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Abstract: Biological function relies on the complex spectrum of conformational dynamics occurring in
biomolecules. We have combined Accelerated Molecular Dynamics (AMD) with experimental results derived
from NMR to probe multiple time-scale motions in the third IgG-binding domain of Protein G (GB3). AMD
is shown to accurately reproduce the amplitude and distribution of slow motional modes characterized
using residual dipolar couplings, reporting on dynamics up to the millisecond timescale. In agreement with
experiment, larger amplitude slower motions are localized in the S-strand/loop motif spanning residues
14—24 and in loop 42—44. Principal component analysis shows these fluctuations participating in the primary
mode, substantiating the existence of a correlated motion traversing the -sheet that culminates in maximum
excursions at the active site of the molecule. Fast dynamics were simulated using extensive standard MD
simulations and compared to order parameters extracted from °N relaxation. Notably 60 2-ns fully solvated
MD simulations exploring the different conformational substates sampled from AMD resulted in better
reproduction of order parameters compared to the same number of simulations starting from the relaxed
crystal structure. This illustrates the inherent dependence of protein dynamics on local conformational
topology. The results provide rare insight into the complex hierarchy of dynamics present in GB3 and allow
us to develop a model of the conformational landscape native to the protein, appearing as a steep sided
potential well whose flat bottom comprises multiple similar but discrete conformational substates.

Introduction and resolving thermodynamic, and even structural, descriptions
of very weakly populated excited stafgs#

Residual dipolar couplings (RDCs) have emerged as a
powerful addition to these techniqu¥si® The sensitivity of
RDCs to the relative orientation of a pair of coupled spins has

ed to their routine use in protein structure determinatio!.

However it is in terms of molecular dynamics that a second,

Proteins require substantial conformational flexibility in order
to correctly fold and to perform their native functibANuclear
magnetic resonance (NMR) is exquisitely sensitive to protein
dynamics on a vast range of timescales and therefore provide
access to motional parameters governing the function of

biological system&.In particular spin relaxation measurements .
. s : . . equally important aspect of RDCs has recently become appar-
provide precise information about local dynamics on picosecond ~ " o'> ; .
: ; . ent!®<9 RDCs represent averages over all orientations of the
to nanosecond timescal&s. Dynamics occurring on slower . . : : :
dipolar interaction sampled up to the timescale defined by the

timescales are however of particular interest because many. . : .
biologically important processes, such as enzymatic catdlysis inverse of the measured dipolar coupling (up to the millisecond
’ " range) and thereby hold great promise for the description of

signal transductiofiigand binding, and allosteric regulatfon slower motion in proteins. This sensitivity of RDCs to local

are expected to occur in this rantfeRelaxation dispersion . . .
. . conformational fluctuation has recently been exploited to
experiments have successfully extended the range of timescales

to identify conformational exchange between states in protéins, examine the extent. an.d nature Oﬂgca' dynamic behavior present
) . . . in proteins over this time rangé:
relating microsecond molecular motion to enzymatic functfon,
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We have recently investigated the presence of slow motions identification of thermodynamically dominant regions on the
in protein GB3, a small globular protein of 56 amino acids, by potential energy surface. These methods include conformational
interpreting an extensive set of RDCs using the three- flooding! replica exchange MB? umbrella sampling? high-
dimensional Gaussian Axial Fluctuation model (3D-GAFj, temperature MD, leap dynamiésand a number of related
description of local peptide plane dynamics defined in terms of techniques recently reviewed by EIJ8A key aspect common
diffusive motions around three orthogonal axes attached to theto many of these methods is to enhance the escape rate from
peptide plane. A heterogeneous distribution of slower motions one low-energy conformational state to another. One way of
was found in the protein, including a network of correlated achieving this is to lower the free energy barriers separating
motions in the3-sheet of the protein, propagated across the sheetthe low-energy states on the rugged potential energy landscape,
via the hydrogen-bonding netwofR. The directionality of thus accelerating the occurrence of slower dynamic events by
motions found in the interaction site of GB3 was proposed to application of a biasing potential. This is the basis of an efficient
coincide with the conformational adjustment required for biased-potential method, known as accelerated molecular dy-
molecular recognitiod! This study delivered a site-specific namics (AMD)#6

anisotropic motional description of each peptide plane in the  AMD has recently been successfully used to simulate peptidyl
protein, providing an estimate of the direction and extent of cis—trans isomerization within the flexible Gly rich flaps of
motions present on the peptide backbone. The aim of the currentH|v-1 protease on the microsecond to millisecond times¢ale.
work is to combine state-of-the-art Molecular Dynamics tech- |n our case the aim was to use AMD to characterize the slower
niques, designed to extend the timescale available to molecularmotions present in GB3 and to compare the results with motional
simulation into the millisecond range, with the results derived parameters extracted from NMR measurements.

from experimental NMR, to develop a molecular description
of multiple timescale motions present in GB3.

MD simulation enables the exploration of conformational
energy landscapes accessible to prof@iffsand therefore
represents a powerful tool for understanding and interpreting
experimental NMR data in terms of molecular motfoit:37
While classical MD simulation can be employed to predict fas . )
stochastic motions responsible for spin relaxation, more sophis- relative populations depend on thg paramefgyanda, used
ticated methods are required to access the slower motions probegi0 accelerate the molecular motloq (see Methc}ﬂs‘yhese )
by RDCs. Considerable progress has been made toward thdarameters there_fore need to be adjusted to e_I|C|t_ the required
development of methods to sample the complete phase SpaC’!;\mount of dynamics. We note that the parametnz_anon used h(_ere
of biomolecules, allowing functionally important motions to be was found to be robust and that more aggressive acceleration

sampled more efficiently and rapidly. In general, these methods resul@ed in similar .results to 'Fhos.e shown (vide iqfra), with higher
can be divided into two groups: The first involves the amplitude dyqamlcs occurring in the more flexible parts of the
identification of transition pathways between known initial and molecule, until eventual unfolding occurred.

final states, such as two well-defined conformational states of ~Figure 1 compares the backbone root-mean-square deviation
transition path sampling, and essential molecular dynamic {0 1 of the 12 AMD simulations. Note that only slightly larger
sampling®® The second contains those methods that efficiently fluctuations with respect to the average structure are observed

sample low-energy molecular conformations, allowing the rapid for the AMD simulation (0.73£ 0.16)A compared to (0.54
0.09)A for the standard MD. The average backbone coordinates

of the AMD simulation compare very closely with those of the
X-ray and RDC-refined X-ray structures (0.54 A and 0.38 A,
respectively), indicating that although the accelerated MD
trajectories sample broader conformational space, they appear
to be distributed about a mean conformation that resembles
the time- and ensemble-averaged experimentally determined
structures.

Slow Molecular Motions from AMD. Orientational fluctua-
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Figure 1. Backbone root-mean-square deviation (rmsd) fluctuation (A) over 1 of the 12 AMD simulatiors1(® steps with a time step of 2 fs) (B)
compared to a standard 10 ns MD simulation. In both cases the rmsd relative to first (black) and average (red) structures are shown after reithoving overa
translational and rotational motion. (C) Representative ensemble of MD sampling. (D) Representative ensemble of the AMD sampling.

of experimental dipolar couplingd;*® using the 3D-GAF and are therefore considered nonphysical, the relaxation-derived
description of peptide plane motion and relating to motions up parameter $.sn1) is shown. These results clearly show the
to the millisecond timescale. Although the level of acceleration high correlation between simulated motional modes detected
was tuned by adjusting the two parametEssanda to match from the AMD and conformational disorder detected from
the lowest experimentally determined valuesSpc nn, the experimental RDCs in GB3.

correspondence seen throughout the chain between experimen- Fast Molecular Motions Sampled from Combined MD

tally determined and simulated order parameters is quite striking and AMD. NMR spin relaxation reports on a complex average
(Figure 2). Higher amplitude slow motions between residues of motions. While relaxation-active phenomena are limited to
15 and 20, comprising the first loop (I) and straég] that were a time range up to and including the overall rotational diffusion
parametrized from the 3D GAF analysis are also present in the of the protein (around 5ns for GB3), these motions are averaged
AMD ensemble. The fine structure found among sequential over the ensemble of conformations sampled up to the mil-
Srocnn and Sroc cc Values along the protein sequence are lisecond range (the chemical shift coalescence limit). Sampling
remarkably well reproduced from simulation, for example, of fast motions in different substates is challenging using
residues 2330 and 41-50. This information is also reported  classical MD simulations, whose conformational range is likely
in terms of a colored ribbon representation in Figure 3a. For to depend on the initial conformation. Although long timescale
the three points G14, E26, and D52 where RDC-derived order simulations, up to the microsecond range, can in principle extend
parameters were found to be significantly highe0(05) than the range of sampling, they still remain r4fé8ecause the RDC-

the relaxation-derived order parameters in the previous study,derived order parameters shown here are well reproduced by

(48) Meier, S.; Haussinger, D.; Jensen, P.; Rogowski, M.; Grzesiek, An. (49) Nederveen, A. J.; Bonvin, A. M. J. J. Chem. Theory Comj2005 1,
Chem. Soc2003 125 44—45. 363-374.
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Figure 2. Slow motional order parameters extracted from RDCs and C
simulation. These order parameters report on fluctuations occurring up to 010
the millisecond time range. (A) Comparison of order parame®es¢ nr) '
calculated from the AMD ensemble (black) compared to values determined 0.0
using 3D-GAF analysis of experimental RDCs (red). Uncertainty in the 05
3D-GAF order parameters was estimated at 0.05. For the three residues 0.0

14, 26, 52 for which the RDC-derived order parameters were found to be 10 20 20 40 50 60
larger than the relaxation-derived values (a nonphysical result), the latter
values were given. (BF%roc,cc extracted from AMD ensemble (black) Sequence

compared to values determined using 3D-GAF analysis of experimental Figure 4. Lipari—Szabo order parametétextracted frontSN relaxation
RDCs (red). Uncertainty in the 3D-GAF order parameters was estimated and simulation. (A)S.snn extracted from!SN—1H autorelaxation (red)

at 0.03. compared to average values calculated from 60 2-ns MD simulations in
explicit solvent starting from the relaxed high-resolution crystal structure
A Loop | B (black). (B) SLsnH extracted fromt®N—1H autorelaxation (red) compared

to average values calculated from 60 2-ns MD simulations in explicit solvent
starting from structures extracted from the AMD ensemble (black). (C)
Absolute values of differences between experimental and simulated
SisnH (Blue) differences betwee® s nn values shown in part A and
(red) differences betwee® s ny values shown in part B.

averaged. These averages are compared to experimentaP¥alues
in Figure 4. Rare differences between experimental and
simulated results are found for residues D52 and E53 in the
final loop between strand83 and 4, for which the larger
amplitude motions found experimentally are not generated. We
note that slow motions for these two sites are also not well
reproduced by the AMD simulation.

In order to pinpoint the origin of this remarkable reproduction
- we hav mpared the results w redi from
- 32 e have co paed't e results ﬁﬁs,NHpedctgq' om 60
05 0.75 10 classical MD simulations from the same relaxed initial structure
Figure 3. Fast and slow motion in GB3. (A) Ribbon diagram showing the With different random seed generators (scenarios | and Il in
distribution of $rpc,nH Motional order parameters along the peptide chain  Methods). A clear improvement over the simulated values found

of GB3 as determined from accelerated molecular dynamics. The color codejp, the classical MD case is visible, indicating that the increased
refers to the’rpc nn Value. (B) Ribbon diagram showing the distribution ’

of Ss.nu fast motional order parameters along the peptide chain of GB3 Phase space sampled _by the AMD is r_esponSible for the
as determined from AMD. The color code refers to 8gsnn value. improved agreement with experiment. This is supported by

analysis of each of the 60 2-ns trajectories (Table 1 in the

AMD, we can assume that appropriate conformational disorder SUPPOrting Information). Remarkably the individual AMD-
representing time and ensemble averages up to the chemicafierived trajectory that best fits the experimental data has a mean
shift limit is present in the ensemble. The increased statistical IAS per residue of 0.037 (the average value over the 60
sampling of different substates explored by the AMD therefore trajectories is 0.042), and the averaga®’| per residue from
allows us to study fast motions occurring within the diverse all 60 random seed generators, shown in Figure 3A, is 0.039,
conformational states and provides rare insight into the complex Whereas the averagedS| per residue from the 60 AMD
relationship between slow structural fluctuations and rapid simulations, shown in Figure 3B, is 0.024. We note that the
dynamics. major contribution to the improvement is essentially localized
IN—1H autorelaxation-derived order paramete® { nn) in the loop regions of the molecule, where longer timescale
have been calculated from 60 separate 2-ns MD simulations, dynamics are observed.
using starting coordinates extracted from different conforma-
tional states from the AMD simulation, and subsequently (50) Hall, J. B.; Fushman, Dl. Biomol. NMR2003 27, 261-275.
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The transformation of experimental relaxation rates into Loop |
dynamic parameters involves a number of assumptions concern-
ing the nature of the relevant physical interactiéfis. particular
the 1N—H internuclear distance and local chemical shift
anisotropies are both assumed known and uniform along the
protein backbone, while local motions are considered sufficiently
independent of overall tumbling to warrant mathematical
decoupling of the contributions to the spectral density functions.
In light of these potential sources of error and the already
significant experimental uncertainty, the similarity between
experimental and simulated order parameters is remarkable.
Although the prediction of order parameters from MD is in
general accurate, the reason for problems encountered in
reproducing local detail remains a subject of debate. One
possible explanation is that the analytical force fields employed
in contemporary classical MD simulations have not been
sufficiently accurate. Indeed recent improvements in force fields
have resulted in better reproduction of experimental efala.
has been suggested that inconsistencies between experimental
and simulated order parameters also result from poor statistical
mechanical sampling of the different conformational states of
the protein that contribute to the relaxation measurement. Our ) o )

Figure 5. Quasi-harmonic principle component analysis of AMD ensemble.

results support this proposition, providing an example where Residue fluctuation for the lowest eigenmode in GB3. The colors represent

more complete sampling of the ensemble leads to global the percentage of the total amplitude of the eigenmode. BId&6, 1% <
improvement in the accuracy of fast dynamics. This observation green< 3%, 3% < yellow < 5%, red> 5%.

provides evidence that rapid motional modes are dictated by
the specific topography of local substates in the conformational the 3D-GAF analysis, that RDCs are identifying slow correlated
landscape. More generally the close reproduction of both RDC- motion. The first mode alone accounts for 30% of the covariance
and relaxation-derived order parameters suggests that theand therefore contributes significantly to the slower timescale
substates sampled in the AMD simulations are realistic, encodingdynamics.
a more accurate description of a broad spectrum of dynamics The description of the collective motion across theheet
in proteins. Examination of the 60 simulations deriving from present in the AMD simulation differs in detail with that
AMD substates reveals no identifiable correlation between the parametrized using the 3D-GAF analy&isThe alternation of
rmsd over the individual trajectories or the rmsd relative to the $ andy 3D-GAF motions found in the central part of tfiesheet
X-ray structure and the improvement i @ able 1 Supporting and observable in the experimen®pc nn values for residues
Information). 9, 11, 58, and 60 are of smaller amplitude or undetected from
Collective Motions in Protein G. The collective nature of ~ Simulation. Analysis of trans-hydrogen bond scalar couplings
the slower motions present in GB3 has been analyzed usingindicated these fluctuations to be correlated acrosgsieeet
quasi-harmonic principal component analysis of the AMD and mediated via the hydrogen-bonding network. We note that
ensemblé? The results are illustrated in Figure 5, where the the imposed directionality inherent to the 3D-GAF approach
first motional mode is depicted. The regions of most collective may influence the effective amplitudes in the case of collective
motion again coincide closely with regions showing the greatest motions and that the representation of hydrogen bonding
difference betweel®rpcnn and Fisnp. The principal mode interactions available from classical mechanical force fields may
concerns a correlated motion relating the C-terminal region of in turn limit their ability to characterize dynamic effects
the a-helix continuing into the loop Il 4+45 and loop | occurring across hydrogen bonds.
between strandgsl andf2. This mode also describes a collective The slow dynamic modes in proteins may be linked to
motion in theS-sheet, the outer stran@?) of which constitutes ~ motions that underlie the unfolding mechanism. The principal
the active site of the molecule. This dynamic mode was shown collective mode shown in Figure 5 includes one of the two
using 3D-GAF analysis to be essentially-anotion (about the regions of the molecule that have previously been identified as
“C—oC axis) corresponding to the expected conformational melting hot spots on the basis of temperature-dependent RDC
sampling required for formation of a hydrogen-bonded complex measurement®' Interestingly we also find that more aggres-
with the physiological partner protein F&bRecent extended  sively accelerating the dynamic events using AMD (by raising
(100-200 ns) MD simulations of GB1 also identified motion E, anda, see Methods) to the point of unfolding reveals this
in this strand and proposed that the movement was correlatedsame motional mode as precursor of the complete unfolding
with fluctuations throughout the molecti2 AMD simulation process.
therefore provides additional evidence, initially detected from  Describing the Conformational Landscape Native to GB3.
In light of these observations we are able to propose a schematic

(51) Hornak, V.; Abel, R.; Okur, A.; Strockbine, B.; Roitberg, A.; Simmerling,  description of the conformational landscape native to GB3
C. Proteins: Struct., Funct., BioinR00§ 65, 712-725.

(52) Case, D. ACurr. Opin. Struct. Biol.1994 4, 285-290.

(53) Lange, O. F.; Grubmuller, H.; de Groot, B.Angew. Chem., Int. EQ005 (54) Ding, K. Y.; Louis, J. M.; Gronenborn, A. Ml. Mol. Biol. 2004 335,
44, 3394-3399. 1299-1307.
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N-terminus
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3D-GAF analysis of peptide plane motions. The close reproduc-

tion of site-to-site variation and relative amplitudes in both loop
A and secondary structural elements underlines the power of AMD
as a complementary tool for studying slow motions observed
by experimental NMR.

One of the more remarkable aspects of this study is the
improvement in the simulation dfN relaxation derived order
parameters when additional conformational substates accessed
during the AMD are included in the fast motion analysis. This
is verified using extensive MD simulations in different confor-
mational substates sampled by AMD, compared to an equal
number of simulations starting from the relaxed crystal structure.
This demonstration that local dynamics are dependent on small
differences in the topography of conformational substates
illustrates the complex coupling between structure and dynamics
and has important implications for the accurate reproduction
of motional modes from molecular simulation.

The description of the dynamic properties of protein GB3
over multiple timescales delivers crucial information about the
conformational energy landscape native to the molecule in
solution, revealing a steep-sided conformational energy potential,
whose stippled base comprises multiple local minima. We expect
the combination of AMD with NMR-based detection of slower
Figure 6. Schematic representation of the potential energy landscape Motions to contribute significantly to our understanding of
associated with GB3. The conformation appears to reside in a steep sidedfunctional dynamics in proteins.
well, whose shallow base comprises numerous low-energy conformational
states. The conformational ensemble populating the whole base is indicatedMethods

in the red box (AMD sampling), while the local sampling of the different
coformational substates is represented in the blue box (MD sampling).

Accelerated Molecular Dynamics.The details of accelerated MD
have been discussed previously in the literatfé.and we merely
(shown schematically in Figure 6). It appears that the protein provide a brief summary here. Following Voter's hyperdynamics
lies in a deep and narrow potential energy well with a relatively schemé? to provoke accelerated dynamic events a reference or “boost”
shallow or weakly harmonic base (backbone rms “diameter” €nergy.Es is defined lying above the minimum of the potential energy
of about 1.1-1.3 A). The base of the well in fact comprises a Surface. At each step in the simulation, if the potential endgylies
large number of local potential energy minima, similar to below this boost energy, a continuous non-negative bias potential is

- . added to the actual potential. If the potential energy is greater than the
Frau_enfelder’s descrlptloﬁ’r?eparat_ed by relatively snja_ll ENergy - poost energy, it remaF:ns unaltered. T?ﬂs essentiallygr);isegs the low-energy
barriers. These conformational microstates are sufficiently well- \ 5jjeys decreasing the magnitude of energy barriers and accelerating
populated to contribute significantly to an accurate description the exchange between low energy conformational states, but retaining
of both fast and slower motions. We have no reliable information the essential details of the landscape. The extent to which the potential
concerning the timescale of the motions detected using AMD, energy surface is modified depends on the energy difference between
except that they appear in the window between the relaxation- the boost energy and the actual potential. Explicitly, the modified
imposed limit of the overall correlation time and the charac- potential,V¥(r), is defined as
teristic timescale of the RDC averaging (from nanosconds to VA(r) = V(r) (1)
milliseconds). Nevertheless the relative ease with which the
barriers between local conformational substates are overcomef the potential energy is greater than or equal to the boost energy and
in the AMD calculation indicates that these slower motions
occur predominantly in the fast limit of the window, that is, V() = V() + AV() @
the submicrosecond range. Note that vastly increased acceleragnen the potential energy is less than the boost energy. The energy
tion is needed to drive the system out of the potential energy modification is give by
well, a process that results in unfolding. These observations
would be consistent with the highly stable nature of GB3. AV(F) = (E, — V(1) 3)
Conclusions o+ (B, — V(1)

Recent advances in experimental NMR techniques sensitive The extent of acceleration is determined by the choice of the boost
to slow structural fluctuations have been accompanied by energy and the acceleration parameteiduring the course of the MD
para”el developments in MD methodo'og|es a|m|ng to extend Simulation, if the pOtentiaI energy is mOdified, the forces on the atoms
the range of attainable timescales. Here we have combined state@re recalculated for the modified potential, and the use of the biasing
of-the-art experimental and simulation techniques for exploring Potential as defined above ensures that the derivative of the modified
long timescale dynamics to probe a broad spectrum of backbone” otential will not be discontinuous at points wherg) = E,

. . . The increased conformational sampling induced by the AMD
motions in GB3. We have shown that AMD reprodl_Jces the main approach depends on the parameters used to accelerate the molecular
features and many of the details of slow motions recently

identified from extensive RDC measurements combined with a (55) Voter, A. F.Phys. Re. Lett. 1997, 78, 3908-3911.
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motion in the following way: If the boost enerds, is too large and residue$? and the TIP3P water force-fisllwas employed for solvent

the acceleration parameter is too small, the modified potential energy molecules, while for the solvated MD calculations the newly developed
surface becomes iso-energetic, resulting in a random walk through phasd€f99SB force field was used for solute residues. All simulations were
space, causing the system to spend a large proportion of time samplingperformed using a modified in-house version of the AMBERS c8de.
energetically unfavorable conformational space (and eventually unfold- ~ Calculation of the Order Parameters. The internal dynamics
ing). If Ep is chosen to be too small the acceleration is negligible and present in the different simulations of GB3 were assessed by calculating
the conformational sampling resembles that found by classical methods.order parameters sny) relevant for Lipari-Szabo type analysis

of 1N autorelaxation data (vide infra) and for RDC-derived order
parameters¥roc nn andSFroc cd). After superposition of the structures
collected across the MD trajectories onto the heavy backbone atoms
of all residues 661 of the average structure, the order parameters were
calculated frorf’

Calibration of Boost Energy and Acceleration Parameter.n the
present work, the protocol used for definiggand o was to initially
choose a reasonable valuecf=60 kcatmol~1. We consider that the
maximum energy barrier which we wish to traverse is of the order of
6 kcatmol™, and soa is approximately 10 times this barrier height.
We then performed a series of short (23.0° step) AMD simulations, 1 23
systematically increasing the boost energy. For each simulation, =13 Z Z 3 — 1] (4)
backbone rmsd and\H order parameters were calculated (vide infra) 2 &f
and compared to the results for the standard MD simulations. At some wherey; are the Cartesian coordinates of the normalized internuclear
particular value ok, we observed an increase in the backbone rmsd vector of interest. For each AMD simulation, the temporal weighting
and a decrease in the-NH order parameter§y. This value is then correction was performed before calculation of the average structure
used for production. In this way, we ensure that the boost energy is and superposition. Resulting order parameters were then averaged over
not too large and that we are sampling the low potential energy basins multiple AMD and compared to experimentally determined order
reasonably well. In order to confirm this, we repeated the procedure parameters.
using a larger value oft = 100 kcatmol™. When we compared the We have predicte® snn values using classical MD simulations
two AMD simulations, we saw an increase in the dynamic fluctuations from starting coordinates extracted from different conformational states
in the same regions. Finall, ando were varied by a small amount ~ encountered along the AMD simulation. Two sets of simulation
to adjust the rate of acceleration in order to acquire mini&abc nu conditions were compared: (l) In the first case, 60 2-ns trajectories
that were comparable in magnitude to their experimental counterparts.were acquired from the same initial structure (third IG domain pdb

code 1IGD), in each case using a different random seed generator for
| the weak-coupling thermostat. (I) A series of 60 2-ns trajectories were
simulated from conformational states accessed during the 12 AMD

Extraction of Canonical Average Observables.One of the
favorable characteristics of this method is that it yields a canonica

average of an observable, so that thermodynamic and other equilibriumSimulations In both cases resulti§ s w order parameters from the
properties can be accurately determined. The corrected canonical . : SINH P
60 trajectories were averaged.

ensemble average of the system is obtained by reweighting each point .
9 4 y ghting b In total more than 240 ns of fully solvated classical MD and 120 ns

in the configuration space on the modified potential by the strength of .

the Boltzmann factor of the bias energy &%), at that particular of A_ccelerated MD were performed. All calculations and analyses were

point. carried out on 16 processors of an HP SC45 (800 Alpha 1.25GHz
processors with a quadrics network).

Simulation Details. The X-ray structure of the third IG domain (PDB Quasi-Harmonic Analysis. For quasi-harmonic analysis, the ac-
code 1IGDj* was placed in a periodically repeating box with 10 000 celerated MD trajectories were concatenated and the structures were
water molecules and two Naounterions. Initially 12 standard classical fitted to the average coordinates (rms fit of tt@atoms from residues
MD simulations were performed. In each case the system was brought6—60). The mass-weighted covariance matrix was then calculated and
to thermodynamic equilibrium at 300 K, 1 bar of pressure using a weak diagionalized to obtain quasi-harmonic eigenmodes and eigenvalues
coupling thermostat with a different random seed generator, before as described previousH.
performing a standard 1-ns MD simulation. These 12 simulations
provided the starting point for the biased potential AMD simulations
performed over 5« 10° steps. The acceleration was applied across all
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strained using the SHAKE algorittffhand a time step of 2 fs was Supporting Information Available: Table summarizing the
employed. In the accelerated MD simulations, structures were savedrms deviations, potential energies, aad?| for the 60 AMD
for analysis every 100 steps. All simulations were performed under simulations. Reference 60 in full. This material is available free
periodic boundary conditions using weak coupling temperature and of charge via the Internet at http://pubs.acs.org.
pressure conditions. Electrostatic interactions were treated using the
Particle Mesh Ewald (PME) method with a direct space sum limit of JA0687668

10 A. The Cornell et al. 1999 force field (ff99) was used for solute (58) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.;
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P.
A. J. Am. Chem. S0d.996 118 2309-2309.

(56) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977, (59) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
23, 327-341. M. L. J. Chem. Phys1983 79, 926-935.

(57) Cheatham, T. E.; Miller, J. L.; Fox, T.; Darden, T. A.; Kollman, P.JA. (60) Case et ahMBER 8 University of California: San Francisco, CA, 2004,
Am. Chem. Sod 995 117, 4193-4194. (61) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559.

4730 J. AM. CHEM. SOC. = VOL. 129, NO. 15, 2007





