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A b s tra c t

A variety of coarse-grained (CG) models exists for simulation of proteins. An outstanding problem is the construction of a 
CG model with physically accurate conformational energetics rivaling all-atom force fields. In the present work, atomistic 
simulations of peptide folding and aggregation equilibria are force-matched using multiscale coarse-graining to develop 
and test a CG interaction potential of general utility for the simulation of proteins of arbitrary sequence. The reduced 
representation relies on multiple interaction sites to maintain the anisotropic packing and polarity of individual sidechains. 
CG energy landscapes computed from replica exchange simulations of the folding of Trpzip, Trp-cage and adenylate kinase 
resemble those of other reduced representations; non-native structures are observed with energies similar to those of the 
native state. The artifactual stabilization of misfolded states implies that non-native interactions play a deciding role in 
deviations from ideal funnel-like cooperative folding. The role of surface tension, backbone hydrogen bonding and the 
smooth pairwise CG landscape is discussed. Ab initio folding aside, the improved treatment of sidechain rotamers results in 
stability of the native state in constant temperature simulations of Trpzip, Trp-cage, and the open to closed conformational 
transition of adenylate kinase, illustrating the potential value of the CG force field for simulating protein complexes and 
transitions between well-defined structural states.
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In tro d u c tio n

Despite continuing advances in com puting pow er, atomistic 
sim ulation rem ains a considerable challenge a t increasingly large 
tim e and length scales for processes o f  biological im portance such 
as p rotein  folding, conform ational change and  assembly. C oarse­
grained (CG) approaches have therefore enjoyed popularity , in 
w hich the polypeptide can be m odeled using a reduced 
representation o f one o r m ore, sometimes fewer, interaction sites 
pe r residue. Early C G  models em ployed a binary code, classifying 
interactions betw een com binations o f hydrophobic and po lar (IIP) 
residues (l|. IIP  models suffered from  having a degenerate global 
energ)/ m inim um  with as m any as lCT’ conform ations. An 
im portan t rem aining objective therefore is the construction o f a 
sophisticated C G  potential th a t recapitulates the therm odynam ics 
o f the conform ational landscape and  identifies the native state as a 
stable global energ)/ m inim um  consistent with energ)/ landscape 
theor)/ (2]. Such a C G  potential w ould be o f value no t only to the 
p rotein  folding and  structure prediction  com m unities but could 
prove extrem ely useful in general simulations o f p rotein  dynamics 
and conform ational change.

Despite an  ever-growing repertoire o f independent coarse- 
graining approaches they still have no t rivaled all-atom  potentials 
in structure prediction  (3]. Nevertheless. C G  m odels have 
achieved surprising success in diverse areas o f p rotein  m odeling. 
This success is m ade possible by the in troduction o f bias towards 
the native state. Elastic netw ork models are the m ost restrictive

exam ple, in w hich backbone alpha carbons w ithin some cutoff 
distance o f each o ther in the native structure are assigned pairwise 
harm onic restraints. Elastic netw ork calculations have reproduced 
the low frequency functional m otions o f a large variety o f proteins 
(4|. Less restrictive are G o models (5], w here backbone alpha 
carbons in proxim ity in the native state are a ttracted  via a 
Ixfnnard-Jones (LJ) potential:

(1)

in w hich the location and  depth  o f the attractive m inim um  
between particles i and  j  are given by ;mill and  c, respectively. 
Unlike harm onic restraints. LJ interactions can spontaneously 
dissociate in o rder to visit unfolded conform ations. G o models 
have been successful in predicting  folding m echanism s because 
they mim ic the m inim ally frustrated funneled energ)/ landscape of 
evolved proteins, in w hich non-native interactions play a m inim al 
role [6.7]. Lastly, general C G  m odels have em ployed simple LJ 
interactions betw een all residues in the p rotein  chain but rely on 
additional native dihedral or hydrogen bond restraints to 
counteract energetic frustration and thereby ensure structural 
stability during sim ulation o f the native state (8-13],

C u rren t efforts aim  to im prove the physical accuracy o f C G  
nonbonded  interaction schemes in order to alleviate the need for 
native structure restraints. A ccurate C G  interactions would

PLoS Computational Biology | www.ploscompbiol.org June 2010 I Volume 6 I Issue 6 I e1000827

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by The University of Utah: J. Willard Marriott Digital Library

https://core.ac.uk/display/276286915?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:voth@hec.utah.edu
http://www.ploscompbiol.org


Coarse-Graining the Energy Landscape

Biological function originates from the dynamical motions 
of proteins in response to cellular stimuli. Protein dynamics 
arise from physical interactions that are well-predicted by 
detailed atomistic simulations. In order to examine large 
protein complexes on long timescales of biological 
importance, however, coarse-grained simulation ap­
proaches are needed to complement experiment. Previous 
coarse-grained models have proved successful for inves­
tigations involving a given protein's native structure, 
including protein folding and structure prediction. We 
construct a model capable of simulating proteins regard­
less of their sequence or structure. The present coarse­
grained model was, however, developed rigorously from 
the underlying atomistic forces as opposed to knowledge- 
based or ad hoc parameterizations. Examination of the 
model predictions on various accessible timescales reveals 
successes and limitations of the model. While functionally 
relevant conformational transitions can be studied, the 
coarse-grained representation has some difficulty with the 
ab initio folding of the peptide chain into its proper 
structure. Our observations highlight the complex molec­
ular nature of a protein's underlying energy landscape, 
offering rigorous insight into the information missing in 
reduced representations of the peptide chain. With these 
caveats in mind, the physical interaction-based, coarse­
grained model will find application in simulations of a wide 
variety of proteins and continue to guide future coarse- 
graining efforts.

provide for a correct description o f p ro tein  dynam ics and 
conform ational change for large deviations from  the native state 
as well as pro tein -pro te in  interactions. O ngoing param eterization  
endeavors include various schemes. C erta in  em pirical approaches 
param eterize ad hoc I J  functional forms using therm odynam ic data 
such as density, surface tension, solvation energy and oil-w ater 
partition  coefficients [9.14 16], which have previously been used 
with some success in C G  models o f lipid bilayers [17], Folding- 
inspired approaches utilize know n folding behavior to tune C G  
param eters that will result in a properly  folded p ro tein  [ 18 22]. In 
a som ewhat similar fashion, knowledge-based m ethods invoke 
statistical potentials derived from  distributions o f residue-residue 
interactions and secondary structure in all known protein  
structures [3,13,23 27],

T h e  rem aining class o f C G  m odel developm ent involves 
param eterization  against all-atom  reference simulations. Some of 
these approaches are based on obtaining the pairwise potentials of 
m ean force (PMFs) betw een am ino acid sidechains. Scheraga and 
colleagues have em ployed atomistic um brella sam pling to obtain 
PM Fs for different packing arrangem ents o f sidechain analog 
dimers [28], Analytical approxim ations to the orientation- 
dependent, pairw ise PM Fs em pow er the U N R E S m odel for 
structure prediction  [29], A nother single site sidechain m odel for 
structure prediction  has recently been developed by B etancourt 
and O m ovie with pairwise PM Fs obtained from  atomistic 
simulations o f all 210 am ino acid pairs [30], A m odel consisting 
of up  to two interaction sites p e r sidechain has been developed for 
p rotein  docking based on PM Fs estim ated from  atomistic 
simulations o f the 20 am ino acid hom odim ers [31],

T h e  goal o f the p resent work is the construction o f an  accurate 
C G  interaction m odel for the am ino acids in which the packing 
energetics o f  sidechain rotam ers is p roperly  m aintained using 
multiple interaction centers p e r sidechain. T h e  C G  potential is 
developed from  forces generated  from  atom istic sim ulation, a

A uthor Sum m ary process sometimes referred to as force m atching (actually a force 
“ renorm alization ''), using the multiscale coarse-graining (MS-CG) 
m ethod  [32 37], M S -C G  is a variational procedure  for determ in­
ing the m any-body potential o f m ean  force for the C G  variables 
(the C G  “potential") that reproduces the equilibrium  probability  
distribution observed in the atomistic configurational ensemble 
[35], No assum ptions are m ade about the functional forms o f the 
pairw ise interactions betw een C G  sites [37], and  m ultibody 
correlations [36] are implicitly taken into account in the resulting 
effective pairwise C G  potential. In these respects M S-C G  has a 
similar objective as the o ther m ultiscale m ethods iterative 
B oltzm ann inversion [38] and inverse M onte C arlo  [39], in which 
the effective pairw ise po tential is iteratively refined until 
satisfactory agreem ent with the atomistic radial distribution 
functions (RDFs) is obtained [40], A key difference, however, is 
th a t M S -C G  uses m olecular scale forces as its input and not the 
tw o-body R DFs (rather, the latter is a prediction, not input, from  
the M S -C G  model).

A challenge with m ultiscale m ethods is th a t the resulting C G  
m odel m ay be lim ited in applicability to the substates, o r region of 
conform ational space, sam pled in the reference atomistic simula­
tions used to construct the C G  m odel. Previous M S -C G  models 
have been used to accurately describe specific configurations o f 
selected peptides [41 43], In contrast, the approach  used here is to 
apply M S-C G  to a variety  o f peptide equilibria to obtain a general 
set o f C G  interaction potentials for the am ino acids th a t can then 
be used in sim ulations o f proteins o f a rb itrary  sequence. T he M S- 
C G  potentials are com pared and com bined for atomistic 
simulations o f the unfolded ensembles o f polyalanine, polyleucine 
and the m iniprotein T rpzip , as well as the self-association o f am ino 
acid dipeptides.

T h e  force field is then validated by perform ing C G  simulations 
o f T rpzip , T rp-cage and adenylate kinase (AdK). Parallel 
tem pering, o r replica exchange m olecular dynam ics (REM D) 
[44], is used to characterize the folding energy landscapes o f the 
three C G  proteins. R E M D  takes advantage o f sim ultaneous 
simulations at high tem perature  to overcom e local energy barriers. 
Extensive sam pling with C G -R E M D  was em ployed to determ ine 
the global energy m inim um  and  illustrate potential strengths and 
lim itations o f the m odel. Finally, conventional constant tem per­
ature m olecular dynam ics (MD) is perform ed to dem onstrate the 
stability o f the native state and the prom ise o f the C G  force field 
for m odeling pro tein  dynamics.

T h e  p resen t work attem pts to address for the first time the 
question o f w hether p ro tein  folding and  dynam ics can be captured  
with a generic reduced representation  o f the sidechains derived 
from  real physical forces. In contrast to backbone centric 
approaches that have had  some success in predic ting  the global 
m inim um  o f helical bundles [18,21,22], the curren t sidechain 
centric approach appears to be m ore useful for sim ulating the 
native state dynam ics o f  diverse helical and P-sheet proteins. 
Evaluation of our m odel in com parison to backbone centric 
models yields insight into the relative influence o f the backbone 
and sidechains on folding and  dynam ics and illustrates the 
lim itations o f pairw ise additive residue-level interactions in 
reproducing folding cooperativity.

M e th o d s

CG model construction
T h e  polypeptide backbone was represented  using a single C G  

site p e r  residue p laced at the C „ position in o rder to reasonably 
m aintain  the backbone conform ational degrees o f freedom  
[45,46], M S -C G  was also a ttem pted  with three backbone sites
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Coarse-Graining the Energy Landscape

per residue as in previous work on  hydrogen bonding [41—43] but 
not included in the m odel: the resultant potentials were repulsive, 
likely due to the approach  o f averaging over all orientations 
p resent in the unfolded ensemble ra th e r th an  a purely attractive 
native basin. M S-G G  was perform ed by m atching the instanta­
neous total atom istic force on the alpha carbon. As m any  as four 
C G  sites were chosen for each sidechain to describe the essential 
orientational degrees o f freedom  and m ain tain  a consistent 
m apping o f two o r three  heavy atom s p e r site (Figure 1). M S- 
G G  was used to determ ine the 15 p a ir potentials between 
com binations o f  five assigned G G  site types (backbone, apolar, 
polar, positive, negative). T he grouping o f sidechain sites 
according to type was a necessary approxim ation  in o rder to 
obtain  converged p a ir  potentials using the M S-G G  algorithm . M S-

G G  was perform ed by m atching the sum o f the instantaneous 
forces on all atom s in a given sidechain site.

T h e  solvent degrees o f  freedom  were integrated  ou t m aking this 
a "solvent-free" G G  force field [47.48], No atom  was involved in 
the definition o f  m ore than  one G G  site, thereby allowing for 
consistency in m om entum  space as well as configuration space 
betw een the all-atom  and G G  m any-body PM F [35], Absolute 
timescales in the G G  dynam ics are difficult to obtain  from  the 
m odel, however, due to the reduced num ber o f  degrees o f 
freedom , lack o f explicit solvent m olecules and sm ooth energy 
surface.

Bonded term s were obtained directly from  the atomistic 
distributions ra th e r th an  the force m atching results with M S- 
GG . allowing for residues to be treated  uniquely regardless o f site

F igure  1. M ap p in g  o f  CG s ite  types  fo r  th e  a m ino  acids. The backbone is represented by a single site at the alpha carbon (green). Sidechain 
sites are assigned to the mass centers of polar (light blue), apolar (gray), positive (blue) and negative (red) functional groups consisting o f two or 
three heavy atoms. CG sites are connected by bonded interactions (red lines). 
doi:l 0.1371 /journal.pcbi.l 000827.g001
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Coarse-Graining the Energy Landscape

type to give a full description o f sterie packing. Potentials for bond 
lengths, bending angles and torsions in each am ino acid were 
obtained using Boltzm ann inversion:

U (r)= ^ kT \n [p (r ) /r2} (2)

U (0 )= -kT ln \p (0 ) /sm 0 \  (3)

U(ij))= ^kT\np(tl)) (4)

w here k'Tis the therm al energy and  p is the probability  distribution 
observed in atom istic M D; the volum e norm alization factors r~ 
and sin 0 were needed to properly  represent all distributions. Bond 
and angle potentials w ere fit to harm onic or fourth order 
polynom ials w here appropriate; otherwise, custom  bond tables 
were em ployed in G R O M A C S  (49], T h e  angle from  sidechain 
and backbone sites o f residue i to backbone residue /— 1 was 
treated  separately from  the angle to backbone residue (+1. 
Torsions involving sidechains w ere unrestricted excepting trypto­
p han  and  tyrosine rings, w hich were fit w ith im proper torsions to 
m aintain  p lanarity . Backbone angles betw een three successive 
alpha carbons were represented  using a single sequence-indepen­
den t fourth o rder polynom ial allowing rap id  interconversion 
between a-helix and P-sheet values (see supporting Figure SI A).

Backbone torsions between four successive alpha carbons were 
represented using a set o f sequence-dependent potentials devel­
oped from  fitting the inverted distributions o f known structures in 
the Protein D ata  Bank (50], T hese consisted o f 202 fourth  order 
cosine series, one fit for each possible perm utation  o f the m iddle 
two residues involved in the torsion. All statistical potentials were 
scaled by a constant factor o f 0.54. chosen to give good agreem ent 
with the polyalanine distribution from  all-atom  M D  (Figure S2A). 
T h e  inverted distribution o f  polyleucine in all-atom  M D  was well 
predicted  by the resulting scaled statistical potential (Figure S2B). 
T h e  final set o f  backbone torsions allowed rapid  interconversion 
between a-helix and P-sheet. w ith rates generally decreasing with 
sidechain bulk in the o rder G ly:A la:Cp-branched:Pro. D eveloping 
the bonded potentials separately from  the nonbonded  interactions

was ultim ately justified by the satisfactory agreem ent between 
bonded distributions in all-atom  and  C G  sim ulations (e.g., see 
Figures S I. S2A).

Force matching atomistic simulations
All-atom  M D  was perform ed  using the O PL S (51 ] p ro tein  force 

field w ith SPC solvent in the G R O M A C S  [49] sim ulation 
package. T h e  default param eters were em ployed with particle 
mesh Ewald for long-range electrostatics and a 1.2 nm  cutoff for 
grid-based short-range neighbor searching. C onstan t N V T  
sim ulations were perform ed using the N ose-H oover therm ostat 
w ith a 0.5 ps relaxation tim e constant. Bonds to hydrogens were 
constrained using L IN C S and a 2 fs integration tim estep was used. 
Each peptide system was sim ulated in a (4 nm )'’ periodic box with 
a peptide:w ater concentration o f 10%. C oordinates and forces o f 
p ro tein  atom s were recorded a t intervals o f  1 ps o r longer for use 
in M S-C G  force m atching.

In  o rder to derive a general set o f  C G  potentials from  the 
unfolded ensemble, peptide systems were sim ulated at 498 K  to 
enhance conform ational sampling. G iven the m odest tem perature 
dependence o f interaction potentials generated  from  atomistic 
sim ulation (52.53], polyalanine is com parably  shown to exhibit 
m odest tem perature  sensitivity w ith the M S-C G  scheme em ployed 
in the p resent work (Figure 2). Nevertheless, the higher 
tem perature  used in the sim ulations to define the m odel C G  
potentials will tend to “ sm ooth out" the resulting interactions. 
Potentials w ere developed separately for different peptide  systems 
and com pared to assess the efficacy o f a single po tential being used 
independent o f sequence. T en  or m ore independent simulations 
approxim ately 50 ns in length w ere perform ed starting from  
different random  configurations o f the following peptide systems to 
yield a composite sim ulation length of at least 0.5 îs for each 
system (Table 1). Five Ala 15 peptides w ere sim ulated in a box of 
w ater m olecules at 300 K  as well as 498 K . T h ree  unfolded Leu 15 
peptides w ere sim ulated in one w ater box. T h ree  m olecules o f the 
m iniprotein T rpzip2 [54] w ere sim ulated in ano ther w ater box. 
Lastly, 25 dipeptides w ere random ly p laced in a single w ater box, 
one for each am ino acid w ith the exception o f two for alanine, 
glycine and lysine and three  for aspartate. T o  ensure ample 
exchange between sidechain association partners and convergence 
in the developed M S -C G  potentials, 200 independent simulations

0 .4  0 .8  1 .2  1 .6  2
r  (nm)

F igure  2. Pairw ise in te ra c tio n  p o te n tia l be tw een  non bo n d e d  backbone  a lpha  carbons genera ted  fro m  a to m is tic  fo rce  m atch ing .
Unfolding (498 K) simulations of Trpzip (red), Leu15 (green) and Ala 15 (blue) as well as 300 K MD of Ala 15 (pink) yield attractive potentials that share 
a minimum at —0.6 nm. Inset (same xy scale): Correspondence in the interaction potentials between apolar sidechain sites for Trpzip (red) and a 
dipeptide solution of the 20 amino acids (black). 
doi:10.1371/journal.pcbi.1000827.g002
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T a b le  1. Peptide systems employed in all-atom reference 
simulations.

Sequence T (K) Peptides3 Total us

Ala 15 300b, 498b 5, 5 1.7, 0.6

Leu 15 498b 3 0.5
Trpzip 300, 498b 1, 3 1.2, 0.6

Trp-cage 498 2 0.5

dipeptide solution 498b 25 9.2
AACHMFVAA 498 5 0.6

aNumber of peptides placed in the (4 nm)3water box.
bSystem was used for force matching nonbonded interactions. Bonded 
interactions were obtained from all systems via distribution fitting, 

doi: 10.13 71 /jou ma l.pcbi. 100082 7.t001

of the dipeptide solution w ere perform ed for a com posite length o f 
9 ps. A few rem aining bonded  term s w ere obtained from  
distributions in all-atom  unfolding simulations o f  two T rp-cage5b
[55] proteins in w ater and  five A A G IIM FV A A  peptides in water, 
although neither system was force-m atched. A single natively 
structured  T rp zip  m olecule was also sim ulated in w ater at 300 K 
for com parison o f structural fluctuations betw een all-atom  M D  
and G G -M D  with the final model. Excepting the dipeptides, each 
term inus was uncapped and charged. U nfolded starting configu­
rations were generated by random ly orienting the peptides in 
C artesian  space and  then  equilibrating for 2 ns at 700 K: the 
random  num ber generator was em ployed with varying seeds.

T h e  force m atching o f  the atom istic reference simulations in the 
M S -C G  m ethod was perform ed using the p rogram  M SG G FM
[56], a fast and  flexible im plem entation o f M S-C G . A linear spline 
basis set was em ployed for least squares optim ization of 
nonbonded  interaction pairs separated by less th an  2 nm  and 
m ore than  three bonds. T h e  com putation  was m ade feasible by 
em ploying the block-averaging procedure  o f  com bining separate 
solutions for disjoint sets o f  configurations (blocks) [37], Blocks 
consisted o f 2.000 or m ore fram es for each peptide system 
depending on m em ory requirem ents. T h e  resulting pairw ise force 
curves w ere integrated  and  sm oothed using a cubic B-spline to 
obtain tabulated  potentials for input in GROMAC1S. Repulsive 
positive-positive and  negative-negative interactions w ere switched 
linearly to zero over the range 1 nm  to 1.2 nm . resulting in
— 1 k J/m o l e rro r over the switching region. Convergence o f the 
nonbonded  interactions was checked by repeating  the M S-G G  
calculation with h a lf the configurations and ensuring the force 
curves w ere similar excepting high frequency noise.

CG molecular dynamics
G G  sim ulations w ere perform ed in G R O M A G S 4 [49] using 

Langevin dynam ics w ith a 2 ps inverse friction constant to 
m aintain  therm al equilibrium  and  a 2 fs integration timestep. 
T abu lated  nonbonded  interactions were updated  even/ step and 
calculated betw een all G G  sites separated by a t least three bonds 
using a 1.2 nm  distance cutoff. A single set o f  15 site-site G G  
potentials, chosen as m ost representative across peptide systems, 
was em ployed for all G G  proteins.

G G -M D  o f polyalanine was perform ed on five copies o f Ala 15 
p laced in a 40 A periodic box for 50 ns starting from  a random  
configuration obtained from  the endpoint o f a 58 ns atom istic M D  
run  at 498 K  described above. Polyalanine aggregation was 
m onitored by com puting the pairwise R D F  o f  inter- and 
in tram olecular alpha carbons separated by a t least three bonds.

N ative state G G -M D  sim ulations o f T rpzip , T rp-cage and  the 
open and  closed form s o f A dK  were begun from  N M R  structures 
lL E l.p d b  [54] and  lL2Y .pdb [55] and  crystal structures 
4A K E.pdb and lA K E .pdb . respectively, and  perform ed for 
200 ns a t 0.6 ’Fj’ , W  here FJ’ is the reference tem perature  for the 
G G  model. T h e  reference tem peratu re  was defined as the folding 
transition, o r melting, tem perature  observed in G G -R E M D  
folding sim ulations o f T rpzip.

G G -R E M D  folding simulations w ere perform ed with exponen­
tially spaced tem perature  replicas spanning 100-700 K. T h e  
num ber o f replicas was chosen to m aintain  an  exchange frequency 
betw een 20% and  40%  throughout the sim ulation and  was first 
estim ated using Pik,s [57], G G -R E M D  o f T rpzip  and  T rp-cage 
required  16 replicas while A dK  required  48 replicas. C onform a­
tional exchanges betw een tem perature  windows were a ttem pted  
and snapshots recorded for T rp z ip /T rp -cag e  even/ 200 ps and  for 
A dK  even/ 20 ps. For T rpzip  and  T rp-cage two independent 
simulations o f 3 ps o r longer w ere perform ed starting from  an 
extended structure to bring  the total sim ulation length to 6 ps per 
replica. T o  check convergence 3 ps was then perform ed starting 
from  the native state. T rp-cage sim ulations converged to a 
com m on structure. T w o additional simulations were perform ed 
with it as the starting po in t to verify the global m inim um . For the 
m ore com plex folding landscape o f A dK . four independent 
simulations w ere perform ed for 80 ns. each starting from  
extended, closed, open or a 5 0 /5 0  m ixture o f open and  extended 
states. E xtended starting structures w ere generated  from  equili­
b ra tion  in G G -M D  at 700 K  for at least 10 ns.

Folding landscapes w ere characterized by com puting the root 
m ean  square deviation (RM SD) from  the native structure o f 
replica conform ations corresponding to 0.6 Tf. T h e  R M SD  from  
the G G  representation o f the native state was com puted  for a 
subset o f backbone or sidechain sites after superim posing the 
backbone alpha carbons o f the region o f interest. G G -R E M D  was 
also perform ed with position restrained backbone alpha carbons 
starting from  the native structure to determ ine the distribution of 
sidechain rotam ers (3 ps for T rp z ip /T rp -cag e  and  80 ns for open 
and closed AdK). T h e  m ean and standard  deviation o f the R M SD  
o f sidechain sites from  the native structure were com puted  over the 
fixed backbone G G -R E M D  simulations as well as the unrestrained 
G G -M D . bo th  at 0.6 ’Fj’. G G  conform ations w ere visualized using 
V M D  [58].

R esu lts

Transferable CG interactions
T h e  m ost significant approxim ations used in construction o f the 

present G G  m odel are threefold. Atomistic reference simulations 
were perform ed at elevated tem perature  to denature  the protein  
ensem ble and allow for rapid  in terchange betw een association 
pairs in aggregated peptides. Secondly, site-site interaction 
potentials were obtained from  different peptide systems in order 
to obtain  a single force field applicable across p rotein  sequences. 
Lastly, the through-space interactions constitute an  average over 
the chem ical diversity o f  the am ino acids grouped into five G G  site 
types. T hese assum ptions enabled  the construction o f  a versatile 
m odel for sim ulating proteins o f a rb itrary  sequence and 
conform ation.

Overall, a reasonable correspondence was ob sen  ed betw een the 
G G  potentials developed separately from  different peptide systems 
for a given interaction. Figure 2 shows the similarity in G^-G* and 
apolar-apolar interactions across peptide sequences. For each of 
the 15 nonbonded  interaction pairs in the m odel the M S-G G  
potential was em ployed that was m ost representative across
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peptide systems. T he one exception is the case o f positive-negative 
salt bridges. Force m atching o f  T rpzip  and the dipeptide solution 
yielded potential m inim a o f — lO k J /m o l and  — 3 7 k J /m o l, 
respectively, likely due to the influence o f the hydrophobic 
environm ent: the form er was adopted  in the C G  m odel to avoid 
large forces. Figure 2 also illustrates that the tem perature  
dependence o f the developed C G  potential for polyalanine is 
com parable in m agnitude to the variation betw een different 
sequences. T h e  m odest tem perature  dependence o f C G  potentials 
obtained from  atom istic da ta  has been noted  previously (52,53], 
T h e  final set o f C G  potentials em ployed (Figure S3) have profiles 
similar to atomistic PM Fs obtained at room  tem perature  (28]. 
W hen arranged  according to  strength and  location the attractive 
m inim a follow an expected relationship to polarity  (Table 2).

Role of CG temperature
As is well appreciated  from  atom istic M D  studies with 

continuum  solvent, surface tension can be an elusive p roperty  in 
implicit solvent m odels and  is often approxim ated  as a simple 
function o f the solvent accessible surface area (59], Typically, C G  
potentials for p rotein  folding are scaled by a constant factor so that 
7 ( m atches experim ent (50], Sim ulations with the p resent C G  
m odel exhibited a h igher effective surface tension than  atomistic 
simulations at the same tem perature, as evidenced by a greater 
tendency to aggregate. As inferred from  C G -M D  o f  polyalanine 
aggregation, increasing the tem perature  can reproduce the 
pairwise R D F  o f nonbonded  alpha carbons from  atomistic M D 
(Figure 3). In the statistical m echanical fram ew ork o f M S -C G  
tem perature  corrections should no t be needed (35], and  their use 
m ay reflect inadequacies in the pairwise C G  potential o r basis set 
em ployed in the optim ization (36,60]. Excessive peptide  aggrega­
tion with pairw ise C G  PM Fs has been reduced elsewhere by the 
inclusion o f explicit waters (61,62]. T h e  high sam pling tem per­
ature, peptide concentration and sequences o f the atomistic

T a b le  2 . Location and depth of attractive minima in
nonbonded interactions between CG site types.

Interaction Pair /•min (A) s (kJ/moI)a

positive-negative 3.2 9.6

c«-c« 5.4 3.6

apolar-apolar 4.4 3.2

Q-positive 4.8 2.4

Ca-polar 4.4 1.9

polar-polar 4.2 1.7

apolar-polar 4.4 1.6

Ca-apolar 4.8 1.4

polar-positive 4.0 1.1

Q-negative 4.6 0.1b
polar-negative 5.1 0.1b
apolar-negative 5.8 0.1b
apolar-positive 6.5 0.1b
positive-positive 5.5 0.1b
negative-negative 5.5 0.1b

"Each tabulated potential had a softer core repulsion [16] than the LJ function 
with the same minimum.

bPotential was predominantly repulsive. See Figure 51. 
doi: 10.1371/journal.pcbi.1000827.t002
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F igure  3. T em pera tu re  co rrespondence  in  CG-MD s im u la tion s  
o f  po lya la n ine  agg re g a tio n . The RDF between nonbonded alpha 
carbons is shown for CG simulations at 300 K (black dash), 498 K (pink), 
600 K (blue) and 700 K (cyan) and atomistic simulations at 300 K (solid 
black) and 498 K (red). 
doi:10.1371/journal.pcbi.1000827.g003

reference simulations are also sources o f  erro r in the developed 
C G  potential.

T o  determ ine the appropria te  tem perature  range for p rotein  
simulations using the C G  m odel the tem perature  dependence o f 
the heat capacity was com puted for T q iz ip , T rp-cage and A dK  
from  C G -R E M D  folding simulations (Figure 4). U nfolding 
transitions occurred  at tem peratures as low as 200 K. C G  
simulations o f the native state w ere therefore perform ed at 0.6 
7 p  w here 7^  is the folding transition tem perature  defined by the 
m axim um  in the heat capacity observed in T q iz ip  simulations. 
C G  T q iz ip /T rp -ca g e  exhibited transition tem peratures o f 218 K /  
198 K, equal in ratio to their experim ental m elting tem peratures 
345 K /3 I 5  K  (54,55]. T h e  designed m iniprotein T rpzip  has an 
experim ental m elting tem perature  typical o f  na tura l proteins and 
was therefore used to define the reference tem peratu re  o f the C G  
model. Since the C G  potential is less “ rough" than  the actual 
atom istic potential, it is perhaps not surprising that a lower 
tem perature  is required  for the C G  p ro tein  simulations in o rder to 
effectively com pensate for this feature o f  the m odel. Nevertheless, 
this aspect o f  the m odeling is not completely satisfactory and will 
therefore be a focus o f future im provem ents in the m ethodology 
and C G  model.

CG-REMD folding landscapes
Parallel tem pering  was used to characterize the C G  energ)/ 

landscape. Perform ing R E M D  over a wide tem perature  range 
(100-700 K) starting independently  from  unfolded as well as 
native states enabled near-canonical sam pling o f low energ)/ 
conform ations, some o f w hich w ere non-native as ju d g ed  from  
structural R M SD . Ensemble simulations were used to evaluate the 
accuracy o f  the force field in identifying the native structure as the 
global energ)/ m inim um .

T h e  sam pling convergence o f C G -R E M D  folding simulations 
can be seen in Figure 5. T q iz ip  simulations starting from  the 
unfolded state (7.1 A C a R M SD  from  native) rapidly convert to 
and exchange betw een three stable native-like conform ations 
(Figures 5A,D). T h e  conform ation w ith 2.5 A C a R M SD  consists 
o f  a p ro p er P-haiqiin  backbone, though the T ryp tophan  zipper 
occurs on  the w rong side o f the |3-sheet (Figure S4A). T he 4 A and
6 A C* R M SD  conform ations contain the T q i  zipper on  the 
correct side o f the P-haiqiin  bu t allowed for distortions in the
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F igure  4. H eat capacity  as a fu n c tio n  o f  te m p e ra tu re  fo r  CG-REMD fo ld in g  s im u la tion s  o f  T rp z ip  (A), T rp-cage (B) and  A dK  (C). The
reference temperature for the CG model is taken to be the folding transition temperature observed for Trpzip (7’jO, defined by the maximum in C„CT). 
Line and data point thickness denote error. 
doi:10.1371/journal.pcbi.1000827.g004

backbone o f  varying degrees (Figure S4A). T rp-cage simulations 
starting from the unfolded state (6.4 A CU R M S D  from native) 
converge to a stable global m inim um  with 5.8 A CU R M S D  
(Figures 5B.E). T h e  global m inim um  resem bles the native helix- 
coil motif, albeit w ith a distorted helix (Figure S4B).

In contrast to I 2-residue T rpzip  and 20-residue Trp-cage, the 
C!G energy landscape o f 2 14-residue A dK  is indicative o f  a 
frustrated random  heteropolym er. C onform ations with CU 
R M SD s spanning the range 7—19 A were visited with equal 
frequency once sim ulations starting from different initial structures

0 4 8 12 0 3 B 9 12 15 0 80 160 240 32Q
t im e  (u s )  t im e  (u s ) t im e  ( rs )

C„ RMSD (A) Cu RMSD (A) C„ RMSD (A)

F igure  5. CG-REMD fo ld in g  landscapes co llec ted  a t 0 .6 T'j-. The C„ RMSD from the native state is shown versus composite simulation time (A­
C) or potential energy (D-F) for independent simulations (different colors) of Trpzip (A,D), Trp-cage (B,E) and AdK (C,F). Simulations were started from 
extended and native structures as well as their common final configuration in the case of Trp-cage. AdK simulations were started from extended, 
closed, open and a mixture of open and extended states; RMSD is computed from the closed crystal structure. Large structural changes between 
snapshots, such as folded to  misfolded transitions, correspond to conformational exchanges between replicas of similar energy. 
doi:10.1371/journal.pcbi.1000827.g005
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converged (Figures 5G.F). T h e  non-two-state nature  o f A dK 's 
glassy folding transition is underscored by the lack o f a sharp 
m elting transition in the heat capacity curve (Figure 4). Such 
deviations from  the funneled landscape a ttributed  to evolved 
proteins [2] em phasize the role o f non-native interactions (contacts 
not p resent in the native state), whose repulsive na ture  m ust be 
underestim ated in the coarse-grained representation. T h e  high 
degeneracy o f A dK 's global energy m inim um  com pared to T rpzip  
and T rp-cage is likely due to its large dom ain size and vast num ber 
of possible backbone conform ations.

Native state is stable in CG-MD
Successes and failures in ab initio folding notw ithstanding, the 

goal o f  the p resent work was the construction o f a C G  force field 
for m odeling proteins in known structural states. Conventional 
constant tem peratu re  simulations w ere therefore perform ed at 0.6 
Tf to assess the stability o f the native state under C G -M D . T rpzip  
and T rp-cage exhibited structural stability w ith final configura­
tions o f 2.6 A and 4.7 A G y R M SD , respectively, from  the starting 
native structure after 200 ns o f G G -M D  (Figure 6). A slight 
bim odal distribution was observed in R M SD , b u t this was mainly 
due to fraying in the residues at the N - and  G-term ini 
(Figures 7A.B).

Conformational transition in AdK
Atomistic sim ulation was recently used in conjunction with 

um brella sam pling to characterize the oft-studied open to closed 
conform ational transition of A dK  [63], in w hich the L ID  and 
N M P dom ains undergo a 14 A relative hinge bending  m otion 
about the C O R K  dom ain. T h e  study suggested in the absence of 
ligand A dK  fluctuates about the open crystal structure, occasion­
ally visiting conform ations n ear the closed crystal structure. 
Binding of an adenosine polyphosphate substrate analog to the 
arginine-lined active site was observed to dram atically stabilize the 
closed conform ation. T o  exam ine the suitability o f the curren t GG  
force field for studying conform ational transitions, G G -M D  was 
perform ed for 200 ns at 0.6 starting from  both  the open and 
closed A dK  structures.

T h e  C O R K , L ID  and N M P  dom ains are stable in G G -M D  of 
bo th  the open and closed states (Figure 8), each o f which 
individually has a structural R M SD  betw een the open and closed 
crystal structures o f less than  2 A w hen dom ains are superimposed. 
T h e  open to closed conform ational transition was m onitored  in

F igure  6. N a tive  s ta te  CG-MD a t 0.6 T 'j. The instantaneous C, 
RMSD from the native state is shown for simulations starting from the 
native structure for Trpzip (A) and Trp-cage (B). By comparison, all-atom 
MD of Trpzip at 300 K yielded a mean C„ RMSD of 0.8±0.2 A. 
doi:10.1371/journal.pcbi.1000827.g006

A dK  simulations using the reaction coordinate AD1Uv[So  [63], 
defined as the R M SD  of backbone and sidechain sites from  the 
open state m inus their R M SD  from  the closed state. T he 
sim ulation o f the closed conform er undergoes lim ited structural 
rearrangem ent (4.6 A final G-y R M SD  to starting structure) 
com pared to the sim ulation starting from  the open conform er 
(8.0 A  final G-y R M S D  to starting structure). Indeed, values o f the 
reaction coordinate approach  positive AD1Uv[So  (become m ore 
closed-like) in sim ulations o f  the open state (Figure 9).

T h e  dynam ics o f A dK  in G G -M D  can be understood in term s 
of surface tension. Ju s t as polyalanine exhibited an exaggerated 
surface tension for a given tem perature, T rpzip , T rp-cage and 
A dK  are m ore com pact than  the native structure under low 
tem perature  folding conditions in G G  sim ulations (Table 3). Kven 
under unfolding conditions, the peptide chains are disordered in 
com pacted globules up to tem peratures exceeding 500 K  (Table 3), 
as can also be seen by the long tails in the heat capacity curves up 
to 700 K  (Figure 4). U nder G G -M D , the open state o f A dK  
rapidly adopts a m ore com pact and stable conform ation that is 
structurally similar to the closed crystal structure, though the LID 
and N M P  dom ains are no t in contact. T he sim ulation starting 
from  the closed state also adopts a com pacted  structure in w hich 
the LID  and  N M P  dom ains are in closer contact (Figure 7G).

Besides surface tension, o ther possible explanations exist for the 
incorrect relative a rrangem ent o f the LID  and N M P  dom ains 
during  G G  simulations. T h e  negatively charged substrate needed 
to counteract repulsion in the arginine-lined b inding pocket is 
absent from  the simulations. Kxperimental.lv, the LID  and N M P 
dom ains exhibit reduced therm odynam ic stability com pared to the 
C O R K  dom ain  [64], T h e  open to closed conform ational transition 
requires m any subtle backbone rearrangem ents in the hinge 
regions connecting the three dom ains [64 66], Lastly, an 
alternative explanation is that the reduced bulk o f the low 
resolution interaction sites in the G G  m odel fails to fully account 
for the effect o f the underlying atomistic steric clashes. Structural 
com paction in peptide coarse-graining has been  reported  
previously [42], T h e  reduced tem perature  used in the simulations 
could also be  a con tribu tor to structural com paction.

In the case o f large conform ational transitions in w hich the 
rearrangem ent can be viewed as a local refolding event [64,66], 
the G G  force field could potentially benefit from  the addition o f a 
loose elastic netw ork to m aintain  the backbone topology' analogous 
to previous work [10,67], Backbone restraints could also be used in 
order to pred ic t sidechain configurations for low resolution 
experim ental structures in w hich only the backbone G -j positions 
are known. Indeed, parallel tem pering  of T rpzip , T rp-cage and 
A dK  w ith fixed native backbone topology' yielded im proved 
distributions o f native sidechain configurations (Table 4, Figure 
S3). T h e  fact that sidechain packing is reproduced  to w ithin 3 A 
R M SD  suggests that the G G  description constitutes a reasonable 
representation o f sidechain sterics and polarity, although higher 
resolution m odels [15,68] are expected to im prove accuracy.

D iscu ssio n

A G G  force field for the am ino acids was developed based on 
m icrosecond all-atom  simulations o f  peptide folding and associa­
tion. Previously, the accuracy o f G G  functions has been  assessed 
based on their ability to identify the native state as lower in 
potential energy than  decoy structures [14,25,27,30], T h e  present 
G G  m odel was evaluated based on analysis o f  folding energy 
landscapes generated  from  R K M D  simulations. Non-native 
structures w ere observed w ith energies similar to that o f the native 
state, w hich is in accord w ith replica exchange investigations o f
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F igure  7. Backbone C „-trace s truc tu res  a t th e  end o f na tive  s ta te  CG-MD a t 0.6 Tlj- fo r  T rp z ip  (A), T rp-cage (B) and  A dK  (C). Starting 
native structures are shown in cyan for Trpzip/Trp-cage and as a ribbon diagram for closed AdK. Tryptophan and proline sidechains are shown in blue 
(A,B). The LID/NMP domains of the AdK endpoint conformations are colored green/pink for simulations starting from open AdK and orange/blue for 
simulations starting from closed AdK. 
doi:10.1371 /journal.pcbi.1000827.g007

o ther C G  representations for folding [IB] and structure prediction 
[69], D eviations from  die funneled landscape indicate th a t the 
sm ooth landscape o f C G  interactions may fail to capture  the 
effective repulsion betw een non-native contacts in the rugged 
atom istic landscape. T h e  curren t sidechain centric m odel 
emphasizes sequence a t the expense of detailed backbone 
hydrogen bonding, bo th  o f which in conjunction have been 
shown to determ ine the tertiary structure o f proteins [70], A t the 
o ther end o f the spectrum , backbone centric models contain three

o r m ore backbone interaction sites p e r residue to incorporate 
geom etric hydrogen bond  constraints at the expense of sidechain 
rotam ers, which are represented  by a singe site a t the beta  carbon 
position [18.21.22]. Backbone centric m odels have successfully 
predicted  tlie structure o f certain  a-helix bundles excepting 
topological degeneracy. In  contrast, the cu rren t sidechain centric 
approach  consisting o f a single site p e r  backbone and m ultiple sites 
p e r sidechain was dem onstra ted  to be m ore useful in sim ulating 
the dynam ics o f diverse helical and  P-sheet proteins.
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F igure  8. N a tive  s ta te  CG-MD a t 0.6 T j s ta rtin g  fro m  th e  open 
(A) and closed (B) fo rm s  o f  AdK . The instantaneous C, RMSD from 
the starting structure is shown for the CORE (dark gray), LID (light gray) 
and NMP (black) domains. 
doi:10.1371 /journal.pcbi.1000827,g008

T h e  lim ited success o f pairwise alpha carbon interactions in 
folding prediction  can be a ttribu ted  to the fact th a t pairwise 
additive interactions a t the residue level are no t adequate to 
describe the highly cooperative process o f pro tein  folding (7 l ]. G , 
Go models, for instance, require the introduction  of either a 
desolvation barrie r (72] o r native dihedral backbone angular 
restraints to  ensure a cooperative folding transition [ 7 ]. Desolva­
tion o f neighboring w ater m olecules can  be considered a 
multibody effect, as can the angular dependence o f backbone 
hydrogen bonding. T h a t the pairw ise potentials developed and 
tested in the p resent w ork lack an  appreciable desolvation barrier 
(Figures 2, S3) oilers an  additional explanation for their lim ited 
success in folding prediction.

M isfokled structures have also been observed with high 
probability  in atom istic folding studies em ploying implicit solvent 
m odels (59,73-75], suggesting surface tension and  solvation effects 
are critical in reproducing the energy landscape o f proteins. W ith 
cu rren t com putational resources, the ability o f m odern  all-atom

F igure  9. C on fo rm a tio na l tra n s it io n  in  A dK  expressed as th e  
d iffe re n ce  in  RMSD fro m  th e  open and closed states. Simulations 
starting from the open structure (black circles), ADbmsd= - 7  A, are seen 
to partly converge toward simulations starting from the closed 
structure (gray trace), ADbmsd = +7 A. 
doi:10.1371 /journal.pcbi.1000827,g009

T a b le  3 . Distributions of radius of gyration 
simulations.

in fo ld in g

Protein T( K) </?g/ ^ > a cr Resolution**

Trpzip 148 0.86 0.02 CG

Trp-cage 148 0.86 0.01 CG
ĉlosed 139 0.91 0.01 CG

Trpzip 300 0.97 0.02 AA

Trpzip 366 0.98 0.05 CG

Trp-cage 366 0.98 0.04 CG
Ad |{ĉosê 361 0.97 0.03 CG

Trpzip 498 1.16 0.17 AA

Trp-cage 498 1.28 0.20 AA

Trpzip 540 1.10 0.13 CG

Trp-cage 540 1.12 0.14 CG
ĉlosed 546 1.77 0.33 CG

“Radius of gyration is shown relative to that of the native structure (.K*). 
bCG-REMD simulations are shown compared to all-atom (AA) reference 
simulations at selected temperatures. 

doi:10.1371/joumal.pcbi.1000827.t003

force fields to capture  the energy landscape can  now be assessed in 
explicit solvent sim ulations using replica exchange m ethods 
[76,77], O bta in ing  the delicate balance betw een a-helix and  P~ 
sheet energetics is challenging, bu t ongoing all-atom  efforts are 
showing prom ise [78,79],

W hether a single G G  force field is capable o f reproducing the 
full therm odynam ic landscape o f structurally diverse proteins 
rem ains a difficult question. A  variety o f  useful G G  m odels do exist 
for studying pro tein  folding m echanism s [7] and structure 
prediction  [3], T h e  present w ork describes a general G G  force 
field derived from  molecular-scale interactions th a t is capable o f 
stable native state sim ulations w ithout the need for additional 
structural restraints, an  im provem ent over existing G G  models. 
Im proved structural stability can be a ttribu ted  to the explicit 
trea tm en t o f sidechain rotam ers, their steric packing and 
energetics, resulting in the native state being  a local energy

T a b le  4 . Distributions of sidechain RMSD in native state 
simulations at 0.6 Tf.

Domain
Fixed backbone 
<RMSDsc> °RMSD

Unrestrained
<RMSDsc> 0RMSD

Trpzipb 3.5 0.3 6.6 0.5

Trp-cage 3.6 0.2 6.8 0.8

COREopen 3.0 0.2 6.0 0.3

UDopen 2.9 0.2 5.0 0.4

NMPnpen 2.9 0.2 5.2 0.4
COREc*osed 2.9 0.1 5.0 0.2
Lipciosed 3.3 0.2 4.4 0.1

NMPdosed 2.9 0.2 6.6 0.3

“The RMSD (A) of sidechain (SC) sites from the native structure was monitored 
in native state simulations with fixed backbone (CG-REMD) or no restraints 
(CG-MD).

bBy comparison, unrestrained all-atom MD of Trpzip at 300 K yielded a mean 
sidechain RMSD of 2.5±0.5 A. 

doi:10.1371/journal.pcbi.1000827.t004
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minimum. Future refinements of the model to better describe 
backbone hydrogen bonding are expected to improve its 
performance. However, the current force field may also prove 
useful in the modeling of protein complexes and their transitions.

S u p p o r t in g  In fo rm a tio n

Figure SI B ackbone angle d is tr ib u tio n s . (A) The inverted 
probability distributions are shown for all individual angles 
between three successive alpha carbons in all-atom MD of all 
proteins studied: Ala 15, Leu 15, Trpzip and Trp-cage. (B) The 
inverted distribution is shown for each backbone angle in Trpzip 
under CG-REMD at 0.6 Tj}. Angles corresponding to a-helix (red) 
or P-sheet (black) structures could be weakly stabilized with equal 
probability. A single fourth order polynomial potential (green) was 
employed for all backbone angles in the CG model independent of 
sequence.
Found at: doi:10.1371/journal.pcbi.l000827.s001 (0.32 MB
Tip)

Figure S2 B ackbone d ih e d ra l d is tr ib u tio n s . (A) The
inverted probability distribution is shown for the pseudodihedral 
angle between four successive alpha carbons in all-atom MD of 
Ala 15 at 300 K (black) and 498 K (green). Sequence dependent 
statistical potentials derived from the PDB were scaled by a 
constant factor so that good agreement is obtained for polyalanine 
(pink). The result from CG-MD of Ala 15 is shown in blue. (B) The 
inverted backbone pseudodihedral distribution of polyleucine in 
all-atom MD (black) is well predicted by the scaled statistical 
potential (pink).
Found at: doi: 10.1371/journal.pcbi. 1000827.s002 (0.29 MB 
TIF)

Figure S3 T ab u la te d  n o n b o n d ed  in te ra c tio n  p o ten tia ls  
em ployed  b e tw een  CG s ite  types. (A) Five potentials are 
shown for alpha carbons paired with the five site types: alpha 
carbon (green), apolar (black), polar (cyan), positive (blue) and 
negative (red). (B) Similarly, potentials are shown for apolar sites 
paired with four site types: apolar (black), polar (cyan), positive 
(blue) and negative (red). (C) Potentials are shown for polar sites 
paired with site types: polar (cyan), positive (blue) and negative

(red). (D) Lastly, potentials are shown for three site pairings: 
positive-positive (blue), positive-negative (red) and negative- 
negative (pink). All 15 potentials have softer core repulsions than 
an LJ potential. Model parameters are available upon request. 
Found at: doi:10.1371/journal.pcbi.l000827.s003 (0.48 MB 
TIF)

Figure S4 E nergy m in im a  in  CG-REM D folding s im u ­
la tio n s . Representative snapshots are shown corresponding to the 
three energy minima of Trpzip (A) and the global minimum of 
Trp-cage (B), along with their Ca RMSD from the native 
structure. Backbone C^-traces are shown in yellow along with 
Trp, Pro and other sidechains in blue. The Trp-cage native 
structure is shown in cyan (backbone). Snapshots were obtained 
from CG-REMD folding simulations collected at 0.6 T’® (see 
Figure 5).
Found at: doi:10.1371/journal.pcbi.l000827.s004 (1.99 MB 
TIF)

Figure S5 S idechain  p red ic tio n  w ith  CG-REM D. The
final configuration is shown after 80 ns of CG-REMD at 0.6 T® 
with the backbone (yellow) fixed in open AdK. Sidechain sites 
(blue) exhibited final RMSDs of 2.9 A, 3.1 A and 2.9 A from their 
starting native positions (cyan) for the LID (A), CORE (B) and 
NMP (C) domains, respectively.
Found at: doi:10.1371/journal.pcbi.l000827.s005 (2.35 MB 
TIF)

A c k n o w le d g m e n ts

We are grateful to Ian Thorpe and Hans Andersen lor valuable discussions. 
Computing time was provided by tlie National Science Foundation 
through TeraGrid resources administered by tlie National Institute lor 
Computational Sciences, the Texas Advanced Computing Center and the 
National Center lor Supercomputing Applications.

A u th o r  C o n tr ib u tio n s
Conceived and designed the experiments: RDH GAV. Performed the 
experiments: RDH LL. Analyzed the data: RDH. Contributed reagents/ 
materials/analysis tools: RDH LL. Wrote the paper: RDH LL GAV.

R efe ren ces
1. Y ue  K , F iebig  K M , T h o m a s  PD , C h a n  H S , S h a k h n o v ich  E l, cl al. (1995) A  test 

o f  la ttice  p ro te in  fo ld ing  a lgorithm s. P ro c  N a ll  A cad  Sci U  S A  92: 3 2 5 -3 2 9 .
2. O n u c h ic  J N ,  W olynes P G  (2004) T h e o ry  o f  p ro te in  folding. C u r r  O p in  S tru c t 

B iol 14: 7 0 -7 5 .
3. B radley P, M isu ra  K M S , B aker D  (2005) T o w a rd  h igh -reso lu tio n  d e  novo 

s tru c tu re  p red ic tio n  for sm all p ro te in s. S c ience 309: 1 8 6 8 -1 8 7 1 .
4. T a m a  F, B rooks C L , III  (2006) S y m m etry , form , a n d  shape: G u id in g  princip les 

for robustness in  m ac ro m o le c u la r  m ach in es. A n n u  R ev  B iophys B iom ol S tru c t
35: 1 1 5 -1 3 3 .

5. T a k e lo m i H , U e d a  Y, G o  N  (1975) S tud ies o n  p ro te in  folding, un fo ld ing  a n d  
f luc tuations by  c o m p u te r  s im ula tion . 1. E ffect o f  specific a m in o  ac id  sequence  
rep resen ted  by specific in te r-u n it in te rac tio n s . I n l J  P e p l P ro te in  R es 7: 4 4 5 -4 5 9 .

6. G lem en li C  (2008) C o a rse-g ra in e d  m odels o f  p ro te in  folding: T o y  m odels o r 
p red ic tiv e  tools? C u r r  O p in  S tru c t Biol 18: 10 -1 5 .

7. H ills RX), J r . ,  Brooks C L , I II  (2009) Insights from  co a rse -g ra in ed  G o  m odels for 
p ro te in  fo lding a n d  dynam ics. In t  J  M o l Sci 10: 8 8 9 —905.

8. B ond  PJ, S an so m  M S P  (2006) In se rtio n  an d  assem bly o f  m e m b ra n e  p ro te in s  via 
s im ula tion . J  A m  C h e m  S oc 128: 2 6 9 7 -2 7 0 4 .

9. M onliceU i L . K a n d a sa m v  S K . Perio le  X , L a rso n  R G , T ie le m an  D P , el al. (2008) 
T h e  M A R T IN I  c o a rse -g ra in ed  force field: E x tension  lo  p ro te ins. J  C h e m  
T h e o ry  C o m p u t 4: 8 1 9 -8 3 4 .

10. P erio le  X , C avalli M , M a rr in k  SJ, C e ru so  M A  (2009) C o m b in in g  a n  elastic 
ne tw ork  w ith  a  co a rse -g ra in ed  m o le c u la r  force field: S tru c tu re , dyn am ics , a n d  
in le rm o le cu la r  reco g n itio n . J  C h e m  T h e o ry  C o m p u t 5: 2 5 3 1 -2 5 4 3 .

11. S h ih  AY , A rk h ip o v  A , F red d o lin o  PL, S ch u llen  K  (2006) C o arse  g ra in e d  
p ro le in -lip id  m o d el w ith  app lica tio n  to  lip o p ro te in  particles. J  Phys C h e m  B 110: 
3 6 7 4 -3 6 8 4 .

12. Y ap  E H , Faw zi N L , H e a d -G o rd o n  T  (2008) A  c o a rse -g ra in ed  a lp h a -c arb o n  
p ro te in  m o d el w ith  an iso tro p ic  h y d ro g en -b o n d in g . P ro te in s  70: 62 6 —(538.

13. K o rk u l A , H e n d ric k so n  W A  (2009) A  force field for v irtu a l a to m  m o lecu lar 
m ech an ics  o f  p ro te in s. P roc N a ll  A cad  Sci L ' S A  106: 15667—15672.

14. D e V a n e  R , S h in o d a  W , M o o re  PB , K le in  M L  (2009) T ra n sfe rab le  co arse  g rain  
n o n b o n d e d  in te rac tio n  m o d e l for a m in o  acids. J  C h e m  T h e o ry  C o m p u t 5:
2 1 1 5 -2 1 2 4 .

15. H a n  W , W a n  C K , W u  Y D  (2008) T o w a rd  a  co a rse -g ra in ed  p ro te in  m o d el 
co u p led  w ith  a  co a rse -g ra in ed  so lvent m odel: S o lva tion  free energ ies o f  am in o  
acid  side chains. J  C h e m  T h e o ry  C o m p u t 4: 1 8 9 1 -1 9 0 1 .

16. C h iu  SW , Sco tt H L , Ja k o b sso n  E  (2010) A  c o a rse -g ra in ed  m o d el b ased  o n  m orse 
p o ten tia l fo r w a te r  a n d  n -alkanes. J  C h e m  T h e o ry  C o m p u t 6: 8 5 1 -8 6 3 .

17. M a rr in k  SJ, R isselad a  H J , Y efim ov S, T ie le m an  D P , de  V ries A H  (2007) T h e  
M A R T IN I  force field: C o arse  g ra in e d  m o d el for b io m o lecu la r  sim ulations. 
J  Phys C h e m  B 111: 7 8 1 2 -7 8 2 4 .

18. B ereau  T , D ese rn o  M  (2009) G en eric  co a rse -g ra in ed  m o d el fo r p ro te in  folding 
a n d  ag g reg a tio n . J  C h e m  Phys 130: 235106 .

19. D a s  P, M atysiak  S, d e m e n t i  C  (2005) B alancing  energy  a n d  en tropy : A  
m in im alist m o d el for th e  c h a ra c te r iza tio n  o f  p ro te in  fo lding lan d scap es. P roc 
N a ll  A cad  Sci U  S A  102: 1 0 1 4 1 -1 0 1 4 6 .

20. M a u p e lil  J ,  T uffery  P, D e rre u m a u x  P  (2007) A  co a rse -g ra in ed  p ro te in  force field 
for fo lding a n d  s tru c tu re  p red ic tio n . P ro te in s  69: 394—4-08.

21. I rb a c k  A, S ju n n esso n  F, W allin  S (2000) T h re e-h e lix -b u n d le  p ro te in  in  a 
R a m a c h a n d ra n  m o d el. P roc  N a ll  A cad  Sci U  S A  97: 1 3 6 1 4 -1 3 6 1 8 .

22. T a k a d a  S, L u lh ey -S ch u llen  Z , W olynes P G  (1999) F o ld in g  d y n am ics  w ith 
n o n ad d itiv e  forces: A  sim u la tio n  study o f  a  d esigned  helical p ro te in  a n d  a 
ran d o m  h e te ro p o ly m er. J  C h e m  Phys 110: 11616—11629.

23. B e tan co u rt M R  (2009) A n o th e r  look  a t the  co nd itions for the  e x trac tio n  o f  
p ro te in  know led g e-b ased  po ten tia ls . P ro te ins 76: 7 2 -8 5 .

24. M u k h e rje e  A , B h im a la p u ra m  P, B agch i B (2005) O rie n ta tio n -d e p e n d e n t 
p o ten tia l o f  m ea n  force for p ro te in  folding. J  C h e m  Phys 123: 14901.

PLoS Computational Biology | www.ploscompbiol.org 11 June 2010 | Volume 6 | Issue 6 | e1000827

http://www.ploscompbiol.org


Coarse-Graining the Energy Landscape

25. M ajek  P . E lb c r  R  (2009) A  co a rse -g ra in ed  p o ten tia l fo r fold reco g n itio n  an d  
m o le c u la r  d ynam ics sim ulations o f  p ro te ins. P ro te in s  76: 8 2 2 —836.

26. Wu YH, Lu MY, C h e n  MZ, L i J L ,  M a  J P  (2007) O P U S -C a : A  k now ledge-based  
p o ten tia l fu n ctio n  req u ir in g  on ly  C  a lp h a  positions. P ro te in  Sci 16: 1 4 4 9 -1 4 6 3 .

27. B uchete  N V , S tra u b  J E .  T h iru m a la i D  (2004) D e v e lo p m e n t o f  novel statistical 
p o ten tia ls  for p ro te in  fold reco g n itio n . C u r r  O p in  S tru c t Biol 14: 2 2 5 -2 3 2 .

28. M akow ski M , Sobolew ski E , C zaplew ski C , O ldziej S . IJw o  A . e t al. (2008) 
S im p le  physics-based  ana ly tica l fo rm ulas for the  p o ten tia ls  o f  m e a n  fo rce fo r  the 
in te rac tio n  o f  a m in o  ac id  side ch a in s  in w ater. IV . Pairs o f  d iffe ren t h y d ro p h o b ic  
side cha ins. J  Phys C h e m  B 11 2: 11 385 -1 1  395.

29. H e  Y. X ia o  Y. L iw o A . S ch e rag a  H A  (2009) E x p lo rin g  the p a ra m e te r  space o f  
the  c o a rse -g ra in e d  U N R E S  fo rce  field  b y  r a n d o m  search : S e lec tin g  a 
tran sferab le  m ed iu m -reso lu tio n  force field. J  C o m p u t C h e m  30: 2 1 2 7 -2 1 3 5 .

30. B e ta n co u rt M R , O m o v ie  SJ (2009) Pairw ise  energ ies for po lyp ep tid e  c o a rse ­
g ra in e d  m odels d e riv ed  fro m  a to m ic  fo rce fields. J  C h e m  Phys 130: 195103.

31. B asdevan t N , Borgis D , H a -D u o n g  T  (2007) A  co a rse -g ra in ed  p ro te in -p ro te in  
p o ten tia l d e riv ed  from  a n  all-a tom  force field. J  Phys C h e m  B i l l :  9 3 9 0 -9 3 9 9 .

32. A y to n  G S , N o id  W G , V o th  G A  (2007) S y stem a tic  c o a rse  g ra in in g  o f  
b io m o lecu la r  a n d  so ft-m atte r system s. M R S  Bull 32: 92 9 —934.

33. Izvekov S. V o th  G A  (2005) M ultisca le  c o a rse  g ra in in g  o f  liqu id -sta te  system s. 
J  C h e m  Phys 123: 134105.

34. Izv ek o v  S, V o th  G A  (2005) A  m u ltisc a le  c o a rs e -g ra in in g  m e th o d  for 
b io m o lecu la r  system s. J  Phys C h e m  B 109: 2 4 6 9 -2 4 7 3 .

35. N o id  W G , C h u  J W , ' A y to n  G S , K rish n a  V , Izvekov S , c l al. (2008) T h e  
m ultiscale  co a rse -g ra in in g  m eth o d . I. A  rigorous b rid g e  b e tw een  a tom istic  an d  
co a rse -g ra in ed  m odels. J  C h e m  Phys 128: 244114.

36. N o id  W G , C h u  J W , A y to n  G S , V o th  G A  (2007) M ultisca le  co a rse -g ra in in g  an d  
s tru c tu ra l co rre la tions: C o n n ec tio n s  Lo liq u id -s ta te  theory . J  Phys C h e m  B i l l :  
4 1 1 6 -4 1 2 7 .

37. N o id  W G , L iu  P, W a n g  Y, C h u J W ,  A y lo n  G S , c l al. (2008) T h e  m ulliscalc
co a rse -g ra in in g  m e th o d . II. N u m e ric a l im p le m e n ta tio n  fo r co a rse -g ra in ed  
m o le c u la r  m odels. J  C h e m  Phys 128: 244115.

38. R e ilh  D , P u lz  M , M u lle r-P la lh e  F  (2003) D eriv in g  effective m esoscale  p o ten tials  
fro m  a tom istic  sim ulations. J  C o m p u t C h e m  24: 1624—1636.

39. L y u b arlsev  A , L aak so n en  A  (1995) C a lc u la tio n  o f  effective in te rac tio n  p o ten tials  
fro m  rad ia l d is tr ib u tio n  functions: A  reverse  M o n te  C a r lo  a p p ro a c h . Phys R ev  E  
52: 3 730—3737.

40. M u rlo la  T , B u n k er A , V a llu la in e n  I, D e se rn o  M , K a r ttu n e n  M  (2009) 
M ultisca le  m o d elin g  o f  e m e rg e n t m ateria ls: B iological a n d  soft m atte r . Phys 
C h e m  C h e m  Phys 11: 1 8 6 9 -1 8 9 2 .

41. L iu  P , S h i Q . D a u m c  H , V o th  G A  (2008) A  B ayesian  statistics a p p ro a c h  Lo 
m ultiscale  co arse  grain ing . J  C h e m  Phys 129: 214114.

42. T h o rp e  IF, Z h o u  J ,  V o lh  G A  (2008) P e p tid e  fo ld ing  using  m ulliscalc  c o a rse ­
g ra in e d  m odels. J  Phys C h e m  B 11 2: 1 3079-1  3090.

43. Z h o u  J ,  T h o rp e  IF , Izvekov S , V o th  G A  (2007) C o a rse-g ra in e d  pep tid e  
m o d elin g  using  a  system atic m ultisca le  a p p ro a c h . B iophys J  92: 4 2 8 9 —4-303.

44. S u g ila  Y, O k a m o lo  Y  (1999) R ep lica -ex ch an g e  m o le c u la r  d y n am ics  m e th o d  for 
p ro te in  folding. C h e m  Phys L e tt 314: 1 4 1 -1 5 1 .

45. K w iec inska  J I ,  C iep lak  M  (2005) C h ira lily  a n d  p ro te in  folding. J  Phys: C o n d en s  
M a tte r  17: S 1 5 6 5 -S 1 5 8 0 .

46. T o zz in i V , R o c c h ia  W , M c C a m m o n  J A  (2006) M a p p in g  all-a tom  m odels on to  
o n e -b e a d  co a rse -g ra in ed  m odels: G e n e ra l p ro p erties  a n d  app lica tio n s  Lo a 
m in im a l p o ly p ep tid e  m odel. J  C h e m  T h e o ry  C o m p u t 2: 667-(573.

47. Izvekov S, V o th  G A  (2009) S o lvent-free  lip id  b ilay er m o d el us in g  m ultiscale  
coarse-g ra in in g . J  Phys C h e m  B 11 3: 4 4 4 3 -4 4 5 5 .

48. L u  L , V o th  G A  (2009) S ystem atic  co a rse -g ra in in g  o f  a  m u ltic o m p o n en t lipid 
b ilayer. J  Phys C h e m  B 113: 1 5 0 1 -1 5 1 0 .

49. H ess B‘ K u lz n e r  C , v a n  d e r  S poel D , L in d ah l E  (2008) G R O M A C S  4: 
A lg o rith m s for h igh ly  efficient, lo ad -b a lan ced , a n d  scalable  m o le c u la r  s im u la ­
tion. J  C h e m  T h e o ry  C o m p u t 4: 43 5 —4-47.

50. K a ra n ic o las  J ,  Brooks C L , I II  (2002) T h e  o rig ins o f  asy m m etry  in  the fo lding 
transition  states o f  p ro te in  L  a n d  p ro te in  G . P ro te in  Sci 11: 2 3 5 1 -2 3 6 1 .

51. K am in sk i G A , F rie sn e r R A , T irad o -R iv es  J ,  J o rg e n se n  W L  (2001) E v a lu atio n  
a n d  rep a ra m e lriz a lio n  o f  the  O P L S -A A  force field fo r  p ro te in s  via  co m p ariso n  
w ith  accu ra te  q u a n tu m  ch em ical ca lcu lations o n  pep tides. J  Phys C h e m  B 105: 
6 4 7 4 -6 4 8 7 .

52. Q ia n  H J , C a rb o n e  P, C h e n  X , K a r im i-V a rz a n e h  H A , L iew  C C , e t al. (2008) 
T e m p era tu re - tra n sfe ra b le  co a rse -g ra in ed  po ten tia ls  for e lh y lb en zen e , po lysty­
ren e , a n d  th e ir  m ix tu res. M acro m o lecu le s  41: 9 9 1 9 -9 9 2 9 .

53. Z h u  S, E lcock  A H  (2010) A  c o m p le te  th erm o d y n am ic  c h a ra c te r iza tio n  o f  
e lec trosta tic  a n d  h y d ro p h o b ic  associations in the  tem p e ra tu re  ran g e  0 Lo 100 C

from explicil-solvenl molecular dynamics simulalions. J Chem Theory CompuL
6:1293-1306.

54. Cochran AG, Skellon NJ, Slarovasnik MA (2001) Tryplophan zippers: Slable, 
monomeric bela-hairpins. Proc Nall Acad Sci IS A  98: 5578—5583.

55. Neidigh JW, Fesinmeyer RM, Andersen NH (2002) Designing a 20-residue 
protein. Nat Struct Biol 9: 425—M0.

56. Lu L, Izvekov S, Das A, Andersen HC, Voth GA (2010) Efficient, regularized, 
and scalable algorithms for multiscale coarse-graining. J Chem Theory CompuL 
6: 954-965.

57. Palriksson A, van der Spoel D (2008) A lemperalure predicLor for parallel 
lempering simulations. Phys Chem Chem Phys 10: 2073-2077.

58. Humphrey W, Dalke A, Schullen K (1996) VMD: Visual molecular dynamics. 
J Mol Graph 14: 33-38.

59. Chen J, Brooks CL, III (2008) Implicit modeling of nonpolar solvation for 
simulating protein folding and conformational transitions. Phys Chem Chem 
Phys 10: 471—481.

60. Johnson ME, Head-Gordon T, Louis AA (2007) Represenlabilily problems for 
coarse-grained w'aler potentials. J Chem Phys 126: 144509.

61. Villa A, Peter C, van der Vegl NFA (2009) Self-assembling dipeplides: 
Conformational sampling in solvent-free coarse-grained simulation. Phys Chem 
Chem Phys 11: 2077-2086.

62. Villa A, van der Vegl NFA, Peter C (2009) Self-assembling dipeplides: Including 
solvent degrees of freedom in a coarse-grained model. Phys Chem Chem Phys 
11:2068-2076.

63. Arora K, Brooks CL, III (2007) Large-scale allosleric conformational transitions 
of adenylate kinase appear lo involve a populalion-shifl mechanism. Proc Nall 
Acad Sci U S A 104: 18496-18501.

64. Rundqvisl L, Aden J, Sparrman T, Wallgren M, Olsson L, et al. (2009) 
Noncooperalive folding of subdomains in adenylate kinase. Biochemistry 48: 
1911-1927.

65. Henzler-Wildman KA, Lei M, Thai V, Kerns SJ, Karplus M, et al. (2007) A 
hierarchy of limescales in protein dynamics is linked lo enzyme catalysis. Nature
450:913-916.

66. Whiiford PC, Miyashila O, Levy Y, Onuchic JN (2007) Conformational 
transitions of adenylate kinase: Switching by cracking. J Mol Biol 366:
1661-1671.

67. Korkul A, Hendrickson WA (2009) Compulation of conformational transitions 
in proteins by virtual atom molecular mechanics as validated in application Lo 
adenylate kinase. Proc Nall Acad Sci IS A  106: 15673—15678.

68. Gopal SM, Mukherjee S, Cheng YM, Feig M (2010) PRIMO/PRIMONA: A 
coarse-grained model for pro Leins and nucleic acids lhal preserves near-alomislic 
accuracy. Proleins 78: 1266-1281.

69. Shmygelska A, LeviLL M (2009) Generalized ensemble methods for de novo 
s true Lure prediclion. Proc Nall Acad Sci U S A 106: 1415-1420.

70. de Araujo AFP, Gomes ALC, Burszlyn AA, Shakhnovich El (2008) Native 
alomic burials, supplemenled by physically molivaled hydrogen bond con- 
slrainls, conlain sufficienl informalion Lo delermine ihe lerliary slruclure of small 
globular proleins. Proleins 70: 971-983.

71. Chan HS, Shimizu S, Kaya H (2004) Cooperatively principles in protein folding. 
Methods Enzymol 380: 350-379.

72. Ferguson A, Liu ZR, Chan HS (2009) Desolvalion barrier effects are a likely 
contributor to the remarkable diversity in the folding rates of small proteins. 
J Mol Biol 389: 619-636.

73. Lei HX, Wu C, Liu HG, Duan Y (2007) Folding free-energy landscape ofvillin 
headpiece subdomain from molecular dynamics simulations. Proc Natl Acad 
Sci U S A 104: 4925-4930.

74. Verma A, Wenzel W (2009) A free-energy approach for all-atom protein 
simulation. Biophys J 96: 3483-3494.

75. Irback A, Millernachl S, Mohanly S (2009) An effective all-atom potential for 
proteins. PMC Biophys 2: 2.

76. Kannan S, Zacharias M (2009) Folding simulations of Trp-cage mini protein in 
explicit solvent using biasing potential replica-exchange molecular dynamics 
simulations. Proteins 76: 448—4-60.

77. Nymeyer H (2009) Energy landscape of the Trpzip2 peptide. J Phys Chem B 
113: 8288-8295.

78. Best RB, Buchete NV, Hummer G (2008) Are current molecular dynamics force 
fields Loo helical? Biophys J 95: L7-L9. '

79. Freddolino PL, Park S, Roux B, Schullen K (2009) Force field bias in protein 
folding simulations. Biophys J 96: 3772-3780.

PLoS Computational Biology | www.ploscompbiol.org 12 June 2010 | Volume 6 | Issue 6 | e1000827

http://www.ploscompbiol.org

