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ABSTRACT. Five molecular dynamics simulations of the W191G cavity mutant of cytochiopszoxidase

in explicit water reveal distinct dynamic and hydration behavior depending on the closed or open state of
the flexible loop gating the cavity, the binding of {Kor small molecule) cations, and the system
temperature. The conformational spaces sampled by the loop region and by the cavity significantly reduce
upon binding. The largest ordering factor on water dynamics is the presence of tba Kccupying the

gated cavity. Considerable water exchange occurs for the open-gate cavity when no ligand or cation is
bound. In all cases, good correspondence is found between the calculated (ensemble-averaged) location
of water molecules and the water sites determined by X-ray crystallography experiments. However, our
simulations suggest that these sites do not necessarily correspond to the presence of bound water molecules.
In fact, individual water molecules may repeatedly exchange within the cavity volume yet occupy on
average these water sites. Four major conclusions emerge. First, it seems misleading to interpret the
conformation of protein loop regions in terms of single dominant structures. Second, our simulations
support the general picture of Pro 183—trans isomerization as a determinant of the loop-opening
mechanism. Third, receptor flexibility is fundamental for ligand binding and molecular recognition, and
our results suggest its importance for the docking of small compounds to the artificial cavity. Fourth,
after validation against the available experimental data, molecular dynamics simulations can be used to
characterize the dynamics and exchange of water molecules and ions, providing atomic level and time-
dependent information otherwise inaccessible to experiments.

Dynamics and flexibility play a key (thermo)dynamic role Molecular dynamics (MB) simulation with empirical
in the function and stability of biological systems. The force fields is a theoretical tool of steadily increasing
mobility of protein surface loops is a determinant of importance to study the properties of (bio)molecular
molecular recognition and association. Conformational gating systems at atomic resolutioh, 18). These calculations and
is a fundamental mechanism used by enzymes to recruittheir underlying models based on classical mechanics
specific substrates or reactive intermediates to their activegive fundamental insight into the behavior of complex
site (L1—9). A subtle stereochemical modification of surface macromolecules and help to understand the relationship
amino acid configuration, for example cs—transisomer- among their structure, dynamics, and function. One of the
ization, may underlie very sophisticated machineries to major benefits of MD simulations is to complement experi-
regulate enzymatic activitylQ) and to time biochemical = mental results by providing not only averages but also
pathways in living organismsL(). distributions and time series in principle of any physically

Our current knowledge of these dynamical processes isdefinable observable. A remarkable example is the applica-
commonly based on the comparison of time and/or ensemble-ion of MD simulations based on explicit solvent models to
averaged structures as inferred by X-ray diffraction experi- follow the dynamics of water molecules and interpret
ments on protein crystals or (solid and liquid phase) nuclear ensemble-averaged  experimental —data  concerning
magnetic resonance (NMR) experimerit8)( However, the
(bio)physical interpretation of these experiments is often non- 1 Appreviations: NMR, nuclear magnetic resonance; MD, molecular
trivial even when including dynamical informatioh3—17). dynamics; W191G, Trp 191 to Gly cavity mutant of cytochrome-
peroxidaseref, apo closed-gatdjb, complex with best bindepen,
apo open-gaterst, restrained backbone closed-gat&p, restrained-
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the hydration of protein surface and buried caviti&8~
27).

The W191G cavity mutant of cytochromeperoxidase
from Escerichia coli(W191G) and the binding of hetero-
cyclic cation ligands into its engineered cavity were char-
acterized experimentally6( 28—32). Induced binding has
been proposed for specific ligands of comparatively larger
sizes (i.e., imidazo[1,2]}pyridine, benzimidazole, and in-
doline), which would involve a ligand-gated, hinged loop
rearrangement upon binding to the buried protein caWty (
32). Removal of Trp 191 not only creates a ligand-binding
cavity but also appears to introduce sufficient flexibility in
residues 196195 to enable the opening of a pathway for
ligands to reach the buried cavity. Interestingly, X-ray
crystallographic experiments elucidated the structures of
several ligane-protein complexes, including those for which
the loop rearrangement is more pronounced and causes i
shift between closed and open-gate ensembles of structures
Particularly, benzimidazole was suggested to induce a full
opening of the cavity, while two compounds (imidazo[1,2-
a]pyridine and indoline) would induce partial opening in the
surface loop §, 32). The trapping of the closed and open
alternate states provides a unique view of the extreme
(ensemble-averaged) stages of loop rearrangement, a: '\
revealed by superimposing the X-ray structures of the apo
and W191G-benzimidazole complexes (see Figure 1). The

flap movement possibly has two well-defined hinge points | - '

(Pro 190 and Asn 195) as previously observed for other
protein-surface loops, both from nativet, (5, 8) and
engineered 33) proteins. Kinetics and thermodynamic
experiments suggest that the loop rearrangement is sub- \
stantially dominated by theis—trans isomerization of Pro ‘
190 ().

Most peptide bonds preferentially populate ttrans
isomer under unrestrained conditions, mainly because the
amide hydrogent(ans isomer) offers less steric repulsion Ficure 1: Dominant conformations found for the loop-gating
to the preceding €atom than does the following®Gatom region (residues 190195) from X-ray crystallography experiments
(cis isomer). However, peptide bonds are able to populate ?ndreftotl;o)pensimulati(ons. (a) tx_t;agl SttfltJCth951) in the C|Ose§|t "

H H H H cyan tupe) anad open (orange tupbe) states are superimposed 1o the

both thecis andtransisomers 4), and this effect IS more ce¥1tral members gf the threge most populated cIusFt)ers oFf) structures
pronounced for bonds to Pro because tie and trans from ref (blue tube) andpen (yellow tube) simulations. Enlarged
isomers of the X-Pro peptide are nearly isoste8ib, (36) images are shown separately with the same color code for the (b)
(where X is the preceding amino acid). The fraction of X-Pro X-ray structure and the central member of the (c) first, (d) second,
peptide bonds in theis isomer under unstrained conditions and (e) third most populated clusters of structures. Populations are

: : reported using the corresponding colors. An identical orientation
is generally found in the range between 10 and 43% ( criterion (superimposition of all backbone* @toms) was used for

36). Prolyl cis—trans isomerizations are known to be slow g structures in (a) or all structures in ¢bje). See the Materials
reactions that occur in the time range of minutes at standardand Methods section for computational details and Table 1 for

conditions. Their importance as rate-determining steps in reference codes.

protein folding has been widely recognized on the basis of

experiments37, 38) and computer simulation89) on model _ ) ) _ o

systems. Yet, their (thermo)dynamic and kinetic role in chain effects on peptidyl-prolyis—transisomerization for
conformational rearrangements for larger proteins is only model oligopeptides suggest that the prolyl bond conforma-
partially understood. Particularly relevant for their biological tion in proteins is determined by local effect3).
implications are the change of thermodynamics and kinetics ~ Similar activation free energy (44 kJ mé), enthalpy (113
due to conformational restraining of peptide chains involving kJ mol™), and entropy (235 J K mol™1) upon binding to
X-Pro bonds 40, 41). Concerning protein stability, itis also  the W191G cavity were measured for benzimidazole and
unknown what determines the specific conformation of a 1,2-dimethylimidazole despite their differences in size and
prolyl bond in native and folded protein structures. Appar- hydrophobicity 6). These two compounds may or may not
ently, the coupled interactions with the three-dimensional (respectively) induce the opening of the cavity gate in
fold are important because they move tis—trans equi- solution. A similar activation enthalpy was attributectts—
librium toward peptidyl bonds in ais conformation even  transisomerization of a refolding proteid4). Changes upon
when the original amino acid Pro is mutated to another amino binding of (solute plus solvent) free energy (in the range
acid @2). On the contrary, recent investigations of the side- —30/~16 kJ mot?), enthalpy (in the range-96/—17 kJ
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mol™), and entropy (in the range230/17 J K mol~') have

. ) Table 1: Simulated Systems
been reported for 13 additional ligand¥2). However, the

- - . ref code ref bb open rst rsto
mechanism involved and the link between structural and — : P
thermodynamic changes is not clear because of (i) statistical?le]‘ initial coordinates ;&A“ égg'\' éggc 15234 15%?
averaging (_)(_:curring over multiple pathways for the clese_d restrained atoms c co
open transition, as expected for large-scale protein motionsligand Kt 2a5mt
involving many torsional degrees of freedom, (i) the solvent ?ort'a?sz;tlg:qscharge 80 70 80 80 80
qgntnbut_mn to changes of ther.modynam|c quantities, and ..o heme heme heme heme heme
(iii) possible physico-chemical differences between the force nr. of solute atoms 3078 3089 3078 3078 3078
field experienced by a protein in solution vs a protein in a nr. of solvent molecules 16826 16315 17030 16826 17030

crystal. Experimental studies comparing the structural het- i’:{'Cc;fvistg'?,’f:i"af’ée(crﬂeosf'V'Jﬁ'ii'r"y 5@ 2@ 5 5B 5O

erogeneity of protein loops in solution with corresponding from crystallographic water site’s)
X-ray crystal structures have been recently reported in the i’:]r-cg‘:listg'yf”;"ao;gc(ﬂfso :‘n\mﬂ)ﬁ 11(6) 3(3) 9@ 11(6) 9(3)
literature @, 5, 8) and also address points (i) and (iii). Here, from crystallographic water sites)
we characterize the shift in distributions for the key torsional nr. of atoms in the system 53564 52042 54176 53564 54176
angles involved in the loop rearrangement and the corre- ggﬂ:::g:ﬂg”pzﬁggd[ﬂf] YRR AT
sponding changes of cavity hydration, which are of funda- ——
mental importance for molecular docking. aFrom refs6 and32. bAfter.energy minimization to relax the solvent
e . . molecules around the protein.

The W191G artificial mutant protein works as a highly
selective receptor for cation§,(32) comparatively to known . - )
artificial cavities @5). However, it is only partially known chaln_backbone atoms positionally restrained close to the
how physico-chemical factors, such as electrostatics, solva-€xperimental X-ray structures (see Table 1). _
tion, hydrophobicity, and hydrogen bonding, combine to The present article chuses_on Six major aspects of protein
make evolved natural binding sites distinguishable from more dynamics and hydration: (i) the stability of the MD
common surface cleftsif). X-ray experiments suggest the simulations an_q their comparison with the available experi-
presence of five conserved water sites in the inner cavity of mental data, (i) the conformational space sampled by the
W191G. Depending on the compounds binding the cavity, loop region ar_l_gl its flexibility in t_he separate thermodynamlc
some of the water molecules (two or more) are expelled, €nsembles, (iii) the conformational sampling of the cavity
together with the K cation occupying the cavity of the and its changes upon I!g_a}nd binding, (iv) the comparison of
W191G apo structuresp). Yet, the characterization of cavity surfa_ce §0Ivent access[blllty petween X-ray crystal structures
hydration in the two states may be limited by intrinsic @nd liquid-phase MD simulation ensembles, (v) the charac-
motional averaging, resolution, and refinement constraints. terization of hydration, and (vi) the characterization of water
Particularly, it is possible to imagine that the W191G dynamics and exchange inside the cavity and their changes
engineered protein cavity may contain disordered water UPon ligand binding and gate opening. Additional analyses
molecules (invisible to X-ray measurements), which remain address the role of specific water molecules and their
favorably confined into the cavity volume because of residence times, the beh_awor of ions, and the excha}nge of
hydrogen-bond interactions, the cooperative interaction with Solvent between the cavity and bulk solvent depending on
other disordered water molecules, and a large enthalpy the conformation and temperature of the system.
entropy compensation. This behavior has been described for,
hydrophobic cavities on the basis of X-ray and NMR MATERIALS AND METHODS
experiments47, 48), and its thermodynamic interpretation Molecular Model and Computational Procedurd&sajec-
is significantly different from that concerning water mol- tories for five different cytochrome peroxidase W191G
ecules bound to a protein also proposed for the W191G mutant systems in explicit wateref, apo closed-gategb,
cavity. In the latter case, a large entropy loss characterizescomplex with best binderppen apo open-gatest, re-
the binding process of a water molecule to a protdi9),( strained backbone closed-gatesto, restrained-backbone
and large enthalpyentropy compensation occurs upon open-gate) were generated using the GROMOSO05 biomo-
ligand binding. lecular software%?2). The force field parameters and charges

Prompted by the interest for the W195G system and its were chosen on the basis of the 45A4 GROMOS force field
relevance as a test case for cavity complementation and(53, 54) (including improved bonded parameters for the heme
ligand—protein binding, we investigated these aspects using cofactor) to reproduce the experimental conditions of ap-
computer simulations. The binding of small molecules to the parent pH 4.5, 32). The GROMOS compatible SPC model
W195G cavity has been employed as a test case for freefor water 65) and the previously reported parameters for

energy calculation$5Q) and docking method$(). However, ions (66) were used in all simulations.
no theoretical study focused on cavity dynamics, flexibility, ~ The initial configurations for W191G, the ligand, the ions
and hydration has been reported to date. (whenever available), and the crystallographic water sites

Here, we present five MD simulations of the W191G were taken from the PDB6( 57) and solvated in (pre-
system in explicit water at apparent pH 4.5: the apo referenceequilibrated) rectangular boxes large enough to avoid any
system, the W191G in complex with the best binder currently interactions between mirror images under periodic boundary
known (i.e., 2-amino-5-methylthiazole), and the apo system conditions. Solvent molecules not identified by crystal-
in its open state conformation (at 300 K). Two additional lographic water sites and in close contact with the solute
simulations of the closed and open states of W191G havewere deleted if the minimum distance between non-hydrogen
been performed at higher temperature (500 K) with the main- atoms fell below 0.23 nm. All systems were neutralized by
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additional ions substituted to randomly chosen water mol-  Analysis ProcedureSnapshots were extracted every 1 ps
ecules (but enforcing minimum reciprocal distances of 1.5 along each of the five equilibrated 10 ns MD trajectories
nm). A summary of the simulated systems is reported in and used for analysis.

Table 1. Structural fitting was performed by (i) superimposing their
A steepest-descent energy minimization was performed centers of mass (to remove overall translation) and (ii)
in order to relax the solvent and ion configuration, while performing an atom-positional least-square fitting procedure
the position of protein atoms and of the crystallographic- (to remove overall rotation) using all*Gtoms 65), unless
water oxygens were restrained by means of a harmonicotherwise specified. The occurrence of secondary structure
potential (force constant of 2000 kJ mblnm=2). Next a elements was monitored according to the definition by
steepest-descent energy minimization was performed withoutKabsch and Sande66).
restraints to eliminate any residual strain. The energy The loop region includes six residues: Pro 190, Gly 191,
minimizations ended whenever the energy change per stepGly 192, Ala 193, Ala 194, and Asn 195. Two cavity
became smaller than 0.5 kJ mal MD simulations were  definitions based on a molecular radius (i.e., a solvent
initialized from the energy-minimized configurations with  molecule is considered to be inside the sphere whenever its
atomic velocities taken from MaxwetBoltzmann distribu-  center of mass fell within the cutoff distance) were employed
tions at 50 K, while the position of protein atoms were for the analyses. The side-chain aliphatic carbon of Asp 235
restrained using a harmonic potential (force constant of 2000was the reference center of the monitored properties in all
kJ mol nm~2). Each system was then gradually brought to cases because of its fundamental role in ligand binding
the desired temperature (specified in Table 1) inrs1 &nd (29, 32).
rsto, 19) consecutive 250 ps periods of simulations. During  First, for flexibility and properties of the residues near the
each period, the reference temperature was incremented by.ayity (j.e., torsional-angle normalized-probability distribu-
25 K and the force constant decreased by 250 kIhmoh™.  tjons and radius of gyration of cavity atoms), the choice was
The procedure was different fost andrsto simulations:  magde by including all cavity residues within a radiysof
an initial restraining potential of 2000 kJ mélnm2was 1 o nm from the side-chain aliphatic carbon of Asp 235.
enforced on all €backbone atoms during the minimization  These residues (His 175, Leu 177, Lys 179, Thr 180, Pro
and heat-up phases, while no restraining was applied on thejgg Asn 195, Phe 202, Met 230, Met 231, Leu 232, and
remaining protein atoms. Asp 235) account for the properties of the cavity and of the
An initial equilibration period was performed for each surrounding environment. Pro 190 and Asn 195 are the hinge
system and extended ford ns (as specified in Table 1) to  points for the loop-region rearrangement.

reach full equilibration of the energy components and of the  Second, in the case of water and ion properties, the cavity
system pressure (not shown). For systgwen a restraining  was defined by a sphere centered on Asp 235. Each of the
potential of 1500 kJ mof nm™ on all C* backbone atoms  five MD trajectories was filtered, selecting only the solvent
was initially employed (and gradually removed) during the molecules within 11 spheres of equally spaced ragin
first 2 ns of the equilibration phase to keep the loop region the range 0.40.9 nm. These 55 reduced trajectories were
(residues 196195) in its open state. In all cases, only the employed to calculate (i) nr. wt, the total number of water
10 ns periods after the equilibration of each trajectory were molecules in the cavity for each trajectory structure, (i) n
used for analysis. Fast andrsto simulations, a restraining  the total number of water exchanging events from or into
potential of 2500 kJ mof nm™ was maintained on all€  the cavity, (iii) nr. ex-wt, the total number of water molecules
backbone atoms during the entire MD runs. exchanging, (iv) nr. nex-wt, the total number of water
Newton’s equations of motion were integrated using the molecules that never leave the cavity, and fwh, the
leap-frog algorithm %8) with a 2 fstime step. The SHAKE maximum residence time of a specific water molecule inside
algorithm 69) was applied to constrain all bond lengths with the cavity. Quantity (i) describes the effective solvent
a relative geometric tolerance of ¥*0The simulations were ~ occupancy of the cavity at a given simulation time. Quantity
carried out in the N,p,T ensemble (at a pressure of 1 atm (ii) describes the total number of exchange events from the
and reference temperatures as specified in Table 1) byC&Vity to the external environment or vice versa. Quantity
separately coupling the temperature of solute and solvent(iii) and (iv) describe the total number of (labeled) waters
degrees of freedom to a heat baéi))((relaxation time 0.1  involved in the exchanging process between the cavity and
ps) and by coupling the pressure (estimated on the basis ofthe external environment (or vice versa) and the number of
an atomic virial) to a pressure batl60j via isotropic waters that reside in the cavity, respectively. The maximum
coordinate scaling (relaxation time 0.5 ps; isothermal com- residence timesima, describe the longest period a specific
pressibility 4.574 10 [kJ mol* nm~3]-1). Non-bonded water molecule remains inside the cavity. Therefore our
interactions were truncated at a distance of 1.4 nm andanalysis of water dynamics captures all individual water-
recalculated every time step in the range-€0B nm and exchange events even when these do not contribute to a
every five time steps in the range 6:8.4 nm, using atwin- ~ change in nr. wt (e.g., one water molecule leaving and
range cutoff schemes(). A reaction-field correctiong?) another entering the cavity, simultaneously). The properties
was applied to account for the neglected interactions beyonddescribed and their dependence opncan be used to
1.4 nm, using a relative dielectric permittivity of 61 for the charactferize the disordered nature of water dynamics inside
SPC water modeb@). A fast grid-based pairlist-construction ~ the cavity.
algorithm G4) was employed (cell-mask edge of 0.4 nm;  Trajectory structures were clustered into batches of similar
atomic-level cutoff) as implemented in the GROMOSO05 configurations using the backbone atom-positional root-
MD++ module £2). mean-square difference (RMSD) of residues 1905 as
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similarity criterion and the clustering algorithm previously ondary structure elements remain well defined, and their
described §7) and applied to flexible moleculed4, 67— relative occurrences are similar throughout teg bb, and

69). A cutoff of 0.1 nm was chosen after evaluation of the opentrajectories (3-helix, 2, 2, and 2%; 4-helix, 42, 41, and
dependence of cluster populations against the total numberd0%; 5-helix, 0, 0, and 0%; bend, 19, 22, and 20%; beta-
of clusters found for each simulation. In this case, the bridge, 2, 1, and 2%; beta-strand, 5, 5, and 5%; and turn, 7,
structures were superimposed using only titea@®ms of 7, and 8%, respectively). An overall good agreement is found
the residues belonging to the cavity (see above). with corresponding values from experimental X-ray struc-

Solvent-accessible surface area (SASA) values weretures §7) (3-helix, 5, 6, and 6%; 4-helix, 45, 47, and 47%;
calculated using the program NACCES@)(for individual 5-helix, 0, 0, and 0%; bend, 15, 13, and 12%; beta-bridge,
protein structures after removing water and ion molecules. 3, 2, and 3%; beta-strand, 4, 5, and 4%; and turn, 9, 8, and
In the case of théb ensemble, the ligand atoms were kept 8%, based on 1AA4, 1AEN, and 1RYC, respectively).
to include the desolvation effect due to ligand binding. Partial However, we note comparatively higher formation of bend
contributions to the total SASA value were calculated after regions on the basis of our MD simulations. This discrepancy
dividing the contributions in five main classes of particles: can be explained considering that our simulations concern
(i) all atoms, (i) polar side chains (all oxygens and nitrogens proteins in the liquid phase, while X-ray measurements are
in the side chains), or (iii) non-polar side chains (all non- carried out in the presence of crystal-packing forces. In the
oxygens and non-nitrogens in the side chains), and (iv) sidecase ofst andrsto simulations, the same secondary structure
chains (all side-chain atoms) or (v) main chain (all backbone elements are stable along the 10 ns periods, albeit the relative
N, C, and O atoms). For this purpose® @oms were average formation of 4-helix elements decreases (18 and
classified as side-chain atoms in order to assign a side-chainl9.2%, respectively) and the formation of bend elements
solvent accessibility to Gly residues also and are thereforeincreases (27 and 22%, respectively), as a consequence of
not included in the main chain group. the higher thermal motion (not shown).

Hydrogen bonds were defined to have a maximum We note thatemploying high-temperature simulations with
hydrogen-acceptor distance of 0.25 nm and a minimum Positional restraining potentials on the backbone atoms can
donor-hydrogen acceptor angle of 1390 identify multi- enhance the conformational sampling of the protein side
center hydrogen bonds, looser criteria for maximum distance €hains but can result as well in arbitrary changes of the
(0.3 nm) and minimum angle (12bwere used. We note ~ S€condary structure element formation with respect to the
that so defined hydrogen-bond occurrences will discriminate X-ray structure at standard conditions. Therefore, the analyses
hydrogen-bonding interactions formed by a specific donor Of rst andrsto simulations will be limited in the following
group with distinguishable water molecules. Therefore, t© cavity residues and water dynamics. _
corresponding relative time occurrences for X-ray structures _ The backbone €atom-positional root-mean-square devia-
(Table S1, Supporting Information) should be interpreted as tion (RMSD) between the trajectory structures and the
the sum over all possible hydrogen-bond relative occurrencescorresponding X-ray references? are of small magnitude
to a given donor group by all exchanging water molecules. overall and remain stable along the simulation time, showing

In the case of multi-center hydrogen bonds, the values fromthat a good agreement with experiment is present in the
X-ray water sites should be interpreted as the sum of all Simulated trajectories. The backborfeafom-positional root-

occurrences to a given donor group. mean-square fluctuation (RMSF) in theef and open
The comparison of crystallographic water sites with the trajectories displays peaks of comparable intensities, and the

ensemble-averaged location of water in the simulations wasMOSt flexible regions of the proteins sample their configu-
based on the work by Schiffer and van Gunste&).(The rational spaces to a similar extent. The region of residues
radius of a water site was defined on the basis of the 185195 shows a pronounced mobility, comparatively the
resolution of the corresponding X-ray structus@)( Ensemble- lowest for thepb and the_ highest for thepen simulations.
averaged hydration-density maps were calculated as de-T.he bend regions of reS|due54565_ qr_1d 12514.0 are also .
scribed in the Results section using the VMD softwar® ( highly mobile, and a reduced flexibility is again systemati-
e . . cally observed for théb simulation (compare Figure Sla,

Self-diffusion coefficients were calculated using the mean- b and ¢ S ina Inf ) | inal il

square displacements of the water oxygens and thimis , and ¢, Supporting Information). Interestingly, a similar

inside and outside the cavity. Corresponding averaDas observation holds for all of the peaks in the region 40
. Y. P g X 205, largely mapping to the cavity residues. These results
over the non-exchanging water molecules (nex) and over the

K+ ions diffusing in bulk watefDiq, are also reported, are consistent with a general good stability of the simulations

together with their standard deviation from the mean values. gir;nddir\?gth a change of backbone flexibility upon ligand

RESULTS The stability of the heme cofactor was also monitored for
all five simulations by calculating the distance of the Fe atom
Stability of the Simulationslo assess the stability of the  from the reference residue Asp235 and the RMSF of all heme
five MD simulations, a collection of properties was moni- atoms (see Figure S2, Supporting Information). In all cases,
tored as a function of time. Figure S1 (Supporting Informa- the results show that the cofactor is stably fluctuating behind
tion) shows the time series of the formation of secondary the cavity region, the Fe atom is correctly coordinated, and
structure elements according to the definition by Kabsch andthe flexibility is reasonably distributed among the cofactor
Sander §6). The apo (ef), best binderW191G complex atoms and similarly along different trajectories.
(bb), and the openapen) simulations at 300 K are all stable Correspondence between MD simulation and X-ray ex-
along the pre-equilibrated 10 ns periods (see Table 1 for periments 28, 29, 32) is found also with respect to the
reference codes and simulation details). The different sec-behavior of the K ions, as inferred from the time series of
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ref configurations as determined by X-ray crystallography
i § | experiments. Trajectory structures were clustered into batches

0.4f _ of similar configurations using the RMSD of the loop region
WWWM 190-195 as a similarity criterion (see the Materials and
0.2 i Methods section). For botref and open simulations, the

—— central members of the three most populated clusters of
0slPP _ structures are displayed. They represent 30 and 41%, 13 and
- 29%, 11 and 7% for the first, second, and third clusters
(ST TP I PN TIPS e R WL LT 1L ' nd, '
04F 7 respectively. In the case of the ligand-bound W191G,

atom-positional RMSD [nm]

0.4

0.2

0.0

o2l corresponding values of 92, 6, and 1% are foulld, (hot
WWWWWW shown). In all cases, the three most populated central member
—t—t—t structures have low backbone* @tom-positional RMSD
0.6 values from the X-ray models (within 0.2 nm). For tref
i andopensimulations, there are 19 or 14 clusters populated
/ by at least 1%, totaling 94 or 97% of the entire ensemble,
WWMW Ll X respectively. For théb simulation, we find a significantly
f T smaller number of 3 clusters populated by at least 1%,
o 2 4 & 8 10 totaling 99% of the entire ensemble. Interestingly, the
reduced diversity of loop-region conformations bdr versus
Foure 2. Time series of the backbone Gtom-positional root ref and open simulations reflects a sizable reduction of
mean-square deviation (RMSD) of the loop regioFr)1 of residues-100 eXibility when W191G is bound to 2-amino-5-methylthi-

time [ns]

195 ofref, bb, andopen trajectory structures from closed (black ~aZole. . .

lines) and open (gray lines) X-ray crystallography structufss. ( We note that such considerations would not emerge by a
Al structures were superimposed using all backbofi@®ms of simple comparison of RMSD time series, although a
W191G. See Table 1 for reference codes. comparatively reduced configurational sampling of the loop

the ion—cavity distances (not shown) and their distributions region for the 2-amino-5-methylthiazet&V191G complex
(see Figure S3, Supporting Information). Theikn binding matches the more stable RMSD values founddioversus
the apo cavity remains inside the W191G cavity during the ref and open trajectories (see Figure 2b vs 2a and c).
entireref simulation and shows (i) an average coordination Additionally, we stress that a cluster analysis such as the
number of 3.2 with surrounding water oxygens and (ii) a one presented herein may supply useful information to
stably fluctuating distance from Asp 235 (not shown). None characterize the flexibility of mobile regions in proteins,
of the 7 K' ions additionally present in solution ever enters which is generally problematic on the basis of ensemble-
the cavity. Consistently, not one of the 7 or 8 Iéns reaches  averaged structures onlyZ, 73).
the buried cavity volume throughout theb and open Figure S4 (Supporting Information) displays the backbone
simulations, in agreement with the experimental observation torsional angle normalized probability distributions charac-
of competitive binding for small (positively charged) mol- terizing the loop-gating mechanism around residues Pro 190
ecules to the W191G cavitys( 32). Interestingly, tens of  and 195 ¢, Pro 190: @ —C—N—-C®» "9, ¢ Asn 195:
ion exchanges are observed iist and rsto simulations C—N—-C*—C; 1, Asn 195: N-C*—C~—N). Forref, bb, and
showing that an increment of temperature from 300 to 500 opensimulations at 300 K, these distributions are compared
K enhances the exchange of ions between the bulk solventto the corresponding experimental values based on X-ray
and the cavity. structure (Figure S4, Supporting Information, vertical dashed
Conformational Spaces of the Gating Lodpigure 2 lines). The distributions calculated from MD simulations
shows the loop region atom-positional RMSD time series systematically overlap with the experimental values from
calculated for ourref, bb, and open MD simulations X-ray crystal structures. The dihedral angledisplays a
alternatively using the corresponding closed or open X-ray comparatively broader distribution based on éesimula-
crystallography structure8T). Significantly larger deviations  tion and additionally accesses the dihedral space arourid 120
are observed on the basis of the X-ray open referencelnterestingly, an evident shift of about 1’88 observed when
structure (PDB ID: 1RYC) with respect to values calculated comparing thew dihedral angle distributions of closeck{
from the X-ray closed reference structures (PDB ID: 1AA4 andbb) and opendpen) gate ensembles because of the Pro
and 1AEN, respectively) throughout thef andbb trajec- 190 cis—trans isomerization. Thep and vy backbone con-
tories. The picture inverts for the RMSD time series formational sampling for Pro 190 is shifted toward the helical
calculated betweeapentrajectory structures and closed or region with respect to unrestricted backbone chains (not
open reference structures (PDB ID: 1AA4 and 1RYC, shown). A similar effect upon backbone constraining was
respectively). The trajectory structures of tEensimulation previously reported on the basis of computer simulations of
are characterized by open-loop configurations during the model systems4(). The corresponding distributions fgr
entire (pre-equilibrated) 10 ns period, suggesting generalandy of Asn 195 shift by about 40 and 150 upon opening
stability for this thermodynamic state on the nanosecond time the gating loop, respectively. Similar effects upon loop
scale. This observation based on the open-gate apo ensemblepening can be observed frorst andrsto simulations at
of structures supports previous suggestions concerning the500 K (see Figure S4, Supporting Information). Remarkably,
slow kinetics ofcis—trans isomerization for Pro 1906j. the loop can also access thedihedral space of Asn 195,
Figure 1 shows the dominant conformations adopted by characteristic of the open-loop configuration in the absence
the loop region and the corresponding (ensemble-averagedpf a charged ligand inside the W191G cavity (Figure S4,
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Ficure 3: Side-chain torsional-angle normalized-probability distributions characterizing the W191G cavity. The side-chain torsional angles

y (Ce—CF—Xr—X?; with X being either a C, N, or O atom depending on the amino acid) of His 175, Leu 177, Lys 179, Pro 190, Asn 195,
Phe 202, Met 230, Met 231, and Asp 235 are shown as calculatedr&bblack), bb (red), open (green),rst (blue), andrsto (cyan)
simulations, respectively. The vertical dashed lines indicate the dihedral-angle values based on the corresponding X-ray structures (black,
1AA4; red, 1AEN; green, 1IRYCH(7)). The effect of a higher simulation temperature can be quantified by compafif§00 K) with rst

(500 K) andopen (300 K) with rsto (500 K) simulation ensembles, for the closed and open-gate configurations, respectively. The effect

of ligand binding can be quantified by compariref with bb. See Table 1 for reference codes.

Supporting Information, bottom panelref vs bb acid side chain may be difficult on the basis of ensemble-
ensembles). averaged crystal structures only. Yet, it can be revealed by
These results show general agreement with the considerthe corresponding conformational heterogeneity observed
ations inferred from ensemble-averaged X-ray structigs ( among different crystals (whenever available) or from a
provide additional insight on the loop-opening mechanism, sufficient sampling based on MD simulations. Lys 179 and
and support the general picture of Pro 18B—trans Pro 190 display dihedral angle distributions, which are
isomerization as a determinant of the loop-opening mecha-similar among the different simulations. The Pro 190 side
nism. The marked shifts of dihedral distributions suggest that chain shows two-peak distributions, which additionally
the dihedral transitions of the hinge residues Pro 190 andsample the dihedral region around°3@ all simulations.
Asn 195 drive the loop conformational change. The different The side chain of Leu 177, Asn 195, Met 231, and Asp 235
sampling of they dihedral spaces in theef and bb show comparatively narrower distributions in the presence
simulations is in line with the general observation of Pro of the ligand 2-amino-5-methylthiazole in the cavityby.
cis—trans isomerization in folded proteins being governed His 175, Leu 177, Phe 202, Met 230, Met 231, and Asp 235
also by cooperatived@) (long-range) as opposed to only local display significantly broader distributions upon increasing
(43) (short range) interactions. the temperature to 500 K<t andrsto). Of special interest
Conformational Spaces of the @ty. Figure 3 shows the s the behavior of the negatively charged side chain of Asp
side-chain torsional angle normalized probability distributions 235, which defines the key electrostatic interactions and the
for key residues inside the W191G cavity region, as geometry for cation ligand bindin@9, 32). We observe a
calculated from our five MD simulations in the liquid phase pronounced reduction of the configurational spaces accessed
and on the basis of the three corresponding X-ray crystal upon ligand binding. Instead, the Asp 235 side chain
structures§7). Different sampling behavior characterizes the additionally samples the dihedral angle values around
cavity residues considered. Yet, a few general trends can bed0° for the closed and open-loop ensembles of structures at
defined concerning the effects due to ligand binding and both temperatureg€f, open rst, andrsto), which are not
temperature. revealed on the basis of X-ray crystal structures (see
All calculated distributions systematically overlap with the Figure 3).
corresponding experimental values, with the exception of Asn  The results presented in this section suggest that small
195. However, the latter residue spans the widest range ofcompounds docking to an artificial cavity may experience
values among the three different X-ray crystal structures. This significantly different interactions depending on (i) the X-ray
shows that characterizing the flexible nature of an amino crystal structure considered (e.g., apo, complex, or open-
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Table 2: Comparison of Experimental and Calculated Ensemble  SyStematically similar values are found for the same trajec-
Averaged Solvent-Accessible Surface Areas tories structures with respect to the X-ray structures (non-

< SASA> [nn7] polar: 73 vs 74, 70 vs 75, 75 vs 7?, respgct]vely; main: 18
vs 18, 17 vs 18, 19 vs 19). The major deviations seem to be

refcode  all  polar  non-polar sidechains _main  4ominated by the polar and side chain subgroups compared
X-ray structure to non-polar and main chain subgroups. The side chains are
iﬁéﬁ ﬁg gi ((jg)) ;g ((g?) ﬁi ((gg)) ig %j)) the determinants of SASA value ghanges for W;QlG, vyhich
1RYC 132 55(42) 77(58) 113(86)  19(14) Show stable backbone*@tom positional RMSD time series
MD simulation (Flgwe S, Su_ppo'rtlng Information). These trends can be
ref 138  65(47) 73 (53) 120 (87) 18 (13)  explained considering that crystal-packing forces restrict the
bb 131 61 (47) 70 (53) 114 (87) 17 (13) motion in the protein, especially for those surface regions
open llgg 7723 ((Z‘%) g? ((5571)) 1152((8857)) 2159((11;) mainly contributing to the solvent-accessible surface. Instead,
rsto 256 100(39) 156 (61) 215 (84) 41 (16) MD simulations in explicit solvent more closely reproduce

@ The values calculated usiradj, polar or non-polar, andside chain the physical phase of proteins in solution.
or main chainatom subgroups aré reported separatély. Relative percent In order to correlate the SASA values for the different

values are given in parentheses (with respediltoaiues). See the ~ €nsembles with the plasticity of the cavity, the radius of
Materials and Methods section for computational details and the gyration (RGYR) for the cavity residues only was calculated
definitions of the subgroups. X-ray structures are as irbief throughout the MD trajectories (Figure S5b, Supporting
Information). These values are stable along the 10 ns periods
gate configurations), (ii) the physico-chemical nature of the (maximum standard deviation of 0.02 nm observed$tw).
ensemble of structures (e.g., one ensemble-averaged X-raynterestingly, SASA ensemble averages (Table 2) change
crystal structure or an ensemble of structures from MD accordingly to RGYR ensemble averagesf,(0.86 nm;bb,
simulations in the liquid phase), and (iii) the temperature of 0.82 nm;open, 0.89 nm;rst, 1.01;rsto, 1.22), suggesting
the system. These effects are determinants of ligand-bindingthat solvent accessibility depends on the conformational
thermodynamics and result in significantly different con- sampling of the cavity residue side chains (see also Figure
figurational entropies for the cavity residues involved in S5, Supporting Information).
ligand binding (not shown). Yet, longer simulation periods = Ensemble Aeraged Properties of Gaty Water.In this
are required to fully address entropy contributions and are section, we describe a number of analyses based on our five
currently being pursued. explicit solvent MD simulations to characterize the hydration
Surface Salent Accessibility.Figure S5a (Supporting in the W191G artificial cavity depending on the gating state
Information) shows the time series of the solvent-accessible of the cavity, ligand binding, and system temperature.
surface area (SASA) values during our five MD trajectories.  Table S1 (Supporting Information) reports the sotute
The fluctuations are relatively small (maximum standard solvent hydrogen bonds to specific (labeled) water molecules

deviation from the mean values of 2.8 habserved forsto) in the cavity region of W191G occurring for at least 5% of
in agreement with the stability of W191G throughout the the time throughout the 10 ns pre-equilibrated trajectory
equilibrated 10 ns periods (see above). periods. Only a reduced number of water molecules fulfill

Table 2 reports the SASA values based on single X-ray the (distance and geometry) criteria for (two or three centers)
crystal structures and the ensemble average values based omydrogen bonding to protein cavity residues at 300 K. No
the five MD simulations. Systematically smaller values hydrogen bonds are maintained by specific water molecules
characterize the reference X-ray crystal structures (Table 2,to a cavity residue for at least 5% of the MD trajectory period
second column). A comparatively lower value is expected in the case of the simulatiorrst andrsto at 500 K.

and found for théob versusref simulation (131 vs 138 nfh The comparison between X-ray crystallographic water sites
as a consequence of ligand binding. Instead, a larger averagend the water density along the simulations can be related
value is expected and found for thepen versus ref to the structural properties of the W191G cavity based on

simulation (148 vs 138 nf)y upon opening of the loop gating  ensemble-averaged hydration-density maps (Figure 4). These
the cavity. Comparatively larger increments are evident for maps describe isosurfaces of arbitrary values of average water
rst and rsto ensembles of structures upon increasing the density along the MD trajectories. The water sites detected
temperature (while keeping the backbong @sitionally by X-ray diffraction experimentss{) systematically overlap
restrained close to the initial X-ray structure). onto calculated high-density regions within the approxima-
The origin of a different solvent accessibility between tions of Debye-Weller factors commonly employed in
X-ray crystal structures and explicit solvent MD simulations crystallographic refinement, which assume fully harmonic
can be detailed considering the partial contributions to the motions of biomolecules in crystalg3). This demonstrates
overall (all) SASA values separately based on the polar or an excellent correspondence between the location of crystal-
non-polar and the side chains or main chain subgroups oflographic water sites and the average presence of water in
atoms only (see Table 2 and the Materials and Methodsthe simulations. The same correspondence was verified by
section). Considering either the polar or the side chains considering the water density within spheres of radius
subgroups, systematically larger average values are foundcorresponding to the resolution of the crystallographic model
for the ref, bb, and open trajectories with respect to the (21). We stress that this correspondence does not imply the
corresponding values based on X-ray structures (polar: 65presence of permanently bound waters in the cavity. On the
vs 55, 61 vs 54, 73 vs 55 rfimrespectively; side chains: basis ofref and bb simulations, we observe that water
120vs 111, 114 vs 111, 129 vs 113, respectively). However, molecules can exchange repeatedly among the different high-
considering either the non-polar or the main chain subgroups,density regions. This effect is more pronounced for the
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235 and calculated from either (i) the entire period or (ii)
only the last 2 ns of each MD trajectory. The corresponding
integrals& describe the average number of water molecules
at a given distance from Asp 235. The curves based on (i)
or (i) overlap, showing that cavity wateoxygen positions
are reasonably well equilibrated after aboutns of MD
simulation (see Table 1). However, deviations are noticed
for the open simulation, suggesting that the solvent mole-
cules occupying an open W191G cavity are rather disor-
dered (see below). Theef cavity evidences stronger or-
dering than thebb and open ones, concerning the first
solvation shell. First peaks of similar intensity but broader
shape are observed fost andrsto simulations at 500 K,
with respect to corresponding simulatiores and open at
300 K.

The radial distribution functions also capture the depen-
dence of the solvent structure on the loop-gating conforma-
tional state considered (see Figure S6, Supporting Informa-
tion, distance range 0-4.9 nm). The lower intensities based
on ref andbb simulations (and the lower values for tie
integrals) account for the desolvation effect induced by the
gating loop in its closed state. Faef, bb, and open
simulations £ integrals display minima at a distance of about
0.9 nm, corresponding to the average distance between Asp
235 and the gating loop. Interestingly, none of theurves
vanishes in correspondence to the gating-loop region,
demonstrating the average presence of a few water molecules
at a distance corresponding to the gating loop. This observa-
tion agrees with our results concerning water dynamics and
exchange between the cavity and the bulk solvent for all
simulations (see below).

Figure 5a summarizes the results of hydration in the
W191G cavity depending on the cavity depth. The results
are reported on the basis of a variable cavity radius to capture
the behavior of the water molecules in close contact with
Asp 235 (smallr; values) in the volume region in contact
with bulk solvent (larger. values). A higher occupancy is
expected and found for the apo versus holo W191G cavity,
which accommodates on average about 5 more water
molecules [{r. wiClatr. = 0.75 nm,ref, 10.0 vsbb, 5.2).
Upon opening of the cavity gate, about 4 additional water
FiGURe 4: Ensemble-averaged hydration-density maps representedmolecules are located on average within the cavity volume
as the number of times the oxygen atom of any water molecule (lr. wiJat r = 0.75 nm, ref, 10.0 vs open 13.8).
falls within a (0.05 nrd) grid element throughout the (a¢f, (b) Significantly larger average occupancies (and corresponding

bb, or (c) g;ﬁe;ogr?lgjtlations. -.Bhelblue itsqsurfacbe dte;iggst.volur?ﬁ fluctuations) are found for simulations at 500 K wtat
regions wi its per grid element, i.e., abou imes the . _ .
hydration density of bulk water. Corresponding crystallographic re = 0.75 nm,rst, 19.3+ 3.0 andrsto, 28.2+ 4.5; not

water sites are represented with red spheres with diametersShown). _ _ _ _
corresponding to the X-ray structure resolutisi)( Cavity residues The following observations emerge by comparison with
from the starting structure of the equilibrated trajectories are cavity flexibility and surface solvent accessibility. First, the

displayed using the following color coding: His 175 (blue), Leu ; ;
177 (cyan), Lys 179 (purple), Thr 180 (orange), Phe 202 (green), aVLTIragteh r;)ur;lbngO\l;;vatelr mo:eCltJ:]es In t_fse Ca(\j”:%l Correlatlies
Met 230 (yellow), Met 231 (yellow), Leu 232 (cyan), and Asp 235 well wi 0 values 1or the cavily an € overa

(red). Their reference orientation based on corresponding X-ray SASA values (compare Figure 5 with Figure S5a and b,
crystal structures are shown as thin red sticks (superimposed usingSupporting Information), demonstrating that the W191G

the C-atoms of the cavity residues only). In the caseobf the cavity accounts for most of the overall solvent-accessible
2-amino-5-methylthiazole ligand is represented from the last MD surface area and that its volume determines the number of

snapshot (thick sitcks) and on the experimental structure (thin red | | h . herei
sticks). For graphical purposes, slightly different orientations are Water molecules that can on average reside therein. Second,

used in (a), (b), and (c). the same values do not correlate directly with the intensity
of the first peak in the wateroxygen radial distribution

disordered water molecules in tlopen ensemble. functions (Figure S6, Supporting Information), and larger
Figure S6 (Supporting Information) shows the structural water occupancies are found fi@f (closed gate; K bound
properties of water based on watexygen radial distribu-  into the cavity) versu®pen (open gate; no K inside the

tion functions centered on the aliphatic carbon atom of Asp cavity) states for the cavity volume closest to Asp
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ot . computational details.
0.4 0.5 0.6 0.7 0.8 0.9
r. [nm] (solute-solvent and solventsolvent) hydrogen bonds (nr.
FiIGURE 5: Analysis of water dynamics in the W191G cavity of H-bonds) inside the cavityr{= 0.75 nm), respectively. A
cytochromec peroxidase depending on the cavity radiug §ased decrease of hydrogen-bond formation during the pre-
on ref (black thick lines),bb (black thin lines), andpen (gray equilibrated 10 ns periods can be observed on the basis of
thick lines) molecular dynamics simulations. (&j. wil]ensemble trajectoriegef, bb, andopenat 300 K. The decrease is more

average of the total number of water molecules inside the cavity ident wh tarting the simulation f t .
(and their standard deviations as vertical bars). (b) nr. ex-wt, total €V/d€ntwhen starting the simulation from an open-gate cavity

number of exchanging water molecules. (c) nr. nex-wt, total number (OP€n). Y_et, the K" ion occupying the cavity of the apo
of never-exchanging water molecules. See Table 1 for referencestructure is on average coordinated to 3.2 water molecules

codes and the Materials and Methods section for computational throughout theef simulation. The observation for ttopen
details. simulation of the largest decrease of solvestlvent hy-
drogen-bond relative occurrences is consistent with a dis-
ordered behavior of open-cavity water molecules. Fr
andrsto simulations at 500 K, only a limited number of
(solute-solvent or solventsolvent) hydrogen bonds are
formed inside the cavity (time occurrence%).

nr. nex-wt

235 (Figure 5ay; < 0.65 nm). The ordering electrostatic
interactions formed among cavity water molecules, polar
cavity residues, and the *Kion binding (see Figure S3,
Supporting Information) are in line with the experimental
description of a highly ordered network of interactions

formed by the K and Na& cations and the surrounding ~ Figure 5b displays the number of water molecules
coordinated water molecules inside the cavity of the W191G €xchanging (nr. ex-wt) for increasing cavity volumes. This
apo structured8, 29, 32). quantity describes the disorder of water molecules exchang-

Water Dynamics and Exchangﬁere, we present a group Ing from or toward a Ca.Vity of given radius. Similar values
of analyses concerning water dynamics in the W191G cavity are found foref andbb simulations at 300 K corresponding
and water exchange between the cavity and the bulk solventt© @ closed-cavity state (nr. ex-wtt= 0.75 nmjref, 7 vs
that supply complementary information with respect to X-ray bb, 5). A large increase of exchanging waters is observed
crystallography experiments in that (i) only positionally upon the opening of the cavity gate (nr. ex-wrat= 0.75
ordered water molecules can be detected by X-ray crystal-nm; ref, 7 vsopen 41). The exchanging behavior of cavity
lography because the observed electron density represents Waters is substantially perturbed when the temperature
superposition of all atomic positions during the experiment increases to 500 K (nr. ex-wt at= 0.75 nm;rst, 5980 and
time, which typically last hours; (i) the location of water 0pen 8227; not shown).
oxygen on the basis of X-ray crystallography measurements Figure 5c¢ shows the number of water molecules never
may be nontrivial because of resolution and refine- exchanging (nr. nex-wt) for increasing cavity volumes. This
ment constraints21, 73); (iii) the average location and the  quantity describes the local order of water molecules confined
thermodynamics of conserved water sites may differ for into a cavity of a given radius. We find nex-wt values at
protein crystals and proteins in solution as suggested by= 0.75 nm of 6 and 3 forref and bb simulations,
experimental 47, 48, 59, 73—75) and theoreticalZ0, 23— respectively. In the case open, rst, andrsto simulations,

26, 75) studies; and (iv) X-ray diffraction data were collected no water molecule is permanently residing within the cavity.
at a lower temperature (288 K) than ligand-binding thermo- The largest number of confined waters is observed for the
dynamic measurements data (298 K) 32). apo cavity occupied by a Kion, in agreement with the

Figure 6a and b show the time series of the total number network of electrostatic interactions described in this case
of water molecules (nr. wt) and of the total number of (see above).
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(i) Exchange of water molecules between the cavity and
bulk solvent occurs (to different extent) in all simulations
suggesting that this process is not fully prevented by closing
the loop gate and that sufficient flexibility of this region
allows the passage of at least a few water molecules.

(i) In the case ofef versushbb, a reduced number of water
molecules is involved in exchange events when the cavity
is occupied by the ligand; in the case of the apo structure
occupied by one K ion, we find that one molecule never
leaves the deeper part of the cavity (Figure 5c; nr. exrwt,
< 0.6 nm); in theref andbb cases 6 and 3 water molecules
never leave the whole cavity volume, respectively (Figure
5c; nr. nex-wty; = 0.75 nm), in agreement with the presence
of 6 and 3 water sites determined by X-ray crystallography
experiments (Table 1). The corresponding crystallographic
water sites are in qualitative agreement with calculated
ensemble-averaged hydration-density maps (Figure 4a and
b); comparatively highemr. wtCand nr. nex-wt values and

FicURe 7: Sorted values of the largest 20 maximum residence times lower nex values forref are found concerning the water

(tmax Of water molecules entering the W191G cavity fef, bb,

and open simulations. The results for increasing cavity volumes
(r = 0.5: dashed line, 0.6, 0.7, 0.8, and 0.9 nm) are displayed

dynamics of the whole cavity (Figure 5a andrg;= 0.75

m).

with corresponding darker lines. See Table 1 for reference codes (i) In the case ofref versusopen a reduced number of
and the Materials and Methods section for computational details. water molecules occupies on average the deeper volume of
Figure 7 displays the 20 largest sorted values of the the cavity near Asp 235 (Figure 5air. witC]rc < 0.6 nm),

maximum residence timeray for individual water mol-
ecules entering the W191G cavity as calculatedéby bb,
and open simulations and on the basis of different cavity
radii (in the range: = 0.5-0.9 nm). We find that water
molecules near Asp 235 have comparatively larges
values when the cavity is occupied by kKand the gating
loop is in its closed statedf andbb vs open). However, a
number of moleculeg€f, 6; bb, 2; open 4) show maximum

and a larger number occupies on average the whole cavity
(Figure 5a;ar. wiCjr. = 0.75 nm; also cf. Figure 4a vs 4c)

when the gating loop is in its open state. Water exchange is
significantly enhanced, and the number of exchanging water
molecules significantly increased upon opening the cavity
gate, concerning both the deeper and the whole cavity
volumes (Figure 5b; nr. ex-wt, = 0.5 and 0.75 nm). No

water molecule resides permanently in the cavity when the

residence times longer than 5 ns for all simulations at 300 gating loop is in its open state (Figure 5¢; nr. nex-wts<
K. On the contrary, no water molecule shows maximum (.8 nm). The 3 crystallographic water sites are in qualitative

residence times larger than 0.50 and 0.25 ngdbandrsto

agreement with calculated ensemble-averaged hydration-

simulations at 500 K, respectively. The number of these density maps (Figure 4c).

(slowly or never) exchanging water molecules is systemati-
cally close to the average number of occupancy of the deeper.

cavity (compare withnr. wtCvalues in Figure 5a;. < 0.5
nm). This observation holds also for larger cavity radii in
the case ofef andbb simulations. Interestingly, different
curves are observed foef andbb (characterized by steep

(iv) In the case ofst andrsto versusref andopen, that
is, a comparison between simulations at 300 and 500 K (in
the second case keeping the backborfe gBsitionally
restrained close to the initial X-ray structure), the temperature
increase results in significantly larger valuesif. wir{and

decreases) versapen (characterized by gradual decrease) of their standard deviations); about a factor of 10 langygr

simulations, demonstrating that,.x values capture the

values; and more than a factor of 100 larger nr. ex-wt values.

different properties of exchanging waters depending on the No water molecule resides permanently in the cavity at 500

state of the loop gate.

The comparison between cavity and bulk solvent dynamic
diffusion properties supplies additional insight on the be-

havior of water. The self-diffusion coefficieni® [{ex aver-

aged over the water molecules permanently inside the cavity

(nr. nex-wt atr, = 0.75 nm,ref: 6; bb: 3) are 3.1 10%°
and 4.3 1019m?2 s71, that is, about a factor of 8 or 10 smaller

than that estimated for bulk water, on the basis of experi-

ments (2.4 10° m? s % (76)) and the SPC water model (4.2
10°m? s71(77)), respectively. Similarly, the self-diffusion
coefficient of the K ion bound to the apo W191G cavity is
about 10 times smaller than the average vagl,,; over
the 7 K" ions present in solution (3.2 1& and 4.0 10° m?
s1, respectively).

K, even when the simulation starts from a closed-gate cavity.

DISCUSSION

The artificial cavity of the W191G mutant of cytochrome
c peroxidase shows distinct dynamics and hydration proper-
ties depending on the closed or open state of the flexible
gating loop, the presence of {Kor small molecule) binding
cations, and the temperature of the system. The molecular
dynamics simulations presented herein show good general
stability and agreement with the experimental data available.

The following conclusions emerge on the dynamics of the

W191G protein. First, the conformational space sampled by

the loop region shows a sizable reduction when the cavity

Some relevant trends concerning water dynamics andhosts a small positively charged compound. Second, the
exchange can be summarized in the following key points: conformational sampling of the cavity shows sizable reduc-
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tion upon binding as quantified by analyzing backbone cessfully captured using a clustering method previously
flexibility and the distributions of the dihedral spaces described§7) and applied in the context of flexible peptides
accessed by cavity residues. Third, the comparison of the(14, 67—69). We suggest that this procedure is a useful tool
surface solvent accessibility between single X-ray crystal to characterize the flexibility of mobile regions in biomol-
structures and liquid-phase MD simulation ensembles indi- ecules. Second, our simulations support the general picture
cates possible differences concerning solvent-exposed regionsf Pro 190cis—transisomerization as a determinant of the
of the protein surface. loop-opening mechanism and are in line with the general
The following conclusions emerge concerning water observation of Prgis—transisomerization in folded proteins
dynamics and exchange in the W191G cavity. First, water being governed also by cooperativé2) (long-range) as
disorder within the cavity and exchange between the cavity opposed to only locak@) (short-range) interactions. Third,
and bulk solvent are dominated by the presence of onereceptor flexibility appears to be a key ingredient of ligand
charged molecule or ion, by the state of the cavity gate, andbinding and molecular recognitio@®). Therefore, docking
by the system temperature. The largest ordering factor is thestudies aimed at understanding molecular association pro-
presence of the Kion occupying the gated W191G cavity, cesses in the liquid phase should involve the extensive
and cooperative interaction among several water moleculessampling of the receptor conformational space. Fourth,
and polar residues define a network of interactions in molecular dynamics simulations can be used to characterize
qualitative agreement with that determined experimentally the effects regulating the dynamics and exchange of water
(28—32). Second, the opening of the cavity toward the bulk molecules and ions, providing atomic level and time-
solvent introduces a large perturbation on the dynamic dependent information otherwise invisible to experiments.
behavior of cavity waters. Considerable water exchange Future NMR experiments and free energy and entropy
between the cavity and the bulk solvent occurs in the open- calculations will elucidate the different thermodynamic roles
gate ensemble when no ligand or cation is bound. This of bound and unbound cavity waters.
suggests that cavity water molecules are rather disordered
and that the open W191G cavity of cytochroogeroxidase =~ ACKNOWLEDGMENT
may experience hydration similar to that experimentally
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recgntly reported for the water mo!ecules qccupying a buried SUPPORTING INFORMATION AVAILABLE

cavity of cytochromec on the basis of residence time and

coordination number calculationg3). Solute-solvent hydrogen-bond occurrences in the W191G
The simulations presented supply detailed information cavity (Table S1); time series of secondary structure forma-

concerning the structural role of specific water molecules tion (Figure S1); analysis of heme cofactor stability (Figure

and allow more general conclusions on the interpretation of S2); distributions of Asn 295ion distances (Figure S3);

X-ray crystallography experiments elucidating time and backbone torsional angle distributions characterizing the

ensemble averaging effects. Water sites determined by X-rayloop-gating mechanism around Pro 190 and Asn 195 hinge

crystallography experiments systematically correspond to points (Figure S4); time series of SASA and W191G cavity

highly favorable average location of water molecules from RGYR values (Figure S5); and radial distribution functions

simulation, within the approximations commonly employed for water oxygens in the cavity (Figure S6). This material is

in crystallographic refinemengg, 73. However, our simu-  available free of charge via the Internet at http:/pubs.acs.org.
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