ns
based on quantum-mechanical modeligg, 81). For Sim- MD run structures. Results indicate that the CypA backbone

CYH, we observed strong interaction (2.46 A) between displays a high degree of flexibility in several regions:
Arg55 N,z and the carboxyl terminus of FN6S) at TS, residues 1218, 42-48, 64-78, 10+-108, 118-126, and

which is consistent with the suggested reason for the Ala- 146-154. These regions are in qualitative agreement with
Pro peptide acting as a competitive inhibitor of CypgLY the temperatqre factorg{factors) available frc_)m. the X-ray

Our observations are consistent with insights from recent Structures (Figure 4). Computed rms deviations for the
structural and computational studies. Structural changesPackbone N were also found to be in agreement with the
observed in this study support the reaction mechanism NMR relaxation studies 1¢) in the following regions:
suggested by Howard et ab4), which requires minimum  residues 6872, 82, and 97103.

deviation from the ground state crystal structure and displays 1 he movement of the CypA backbone in certain regions
probably impacts the reaction. The flexible region of residues

5PraN(S) is the target proline of the substrate and Naa(S) is 101—-104 is present in the active site, with residues Asn102

the residue preceding MGS); the label after residue name refers to  @nd Ala103 making close contacts with R(8) and Xaal—
the atom in the residue. 1(S). Changes in these interactions will alter the nature of
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Ficure 5: DCCM of human CypA computed for SImAWQ 2 ns MD runs at the TS (based on the center of mass of residues). Results from
trans and cis forms, and other Sim types, are similar. The areas of significant correlation are labeled as follows: B1 for the correlation
betweenj3-strands S1 and S8, B2 for that between S1 and S2, B3 for that between S2 and S7, B4 for that between S3 and S8, B5 for that
between S3 and S4, B6 for that between S4 and S6, B7 for that between S5 and S6, and B8 for that between S5 and S7. H1 is the
correlation between residuesafelix 1 (residues 3041), H2 that between residuesamelix 2 (residues 126122), and H3 that between
residues ofx-helix 3 (residues 136144). I1 is the correlation between residues-23 and 85 and 86, 12 that between residues 38 and
77 and 78, 13 that between residues 56 and 57 ane-18@, and 14 that between residues-85 and 104-108. The locations gf-strands
are as follows: S1, residues-41; S2, 16-24; S3, 50-56; S4, 61-64; S5, 96-101; S6, 111+116; S7, 127134; and S8, 155164.

the peptide bond (see the previous sub-section). Dynamical Further structural analysis indicates that regions exhibiting
fluctuation in this region will change the nature of these highly correlated motions are connected through hydrogen
CypA—substrate interactions and therefore impact the reac-bonds: residues 2983 and 85 and 86, connected by
tion. hydrogen bonds between the side chain of Glu86 and Lys31/
Correlated Motions of ResidueSypA regions displaying  Thr32; residues 3436 and 77 and 78, connected by the
correlated motions were identified by examining the DCCM Asn35 Q;—1le78 N hydrogen bond; loop residues 82 and
(Figure 5). Areas of largest correlation along the diagonal 83 and 104108 connected by the Phe83-4sn108 O
of DCCM (residues 3641, 120-122, and 136144) hydrogen bond; and loop residues 56 and 57 and-14®
represent concerted motions of residues withinelices. The connected by the 1le56 NGly150 O hydrogen bond. Note
majority of the off-diagonal areas exhibiting a high degree that Glu86, Thr32, and Asn35 are conserved residues and
of correlation represent the concerted motiong-atrands their side chains form these bridging hydrogen bonds.
(interactions between differefitstrands are labeled in Figure Protein VibrationsProtein vibrations closely coupled with
5; see the legend for more details). Some areas of the DCCMthe isomerization reaction were identified by quasi-harmonic
exhibiting significant correlation, however, are not associated analysis of system snapshots traversing the entire reaction
with secondary structure elements. Residues 85 and 86path. The calculated eigenmodes represent the protein
exhibit correlation with residues 283 (area I1 in Figure  vibrational modes spanning the microsecemdllisecond
5). Residues 77 and 78 display correlation with residues 34 time scale of the reaction. The analysis of the first 50 modes
36 (area 12). Residues 56 and 57 are correlated with residuesndicates that about 10 protein vibrational modes are associ-
142-150 (area I3). Residues 885 are significantly cor-  ated with the rotation of the peptide bond. lllustrated in
related with residues 164108 (area 14). Figure 6 and described below are three modes associated
Individual residue pairs displaying highly correlated with the largest peptide bond rotations (listed in decreasing
movements were also identified (Tables 2 and 3). Results order). Animation movies of these modes are available in
indicate that more than 25 residue pairs exhibit highly the Supporting Information. The results presented here are
correlated motions, with several pairs involving consefved from SImAWQ, but similar modes were found for SImCYH
residues: Phe83 shows highly correlated motion with and SimRMH.
Asn108; motion of Glu86 is highly correlated to those of In mode A, significant displacements are present in
Val29, Pro30, Thr32, and Ala33; the side chain of Thrl07 residues 1318, 58-60, 78-81, 117-125, and 136-152.
displays correlated motions with those of Asn102, Alal03, Large atomic displacements are displayed by NP®),
and Gly104; and motions of GIn111 and Gly72 are cor- XaaN—1(S), CypA residues 102 and 103, and the side chain
related. of conserved residue Phe60, which makes hydrophobic
contacts with the PM(S) ring. Considerable fluctuations
6 See Figure 1 for genomic analysis for conserved residues. were observed in the lengths of hydrogen bonds from the
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Table 2: Significant Cross-Correlation Coefficients for the Center of Mass of Residué Pairs

SIimAWQ SimCYH SimRMH
residue pair trans TS cis trans TS cis trans TS cis «—GC,distance (A)
60—-57 0.473 0.470 0.506 0.464 0.503 0.450 0.432 0.420 0.435 551
74—-68 0.474 0.460 0.524 0.578 0.588 0.486 0.461 0.603 0.515 5.83
75-68 0.426 0.417 0.463 0.497 0.561 0.421 0.445 0.523 0.449 5.01
77-35 0.499 0.501 0.472 0.514 0.471 0.496 0.527 0.474 0.478 6.39
78-35 0.502 0.503 0.472 0.540 0.479 0.530 0.544 0.543 0.525 5.93
78-38 0.380 0.340 0.364 0.385 0.338 0.387 0.335 0.357 0.349 7.50
79-35 0.392 0.360 0.349 0.362 0.327 0.369 0.407 0.395 0.327 8.03
86—29 0.391 0.456 0.516 0.505 0.443 0.449 0.389 0.380 0.431 6.50
86—30 0.413 0.468 0.501 0.476 0.437 0.413 0.399 0.403 0.441 8.33
86—32 0.401 0.428 0.522 0.492 0.527 0.469 0.396 0.483 0.432 6.88
106-84 0.360 0.380 0.439 0.471 0.424 0.315 0.508 0.442 0.476 3.89
107-83 0.374 0.338 0.380 0.453 0.330 0.411 0.425 0.303 0.396 5.73
107-85 0.406 0.315 0.365 0.452 0.323 0.452 0.451 0.388 0.439 7.41
107-102 0.449 0.479 0.413 0.544 0.472 0.541 0.488 0.453 0.482 5.54
107-103 0.522 0.583 0.589 0.639 0.586 0.585 0.583 0.500 0.611 5.89
107-104 0.571 0.593 0.510 0.660 0.615 0.569 0.658 0.545 0.613 6.12
108-83 0.537 0.551 0.529 0.589 0.521 0.592 0.595 0.502 0.578 5.23
108-84 0.387 0.421 0.348 0.380 0.346 0.499 0.490 0.373 0.458 6.29
108-85 0.576 0.536 0.550 0.596 0.559 0.631 0.576 0.525 0.611 6.79
108-104 0.397 0.333 0.314 0.435 0.329 0.434 0.452 0.346 0.444 8.64
109-35 0.334 0.357 0.399 0.384 0.360 0.342 0.381 0.328 0.370 8.72
109-77 0.400 0.341 0.464 0.416 0.411 0.424 0.439 0.344 0.385 4.52
111-65 0.401 0.484 0.485 0.479 0.403 0.515 0.405 0.431 0.401 4.06
123-92 0.580 0.540 0.632 0.524 0.516 0.564 0.459 0.507 0.525 6.17
128-90 0.374 0.354 0.445 0.334 0.379 0.388 0.384 0.366 0.413 5.57
143-58 0.434 0.427 0.463 0.475 0.508 0.516 0.386 0.446 0.377 5.32
146-56 0.489 0.422 0.525 0.431 0.476 0.501 0.486 0.469 0.438 4.60
147-56 0.471 0.376 0.411 0.361 0.382 0.420 0.374 0.403 0.349 6.46
150-56 0.569 0.503 0.500 0.497 0.464 0.420 0.422 0.478 0.374 4.57
150-57 0.477 0.433 0.444 0.375 0.422 0.438 0.421 0.426 0.356 4.87

@ The last column gives the distance betwegna®ms of the residue pair, averaged over three X-ray structures (PDB entries 1AWQ, 2CYH,
and 1RMH). Neighboring residue§ ¢ j| < 3) and residue pairs involved in secondary structure formation are not listed.

guanidino group of Arg55 to PN(S) O, and from Asn102 motions are present in a combination of regions already
O to XadN—1(S) N. The displacements indicated in this described in modes AC, and two additional regions
mode would affect both hydrophobic and hydrophilic CypA  (residues 2433 and 69-71).
substrate interactions, and therefore impact the isomerization It is interesting to note that the regions displaying high
of the peptide bond. activity in these vibrational modes have large temperature
In mode B, large motions are present in residues B8 factors (see Figure 4). NMR relaxation studies have also
80—83, 89-93, and 101106, with additional motions in  detected motions in these regions only during substrate
residues 1215, 126-125, and 142 144. Residues 6876, turnover (2). Further, several surface loop regions associated
80—83, and 89-93 are a part of a long surface loop region with large displacements of the CypA backbone are con-
(residues 6596); side chains of several residues of this loop nected to internal regions through hydrogen bonds and
region are exposed to the solvent and display large displace-hydrophobic interactions. These internal regions also exhibit
ments. This loop is connected to another loop (residues-101 large displacements and are either present in the active site
108) by hydrogen bonding between residues 83 and 108.or in the vicinity of the active site.
Note that DCCM indicated that motions of these two loop  Effect of Protein Vibrations on the Reactiorhe effects
regions are highly correlated. In this mode, the motions of of protein vibrations on the energetics of the reaction (close
residues 101104 are found to be concerted with those of to TS) were investigated by quantum-mechanical modeling
the substrate peptide; atoms of Alal03 are displaced towardof the CypA active site. Such calculations for the complete
the substrate peptide, which in turn rotates to avoid steric system with solvent are not possible in the current frame-
hindrance. The CypAsubstrate hydrophobic interactions work, because the protein vibrational modes were calculated

change considerably in this mode. for only solute atoms and no information about solvent
In mode C, the largest motions are present in residuesmovement in these vibrational modes is available. As an
101-107 with additional motions in residues 12025. approximate analysis, we obtained energy surfaces for system

These two regions are connected by a hydrogen bonddisplacement along the protein vibrational modes of interest
between the side chain of Asn102 and the backbone ofby performing quantum-mechanical calculations on a small
Lys125. The length of hydrogen bonds between Asn102 andmodel of the active site. Similar quantum-mechanical
Xaa\—1(S) and those between Arg55 and R{8) vary in calculations for enzyme active site models have been reported
this mode, with the variations being large in the case of the previously 81). The 192-atom model of the CypA active
former. The hydrophaobic interactions between theNPg) site used in this study, based on the TS of SIMAWQ, consists
ring and Phe60 also vary in this mode. of CypA residues 55, 60, 61, 102, 103, 113, 122, and 126
Other protein vibrational modes associated with peptide and residues-35 for the substrate peptide. Results indicate
bond rotation display similar (but smaller) motions. These that when the system in the vicinity of TS is displaced along
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Table 3: Significant Cross-Correlation Coefficients for Side Chain Atoms of Residue Pairs

SIimAWQ SimCYH SimRMH
residue pair trans TS cis trans TS cis trans TS cis «—GC,distance (A)
64—54 0.341 0.306 0.383 0.419 0.352 0.381 0.334 0.306 0.230 5.71
74—-68 0.618 0.605 0.660 0.711 0.687 0.599 0.606 0.754 0.682 5.83
77-35 0.405 0.399 0.356 0.436 0.387 0.422 0.456 0.378 0.382 6.39
78-35 0.390 0.388 0.348 0.389 0.360 0.381 0.409 0.393 0.377 5.93
78-38 0.343 0.313 0.310 0.344 0.315 0.357 0.307 0.341 0.320 7.50
86—29 0.460 0.359 0.456 0.393 0.373 0.390 0.374 0.335 0.345 6.50
86—30 0.421 0.398 0.385 0.407 0.315 0.383 0.354 0.328 0.391 8.33
86—32 0.715 0.661 0.684 0.670 0.638 0.667 0.673 0.641 0.648 6.88
86—33 0.312 0.335 0.338 0.332 0.290 0.335 0.275 0.315 0.296 10.02
99-92 0.377 0.355 0.341 0.336 0.355 0.283 0.271 0.366 0.383 7.97
107-85 0.336 0.278 0.223 0.407 0.273 0.339 0.408 0.326 0.389 7.41
107-102 0.364 0.368 0.302 0.402 0.399 0.525 0.389 0.354 0.460 5.54
107-103 0.565 0.620 0.670 0.676 0.628 0.692 0.605 0.552 0.671 5.89
107-104 0.585 0.552 0.510 0.637 0.587 0.598 0.595 0.479 0.569 6.12
108-85 0.540 0.478 0.415 0.442 0.384 0.392 0.536 0.433 0.573 6.79
108-103 0.275 0.275 0.246 0.344 0.273 0.333 0.335 0.223 0.292 7.68
108-104 0.292 0.291 0.207 0.365 0.249 0.378 0.365 0.295 0.434 8.64
111-72 0.419 0.345 0.397 0.439 0.524 0.474 0.430 0.322 0.343 7.57
113-101 0.378 0.268 0.332 0.311 0.344 0.319 0.344 0.271 0.250 6.18
117-95 0.250 0.279 0.292 0.251 0.269 0.238 0.296 0.282 0.247 4.46
121-60 0.305 0.385 0.353 0.427 0.302 0.248 0.371 0.331 0.307 11.40
122-92 0.295 0.310 0.362 0.331 0.319 0.343 0.225 0.316 0.299 6.93
146-56 0.304 0.268 0.345 0.242 0.340 0.354 0.359 0.326 0.279 4.60
150-57 0.209 0.240 0.355 0.242 0.277 0.320 0.302 0.334 0.243 4.87
163-37 0.465 0.462 0.570 0.584 0.397 0.594 0.547 0.514 0.509 7.14

2 The last column gives distances betweenafms of the residue pair, averaged over three X-ray structures (PDB entries 1AWQ, 2CYH, and
1RMH). Neighboring residuegi(— j| < 3) and residue pairs involved in secondary structure formation are not listed. For these calculations, the
positions of the following last side chain heavy atoms were usedfolCGly, Cs for Ala, C,; for Val, Cs; for Leu and lle, Cfor Met, C, for Pro,

C; for Phe, G, for Trp, O, for Ser, Q. for Thr, Os; for Asp and Asn, @ for Glu and GIn, Q for Tyr, S, for Cys, N: for Lys, N, for Arg, and
C.1 for His.

Ficure 6: lllustration of protein vibrational modes associated with the peptide bond isomerization catalyzed by human CypA. Modes A

from SIMAWQ are shown (see the text for more details). Motions (only fpatoms) are shown in a movie-like fashion with lighter

shades representing subsequent frames in the movie. The substrate peptide is in red and CypA in black. Dark arrows represent the displacement
vectors for G atoms, and numbers correspond tg &oms.

protein vibrational modes, the product side is energetically factor in the determination of the free energy barrier height.
more favorable than the reactant side (Figure 7). These earlyA detailed analysis of such calculations could be the subject
indications, therefore, suggest that these vibrational modesof future investigations.

probably aid in promoting catalysis. Note that this model  Motion of Residues (@r the Course of the Reaction.
does not have the complete enzyme or the solvent, so a direcExamination of key interactions over the course of the
energy comparison between this figure and free energyreaction provides further insights about protein vibrations
profiles is not very meaningful. Further, the complete energy (Figures 8 and 9). Several distances in the active site and
change along the reaction path will be a sum of contributions distal to the active site were monitored on the basis of results
of all protein vibrational modes and not just modes@. of correlation studies and quasi-harmonic analysis. For these
To reiterate, our preliminary calculations demonstrate that distance profiles, the reaction coordinate( is described
certain protein vibrational modes (thermodynamical fluctua- as a change i relative to the trans form. These profiles
tions) coupled to the reaction have energetic consequenceprovide information about the microsecenaillisecond time

in the regions close to the TS, and therefore are a contributingscale of the reaction. The fluctuations exhibited in these
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— 35 T FIGURe 9: Variation of important interactions (distal to active site)
~y 70| (0) Leu122 C,—ProN(S) C, along the reaction profile. The reaction coordinatey, is the _
® 65"\ . change in the amide bond dihedral angle relative to the trans form:
g 6.0 - (@) Aspl3 N-Lys155 O, (b) Asn35 bh—Gly109 O, (c) lle56
8 55 Sl N—Gly150 O, (d) Ala101 N-GIn111 O, and (€) Phe83-NAsn108
2 O.
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50 Like the active site interactions, several interactions within
4.0 CypA also display fluctuations along the reaction profile
30 " ) (Figure 9), even though they are located several angstroms
65 (e) Ala103 C,-XaaN-1(S) C, from the active site. We monitored several hydrogen bonds
T connecting high-mobility regions. The Asp13-lys155 O
55 =2 bond (located more than 20 A from,©f the target proline)
4. " " " " " 1
5 " 30 60 50 150 150 180 connects the loops of residues-115 and 146-155. The
Reaction coordinate, Ao, (°) Asn35 N—Gly109 O bond ¢14 A away) connects the

. - S . . a-helix with a loop close to active sitg-strand S6. The
Ficure 8: Variation of key active site interactions along the reaction A . .
profile. The reaction coordinaté\w, is the change in the amide 11656 N—GIly150 O bond ¢ 10 A away) connects active site
bond dihedral angle relative to the trans form: (a) Phege C  A-strand S3 with the loop of residues H4855. The Alal01

ProN(S) Gs, (b) Phel13 G-Pra\(S) G, (c) Leul22 G;—PraN(S)- N—GIn111 O bond ¥7 A away) connects active site
<13€,S)(dc)q Asn102 G-XaaN—1(S) N, and (e) Alal03 £-XaaN— B-strands S5 and S6. The Phe83-Asn108 O bond ¥ 14

A away) connects loops of residues—78 and 10%+108.
distances profiles occur along the entire reaction path, NOte that 1le56 N-Gly150 O and Alal0l NGInlll O
indicating that the displacements observed in protein vibra- Ponds exhibit additional activity close to the TS. Other
tional modes are present on the time scale of the reaction.fandomly selected interactions did not show these fluctua-
Interactions around the target proline display fluctuations tons. Small differences between Sim types in these profiles
along the reaction profile (Figure 8). Dynamical fluctuations May be due to the presence of different peptide substrates.
are observed in hydrophobic interactions of conserved Similar fluctuations in these distance profiles have also
residues Phe60, Phe113, and Leu122 with th&lfSpring. been observed for the CypA-catalyzed isomerization i CA
In addition to the fluctuations, these interactions change from HIV-1 (56).
considerably close to the TS. The distance between Ala103 Network of Protein VibrationsWe propose that high-
and Xad—1(S) also displays dynamic variation along the Mmobility regions of CypA and the contacts between them
reaction profile. Key hydrophilic interactions in the active form a network of protein vibrations coupled to the reaction,
site also exhibit similar behavior; the distance between extending from the surface to the active site residues (Figure
Asn102 O and Xd&_l(s) N exhibits an osci"atory pattern 10) On the basis of the Conformation(?ll ﬂeXIbllltyOf the
along the reaction profile. As indicated by structural analysis, CYPA backbone, correlation between residues and vibrational
these CypA-substrate interactions are fairly strong close to modes, three parts of this network can be formulated.
the TS, and dynamical fluctuations in the active site will
influence the reaction. 7 For 8-strand sequences, see the legend of Figure 5.
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Ficure 10: Diagram of the network of protein vibrations. Yellow arrows represent the network pathway. Flexible surface loops are denoted
and numbered in red. Only two residues of the substrate peptide are shown, but the network can be applied to larger substrates, as well.
This figure was generated with MOLSCRIPT and RASTER33, 88).

Table 4: Conservation of Network Hydrogen Bonds in Cyclophilin Structures from Various Species

human CypA (1AWQ/2CYH/ Asp13 N-Lys155 0 Asn35 hh—Gly1l09 O Ile56 N-Gly150 O Alal01 N-GIn111 O Phe83 NAsn108 O
1RMH average)

2.89 3.01 2.96 3.04 2.87
human cyclophilin B Gly21 N—Aspl164 O Asn43 h—Gly117 O Val64 N-Aspl59 O Alal09 N-GIn119 0 Phe91 NAsn116 O
(1CYN)
291 3.06 3.00 3.05 2.75
Brugia malayi Aspl6 N-Aspl67 O Asn38 hb—Glyl20 0 Val67 N-Asnl162 O Alall2 N-GIn122 O Phe94 NAsn119 O
(1A33)
2.89 2.92 3.05 3.06 2.85
C. elegangyclophilin 3 Glyl3 N—Asp162 O Asn35hb—Gly116 O 1le63 N-Glyl57 O Alal08 N-GIn118 O Phe90 NAsn115 0O
(1DYW)
2.85 3.09 2.96 2.98 2.94
C. elegangyclophilin 5 Gly37 N—Asp180 O Asn59 Ih—Gly133 O Val80 N-Aspl75 0O Alal25 N-GIn1350 Phel07 NAsn132 O
(1HOP)
2.78 291 2.85 3.09 2.93
B. taurusPPlase Gly25 N—Leul750 Asn4d7 hh—Glyl29 O 1le76 N-Glul70 O Alal21 N-GIn131 O Phel03 NAsn128 O
(1IHG)
2.98 3.21 2.84 3.07 2.84

Plasmodium falciparum Aspl4 N-Serl62 O Asn36 l—Serll6 O 1le63 N-Glyl57 O Alal08 N-GIn118 O Phe90 NAsn1150
cyclophilin (LQNG)

2.74 2.88 2.93 3.05 2.80
E. coliPPlase (2NUL) Asn7 Nllel56 O  Asn26 N,—Thr95 0 Val44 N-Aspl49 O  Ala86 N-GIn97 O lle68 N-Ala94 O
2.90 2.67 2.97 2.88 2.76

@ Three-dimensional structures were aligned using secondary structure elements, and equivalent hydrogen bonds were selected on the basis of
sequence and structural similarities. Hydrogen bond lengths are in given angstroms, and PDB codes are given in parentheses.

(1) Highly flexible loops 12-15 and 146-155 are Phel13, which makes important hydrophobic contacts with
connected by the Asp13-A\Lys155 O hydrogen bond. The the PraN(S) ring. Further, GIn111 from S6 is connected to
loop region 146-155 in turn is linked tg-strand S3 by the S5 by the Alal01 N-GIn111 O hydrogen bond. Residues
lle56 N—Gly150 O hydrogen bond3-Strand S3 lines the  Asnl102 and Alal03 of S5 form crucial hydrophobic and
active site and contains the catalytically important Arg55. hydrophilic contacts with the peptide.

The guanidino group of Arg55 forms critical hydrophilic  viprations in these network parts impacts catalysis by
contacts with Pi¥(S) O. Another flexible loop (residues 57 gjtering crucial interactions between the CypA residues and
60) connectg-strands S3 and S4. Conserved residue Phe60peptide substrate. A somewhat similar network of coupled
located on this loop interacts with the RK(&) ring. motions has been identified previously for hydride transfer
(2) Highly flexible surface loop regions 6®5 and 101+ in dihydrofolate reductas®9). That network, however, was
108 are connected by a strong Phe83A¢n108 O hydrogen  characterized on the basis of thermally averaged changes over
bond. Side chain atoms of the conserved Thr107 residue formthe course of reaction. In contrast, this dynamical network
hydrogen bonds with the backbone of Ala103 and Gly104. of vibrations in CypA influences states all along the course
Alal03, an active site residue, forms hydrophobic interactions of the reaction. We state that parts of the network described
with the substrate peptide. Neighboring residue Asnl102 above are most likely not complete or unique. Further, this
forms important hydrophilic contacts with Xida-1(S). study cannot differentiate between motions influencing
(3) The flexible surface loop region 6&4 forms a link catalysis or motions arising as a result of alterations caused
to Gly109 via two hydrogen bonds (Asn35:21le78 N and by catalysis. Collaborative experimental and theoretical
Asn35 N,—Gly109 O). In addition, Asn35 is a part of an ~ Studies could resolve this issue.
a-helix and its neighboring residues (293) form additional Evidence for the existence of this network comes from
contacts with the surface region of residues-88. Gly109 conservation of its parts in several species and observed
is located close to active sitg-strand S6. S6 contains protein motions during experimental studies. Table 4 shows
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the conservation of five network hydrogen bonds in 10 biochemical studies can be designed to interrupt protein
cyclophilin structures from six different species. NMR vibrations and dynamical interactions, either by breaking
relaxation studies have detected motions in Arg55, Lys82, interactions between structural elements or by damping the
Alal01, Asn102, Ala103, and Gly109 during only substrate vibrations with heavier residues. Such investigations could
turnover. All these residues form crucial points in the provide further insights into enzymatic catalysis, allosteric
network. In addition, several network residues have large effects, and cooperative effects.

temperature factors possibly indicating vibrations.
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