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Abstract: In order to efficiently simulate spin label behavior when attached to the protein backbone we
developed a novel approach that enhances local conformational sampling. The simulated scaling (SS)
approach (Li, H., et al. J. Chem. Phys. 2007, 126, 24106) couples the random walk of a potential scaling
parameter and molecular dynamics in the framework of hybrid Monte Carlo. This approach allows efficient
barrier crossings between conformations. The method retains the thermodynamic detailed balance allowing
for determination of relative free energies between various conformations. The accuracy of our method
was validated by comparison with the recently resolved X-ray crystal structure of a spin labeled T4 lysozyme
in which the spin label was in the interior of the protein. Consistent potentials of mean force (PMF) are
obtained for the spin label torsion angles to illustrate their behavior in various protein environments: surface,
semiburied, and buried. These PMFs reflect the experimentally observed trends and provide the rationale
for the spin label dynamics. We have used this method to compare an implicit and explicit solvent model
in spin label modeling. The implicit model, which is computationally faster, was found to be in excellent
agreement with the explicit solvent treatment. Based on this collection of results, we believe that the
presented approach has great potential in the general strategy of describing the behavior of the spin label
using molecular modeling and using this information in the interpretation of EPR measurements in terms
of protein conformation and dynamics.

1. Introduction to be useful; however it is still technically demanding because

In recent years, electron paramagnetic resonance (EPR)moIecuIar simulations are limited by the quasi-ergodicity

spectroscopy has been developed as a structural biology metho<§’r°b|erln True ergod|ﬁ|ty or(]:cu;]s wheg the dynamic average Olf
for understanding protein conformation and dynamics. EPR uses? SIMu ation approaches the thermodynamic average and only

extrinsic probes, i.e., spin labels, which are introduced into the °CCUrs when the simulation has sufficiently sampled the
targeted regions of a protein. Although this technique has a conformational spactErgodicity is tracked by watching the

number of advantages and is complementary to other biophysicalconvergem? of the_dynam_lc average to a stable result. In some
approaches, it faces a challenge in interpreting EPR signals thaf2S€S: duasi-ergodic solutions are obtained when the dynamic
originate from the extrinsic probe in terms of protein conforma- average appears to converge before the conformatlonal space
tion and dynamics. This interpretation can only be done if spin IS properly.sampled, and in .these cases the solutions are
label behavior with respect to the protein surface is well representative of a non-cgnonlcal Qnsemble. ) )
characterized. Our approach to predict the spin label behavior In order ,to res.olve this Sampllng problem in canomcal
is molecular simulations in which spin labels are treated as molecular simulations, we previously developed a multistep

honorary sidechairis:® Such molecular modeling has proven approach combining Metropolis Monte Carlo Minimization

(3) LaConte, L. E.; Voelz, V.; Nelson, W.; Enz, M.; Thomas, D.Bophys.
TInstitute of Molecular Biophysics, Florida State University. J. 2002 83, 1854-66.

* Department of Biological Sciences, Florida State University. (4) Robinson, B.; Slutsky, L.; Auteri, K. Chem. Phys1992 96, 2609-
8 National High Magnetic Field Laboratory. 2616

Il ; ; ; ; i ; (5) Sale,' K.; Sar, C.; Sharp, K. A.; Hideg, K.; Fajer, P. 5. Magn. Reson.
Department of Chemistry and Biochemistry, Florida State University. 2002 156, 104-12

O h - : ; - .
, School of Computational Science, Florida State University. (6) Steinhoff, H. J.; Hubbell, W. LBiophys. J1996 71, 2201-12.
_#Current address: Department of Chemistry and Biochemistry, Univer- (7) Steinhoff, H.-J.: Miler, M.; Beier, C.: Pfeiffer, M.J. Mol. Lig. 200Q 84,
sity of California, San Diego, 9500 Gilman Drive MC 0365, La Jolla, CA 12-27.
92092-0365. (8) Timofeev, V. P.; Nikolsky, D. OJ. Biomol. Struct. Dyn2003 21, 367—
(1) Colombus, L.; K&ai, T.; JeKq J.; Hideg, K.; Hubbell, W. LBiochemistry 78.
2001, 40, 3828-3846. (9) Becker, O. M.; Watanabe, M. lBomputational Biochemistry and Biophys-
(2) Hakansson, P.; Westlund, P.; Lindahl, E.; EdholmP@ys. Chem. Chem. ics; Becker, O. M., MacKerell, A. D., Jr., Roux, B., Watanabe, M., Eds.;
Phys.2001, 3, 5311-5319. Marcel Dekker, Inc.: 2001; pp 39%9.
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(MMCM) with molecular dynamics (MD) simulatior€:11First, 180ER el Sy i '

an MMCM search is applied to exhaustively locate low energy - ha "\\1 .

conformers in the spin label dihedral space while keeping the - et ]

rest of the protein structure rigidigid cageassumption). MD 303 : : ; : ;

simulations are then used to sample the local environment of e R L S

the MMCM low energy conformers with theigid cage = s saus /"‘--a

assumption relaxed. It is noted that tligid cage assumption 0 : ki e

used in the first step biases the conformational search toward I -

the initial structure of a protein. = Hv"-., A H \ \
Although multiple energy wells are sampled in MMCM/MD, [/ “ *‘/ ‘/ \

it is difficult to determine the relative weights between the 0 TG 1420 1255 1430 1455 144.0

populations of various conformers, which are separately simu- Simulation time (ps)

lated in the MD step. With this concern in mind, we adopt a Figure 1. Dihedralsy1, ¥2, and thel scaling factor during an SS simulation.

recently developed simulated scaling (SS) meth¢hhat inter- For definition of 1 andy2 dihedrals, see Figure 2.

leaves the elements of MC and MD into single simulations so

as to preserve the thermodynamic detailed balance among?: 1heory and Methods

various conformers, in particular the conformers separated by 2.1. Simulated Scaling Method.The SS method was introduced
nontrivial barriers. The SS method is a potential scaling version by Yang? and is detailed in the Supporting Information. Briefly, the
of the simulated tempering technique which utilizegemeral- method represents a system with the potenfial= Us + U, where
ized ensemblwith a modified Wang-Landau updating scheme Us are the energy terms determining the local conformations in the

to ensure an efficient random walk of the scaling para- €9ion of interest (for instance, spin label residues), blds the
meterl3 collection of environmental energy terms. In the scaled simulations

) we construct an expanded ensemble with one additional dimension
In the present work, we demonstrate that this advanced represented by, and the energy potential is generalized as in eq 1:

sampling method can be used to efficiently and quantitatively

map spin label conformations. We have applied this method to U=41,U,+ U, 1)
the commonly used methanethiosulfonate spin label (MTSSL)
in various protein environmentsi) n a protein surface, where A random walk inl,, space facilitates energy barrier crossing. For

motion, in the absence of any steric constraints, is dominated,, < 1, the potential energy barriers are lowered, and barrier crossing
by the rotations around the distal (fourth and fifth) bonds of occurs more frequently. The return &f to 1 allows the sampling of
the spin label (referred to as thyd/y5 motional model);i{) as a new conformation with the original potential. Only the torsional and
a semiburied residue with some steric restrictiofis) énd a ~ honbonded energy terms are includedJa

buried residue, in which the steric constraints exclusively 10 illustrate the barrier crossing mechanism, a transition event in
determine the label conformation. Crystal structures of spin 2" SS simulation of MTSSL is shown in Figure 1. Prior to the
labeledT4 lysozymevere chosen to represent the protein surface highlighted regiony2 is in a stable conformation at 240in the

. ) - highlighted regionin is at 0.04 and the potential energy barriey 2t
and buried environments (pdb 2cuu [Fleissner and Hubbell t0 155 has been reduced to essentially zero. A sharp transitigf2 of

be published] and pdb 2ntirespectively). A computationally  foliows and, increases, restoring the potential barrigt. adopts a
mutated Staph. nuclease (pdb 1ey®) was selected for the  new value of~60° during the next occurrence of a low potential,
semiburied environment. We have obtained consistent descrip-resulting in a stable conformation that is then sampled.

tions of spin label conformational maps in various protein ~ 2.2. Data Analysis.In order to quantitatively analyze spin label
environments and excellent agreement between simulatedconformations, the potential of mean forces (PMF, symbol W) is
conformation and recently resolved crystal structure. In addition, computed around pairs of adjacent dihedral angles as in eq 2,

the similarity of the torsional potential of mean force (PMF)

using an explicit solvation model (TIP3P) and a simple implicit W(L, 22) = —RTIn(p(1, x2)) + C @
solvent treatment (distance dependent dielectric constant, or .

DDE) validates the usage of the implicit solvent, which is “"erep(zL, x2) represents the occurrence probability)e, {2) from

moutationally more efficient. without rificing th nfor the samples with a full potential. For the calculation of the occurrence
computationally more efncient, out sacrificing the conio probabilities, each two-dimensional conformation space is divided by

mational accuracy. a number of rectangle bins with 10« 10° as one binning unit. The
Thus, we believe that application of the SS method to map upper limit of observable energies is imposed by the simulation

EPR spin label conformations can strengthen the promise of temperature and time scale. In our simulations the upper limit of

the genera| Strategy in Combining EPR measurement andsampled energies within a conformation is 4 kcal/mol. This means that

simulated data to understand protein conformation and dynam-a" the transition barriers lower than 4 kcal/mol are correctly determined,
ics but transition barriers greater than 4 kcal/mol are undetermined.

2.3. Molecular Modeling. In order to characterize only the spin
label motion in the local environment all atoms beyond a 15 A sphere

(10) Sale, K.; Song, L.; Liu, Y. S.; Perozo, E.; Fajer, >.Am. Chem. Soc.

2005 127 9334-5. centered on the spin label were restrained. The protein backbone was
(11) Fajer, P. G.; Gyimesi, M.; Maési-Csizmadia, A.; Bagshaw, C. R.; Sen,  also restrained. The V131C mutation ™4 lysozymépdb 2cuu) was
(12) Ei, 'Q.;Sgg?ér"",\}l] :;F;'g’nsé: Vc\/%ﬁcg’r?:m"\"gﬂggg7‘121’*2%8832%6. selected to examine spin label motion in a protein surface environment.
(13) Wang, F.; Landau, D. Fehys. Re. Lett. 2001, 86, 2050-3. The T118C mutation off4 lysozymegpdb 2nth) was selected for a
(14) Guo, Z.; Cascio, D.; Hideg, K.; Kalai, T.; Hubbell, W. Rrotein Sci2007, protein interior, or buried environment. Finally the M65C mutation in
(15) %Gﬁel,??i*{%, Z.: Sakon, J.; Stites, W.E.Mol. Biol. 2000 303 125- Staph.nuclease wild type (pdb 1ey0) offered a semiburied environment.
30. In the case of the M65C system the native methionine residue was
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feasible, the protein atoms are fixed and only the spin label
atoms are allowed to move, the so-calteggid cageassumption.
The energy ranking obtained from the first stage can only
J_rf bLL, roughly represent the energetics of the protein environment
where all atoms are allowed to move. The energy-ranking among
the lowest energy conformers can rearrange after the whole
system is relaxed. Such a rearrangement was observed after
%2 simulated annealing in some cases. Hence, rigel cage
assumption in the MMCM method makes the choice of initial
structures for MD somewhat arbitrary. (2) The other problem
—( 45 x4 with the MMCM/MD approach is that separate PMFs generated
CHs CH; in the MD step cannot be easily merged. A common reference
conformation is required for such merging, and there is little to
no conformational overlap of all atoms from different MD
CHs CH; trajectories. This lack of ease in merging trajectories results in
the loss of the relative weighting of minima from different
0 PMFs.

Figure 2. MTSSL spin label consists of a five-member nitroxide ring ; ; ; ; ;
attached via a tether to the protein backbone. The conformation of the spin As described in the theory section, the simulated scaling

label is defined by the five torsional anglgg—y5. Torsional angles are ~ Method circumvents these two problems by integrating an
considered to be zero when eclipsed and right-handed motion is taken toexhaustive searching component (MC) and a local conforma-
be positive. The following definition will also be used: gaut¢h&0°), tional samplina component (MD) into a single simulation. The
trans (180), and gauche (300°). p. g P ( ). g N
same four distinct rotamers used in the previous MD simulations
“mutated” to MTSSL (Figure 2) using a PSFGEN scfipThe crystal (Figure 3) were used for four SS simulations. The potentials of
structures of the spin labeled mutants V131C and T118C were used,mean force from these 2 ns SS simulations are shown in Figure
although the initial conformation of the spin label was randomized prior 4. The most striking feature is that they yielded identical results
to simulation. o . independent of the initial structures, implying that the SS
The Metropolis Monte Carlo Minimization searches of spin labels i, 1ations exhaustively sampled the available conformational

were originally described in Sale et %aland are reviewed in the .
. . : . . space and converged on the same conformations.
Supporting Information. The simulations were performed with the

CHARMM19 and CHARMM27 force fields for the implicit solvent SS simulations resolve the quasi-ergodicity problem of the
(distance dependent dielectric solvation method) and for the explicit MD simulations. The transition between regidrand II in
solvent model (TIP3P), respectively. The four lowest energy MMCM  Figure 4 that was difficult in MD proceeds readily since the
structures were used as the initial structures for the MD and SS two torsion potential barriers are reduced. Within each of these
simulations. Again, the details are in the Supporting Information.  four simulations, conformational transitions among the different
T_he S|mule}tlon convergence was monl_tored _by calculating the PMFs minimum regions occurred frequently enough to ensure the
at different simulation times. The MD simulations converged for all . e .
> X . convergence of each trajectory. The PMF minima observed in
the local minima after 0.51.0 ns. The SS simulations took longer to he SS trai . d he MMCM/MD mini Th
converge due to the larger conformational space searched and was ofne X trajec.:tqr_les Correspon. tothe i minima. the
the order of 16-20 ns to achieve proper convergence. selection of initial structures is no longer an issue because the
SS simulations sample all of the available conformers within a

ZzZ—7I
N——0O

3. Results single nanosecond-scale trajectory and provide the relative
3.1. Conformational Sampling Using the MMCM/MD and weighting of the conformers. Furthermore, the simulations are
the SS MethodsThe four lowest energy rotamers of tS8&aph. performed without aigid cageassumption, and thus the PMF

nuclease M65C mutant were identified by MMCM searches differences correspond to differences in the free energy of the
(Figure 3A—D'). These rotamers were used as the initial conformers including their dynamic protein environment.
structures for Subsequent MD simulations. The resulting PMF The convergence of the SS simulations forxﬂecz dihedral
corresponding to the MTSSL'gl/x2 dihedral space (Figure  space in Figure 4 extends to the entire dihedral space of the
3A-D) reveals at least three distingl/y2 conformers:1 = spin label, Figure 5. As before the potential of mean force for

(189 + 15°, 95" & 20°); I = (315’ + 15°, 293 + 25°), and the distal bonds is identical for each of the four conformers (at
IIl = (305° £ 1C°, 115 + 25°). These conformations agree 5 contour level of 2 kcal/mol).

with the consensus torsion angle minima jdr (6C°, 18C,
300°).17 Although, the minimum values are in good agreement,
MD has a problem with sampling the transitions between the
minima. In our MD simulations the spin label is caught within
one or two local minima, confirming that the classical MD
simulation should not be used for conformational searching.
The two-stage hybrid MMCM/MD approach has two draw-
backs: (1) To make the MMCM method computationally

3.2. Solvent Model: Implicit and Explicit Water. The
efficient sampling of the SS method facilitated comparison of
two commonly used solvent models: distance dependent
dielectric (DDE, an implicit solvent treatment) and the TIP3P
(an explicit solvent treatment). The former is computationally
more efficient (5-10 times faster), but its ability to accurately
model spin label conformations had to be ascertained. We
compared the two solvent models using both MMCM/MD and
(16) Fajer, M.; Sale, K.; Fajer, P. BSR Spectroscopy in Membrance Biophysics SS methods on the MTSSL conformational spaceStdph.

Berliner, M. H. a. L., Ed.; Springer-Verlag: 2007; pp 25359. nuclease M65C, all simulations beginning with the same initial

(17) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan, X
S.; Karplus, M.J. Comput. Cheml983 4, 187-217. conformation.
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Figure 3. Potential of mean force in the dihedral spag&y2) occupied by MTSSL spin label on site 65 $faph.nuclease. Panels (AD) represent the
results of MD simulations from different initial conformations shown in panels-().
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Figure 4. Potential of mean force in the dihedral spag#-y2) occupied by MTSSL spin label on site 65 $faph.nuclease. Panels (AD) represent the
results of SS simulations from different seed conformations in panéisi¥A.
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Figure 5. Potential of mean force in the complete dihedral space occupied ) ) ) .

by MTSSL spin label on site 65 dtaph.nuclease. The grayscale filed ~ Figure 6. Comparison of the:3/y4 dihedral space for different sampling
contour shows the result of the A simulation. The red, green, and blue are techniques and different solvent models using the M65C initial structure
the B, C, and D SS simulations, respectively, drawn at a contour level of from Figure 4A.Top comparison of the DDE and TIP3P solvent model
2 kcal/mol. for the MMCM/MD techniqueBottom comparison of the solvent models

for the SS technique.
In general the starting conformation was the only one
populated in the MD simulations, irrespective of the solvent model in the MD simulations but not for the SS simulations.
model. The results illustrated in Figure 6 represent the worst The time series of4 for the DDE MD shows that the spin
case scenario, with considerable dependence on the solventabel side chain begins withygt of approximately 235(region

J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007 13843
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Figure 7. Potential of mean force in the dihedral space occupied by MTSSL
spin label on site V131 of T4 lysozyme. The resolved X-ray crystal
conformers A and B are shown as the diamond and circle, respectively.

I) and undergoes a transition to°9@egionlII). However, when
the explicit solvent model was used, a different transition occurs,
ending with ay4 of 300 (regionIII). It seems unlikely that
the difference is due to the different solvent models. The
difference could be due to differences in sampling efficiency,
i.e., the inability of MD to efficiently transition between
conformers. On the other hand, the SS simulations show no
difference between solvent models. This example illustrates the
importance of exhaustive sampling when comparing simulation
methods and parameters.

3.3. Protein Environment — Surface, Semiburied, and
Buried Residues.

3.3.1. Surface ResidueThe T4 lysozyme mutant V131C is

Table 1. . Dihedral Values for the Best Conformers of MTSSL at
T118C of T4 Lysozyme

dihedral simulation scaling (initial structure)

angle X-ray SS1 SS2 SS3 SS4
x1 256 246° 213 309 316°
x2 33 27 133 238 318
x3 88 85° 273 109 265
x4 54 45° 146 84° 282
%5 107 113 21 232 275

angles indicate that they are free of any steric collision, as the
length of the spin label tether brings the nitroxide ring above

the surface of the other side chains, and the distal part of the
label behaves is free to move as observed for the surface
residues.

3.3.3. Buried Residue An excellent example of the buried
residue is the T4 lysozyme mutant T118C modified with the
MTSSL, whose X-ray structure has also been recently solved
by Fleissner and Hubbell and made available prior to publica-
tion. Since the electron density for all the MTSSL atoms is
resolved in the X-ray structure, the predictive power of the SS
method can be validated. The label at the T118 position makes
tertiary contacts with both helix 8290 and loop 10#114. The
SS simulation yields four distinct minima (referred to as SS1
SS4, tabulated in Table 1). The minimum SS1 is the same
conformation observed in the crystal structure.

Visual inspection of the labeled T118C site (Figure 8) shows
that the protein cavity is only slightly larger than the size of
the spin label, and all four minima fit snuggly into this cavity.
During the SS simulation, transitions between minimum energy
conformations only occurred for greatly reduced conformational
barriers 4m < 0.6) and involved correlated dihedral rotations
(data not shown).

a surface residue and as such does not experience strong steric It is worth noting that steric restrictions of the buried site
restrictions. The X-ray structure for the MTSSL mutant has been override the %4/y5” model. The distal bonds have well-defined
recently solved by Fleissner and Hubbell (pdb # 2CUU). The values and display little variation caused by the tight packing
X-ray electron density of the MTSSL was well resolved up to around the nitroxide methyl groups, visualized in Figure 8,
the SG, and thus thel andy2 torsion angles are well-defined. ~ which limits the label’'s motional freedom.

The X-ray values for the dihedrals overlaid on the SS results
(Figure 7) show excellent agreement for the simulated and
experimentally resolved dihedrals. The simulations show a
progression of flexibility down the length of the spin label; i.e.,
the angular spread of the occupied conformational regions is in
the ordery4/ly5 > x3ly4 > x2/x3 > y1/x2. The y1 closely
follows the canonical values gfauche- andtrans conforma-
tions, but thegaucher is missing. The V131 position is not an
ideal surface residue due to large adjacent side chains (D127,
E128, and K135) that interfere with thy@ gaucher conforma-

tion. They3 dihedral has two distinct minima , and tpé and

x5 values exhibit little preference in agreement with the large
dynamics of these dihedralg@/,5” model) proposed from the
observed EPR mobility of the MTSSL labkl.

3.3.2. Semiburied Residue.The Staph. nuclease M65C
mutant shown in Figure 5 is a semiburied residue, in proximity
to the 99-106 helix, 93-98 loop, and 6972 loop. Theyl
torsion angle takes two canonical valuesrahsandgauche-,
and they2 angle also has a limited distribution. Thaucher
x1 conformer is not accessible due to théelical secondary

Figure 8. Visualization of the T118C site of T4 lysozyme. The protein

structure. The disulfide bong'§) corresponds to the canonical
values of 90 and 250. Broad distributions of thg4 andy5

13844 J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007

backbone and sidechains are shown in a surface representation, and the
MTSSL spin label is shown as sticks.



Modeling of Spin Labels ARTICLES

4. Discussion corresponding to a single conformer, which is the focus of future
work. To freeze the exchange between conformer populations
high-frequency EPR may be needed. Multiple conformer
populations contributing to EPR spectra have been observed in
the past?%21The EPR spectra of such conformational popula-
tions have been simulated from molecular modeffhand the
relative weights of the simulated EPR spectra can be determined
from SS and compared to experiment.

The thermodynamic balance of various conformers is needed
in the characterization of protein folding or enzymatic reactions.
The spectral components were previously assumed to correspond
gto different protein states. The molecular modeling presented
here helps identify the number of distinct spin label conforma-
tions for a specific protein state and labeled site. This informa-
tion is a prerequisite to the identification of which spectral
components correspond to distinct spin label states of a specific
protein conformation and which components correspond to a
distinct protein conformation. Too often we do not make this
distinction and ascribe the spectral components to unique protein
transition between conformations. The SS methods also allow confor_m ations. The changes of t_h € spe_ctral components corre-
for the dynamic nature of the protein environment. The spin sponding to the label conformatlon.s with temperature can be
label diffusion occurs in the MD-like, fluid environment, where Qccounteq for by th'e thermodynamic .ballance frqm SS simula-

tions, which then yield thermodynamic information about the

protein sidechains and backbone are allowed to respond to thed_ff t brotei ¢ i
motion of the spin label. ifferent protein conformations.

The quasi-ergodicity limitations of MD and MC are well- The distance dependent dielectric implicit solvent model is
known, and long nanosecond simulations are not a guaranteeoa compromise betw_een the efficiency of a vacuum mo‘?'e' _and
solution?® The gneralized ensemblmethods, of which SS is accuracy of an explicit solvent model. During parametrization

a member, allow a free random walk instead of a Boltzmann the models are tested on 5|.mple cases to reproduce macroscopic
parameters like pressure, dielectric constant, etc. Our comparison

Opetween DDE and TIP3P solvent models dealt only with the
comparison of local conformational distributions of a labeled
side chain, which was independent of a solvent model. In this
context, the implicit solvent treatment provides a significant gain

The comparison of the spin label conformational potentials
of mean force, generated in simulations with different initial
structures, showed that the simulated scaling technique is
exhaustive in searching the conformational space of the spin
label in the dynamic protein environment. The comparison of
two widely used solvent models, distance dependent dielectric
(implicit) and TIP3P (explicit), revealed no significant difference
in the range of label conformations justifying the use of a simpler
and computationally faster solvent model. The method was
validated with X-ray structures of spin labeled T4 lysozyme.
Simulated scaling simulations of the surface residue V131C an
the buried residue T118C of T4 lysozyme correctly identified
the X-ray crystal structure conformations.

The efficiency of the SS method in sampling the conforma-
tional space is attributed to interleaving the elements of
molecular dynamics and Monte Carlo within a single trajectory.
As in MMCM the random MC steps of SS allow conformational
searching when the potential energy barriers limit direct

efficiently. The advantage of SS over the otlgsmeralized
ensemblemethods such as simulated tempering and replica
exchange is in the limitation of the degrees of freedom. A flat ) - .
potential ¢m = O for one of the replicas) is the equivalent of of c'o.rn.putatlonal speed over the explicit solvent without
infinite temperature in the simulated tempering and replica sacrificing the aF:curacy.

exchange methods: however in the two latter cases use of infinite PaSt comparisons between solvent models have shown
temperature would result in simulation instability. SS is stable Yarying degrees of agreemé#it>> Comparisons often involve
since it limits this “infinite temperature” regime to a small duantities such as RMSD, RMSF, and torsional populations or
region, and then only to the torsional and nonbonding energy free energies. These quantme:; are all susceptible tq improper
terms. The size of the sampling region is a tradeoff for the SS samphng. Of partlpular interest is an MD study of the side chain
efficiency. SS provides efficient sampling of a small region, torsional angles in the Met-enkephalin peptiied TIP3P,
whereas the othageneralized ensemble methdusve a larger atomic solvation parameter, solvent-accessm_le surfape area, and
sample region, but are less efficient. Details of SS simulations Y&cuum solvent model were compared and yielded significantly

and a list of other applications outside of exhaustive confor- different distributions ofy+, t, andg— for 1 of Tyr and Phe.
mational searching can be found in ref 12. The current work suggests that the differences previously

The ergodicity (exhaustiveness) of any computational simula- observed in solvent comparisons were possibly due to the quasi-

tion is a prerequisite for accurate modeling of molecular €r90dicity problem al_s s(,jhown 'nbf:'gﬁred 6, which can be
behavior. For instance, the limited sampling of the MMCM/ ©Vercome withgeneralized ensembfaethods.

MD would suggest a difference between the solvent models, The SS method passed a validation test against two crystal
Figure 6, which vanished with the proper conformational structures of a spin labeled protein. In the structure for the buried
sampling provided by SS. The exhaustive sampling and the .residu.e the spin label electron Fjengity is very well resplved
dynamic environment allow simulations of spin label behavior including the center of the nitroxide ring (Hubbell, W. Private
in a more accurate physical model. In addition, the ergodicity ) B PPN — b H. S Freed. J. H. Hubbell W. L
of a single simulation allows for an internal reference of free (20) Bi%g'ﬁyss’. \j_lgla’gglgg’g'szg&go;oura T rée T _ - PUbe, A &
energy. This, in turn, facilitates determination of the relative (21) ggggfgzlc%: Oh, K. J.; Casicio, D.; Hubbell, \Biochemistry200Q 39,
populations of different conformers in solution. This point can (22) Budil, D. E.; Sale, K. L.; Khairy, K. A.; Fajer, P. G. Phys. Chem. A

be validated by decomposition of EPR spectra into components 2006 110, 3703-13.
y p p P (23) Arnold, G. E.; Ornstein, R. Proteins: Struct., Funct., Genet994 18,

19-33.
(18) Caves, L. S. D.; Evanseck, J. D.; Karplus, Rfotein Sci.1998 7, 649— (24) Feig, M.; Chocholousova, J.; Tanizaki, Bieor. Chem. Ac2006 116
. 194-205.
(19) Okamoto, Y.J. Mol. Graphics Modell2004 22, 425-39. (25) Shen, M. Y.; Freed, K. Biophys. J2002 82, 1791-1808.
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communication). The SS predicted four conformations, Table primarily on the proximal anglegl/y2, and for geometrical

1. These conformations were not “connected”; i.e., to transit reasons the angles near the protein backbone will influence most
from one conformation to another requires correlated rotation the position of the nitroxide ring. As we move away from the
about multiple bonds. The free energy barrier and path for thesebackbone, the influence of steric interactions from adjacent side
transitions were not determined but were only observed for low chains is reduced and in some cases the rangé/g5 is again

Am values and are expected to be quite high. One of theseunrestricted, Figure 5. The dependence of the results on the
conformations (SS1, Table 1) is within several degrees of the torsion force field parameters was checked and using the
crystal structure on all dihedral angles. The other two conforma- parameters derived from the CHARMM27 force field instead
tions are not observed in the crystal, but this can be rationalizedof those from the CHARMM19 force field in conjunction with

as the static molecular structures in a crystal rarely reflect the implicit solvent model had little effect on the derived
thermodynamic equilibrium in an aqueous solution. An alterna- potentials of mean force (data not shown).

tive explanation is that protein folding predisposes one possible In summary, we have developed a novel approach for
conformer over the other, and the large energy barriers betweerprediction of spin label behavior on a protein by employing
conformational transitions result in a kinetically trapped local the simulated scaling method. The method is exhaustive within
minimum. The crystal structure of the surface residue was also a single simulation allowing correct energy referencing between
well reproduced by SS simulation (Figure 7) for the atoms conformations. The label conformation distributions were
resolved in the crystal structure. The atoms for which there was independent of the solvent model affording fast and efficient
no electron density imply large conformational disorder, which simulations with an implicit solvent model. The experimental
was observed in our simulations. Similar test validations were trends in the label mobility for surface and semiburied residues
performed previously;however this is the first direct compari-  were reproduced in the simulations. Importantly, the method
son to the crystal structure of a spin label bound to the protein. predicted accurately the conformation of a surface and a buried
The previous efforts involved EPR and electron microscopy both residue as observed in the crystal structures of a labeled protein.
of which have lower resolution than that of X-ray, and the
sample was ordered in 1D (oriented muscle fiber) as opposed
to a 3D crystal here. Our agreement with the crystal structures
gives us confidence in our ability to predict the orientation of
the spin labels in tertiary contacts.
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force fields are not parametrized for the presence of the possible Note Added after ASAP Publication.Due to a production
hydrogen bond betweensg€H and S, the presence of which  error, the images for Figures 6 and 7 were reversed in the version
would bias the energetics and geometry of these dihedrals. Thisof this paper published ASAP October 19, 2007. The corrected
does not seem to be an overwhelming problem, because for theversion was published ASAP October 23, 2007.

surface residues the mobility g4 and y5 dominates label
dynamics. Furthermore, the preliminary work predicting the
orienting potentials for label motion showed good agreement
using the current force field and observed EPR speétFar

the semiburied and buried residues it is the steric contacts that
define the conformational energetics. These restrictions areJA071404V
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