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Abstract: On two different small proteins, the 36-mer villin headpiece domain (HP-36) and the 65-mer structured
region of ribosomal protein (S15), several model predictions from the ab initio approach Rosetta were subjected
to molecular dynamics simulations for refinement. After clustering the resulting trajectories into conformational
families, the average molecular mechari®®isson Boltzmann/surface area (MRBSA) free energies and
alpha carbon (&) RMSDs were then calculated for each family. Those conformational families with the lowest
average free energies also contained the bgdRKISD structures (1.4 A for S15 and HP-36 core) and the
lowest average CRMSDs (1.8 A for S15, 2.1 A for HP-36 core). For comparison, control simulations starting
with the two experimental structures were very stable, each consisting of a single conformational family, with
an average CRMSD of 1.3 A for S15 and 1.2 A for HP-36 core (1.9 A over all residues). In addition, the
average free energies’ ranks (Spearman raglgorrelate well with the average,(RMSDs (s = 0.77 for
HP-36,rs = 0.83 for S15). Molecular dynamics simulations combined with the-MMNBSA free energy function
provide a potentially powerful tool for the protein structure prediction community in allowing for both high-
resolution structural refinement and accurate ranking of model predictions. With all of the information that
genomics is now providing, this methodology may allow for advances in going from sequence to structure.

Introduction methods in order to obtain a good set of predictions in a
. . . . reasonable amount of time. The approach of the Rosetta protein
While the concerted effort in genomics rapidly uncovers a folding algorithm is to work from the bottom up, first modeling
vast number of new gene sequences, the gap betwe_en kno‘."’%cal structure and then performing tertiary assembly. The effect
sequences and structures grows ever larger, thereby increasing simplifying the energy landscape, however, is that the native
the usefulness.and interest in meaningful s.tructural information state can no longer be as readily diécriminatéd from among the

that nonexperimental methods can provide. There are two ab initio predictions. Bringing these predictions to the realm of

|mportar1t challenges n protein struct.ure predlctlo.n. molecular mechanics introduces much of the physics back into
The first challenge is to generate higher resolution structure o system, which results in a more accurate free energy

predictions, especially when sequence identity is low. The most |5ngscape. Ever since accurate methods for treatment of long-
recent community-wide critical assessment of structure predic- range electrostatics, such as particle-mesh Edvhlave been
tion experiment, CASP lll, serves as the best forum to evaluate jnclyded in molecular dynamics simulations, simulations on
the current state of protein structure prediction. Of the ab initio experimental structures of biomolecules have remained within
targets, defined as those having no close structural relatives inq_> A RMSD34 but those on non-native structures steadily
the PDB, results were promising in that for roughly half of the - it into new conformational families (this work, unpublished
easy- tp medium-difficulty targets, apprommately 60% of Fhe results, Duan and Kollmahand Alonso and Daggéjt which
predlftlons were successful in obtammg thg correct architec- suggests that the native states are, indeed, at the global free
tures: However, to be useful for contributing to a greater anergy minimum of a molecular mechanics representation. Thus,
understanding of function or for experimental design, much it conformational space could be exhaustively explored in a
more than the correct architecture must be in place, which is a mgjecular dynamics or Monte Carlo simulation, the native state
deficiency in nearly every CASP Il 3D-coordinate prediction  ghoyid be capable of being found. Moreover, in the interest of
of ab initio targets. Of the 12 ab initio targets that _hadomore protein structure prediction, if the energy landscape is globally
than twoo-helices, not a single prediction of those wit{60% convex, as is widely believed, extended dynamics simulations
coverage (the percentage of target residues that was modeledoyid be able to drive non-native conformations down the free
had a G RMSD over all modeled residues &f7.0 A; the vast energy gradient closer to the native state.

majority were well over 10.0 A away. Because of the enor- The second important challenge is to be able to more

mously complex energy landscape of proteins, the number of 5ccrately rank the large number of structure predictions that
local minima must be reduced by ab initio or comparative
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emerge, even within a single prediction method on any given centroid-based energy/scoring function which favors hydrophobic burial,
protein. Due to the necessary limitations of the community- strand pairing, and other low-resolution features of native protein
wide experiment, only five or fewer 3D coordinate predictions Structures. Structures were generated for the two sequences studied here
per group were submitted. Hence, in the absence of an with the method used for the Rosetta predictions in the CASP3 structure
experimental structure, an inability to accurately rank the native Prediction experiment (Proteins suppl3, 1999), except that homologues
structural quality of predictions will usually preclude the best of the two proteins were excluded from the fragment libraries. For HP-

s S o s 36, side chains were added using the backbone-dependent library of
predictions from being identified from any prediction method. gc\wRrL 12 g P Y

Without a standard for comparing coordinates, scoring functions  \qjecular Dynamics. We ran production-phase molecular dynamics
together with physically meaningful (and often subjective) with a 2.0 fs time step under the isothermislobaric ensemble (300
measures, such as compactness and the numbers of surfacec and 1 atm) with the Cornell et al. all-atom force fiéfithe TIP3P*
exposed hydrophobic residues and unpaired buried polarmodel for water, periodic boundary conditions, the particle mesh Ewald
residues, can sometimes identify good conformations, but aremethod (PMB) for electrostatics, a 10-A cutoff for Lennard-Jones
rarely, if ever, able to identify those predictions that most closely interactions, and the use of SHAKEfor restricting motion of all
resemble the native state. Therefore, the need remains for gcovalent bonds involving hydrogen, all within the AMBER 5.0 suite
highly accurate free energy function that can capture the same0f Programs® 2816 TIP3P water molecules were added around HP-
subtle differences that allow nature to guide a protein to its 36 and 3000 were added around S15 in order to end up with a buffer

native conformation in order to helo identify the best predictions of about 10 A from the edge of the periodic box, which resulted in
v lont p identify predict box sizes of approximately 90 000 Aor HP-36 and 160 000 &for

in an unbiased way. Such a free energy function may also helpg;5 Temperature was maintained by the Berendsen coupling algo-
to reveal the relative importance of underlying forces that are yithmt” using separate coupling constants of 1.0 for the protein and
involved in protein stability, another deficiency highlighted by solven,t and pressure was maintained with isotropic molecule-based
the assessors of CASP Ill. Vorobjev et’alere the first to scaling!” also with ar coupling constant of 1.0. The PME grid spacing
apply a physics-based effective free energy potential involving was~1.0 A and was interpolated on a cubic B-spline, with the direct
gas-phase internal energy calculations combined with implicit sum tolerance set to 1@ We removed the net center of velocity every
solvent on a limited set of native and intentionally “misfolded” 100 ps to correct for the small energy drains that resulted from the use
proteins. After generating conformational ensembles with of SHAKE, discontinuity in the potential energy near the Lennard Jones
explicit solvent molecular dynamics on 9 of the 22 pairs of cutoff Valu?’ anq constapt pressure conditions. )

native and misfolded proteins created by Holm and Sér(dm For equilibration, we first minimized the solutes, using the steepest
EMBL set), then calculating the average free energy of the descent method for the first 500 steps, followed by the conjugate
ensembles’ they found the rglative 0 be glways more gflz)a/vorable gradient method until the RMS of the Cartesian elements of the gradient

T ) . was <0.4 kcal/moiA. Water molecules alone were then minimized in
Lazaridis and KarpluSlater demonstrated that their effective  the same way until the RMS was0.1 kcal/moiA and then slowly

free energy can discriminate native structures from a more heated, while allowing them to move unrestrained for 25 ps (with a
extensive series of misfolded structures, including the entire 1.0 fs time step) in order to fill in any vacuum pockets. The solute
EMBL set, and the decoy set of Park and LetfittVe recently atoms alone were then minimized in the presence of ever decreasing
applied an effective free energy potential, molecular mechanics positional restraints, thereby allowing them to slowly feel the forces
Poisson Boltzmann/surface area (MM®BSA), to HP-36 in of the equilibrated waters, until the positional restraints reached zero.
which we correctly ranked the native structure, an early stage Finally, a temperature ramp was used to gradually raise the temperature
“on-pathway” folding intermediate, and an ensemble of unfolded °f the whole system over 20 ps up to 300 K. ,
conformers with physically meaningful relative differendés To cluster the molecular dynamics trajectories, we defined confor-
As previously discussetitan advantage of these physics-based mational families as being those with, @MSDs of <2.0 A from the

h is th he diff . f . | cluster average. In cases where the value w29 A from any cluster,
methods is that, due to the difference in conformational entropy we placed them in the most representative conformational family, with

between the unfolded and native states, the energy not onlyeyery structure being a member of a single family. We analyzed the
favors the native state; it also must be of appreciable size. Thistrajectories using AMBER 5.0, Prochetkand UCSF MidasPIu¥.
sizable gap should be directly related to the number of residues,Simulations were run on Origin200s at UCSF and on the Origin2000
because larger proteins have more degrees of freedom and, thusit the National Center for Supercomputing Applications.
a greater degeneracy of the unfolded state. Postprocessing the Energy of the Trajectory DataCoordinates

In the current study, we met both of the challenges of protein from the trajectory were saved every 5 ps, and the MRBSA
structure prediction in the context of two small proteins. We ]fa'cu'a“o” e"?'“a“r‘]’” was Fr’]erformed on each oféhem.hTherBSfA
ran extended molecular dynamics simulations that led to higher 'cc €Nergy ot each snaps @) is approximated as the sum of two

. L - terms: the internal energy of the proteiny{g and a solvation free

resolution structure predictions in both cases. We also demon-
strated how robust the MMPBSA method is in dlstlngUIShlng (12) Bower, M. J.; Cohen, F. E.; Dunbrack, R. L.,JrMol. Biol. 1997,
a small handful of off-pathway ab intio model predictions from 267, 1268-82. . _ _ _
one another and from the native configuration, and we evaluated, , (13) Comell, 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,
its ability to identify any forces among the predictions that might p_ s 3 Am. Chem. Sod995 117, 5179-5197.

account for some having more native quality than others. (14) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
Klein, M. L. J. Chem. Phys1983 79, 926-935.
(15) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJQComput. Phys.
Methods 1977, 23, 327-341.
. . o (16) Case, D. A.; Pearlman, D. A.; Caldwell, J. A.; Cheatham, T. E;
Rosetta.Rosetta builds protein structures from_fragr_nents with smlay Ross, W. S.: Simmerling, C. L.; Darden, T. A: Merz, K. M.; Stanton, R.
amino acid sequences using a fragment insertion-simulated annealingy : cheng, A. L.; Vincent, J. J.; Crowley, M.; Ferguson, D. M.; Radmer,
method for searching conformational space and a simple side chainR. J.; Seibel, G. L.; Singh, U. C.; Weiner, P. K.; Kollman, P.AMBER
5.0, University of California, San Francisco: San Francisco, @997.

(7) Vorobjev, Y. N.; Almagro, J. C.; Hermans, Broteins 1998 32, (17) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola,
399-413. A.; Haak, J. RJ. Chem. Phys1984 81, 3684-3690.

(8) Holm, L.; Sander, CJ. Mol. Biol. 1992 225 93-105. (18) Laskowski, R. A.; MacArthur, M. W.; Moss, D. S.; Thornton, J.

(9) Lazaridis, T.; Karplus, MJ. Mol. Biol. 1999 288 477—487. M. J. Appl. Crystallogr.26 1993 283-291.

(10) Park, B. H.; Levitt, M.J. Mol. Biol. 1996 258 367—392. (19) Ferrin, T. E.; Huang, C. C.; Jarvis, L. E.; Langridge, JRMol.

(11) Lee, M. R.; Duan, Y.; Kollman, P. AProteins200Q 309-316. Graph.1988 6, 13—27.



1042 J. Am. Chem. Soc., Vol. 123, No. 6, 2001 Lee et al.

Table 1. Summary of the Molecular Dynamics Reséilts

Co. RMSD (A)
all residue®  core regiof AGio (kcal/moly
model Rosetta score init av init av % native contéct$ native helical conteft av SD
HP-36 170735 —24.9 540 518 3.18 2.89 68.5 83.8 35.5 15.2
180270 —29.5 3.17 3.52 2.70 3.27 73.4 80.6 15.5 14.7
18270-1600) 2.78 2.14 77.6 80.6 -1.2 16.2
54(0-960) —-27.1 2.76 3.19 2.07 2.87 70.2 89.4 15.2 14.7
60(0-935) —-30.3 8.47 841 6.07 6.58 58.2 78.1 15.3 14.4
Nativeo-3000) 0.00 190 0.00 1.20 90.9 87.7 0.0 (15.7) 15.7
S15 0(0-855) 45.1 7.27 7.56 72.8 94.2 46.7 18.4
430-200) 66.5 4.40 4.87 74.5 90.7 62.1 24.0
43200-775) 5.09 75.4 90.7 40.8 16.1
1120-775) 441 8.06 9.03 68.3 90.7 52.8 24.8
1560760 78.6 2.14 2.18 87.3 96.3 34.1 18.9
470500 66.0 281 181 85.4 96.3 30.5 18.5
47 Ls00-960) 2.86 82.7 96.3 31.0 20.5
Nativeo-1000) 0.00 1.26 92.8 96.3 0.0 44 .4

aThe trajectories were clustered, giving rise to conformational families for some of the models. All values except for the initial RMSDs and
Rosetta scores are average values over the dynatiibe S15 all-residue RMSD excludes the less-ordered N-terminal 21 residues, where the
average mainchain temperature factor in the X-ray structure is 40.4, and spans the remaining 65 amino acids, where the average mainchain temperature
factor is 25.5 The HP-36 core region comprises residues38, where the average mainch&rvalue in the NMR structure is 0.68, as compared
to 1.53 outside the coré€ A contact is defined as any two residues containing aten®s5 A apart. There were 89 native contacts in 1vii (HP-36)
and 221 in 1a32 (S15%.Residues were assigned as helical if they fell within the core helical region of the Ramachandran map according to
Procheck and were contiguous with at least two other helical residues. A total of 20 residues were helical in 1vii; 54, ifiHeaa2erages
is relative to the native’'s average. Only 18 (271600) had an average value comparable to the native’s value Pwith0.31.

energy AGson). MSMS algorithni! (probe radius= 1.400 A). They coefficient is set
to 5.42 cal/mold2 and b is set to 920 cal/mol. The electrostatic
Gior= Eym + AGgy (1) solvation free energyXGsow,eled IS the cost of charging the discharged
solute into the cavity. We adhered to the same Pois8mitzmann
Ewm is the sum of an internal strain enerdig, a van der Waals protocol as described by Srinivasan et?&lhich uses DelPHAt and
enerMM (vdW), and an electrostatic ener (EE’IE) is the ener most of its standard default parameters, together with PARSE atomic
asso?:?/ate d wiih vibration of covalent bor??j/s and ;otation of vgliz nce radi?® and Cornell et al. chargésto calculate the electrostatic solvation
bond anales and torsional anales. vdW and EEL are further broken free energy difference for the system between exterior dielectrics of
ang gles. - 80 (solvent) and unity (gas phase) according to the position-dependent
down into short-range values, those that are within three covalent bonds . ; - A -
dw. nd EEL nd long-ran | dwand EEL, electrostatic potential. One small difference in this current application
(v Thgzr?tro of_z:)’ i?/en sona?_siogt]evx\//r?igﬁivi(l\lllooslel be reEga.rred 1o Of DelPhiis to use a larger grid spacing of 0.5 A, extending 20% beyond
as the vibrgt)i,onal gentropy Ean k;e estimated byycalculating the the edge of the solute. Additionally, we used fewer finite difference
translational, rotational, and vibrational partition functions with normal- |te;f(-t1t|’0ns (1000) for eac]fleow,eﬁccalcluIat|qn, \;]V.h'Ch was still arr?ply 0
mode analysis on a NewterRaphson minimizationTSaud. This, sufficient, because we c_)und the values in this system reached 90%
however, is the most time-intensive part of the MMBSA method convergence at-50 iterations.
on a per-snapshot basis. Given the results in our previous Studyere . )
we found this term to be indistinguishable among the native state, the Results and Discussion
folding intermediate, and the unfolded state of HP-36, we did not
d Rosetta Results on HP-36 and S157he Rosetta method,

perform this calculation in the current study. . . .
Obtaining the solvation free energy from an implicit description of @S previously describedd, rapidly generates-1000 structure

solvent as a continuum is advantageous because it affords a solvatiorPredictions having centroid side chains in a matter of hours.
potential that is a function only of the solute’s geometry, as discussed The four HP-36 models chosen for this study, labeled 17, 18,
and implemented by Srinivasan et @lthereby making it computa- 54, and 60, ranged in global similarity to the experimental
tionally tractable. In contrast, calculating the entire free energy from structure from 2.76 to 8.47 A LRMSD (Table 1). These four
the explicit solvent is very impractical. It would require a very costly \ere selected because they were centers of the four most highly
potential of mean force calculation because the simulations on different populated clusters from the initial 1000 Rosetta predictions. The
conformations have little overlap in phase space and the partition five S15 models, labeled 0, 43, 112, 156, and 471, ranged from
function of the system, including explicit waters, would take an 21410 8.06 G R,I\/ISD (Tabie 1)’ For,this brotein V\;e screened
extremely long time to calculate, largely due to the fact that the water : . ’ .
structures do not converge. the 100 best-scoring Rosetta quels for those with RKISD

<4.5 A and selected the three with the best Rosetta scores (471,
43, and 156). We also selected the two with the best scores (0
and 112) without consideration of RMSD. Although the best
Rosetta predictions are very good, they are among a larger
) . number of less impressive predictions and the correlation
The nonpolar solvation free energdGsonne) includes the (largely  poyeen RMSD and Rosetta score is rather poor; with S15, the
entropic) cost of creating a solute-sized cavity in solvent and the free ' '
energy of inserting the discharged solute into that cavity. Also referred (21) Sanner, M. F.; Olson A. J.; Spehner,J.Blopolymers199§ 38,
to as the first solvation shell effects, this term has been found 305-20.
experimentally in hydrocarbons to be linearly related to the solvent  (22) Gilson, M. K.; Honig, B.Proteins1998 4, 7—18.
accessible surface area (SASA), which is obtained from Sanner’s 192(3?33) Sitkoff, D.; Sharp, K. A.; Honig, BJ. Phys. Chentl994 98 1978~

AGsoIv: <AGsolv,NP> + <AGsolv,elec> ~
(y - SASA+ b) + <AGsolv,elec> (2

(20) Srinivasan, J.; Cheatham, T. E., Ill; Cieplak P.; Kollman P. A.; Case, (24) Simons, K. T.; Bonneau, R.; Ruczinksi, |.; BakerHDoteins1999
D. A. J. Am. Chem. S0d.998 120 9401-9409. Suppl. 3, 17+176.



1.4 A G, RMSD Structure Predictions J. Am. Chem. Soc., Vol. 123, No. 6, 20043

best Rosetta scoring conformations had RMSDs of 8.06 and
7.27 A. This demonstrates the difficulty in blindly selecting the
best predictions, even from a method as promising as Rosetta.
For comparison, it may prove useful to look at results on a
similar target at CASP Ill. The CASP Il target closest in
difficulty to the two proteins investigated in this work was a
medium-difficulty ab initio target, the 89-mer protein HDEA
which, like the 36-mer HP-36 and the 65-mer-structured region
of S15, has three-helices. A non-ab initio threading method
from the Bryant group yielded perhaps the best prediction at
CASP Il for HDEA, which modeled only 54% of the target
residues and had a,d(RMSD of 5.85 A over those residues,
although the model submitted as first by the Bryant gféup
had a much higher CRMSD of 10.76 A. Of the more difficult
cases in which most or all of the target residues were modeled,
the ab initio work of the Scheraga gradigame up with the
best prediction, a model with 100% coverage and,&®SD
of 7.27 A, whereas the model submitted as their first had.a C
RMSD of 8.94 A. Again, the two challenges of protein structure
prediction can be seen from the CASP Il results of HDEA
where the best predictions (1) still had very high RMSDs and
(2) were not the predictions submitted as first.
Simulations on the Native Structures.The characteristics
of HP-36 and S15 make them good candidates for ab intio rigyre 1. Cartoon diagram comparisons of the experimental structures
structure prediction. Because part of our goal was to improve (shown in gray) with the best ab initio predictions in this study. S15
the resolution of structure predictions, which entails an extended from the simulation of Rosetta model 156 at 0 ps in magenta (a) and
amount of computer time, we chose to study proteins containing at 750 ps, the lowestLRMSD structure (1.39 A), in pink (b). HP-36
the simplest nontrivial topology, which according to the results from the simulation of Rosetta model 18 at 0 ps in dark green (c) and
of CASP IIl, appears to be small alpha proteins containing three at 1250 ps, the lowest core, &MSD structure (1.41 A), in light green
secondary structural elements, like HDEA. HP-36 forms three (@
small helices packed together in a novel architeéfusith the N ) ) ) ) o
NMR structure (1vi) having much loweB factors over the good stability of the native states in our simulation. This implies
core residues-633 (with the N-terminal residue 41 renumbered that at room temperature, there is not enough thermal energy
as residue one). The 86-mer S15 forms four helices in the X-ray to overcome a k|net|_c barrier if the experimental strl_Jc_ture should
structure (1a3238 although the first 21 N-terminal residues ~Nappen to lie outside the global free energy minimum (see
including the N-terminal helix are very disordered and are not discussion below on HP-36), or that the actual global minimum
included in our model structures, with residue 22 renumbered IS the same as that resulting from our molecular mechanics
as residue one. In addition to having the same general topology€n€rgy potential. o
as HDEA, they are reasonably sized and have enough of a Simulations on Rosetta HP-36 PredictionsWe ran ap-
hydrophobic core and secondary structure to make them Proximately 1 ns of molecular dynamics on each of the HP-36
thermostable at room temperature. Rosetta models and clustered the results in Table 1. During the
Simulations of the experimental structures were carried out dynamics, only model 18 underwent a conformational transition
as a basis for comparison. Minimization, solvation, and equili- (Figure 2), with the new family 1870-1600) having an average
bration were required prior to the production-phase simulations, COre region G RMSD of 2.14 A (SD= 0.25 A) and values as
which led to small deviations<1 A C, RMSD) from the  low as 1.41 A (Figures 1A and 2B). Perhaps most importantly,
experimental coordinates. During the subsequent control simula-this structural change was accompanied by a drop in the-MM
tions of the equilibrated HP-36 NMR structure, the all-residue PBSA free energy to a level statistically comparable to that
Co, RMSD was, on average, 1.90 A away from the NMR found in the native state®(= 0.31), while the free energy for
structure, with a standard deviation of 0.29 A (Figure 2A); over the other three simulations remained 15 kcal/mol or more higher
the core region, the average, ®RMSD was 1.20 A' with a than the native State’SD(< 0001) After ObserVing the-15
standard deviation of 0.16 A (Figure 2B). The difference in these kcal/mol free energy drop in the model 18 trajectory, we ran it
C, RMSDs is consistent with the distribution of experimental ©Out about 50% longer than the others and did not find any
B factors. Those with the higheBtfactors exhibited the most ~ additional structural or energetic changes, which would agree
fluctuation. The corresponding control simulation on S15 led With the structure’s having a free energy comparable to that of
to an all-residue GRMSD of 1.26 A from the X-ray structure,  the native state.
with a standard deviation of 0.21 A (Figure 3). Among the four Rosetta predictions, model 18 started out
Through clustering the trajectories, we found that both control With the greatest number of native contacts, and the conforma-
simulations consisted of a single family, which demonstrates tional transition was also accompanied by a further increase in
native contact formation, although still less than in the control
simulation. What is not clear is whether the number of native

(25) Panchenko, A.; Marchler-Bauer, A.; Bryant, S.RPtoteins1999
Suppl. 3, 133-140.

(26) Lee, J.; Liwo, A.; Ripoll, D. R.; Pillardy, J.: Scheraga, H.F¥oteins contacts primarily dictates the protein folding reaction path or,
1999 Suppl. 3, 204-208. , , , alternatively, if the number of contacts is dependent on some
192(327721'\"1%'6’1'%32_0 J.; Matsudaira, P. T.; Kim, P. Bat. Struct. Biol. - gther common parameter, such as amount of native secondary

(28) Clemons, W. M.; Davies, C.; White, S. W.; Ramakrishnar, 998 structure, that primarily governs the reaction path. If the number

6, 429-438. of native contacts is the major independent parameter in the
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the region of greatest geometric disparity between the average structure
from the 1870-1600) low-energy state (A) and the NMR structure (B).
For clarity, only the hydrophobic side chains are shown, together with

structure, resulting from molecular dynamics simulations in explicit the backbone N, CA, and C atoms. For reference, phenylalanine 11 is
water, starting with the NMR structure (gray circles) or Rosetta model shown as well. Solvent lies to the right of glycine 34, with the two

18 (black circles). (A) shows the, RMSD over all residues and (B)

shows the @ RMSD over the core region {633).
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Figure 3. Timecourse of the ERMSD of S15 vs the X-ray structure,

1000

hydrophobic residues on the NMR structure being solvent-exposed.

correlation between the percentage of native helical formation
and RMSD. Thus, when comparing compact structures, the
amount of native secondary structure is not so good a measure
of progress toward the native free energy basin as the number
of native contacts.

Simulations on Rosetta S15 PredictionsSimulations on the
five Rosetta S15 models were also carried out for close to 1 ns
(Table 1). Two of these trajectories contained a conformational
transition, 43 and 471, neither of which was associated with
any improvement. Unlike what we found with HP-36, none of
these seven structural families possesses an average free energy
comparable to that of the native state € 0.001), although
the free energies of the five models did deviate from one another,
with the two most energetically favorable models, 156 and 471,
also containing the best structures. As can be seen in Figure 3,

resulting from molecular dynamics simulations in explicit water, starting the average € RMSDs of 156 and of 471, prior to their
with X-ray structure (gray circles), Rosetta model 156 (black circles) conformational transition (6500 ps), were 2.18 (SB- 0.34

or Rosetta model 471+H).

A) and 1.81 A (SD= 0.26 A), respectively, with minimum

folding reaction, then the lack of structural improvement in the Values of 1.39 (Figure 1b) and 1.38 A.

other three models may have been due to their inability to

The same topological trends were observed for the S15

increase the number of native contacts in the 1 ns time range.models as for HP-36. The two best, 156 and 471, had more

In the oneus folding simulation of HP-36 by Duan and

native contacts than the other three Rosetta S15 models, and

Kollman$ secondary structure differed markedly between the still less than the control simulation. Secondary structure
native control simulation and every non-native structure, becauseprediction was again universally good for all of the Rosetta
the simulation was started from an extended state with no models and showed little correlation with RMSD.

secondary structure. Here, however, due to the nature of the

Interpreting the Energies. Like both of the native states,

Rosetta method, all four of the model structures had very the HP-36 low-energy-state &&-1600)remained stable for over
reasonable secondary structure, not appreciably different from1 ns. In contrast, one of the two low-energy S15 states (model
the control simulation, and the structures showed a very poor 471) that was stil~30 kcal/mol higher than the native level
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Table 2. Comparison of the Energy Componénts

J. Am. Chem. Soc., Vol. 123, No. 6, 20045

der Waals energies 30 kcal/mol higher than the native state,

model  AEwm® AEuan® AAGewwnd AGae® AGu with this term also being the dominant component separating
the two best MM-PBSA scorers, 156 and 471, from the native
HP-36 17(-735) 13.43 6.26 —0.70 16.53 35.52 state. With HP-36, none of the four predictions achieved the
180-270) 8.80 9.45 0.03 —2.74 1554 native van der Waals energy, although with model 18, the
18(270-1600) 411 830 034 —-13.98 -1.22 conformational change was associated with a sharp drop in the
54(0-960) 6.24 335 —0.44 6.05 15.20 ;
60 _480 1121 0.73 812 1595 total electrostatics energy that was large enough to compensate
Nafvegs 000 000  0.00 000 o000 for the less favorable van der Waals energies to allow for a
total free energy equal to that of the native state. Although the
S15  Op-8s5) —12.36 3820 —0.02 15.71 46.73 van der Waals energy correlates best with RMSD, model 54
430-200) 4.57 40.50 1.10 10.78 62.14  has a more favorable van der Waals energy than the second
43200-775) 1.84 35.38 1.74  —3.40 40.76 : . ;
1120 775 070 4161 128 538 5277 conformation of model 18; however, the total MANPBSA still
1560-760) 1.25 32.46 174 —6.55 34.09 favors the latter, and the native state still has the best van der
4710-s00) —6.11 33.38 163 —3.61 30.50 Waals energy among all of the HP-36 conformational states.
ﬁl?tﬁ&ﬁ?oo) 78'8(1) 38'88 00(')?; 78'(7)3 38'83 The fact that HP-36 18:0-1600)and the native state lie at the

same free energy level is rather intriguing. Table 2 suggests
that although their total free energies are similar, the native state
forms better van der Waals interactions and has a poorer overall
charge distribution, which more specifically arises from a weaker
solute-solvent electrostatic interaction (data not shown). We
find that the degree of charge burial is higher in model 18 than
in the native structure; perhaps the Poisson equation is not
sufficiently penalizing model 18 for its charge burial, which
could possibly explain why our calculations show it having a
shifted after~500 ps into a separate family in which the free Detter solute-solvent electrostatic energy. However, it is also
energy was not statistically different from that of the initial POssible that the NMR structure does have worse electrostatics
family, and the geometric similarity to the experimental structure than model 18. Figure 5 depicts the C-termini of both states,
was noticeably diminished. Because the free energy of the region where they differ most. Particularly interesting is how
4715701600 Was~30 kcal/mol higher, it is not unexpected that in the NMR structure the two hydrophobic endmost residues
it, unlike the native, would transition into another state. These L35 and F36, which happen to be the most highly disordered
observations reflect the nonlinear relationship betwegn C Mmonomers, are almost completely solvent-exposed, thus forming
RMSD and Gy, that one would expect even from a funnel- & separate miniature hydrophobic cluster. In contrast, the average
shaped energy landscape: structures having similar free energie§tructure from the 18:0-1600)low-energy state has the L35 and
may differ significantly in terms of their geometries, particularly F36 side chains packed against the core of the protein, with the
so the higher they are in free energy. Thus, the Spearman rankPolar backbone atoms, instead, being solvent-exposed. Given
(rg) correlation coefficient is more appropriate for this relation- these topologies, we believe it is likely that the NMR structure
ship than the Pearson produehoment correlation coefficient, ~ may not be the single most energetically favorable conformation
which is relevant for linear relationships between two variables. and can find no structural basis for why@8-1600)Should not
Figure 4 shows the relationship between RMSD andAGiq have a free energy as favorable as that from the native state.
for the two proteins investigated in this work. As mentioned in Perhaps prior to expression of the final two C-terminal residues,
the Introduction, because the conformational entropy and, thus,a highly stable core that includes several hydrophobic interac-
AGyy (Which does not account f@on) are dependent on the  tions locks the protein into a kinetic trap. At this point, we do
number of residuek. the strength of the relationship should be not know how much of the difference Geecis real and how
looked at separately for the two proteins. For 15 0.83 (1 much of it is artifactual.
= 8), and for HP-36rs = 0.77 ( = 6). Statistically, there is a Efficiency. In each of the conformational families containing
good association for both S15 and HP-36 betwegrR®ISD the equilibrated initial structure, the average free energies and
andAG. Given their sample sizes, thevalue for S15 exceeds  C, RMSDs from every 10th ps over the first 150 ps= 15)
the critical level for rejecting the null hypothesis of no give good agreement with the averages taken from every 5th
relationship withP < 0.02 and the value for HP-36 exceeds  ps over the entire window (Table 3). With the method described
that for a P< 0.2. It should also be noted that apart from HP- in this work, one can pragmatically rank-30 small protein
36 model 18, which may be an alternative global minimum (see structure predictions using two SGI R10000 processors in about
below), the smallest relative free energy value seen is 15 kcal/ one month by running 150 ps of molecular dynamics on each
mol in the 36-mer HP-36 and 30 kcal/mol in the 65-mer S15, model prediction. With a dedicated 64-node SGI Origin, one
which further corroborates the hypothesis that the energy gapcan conceivably rank-150 to 300 structures in one month by
between the native state and any non-native state is directlyrunning in coarse grain parallel, although the human intervention
related to the size of the protein. associated with this kind of setup would lead to a considerable
A benefit of using the physics-based MNPBSA free energy ~ slowdown. If one, instead, seeks to accomplish structural
as a scoring function is that individual force contributions can refinement, such as that found with some of the Rosetta model
be readily examined and compared among the successful andgredictions in this work, simulations much longer than 150 ps
unsuccessful model predictions. Our data here (Table 2) andmay be necessary. To carry out 1 ns of simulation time, as we
previously! suggests that van der Waals interactions are what did for each of the model predictions in this study, one can
primarily sets apart the native state from the non-native states,expect to spend upward of one month of computer time on a
which likely can only be properly achieved by precise packing single SGI R10000 processor per model conformation of a small
of the side chains. All of the S15 model simulations had van protein.

a All values are in kcal/mol, are averages for the structural family,
and are relative to the native statésnternal strain energy associated
with bond, angle, and dihedral motions away from their reference
values.® Intraprotein LennardJones potential energyNonpolar con-
tribution to the solvation free energySum of intraprotein Coulombic
energy and electrostatic element of the solvation free enéAdysolute
values for HP-36E,qw and AGseynp are —113.3 and 18.2 kcal/mol,
respectively 9 Absolute values for S1&,qw and AGso ne are —255.9
and 29.5 kcal/mol, respectively.
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Table 3. Statistical Efficiency accurately ranking models and further refining them. We suggest
P value that methods such as this may allow for a significant advance
HP-36 in CASP 1V, as compared to CASP Il predictions, and should
170735 0.43 ultimately be useful in helping to generate accurate structures
180-270) 0.87 from the myriad of new sequences stemming from the genome
54(0-960) 0.87 projects.
60 cas) 0.09 Beginning with the Rosetta algorithm and ending with all-
nativeo. so00) 0.05 g g Wi e Rosetta algorithm and ending with al
S15 atom m_olecular dynamics s_lmulatlons, we took sequence
Oo-ss5) 0.90 information of two small proteins and found structures that lie
430-200) 0.78 only 1.4 A G, RMSD from the experimental structures. These
1120-775) 0.35 geometrically best conformations are members of conforma-
411?32122; 8:33 tional families that have both the lowest average RMSD
nativeo-1000) 0.79 and the most favorable average MI®BSA free energy among

aTheP values are for comparison of MM-PBSA averages that result all non-native states. The single energy Cgmponent that relates
from postprocessing either the first 150 ps every 10th ps or the entire best to b,Oth,RMSD and total freg energy Is the van der Waals
initial conformational family every 5th ps. term, which is the only term that is consistently more favorable

in the native state than in all other states. Although it has been

There are two ways to increase the efficiency of sampling. suggested that electrostlatics are important in separating mis-
First, replacing the inclusion of explicit waters during the folded decoys from native structures, the present work that
dynamics simulation with a continuum solvent model, such as includes highly native-like decoys is consistent with our previous
the generalized Born or the analytical continuum electrostatic Study* of protein stability in suggesting that electrostatics have
potential?® should allow many more structures to be examined @ Poor correlation with the MMPBSA free energy, the rank
with the same computational expense. Second, one can usé@f which correlates well with the CRMSD.

locally enhanced sampling (LEX)in the molecular dynamics Although we show in this work that molecular dynamics can
trajectory, which we have found can drive the structure to more sometimes, within hundreds of picoseconds, lead to structural
native-like values more quickBx refinement of some model predictions of small proteins, future
work is required to show how general this result is. Although
Conclusions we believe that molecular dynamics will generally guide proteins

Because the genome projects continue to unravel novel geneto. lower free energies, simulations for a Iimited_ amount OT time
sequences, successful protein structure prediction has moreW"! not always be capable of overcoming barriers, rgsultlng n
potential application now than ever before. If enough atomic refinement of only some structures, as we found W'th. HP-36
detail can be reliably predicted, in particular at the active and and 8.15' If longer S|mularllt|onsh lead to ever(;d(cejcrheas!ng lfrge
allosteric sites, better understanding of function can be achievedehnerg'es’ as \r’]\’e Squebs.ﬁt t e}:\ t e.mo;e e]Z.‘"?” Pi the S|rr|1u_at|on,
without the time-consuming process of experimentally deter- the greater the probability there is of refining low-resolution
mining the structure. As CASP IIl has shown, however, the structure predictions. As computers become ever more powerful,

structure prediction community must still make significant 3”?‘\;\';2%50::\/\}2”g;alzﬂﬁéef'glgfﬁgn;'eigggasrgcﬂqgffgggﬁ
advances before this goal can be realized, especially on y ’ y

sequences that have low sequence identity and on ab initiognha“mde(éI sampllﬁ@arcliq: silf-dgwded rtnoletcular dyr:jasmﬁggp\n
targets, those with no structural relatives in the PDB. The ?IluhS:I .g g‘%ﬁe;ﬁ? I'¥trlwr(]a gzvé ”é(r: .L:]rf;]'earm
hierarchical method presented here, to combine an ab initio wi p in evajuating | y wert 9y-
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