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ABSTRACT

Multiscale methods are becom-
ing increasingly promising as a
way to characterize the dynam-
ics of large protein systems on
biologically  relevant  time-
scales. The underlying assump-
tion in multiscale simulations
is that it is possible to move
reliably between different reso-
lutions. We present a method
that efficiently generates realis-
tic all-atom protein structures
starting from the C, atom
positions, as obtained for in-
stance from extensive coarse-
grain simulations. The method,
a reconstruction algorithm for
coarse-grain structures (RACOGS),
is validated by reconstruct-
ing ensembles of coarse-grain
structures  obtained  during
folding simulations of the pro-
teins src-SH3 and S6. The
results show that RACOGS con-
sistently produces low energy,
all-atom structures. A compari-
son of the free energy land-
scapes calculated using the
coarse-grain structures versus
the all-atom structures shows
good correspondence and little
distortion in the protein fold-
ing landscape.
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INTRODUCTION

Multiscale techniques have recently emerged as promising tools to combine the effi-
ciency of coarse-grain simulations with the detail of all-atom simulations for the char-
acterization of a broad range of molecular systems in fields such as material science
and biophysics. Recent work has focused on the definition of strategies that combine
different resolutions in different regions of the space during a single simulation.!>2
For instance, this idea has been applied to a system of small molecules where some
parts of the space use the all-atom representation and the rest of the space uses a
coarse-grain representation.! Multiple resolution simulations have also been used to
study membrane-bound ion channels by coarse graining the lipid and water molecules
while using an all-atom representation for the polypeptide ion channel.3 In the con-
text of protein simulation, a similar idea has been applied to represent parts of the
protein, such as the active site, in all-atom detail while using a coarse-grain model for
the rest of the system.2 Additional multiscaling strategies for protein systems focus on
changing the whole system resolution during the same simulation. One of the first
applications in this area used a simplified protein model as a starting point to evaluate
the folding free energy of the corresponding all-atom model.4 In a more recent exam-
ple, the villin headpiece was studied using structures from coarse-grain simulations as
initial configurations for all-atom simulations. This allowed for a larger sampling of
the protein’s conformations than using all-atom simulations alone.”> Coarse-grain sim-
ulations have also been used to probe the putative folding transition state structures
obtained from all-atom simulations.® Another idea, known as “resolution exchange”
or “model hopping”, allows movement between different levels of structural detail in
order to cross energy barriers.”9

The underlying assumption in the definition of multiscale techniques for protein
simulation is that it is possible to reliably and efficiently move between coarse-grain
and all-atom models. The coarse-grain model used must be physically realistic so that
the protein structures being sampled implicitly represent relevant conformations of
the protein. Rigorous mathematical procedures, such as renormalization group theory,
have yet to be applied to the general definition of coarse-grain models. Therefore, the
evaluation of coarse-grain protein models is usually obtained by comparison to experi-
mental data. Even assuming a realistic coarse-grain model, a robust and efficient pro-
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Multiscale Analysis of Protein Landscapes

cedure is needed to add all-atom details to coarse-grain
protein structures to produce realistic (i.e., physico-
chemically sound) all-atom structures. It has been shown
that moving between coarse-grain and all-atom models
for systems such as simple polymers and liquids is possi-
ble.8:10-12 However, the feasibility of consistently adding
all-atom detail to coarse-grain protein models has not
been thoroughly tested. There have been no thorough
studies on whether moving from coarse-grain to all-atom
protein structures distorts the thermodynamic properties
of the corresponding ensembles of structures. Several
reconstruction methods have been proposed for protein
systems in the context of structure prediction, homology
modeling, and protein design. These procedures mainly
deal with the reconstruction of native state structures.
However, the reconstruction of coarse-grain structures
from extensive simulations with minimalist models,
spanning large regions of the protein folding landscape,
requires addressing additional concerns.

In this paper we describe a method to add all-atom
detail to “general” (folded, unfolded, or partially folded)
coarse-grain structures defined only by the positions of
C, atoms. We first validate our method using structures
selected from the Protein Data Bank (PDB).13 Most
existing reconstruction algorithms are tested in this man-
ner and we show that our method performs comparably
with previous methods in this context. However, the
reconstruction of protein structures spanning large
regions of the protein folding landscape cannot be truly
tested only considering PDB structures. We evaluate our
procedure by applying it to coarse-grain structures gener-
ated by extensive folding/unfolding simulations per-
formed using a minimalist model.1415 The results show
that our method consistently produces realistic all-atom
structures. To show the consistency between the coarse-
grain and all-atom models, the reconstructed ensembles
of both sets of structures are used to compute free energy
landscapes. The results show that there is good corre-
spondence between the landscapes produced by the
coarse-grain and all-atom structures. In contrast, com-
parison to state-of-the-art side-chain positioning (SCP)
programs illustrates that methods designed and opti-
mized to reconstruct PDB structures cannot be reliably
used to recover all-atom details in large regions of the
protein folding landscape.

The reintroduction of all-atom resolution into protein
configurations generated by coarse-grain simulations
allows one to “zoom in” on the details in particular
regions of a protein folding landscape. A closer look at
the misfolded structures visited during the folding of a
mutant of S6 (S6*%) show that the mechanism of stabili-
zation of nonnative structures for this protein is fully in
agreement with experimental evidence. Similarly, the
analysis of the all-atom reconstructed transition state en-
semble (TSE) of src-SH3 depicts a folding mechanism
consistent with previous experimental and computational
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studies. To our knowledge this is the first large scale
reconstruction experiment on a protein system, and pro-
vides solid groundwork for future development on multi-
scale modeling of protein systems.

EXISTING RECONSTRUCTION
METHODS

As mentioned above, algorithms for the reconstruction
of all-atom protein structures from coarse-grain struc-
tures have mainly been developed for applications in
structure prediction, homology modeling, and protein
design. Our goal of reconstructing large coarse-grain sim-
ulations spanning large regions of the protein folding
landscape presents a different set of problems. We discuss
these problems and how they were addressed in the Sec-
tion Reconstruction Algorithm for Coarse-Grain Struc-
tures (RACOGS). In this section we briefly review the
main ideas and previous work on reconstruction meth-
ods. When reconstructing protein structures using only
the positions of the C, atoms the problem is usually bro-
ken down into two parts. The backbone atoms are added
to the structure first and then side-chain atoms are
added to the reconstructed backbone.

Backbone reconstruction algorithms

The problem of determining the backbone atom posi-
tions of a protein with only the knowledge of the C,
atoms appears in the literature multiple times for differ-
ent applications. Existing approaches to place backbone
atoms use a variety of techniques such as analytical
methods,16-18 using known structures or peptide frag-
ments explicitlyl9=23 and more general statistical meth-
0ds24-26 based on a large number of known structures.
Many of these methods have been validated on structures
from the PDB, where they have been shown to position
the backbone atoms efficiently and with a high degree of
accuracy.

SCP algorithms

After the backbone atoms have been added to the
coarse-grain structures the next step is to place in the
side-chain atoms. The SCP problem has been heavily
studied because of its applications in predicting and
designing protein structures. Methods addressing the
SCP problem usually discretize possible side-chain con-
formations into rotamers. Each rotamer represents one
conformation of a side-chain. A set of these rotamers for
all of the amino acids is called a “rotamer library” Much
recent research has focused on producing rotamer libra-
ries that realistically represent the conformations of side-
chains.2” In this context, the SCP problem is normally
defined as given the positions of the backbone atoms, a
set of possible rotamers for each residue, and an energy
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function, find a rotamer for each residue such that the
final structure containing the positions of all of the side-
chain atoms has the lowest global energy. It has been
shown that the SCP problem is NP—complete28 and that
the solution cannot be approximated within any error
bound.2? Previous work has also shown that there are
limits on SCP accuracy on native and near-native back-
bones.30:31 However, practical results have suggested
that good conformations can be produced readily. Many
methods have been proposed to solve this problem based
on techniques such as dead-end elimination and its var-
iants,32_38 Monte Carlo methods,zz’39 simulated
annealing,40 local optimization,30:41:42  genetic algo-
rithms,43’44 mean field optimization,45_47 graph theoreti-
cal algorithms,¥8-51 integer linear programming,2-53
consensus modeling,31 and other ::1pproaches.54 These
methods have been mainly tested upon their performance
by how well they reconstruct PDB structures given only
backbone coordinates.

RECONSTRUCTION ALGORITHM
FOR COARSE-GRAIN
STRUCTURES

RACOGS was designed for the purpose of multiscale
modeling of protein landscapes. In this vein, several con-
siderations were taken into account during the develop-
ment of the method. Most importantly, the all-atom
structures produced by the algorithm must be physically
realistic. Coarse-grain structures obtained through fold-
ing simulations using minimalist models differ from PDB
structures because they can be far away from the native
state of the protein. PDB structures are usually native or
near-native structures, while coarse-grain simulations can
contain more unstructured conformations found in the
unfolded and transition states of the protein. A good
reconstruction method should be able to handle any
legitimate conformation of the protein.

An additional problem is presented by the fact that
there are no original all-atom structures to compare to
when reconstructing coarse-grain structures spanning
large regions of the protein folding landscape. Therefore,
a metric needs to be chosen to assess how realistic a
reconstructed structure is. In this work we evaluate the
“goodness” of protein structures by their relative poten-
tial energy, according to the Boltzmann criterion. We use
a standard force field, AMBER99°° with a generalized
born/solvent accessible (GB/SA) implicit water model,©
to evaluate the energy of the all-atom structures.

For the reconstruction method to be useful there must
be a high probability that the coarse-grain structure will
produce a reasonable all-atom structure. During multi-
scale modeling any valid coarse-grain structure may be
considered a candidate for reconstruction. At the same
time, the method must also be efficient enough to recon-
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struct hundreds of thousands of coarse-grain structures
in a reasonable amount of time. Therefore, the recon-
struction method should be able to efficiently produce
relatively low-energy (i.e., statistically significant when
Boltzmann-weighted) all-atom structures from most of
the coarse-grain structures, even if very far from the
native state. This is a key difference from previous recon-
struction methods: While existing methods focus on the
recovery of a native-like geometry, RACOGS was
designed specifically to obtain physically realistic all-atom
structures in any region of the folding landscape visited
by coarse-grain protein simulations. We designed
RACOGS to use only the C, atom positions to produce
a structure containing all heavy atom positions of the
protein.

RACOGS combines previous methods by Feig et al.25
to handle the backbone reconstruction and a modified
version of the method described by Xiang and Honig3!
to perform SCP. A novel side-chain minimization step
has been added after the SCP step. We show that this
step represents a crucial component of the method as it
improves its performance greatly, and efficiently produces
realistic all-atom structures even in regions far from the
native state. The final step adds hydrogens to the struc-
ture and performs a short all-atom minimization. The
steps of RACOGS are detailed in the following sections
and illustrated in Figure 1.

Backbone reconstruction

The first step in RACOGS is to position the backbone
atoms given only the C, atom positions. The C, O, N,
and C, atoms of each amino acid are considered back-
bone atoms. The first step in Figure 1 corresponds to the
backbone reconstruction step. The backbone reconstruc-
tion step of RACOGS is performed using the method
previously proposed by Feig et al,,2> which is in turn
based on the work of Milik et al.24 This is a statistical
method that compiles the average positions of the back-
bone atoms of an amino acid based on the distances to
the neighboring C, atoms. Then these average positions
are used to place the atoms in a coarse-grain structure.
To compile the statistics 4013 nonredundant protein
structures were selected from the PDB.

Side-chain positioning

After the backbone atoms have been added, the next
step is to position the side-chain for each residue, as
shown in Figure 1. We have modified the method
described by Xiang and Honig3! for use in RACOGS. This
method was chosen because it has been shown to perform
well when reconstructing PDB structures, and is fairly effi-
cient. The rotamer library used in this work is the most
extensive backbone dependent, coordinate rotamer libra-
ries described in Ref. 31. However, any rotamer library can
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be used in the method. The energy function used in the
SCP step consists of the van der Waals and dihedral energy
terms as defined by the AMBERY9 force field.>>

The method to place the side-chains is a straightforward
hill climbing algorithm. It starts by generating an initial

@

©

©

DOI 10.1002/prot

structure that contains positions for all of the side-chains
based on the backbone atom positions. The initial struc-
ture is constructed by placing the rotamer on each residue
that has the minimal energy between the side-chain and
the backbone atoms of the other residues. During this pro-
cedure any rotamer that has interaction energy with the
backbone higher than a user defined cutoff is discarded
and is no longer considered in further iterations. The
energy cutoff helps to improve the efficiency by eliminat-
ing any side-chains that have steric clashes with atoms in
the backbone. In this work an energy cutoff of 100 kcal/
mol was used. Unlike the Xiang and Honig method, we
only use this one structure as the initial conformation
rather than generating 120 starting conformations. This
was done to improve efficiency, even if it could cause a
slight decrease in accuracy. However, the results show that
the method still performs well. Additionally, there is evi-
dence that most side-chains can be placed correctly by
only using their interactions with the backbone®’ and
other methods also use this as the initial structure.>%

Starting from the initial structure an iterative proce-
dure is used to find side-chains with the lowest energy.
Each side-chain is selected in turn, and the interaction
energy between the possible rotamers of currently
selected side-chain and all of the other currently placed
side-chains and the backbone is considered. If there is
another rotamer that has a lower energy, the current
rotamer is replaced by the lower energy rotamer. This
continues until after a full iteration over the entire pro-
tein none of the rotamers are replaced or until a user
specified maximum number of iterations is reached. In
the results of this paper the maximum number of itera-
tions allowed was 10, which was never reached when
reconstructing the coarse-grain simulations of src-SH3
and S6. The rotamers can be considered sequentially
down the chain or in a random order. We found that for
the proteins studied in this paper the order of iteration
did not affect the results.

Side-chain minimization step

After the SCP a number of side-chains in very high-
energy conformations were detected. The all-atom minimi-
zation could only fix a small fraction of the high-energy

Figure 1

Cartoon illustration of the RACOGS method for a short peptide with the
sequence VAL-ASP-SER-LEU-VAL. (1) Starting from the C, atoms the backbone
atoms are added. (2) After the backbones are added the side-chains are placed.
(3) The first and third amino acids, circled, are clashing and causing a high
energy interaction. The side-chain minimization step is performed on the first
amino acid and resolves the clash. The last step of adding hydrogens and
performing an all-atom minimization is not shown. [Color figure can be viewed
in the online issue, which is available ar www.interscience.wiley.com.]
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interactions, producing many structures with unreason-
ably high energy. The all-atom minimization is also the
most expensive part of the procedure and is performed
for a fixed number of steps. Therefore, the energetic frus-
tration introduced in the SCP needs to be removed to
improve the overall performance of the method. The
side-chain minimization step was developed to address
this issue. After side-chain placement, if the energy
between a side-chain and the rest of the protein is greater
than a user specified cutoff then minimization is per-
formed on the high-energy side-chain. This is performed
by fixing the rest of the protein in place and only allow-
ing the high energy side-chain to move during minimiza-
tion. The side-chain minimization step is illustrated in
Step 3 of Figure 1. The side-chain minimization was per-
formed with the van der Waals, dihedral, bond and angle
terms from the AMBER99 force field.%> These terms
were chosen to eliminate steric clashes without causing
undue bond or angle stretching. The minimization was
performed using the conjugate gradient method from the
standard optimization package OPT++°8 with a maxi-
mum number of iterations set to 100.

Our independently developed side-chain minimization
step is similar to a method recently proposed for side-
chain modeling in protein—protein docking.>? The pur-
pose of this step is to overcome the limitations of using
a rotamer library by allowing the side-chain to move
through a continuous space. As rotamer libraries are
built upon statistics on relative positions of side-chain
atoms in native protein structures, they may introduce a
strong bias in the positioning of side-chain in nonnative
configurations, where the local packing is not as tight.
Overall, the side-chain minimization step produces all-
atom structures with lower initial energy and less steric
clashes, which greatly improves the performance of the
subsequent all-atom minimization over the whole pro-
tein. The results presented in next section show that
including the side-chain minimization step significantly
increases the number of low-energy structures obtained,
particularly when considering configurations that are not
necessarily close to the protein native state.

All-Atom minimization

The final step of the reconstruction process is to per-
form a short all-atom minimization over the whole pro-
tein. Once all of the side-chain heavy atoms are added to
each structure, hydrogens are added using the leap pro-
gram from the AMBER 8 suite.%0 Then the all-atom
structures are minimized for up to 150 steps of conjugate
gradient minimization using the program sander from
the AMBER 8 molcular dynamics package. We observed
that for src-SH3 and S6 the energy normally converges
after roughly 100 steps of minimization. The energy
function used is AMBER99 with the GB/SA implicit
water model. The parameters used for GB/SA are from
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Onufriev et al.,”® which were developed to improve accu-
racy in simulations with large conformational changes.

RESULTS

RACOGS was first tested on the reconstruction of PDB
structures. The accuracy of RACOGS is presented in
comparison to a SCP method known to perform well on
PDB structures, SCWRL 3.0.90 The second, and most
important, part of the results focuses on the reconstruc-
tion of coarse-grain structures obtained from simulations.
The coarse-grain model used has been extensively dis-
cussed and validated elsewhere and has been shown to
produce results in good agreement with experimental
data.1b15 We demonstrate that RACOGS is able to
reconstruct a high percentage of low-energy, all-atom
structures from the coarse-grain structures. On the con-
trary, using a method developed for protein structure
prediction applications produces a much lower percent-
age of all-atom structures when applied to coarse-grain
simulations.

The comparison of the resulting free energy landscapes
from the reconstructed all-atom structures and the
coarse-grain structures shows that they are consistent. In
addition, a closer look at the misfolded structures of a
mutant of S6, and at the transition state structures of
src-SH3 shows that the all-atom structures are in agree-
ment with experimentally determined properties. All of
the reconstruction experiments were run on Ada, a Cray
XD1 system containing 316 dual core AMD Opteron 275
2.2 GHz processors located at Rice University.

Preliminary applications and
performance evaluation

Reconstruction of PDB structures

As discussed in the section Existing Reconstruction
Methods, many methods have been proposed for SCP.
Among those we choose to compare RACOGS to
SCWRL 3.0 because it is a popular, recent, readily avail-
able, and very fast method.”0 SCWRL 3.0 has been
shown to have comparable accuracy to other recent
methods.3952

We tested RACOGS and SCWRL 3.0 on a set of 2945
nonredundant protein structures culled from the PDB,
which contain the positions of all of the heavy atoms. To
equalize the test we use only the C, coordinates from the
PDB structures as input for the backbone reconstruction
method described in the section Backbone Reconstruc-
tion. The reconstructed backbones are then given either
to the SCP step in RACOGS or to SCWRL 3.0. In both
cases no all-atom minimization was performed. Then the
side-chain RMSD between the structures produced by the
two methods and the original PDB structures is compared.
As shown in Figure 2, even if SCWRL 3.0 performs slightly
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Histograms of side-chain RMSD for PDB structure reconstruction: (a) Results obtained with RACOGS, with a median RMSD of 2.624; (b) Results obtained with

SCWRL 3.0, with a median RMSD of 1.94 A.

better (with a median of 1.94 A RMSD versus a median of
2.62 A RMSD obtained with RACOGS) our method has
competitive accuracy when reconstructing PDB structures.
In the rest of the results we show that for the purpose of
reconstructing coarse-grain simulations RACOGS per-
forms drastically better.

Reconstruction of coarse-grain simulations

As stated above, the main purpose of RACOGS is to
enable multiscale modeling of proteins by consistently
reconstructing all-atom details from coarse-grain struc-
tures obtained by simulations using minimalist protein
models. We present in this section the results of a large-
scale reconstruction of the folding landscapes of two pro-
tein systems.

Model systems in coarse-grain simulations:
src-SH3 and S6

The two proteins used in the coarse-grain simulations
are the src-SH3 domain (residues 84—-140 from PDB code
1FMK) and ribosomal protein S6 (PDB code 1RIS). The
src-SH3 domain was chosen because its folding/unfolding
process has been extensively studied by experiment,
theory, and simulations. The protein contains (-sheets
packed orthogonally, which form a hydrophobic core.
The B-sheets are connected by the RT, n-src, and distal
loops. The src-SH3 domain is found in proteins involved
in signal transduction and cytoskeleton components.®! Tt
has been a model system in studying protein folding
because it is relatively small, folds independently and can
be modeled by two-state kinetics.62

The ribosomal protein S6 is one of many small protein
subunits found in the ribosome. It binds to RNA and ri-
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bosomal protein S18 during the formation of the 30S ri-
bosomal subunit.03 It consists of four anti-parallel B-
sheets and two o-helices, which create a hydrophobic
core.04 Experiments have shown that S6 can also be
modeled by two-state kinetics.0%06 We analyze both the
wild-type S6 (S6"') and a mutant (S6*"%) obtained upon
the mutations EA41/EI42/RM46/RV47. This mutant is
referred to as S6* as this set of mutations causes the
protein to become highly homologous to the Alzheimer
peptide and it has been shown to significantly increase
the aggregation propensity of $6.67

Coarse-grain model used

All-atom reconstruction was performed on 606,000
coarse-grain structures for each of src-SH3, $6*', and S6™'%.
The coarse-grain structures were obtained from simula-
tions using a minimalist protein model at the folding tem-
perature of the proteins. The simulations extensively
sample the folding landscape from the completely unfolded
to the completely folded states. The details of the model
used are described in Das et al.14 In the case of S6 the
model is augmented with experimental data as described in
Matysiak and Clementil08 The coarse-grain model takes
into account both sequence information and energetic
frustration to provide a realistic picture of a protein during
the folding process. In this model the protein is represented
by only the coordinates of the C, atoms.

Comparison to an existing SCP method

The performance of RACOGS is again compared with
SCWRL 3.0, but this time on coarse-grain structures
instead of PDB structures. To compare the two methods
we substitute SCWRL 3.0 for the SCP step of RACOGS.
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The backbone atoms were added using the method
described in the Backbone Reconstruction section to the
coarse-grain structures. The reconstructed backbone was
then used as input for SCWRL 3.0. The output structures
from SCWRL 3.0 were minimized as described in the
section All-Atom Minimization. The energies of these all-
atom minimized structures were then compared with the
energies of the all-atom minimized structures produced
by RACOGS for the same coarse-grain structures.

As discussed previously, the performance is evaluated
by considering the number of low-energy (according to
the Boltzmann criterion), all-atom structures produced
from the coarse-grain structures. The distribution of
energy values for structures produced by each method
are shown in Figure 3 for src-SH3 and S6™'. RACOGS is
able to produce substantially more low-energy structures
than SCWRL 3.0. In the case of src-SH3 the number of
low energy structures produced by SCWRL 3.0 with all-
atom minimization is less than 50% of the total number
of structures. Using RACOGS, 95% of the reconstructed
structures of src-SH3 have low-energy. For S6" less than
20% of the structures have low energy when using
SCWRL 3.0. In contrast, more than 80% of the all-atom
structures of S6 have low energy when using RACOGS.

SCWRL 3.0’s performance when reconstructing coarse-
grain structures is somewhat surprising because this
method performed well on the PDB structures and has
been used quite successfully in several applications such
as homology modeling and structure prediction.%® How-
ever, the difference in performance may be explained by
considering that while both methods on the surface
address positioning of side-chains, they were designed
with very different goals in mind. SCWRL 3.0 was
designed to mainly be used in protein structure predic-
tion applications. RACOGS was designed to reconstruct
low-energy, all-atom structures from coarse-grain struc-
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tures obtained from simulations where the protein
undergoes large conformational changes, visiting regions
far from the native state. Additionally, SCWRL 3.0 uses a
simplified energy function to generate its output, but our
final evaluation is done using AMBER99. Switching
between two different energy functions may have an
influence on the results. Further investigation into these
issues is outside of the scope of this paper, but may help
develop improved reconstruction methods in the future.
These results show that developing and testing methods
by how well they reconstruct PDB structures may not be
the best measure to use when choosing a method to
reconstruct coarse-grain simulations.

Effect of the side-chain minimization step

To assess how the side-chain minimization step influ-
enced the reconstruction method, we analyzed two var-
iants of RACOGS: one without the side-chain minimiza-
tion step and one with the side-chain minimization step.
This same comparison was made for the structures
reconstructed by SCWRL 3.0. The side-chain minimiza-
tion step was first performed on the output structures of
SCWRL 3.0, and then the all-atom minimization was
performed.

We compared the number of low-energy, all-atom
structures produced by RACOGS and SCWRL 3.0,
including and excluding the side-chain minimization
step. The results are shown in Figure 3 for src-SH3 and
S6"'. The side-chain minimization step substantially
improves the number of low energy all-atom structures
recovered for both RACOGS and SCWRL 3.0. With the
addition of the side-chain minimization step, SCWRL 3.0
still does not produce as many low-energy, all-atom
structures as RACOGS.
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Figure 4

Percent of high energy (>10 kcal/mol) side-chain interactions before and after
the side-chain minimization step, for each of the twenty amino-acids. These
results correspond to the reconstruction of PDB structures. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com. |

In the case of src-SH3, not performing the side-chain
minimization step results in ~5% more of the RACOGS
structures and 20% more of the SCWRL 3.0 structures
having physically unrealistic high energy than with the
step included. The results are more dramatic for S6™
about 20% more of both the RACOGS and the SCWRL
3.0 structures have unreasonably high energy when the
side-chain minimization step is not used. A closer look
at the interaction energies of specific amino acids pro-
vides a better understanding of how the side-chain mini-
mization step is affecting the all-atom structures. PDB
structures were first used to address the question and to
assess how well the side-chain minimization step was able
to reduce the energy for different types of amino acids.
The same set of PDB structures used in the section Recon-
struction of PDB Structures was used in this analysis.

The positions of the C, atoms for each PDB structure
were used as input for RACOGS. We minimized any
side-chain that had energy greater than 10 kcal/mol. We
then counted the number of times a side-chain caused
interaction energy greater than 10 kcal/mol before and
after the side-chain minimization step for each type of
amino acid. The results are plotted in Figure 4. Proline
caused by far the most high-energy interactions, followed
by the bulky amino acids tryptophan, tyrosine and phe-
nylalanine. However, the side-chain minimization step is
able to successfully reduce these high energy interactions.
As shown in Figure 4, almost all of the high energy side-
chains interactions are eliminated after the side-chain
minimization step. This result holds for other amino
acids besides proline as well. The structures of src-SH3
and S6 reconstructed using RACOGS present the same
trend. Figures 5 and 6 show the number of high energy
side-chains for src-SH3 and S6, respectively, over all
606,000 structures before and after the side-chain mini-
mization step during the reconstruction process. For
both proteins we see that the proline side-chains are
causing the large majority of high-energy interactions,
consistent with the results found using the PDB struc-
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tures. Again, the side-chain minimization step fixes many
of the high energy side-chain interactions. This is one of
the main reason that using side-chain minimization step
produces a much larger fraction of all-atom structures
with reasonable energy. Overall the side-chain minimiza-
tion step is able to produce more low-energy structures
without significantly increasing the running time of the
algorithm.

Free energy landscape comparisons

The results presented in the previous sections suggest
that RACOGS can be efficiently used to process large
ensembles of coarse grain structures as starting points to
characterize the dynamics of a protein system in all-atom
detail. However, caution is needed when hopping
between models at different resolutions. As significantly
different energy functions are associated with the coarse
grain and all-atom model, there is a priori no guarantee
that the landscape sampled by one model is representa-
tive of the landscape corresponding to the other. A poor
coarse grain model could mainly sample regions that are
not significant when considered in the all-atom model.
In such a case we expect the free energy surface defined
by using the all-atom reconstructed structures to appear
quite different from the corresponding free energy surface
calculated from the coarse-grain structures, as a result of
the different Boltzmann weights associated to the struc-
tures in the two models. From this point of view, the fact
that the RACOGS-reconstructed all-atom and coarse-grain
free energy landscape remain remarkably similar for both
src-SH3 and S6 proteins (as shown in the following sec-
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Figure 5

Percent of high energy (>10 kcal/mol) side-chain interactions before and after
the side-chain minimization step for each amino-acid. These results correspond
to the in the reconstruction of src-SH3 structures from coarse-grain
configurations sampled during extensive folding/unfolding simulations. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]
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Figure 6

Percent of high energy (>10 kcal/mol) side-chain interactions before and after
the side-chain minimization step for each amino acid. These results correspond
to the in the reconstruction of structures of Séwt from coarse-grain
configurations sampled during extensive folding/unfolding simulations. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

tions) represents a significant result. Clearly this does not
represent a full proof of the consistency between the coarse
grain and all-atom model used, as relevant configurations
may have escaped the coarse sampling, and the detection of
additional relevant regions of the landscape may be missed.
However, the results presented in the following prove that it
is possible to use a good coarse-grain model at least as a ro-
bust starting point for an extensive sampling of complex
protein landscapes at all-atom resolution.

Although the determination of appropriate reaction
coordinates for the definition of free energy surfaces is
an area of active research,’0~72 the free energy presented
in this section are all obtained as a function of the coor-

Figure 7

dinates Q, the fraction of native, and A, the fraction of
nonnative contacts. This choice of reaction coordinates is
motivated by the fact that we want to compare the free
energy landscapes associated with the all-atom recon-
structed structures with the corresponding coarse grain
landscapes, that have been originally calculated and vali-
dated by using this set of reaction coordinates, both for
src-SH314 and $6.1° In the definition of the parameters
Q and A contacts are considered as native or nonnative
based on their probability of forming in the native
state.”3 A contact between a pair of residues is consid-
ered native if the probability of formation is >0.85 over
all configurations with C, RMSD < 2.5 A from the crys-
tal structure. If the probability of formation is <0.01
over the same set of structures the contact is considered
nonnative.

The final energy after the all-atom minimization is used
as input to the weighted histogram analysis method
(WHAM)74 to calculate the free energy in the all-atom
model. The resulting free energy landscapes for the coarse-
grain and all-atom models of src-SH3 are plotted in Figure
7. The free energy landscape computed using the low
energy structures obtained using RACOGS is highly similar
to the coarse-grain landscape. The folded, transition and
unfolded states remain in place and no overall distortion is
introduced into the landscape upon reconstruction.

The free energy barrier between the folded and
unfolded states in the all-atom landscape of src-SH3 is cal-
culated to be AG/RT¢ ~ 2.5 £ 0.3. This value is in good
agreement with the free energy barrier AG/RTf ~ 2 + 0.4
calculated using the coarse-grain model.14 As the defini-
tion of reaction coordinates represents the main source of
error in the calculation of free energy differences, the error
reported on the free energy barrier is estimated as the
largest difference obtained when considering different sets
of reaction coordinates, as in previous work. 1415

A folding temperature can be estimated from the
RACOGS-reconstructed all-atom structures of src-SH3, as

The free energy landscape of src-SH3 at the folding temperature, obtained using (a) coarse-grain (b) all-atom structures reconstructed with RACOGS. The free energy is
calculated as a function of the fraction of native contacts, Q, and the fraction of nonnative contacts, A. Each contour level marks a free energy change of 1 RTy.

Figure 8

The free energy surface of S6** at the folding temperature, calculated using (a) coarse-grain (b) all-atom structures reconstructed with RACOGS. The free energy is shown
as a function of the fraction of native contacts, Q, and the fraction of nonnative contacts, A. Each contour level marks a free energy change of 1 RTy

Figure 9

The free energy landscape of S
fraction of native contacts, Q, and the fraction of nonnative contacts, A.

6Alz
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calculated using (a) coarse-grain or (b) all-atom structures, at the folding temperature. The free energy is plotted as a function of the
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the peak of the heat capacity curve as a function of tem-
perature. The resulting folding temperature is Ty = 350 +
5 K. This result is in remarkable agreement with the exper-
imentally measured folding temperature of 356 K.62

The same free energy landscape comparison was per-
formed for S6. The free energy plots were again calcu-
lated using the reaction coordinates Q and A along with
the energy of the final all-atom minimized structure
using WHAM. The landscapes for S6"* are shown in Fig-
ure 8, which shows a high level of similarity between the
two free energy landscapes for the all-atom and the
coarse-grain structures. The transition state occurs at the
same place in both plots with the barriers remaining at a
similar height: The free energy barrier in the all-atom
landscape of S6™" is calculated to be AG/RT; ~ 1.5 + 0.5,
in good agreement with the free energy barrier AG/RT¢
~ 1.7 + 0.7 calculated using the coarse-grain model.l>
The folding temperature calculated by using the all-atom
reconstructed structures of S6™' is Tr = 384 + 5 K. This
value is again in remarkable agreement with the experi-
mental folding temperature of 383 K.

fZooming In*” the misfolded states of S64'2

The free energy landscapes for S6* calculated using

all-atom or coarse-grain structures are shown in Figure 9.
Again, the folded and unfolded states stay quite similar
between the coarse-grain and all-atom models. Previous
studies on $6* have shown that this mutant can easily
remain trapped in partially misfolded states during the
folding process.!1> The population of these misfolded
traps appear as a “bulge” in the free energy landscape
around Q ~ 0.7 and A ~ 0.2, that is not present in the
landscape of S6*" (see Figs. 8 and 9). Moreover, the com-
parison of Figures 8(a) and 9(a) shows that the position
of the native state of S6™” is shifted in the free energy
landscape of S6™ with respect to the native state of S6™".
This shift is confirmed by a difference of ~4.15 A RMSD
between the crystal structures of S6"* (PDB code IRIS)
and S6*” (PDB code 1QJH) and can be explained by the
increased flexibility and the formation of nonnative con-
tacts detected in the native state of S6™ (see Ref. 15 for
detail). Figures 8(b) and 9(b) show that when the all-
atom detail is added to the coarse-grain structure the
main features associated with the free energy landscape
of S6*' are preserved. It is worth noting that the bulge
in the landscape associated with the population of par-
tially misfolded structures becomes larger and more dis-
tinct when all-atom detail is added, signaling that the
misfolded states are partially stabilized in the all-atom
structures. This is in good agreement with experimental
results, detecting off-pathways traps and partially stable
aggregates during the folding of s6™12.67

A closer look at the partially misfolded structures
populated during the folding of S6** yields information
on the misfolding mechanism. Figures 10(b,d) show two

656 PROTEINS

orientations of the structure representative of the most
populated cluster emerging from a cluster analysis per-
formed on all the structures in the bulge region of the
all-atom reconstructed landscape. We used a simple
“leader algorithm”7° to perform the clustering. The dis-
tance between each structure was measured using the
RMSD calculated over all of the heavy atoms, with the
cutoff distance for each cluster set to RMSD = 5A. The
crystal structure (i.e., the native state of S6") is shown
for comparison in Figure 10(a,c) [with the same orienta-
tions as in Fig. 10(b,d), respectively]. Figure 10 reveals
that while B-strands 1 and 2 do not interact in the cor-
rectly folded structures (as they reside at apposite sides
of Strand 3 in the B-sheet), these two strands pack
against each other in the misfolded structure. Moreover,
while Strands 1, 3, and 4 retain an almost-native struc-
ture, larger differences are detected in Strand 2. In partic-
ular, Strand 2 migrates toward the interior of the protein,
disrupting the packing of the hydrophobic core. Figure
10 shows that the reconstructed all-atom structure is sta-
bilized by the formation of multiple interactions between
the side-chains of Strands 1 and 2 and the overall repack-
ing of the four B-strands. Interestingly, Strand 2 repre-
sents the part of the protein involved in the formation of
interprotein interactions in the tetrameric crystal structure
of $6%.67 The same stretch of residues is the segment of
$6™* with increased homology to the Alzheimer peptide B-
AP, and it thought to be responsible for the increased
aggregation propensity of the protein.1567 Moreover,
recent experimental investigations have shown that Strand
2 is not part of the folding nucleus of S6, neither for the
wild-type nor for any of its circular permutants (Mikael
Oliveberg, personal communication), leaving open the
possibility of populating a misfolded state characterized by
the mispacking of Strand 2 either in the late stages of the
folding process, or even as an alternative state accessible by
fluctuation from the native state. The formation of this
mispacked structure may trigger the observed misfolding
and aggregation of S6*"%.

The fact that the introduction of all-atom detail in
protein configurations obtained with a coarse grain
model creates physically relevant misfolded structures
supports the idea that simplified models can indeed pro-
vide a robust starting point to characterize even complex
folding scenarios, and multiscale strategies built on these
models may offer a powerful tool to investigate the inter-
play between folding/misfolding/aggregation mecha-

nisms. 19,7679

Probing the TSE of src-SH3

Coarse-grain simulations provide an extensive sampling
of protein conformations over a long time scale. However,
moving to an all-atom representation is necessary to per-
form a detailed structural analysis of the conformational
states of the protein. RACOGS allows this analysis to be per-
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Figure 10

Two ori ions of a repr ive misfolded structure of S6** are compared with the corresponding orientations of the native structure of S6". The front view of the
native structure is shown in (a), and the corresponding view of the misfolded state is shown in (b), while the side view of the same native and misfolded structure are

shown in (c) and (d), respectively. The comparison of these structures reveals that the misfolding is mainly caused by the mispacking of strand B2. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

formed on proteins simulated using coarse-grain techni-  nism of src-SH3,62:73:80-91 we can compare our set of all-
ques. Since there is a relatively large body of both experi- atom structures of src-SH3 with previous results, particu-
mental and theoretical knowledge on the folding mecha- larly on the characterization of the TSE of this protein. In

DOI 10.1002/prot PROTEINS 657



A.P. Heath et al.

(a

B BB

Hmbar of Clisters

B

B

Wom W 46 M M Mmoo WO N6 1

Clustér Size

Figure 11

)

(a) Distribution of cluster size for the cluster obtained in the analysis of the all-atom reconstructed transition state ensemble of src-SH3. The all-atom contact maps for
the four most populated clusters are shown: (b) Top half of the map corresponds to the most populated cluster, the bottom half to the second most populated; (c) Top half
corresponds to the third most populated cluster, bottom half to the fourth. Different shades of blue are used to illustrate different probability of formation for the native
contacts, from white to deep blue (the contacts with higher probabilities are in deep blue, lower probabilities are in white). Different shades of red are used for the

nonnative interactions, from white to deep red.

the following we present a detailed comparison between the
all-atom structures produced by RACOGS and what is
known about the TSE of src-SH3. Following Das et al,, 14
the TSE was determined as the top of the free energy
barrier, by using the reaction coordinates Q and A. Low
energy all-atom structures with a value of Q € (0.4-0.5)

and a value of A € (0.08-0.14) were considered TSE
structures. This selection produced 10,044 structures.

Cluster analysis of the TSE structures

A cluster analysis was performed on the 10,044 all-
atom structures representing the transition state of src-
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Figure 12

Contact map for (a) coarse-grain structures (b) all-atom structures of src-SH3 reconstructed with RACOGS. The upper half of each map corresponds to the transition
state ensemble; the lower half to the folded state. The coloring is the same as in Figure 11.
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SH3, to identify which structural components more
probably formed in the TSE. As in the cluster analysis
for S6, a simple “leader algorithm”75 was used for the
clustering, with the cutoff distance for each cluster set to
RMSD = 5 A. The analysis produced a total of 1745
clusters, with sizes distributed as illustrated by Figure
11(a). Figure 11(b,c) shows the contact maps associated
with the four most populated clusters (each representing
more than 100 structures). The contacts in Figure 11 are
“all-atom contacts”, that is, two amino acids are consid-
ered in contact if any of their heavy atoms are within 4.5
A of each other. All-atom contacts are also identified as
native or nonnative by their probability of forming in
the native state. If the probability of a contact forming in
the native state is higher than in the transition state then
the contact is considered native, otherwise it is consid-
ered nonnative.

These contact maps illustrate similar secondary struc-
ture formation in the most highly populated clusters.
The central three-stranded B-sheet is well formed, to-
gether with the interactions involving the distal loop
and diverging turn, which is in good agreement with
experimental results®® and previous computational stud-
ies.80:87-89 The main difference between the clusters
illustrated Figure 11(b) consists in the formation of dif-
ferent set of nonnative contacts, although there is an
overall tendency to form nonnative interactions within
the hydrophobic core of the protein in full agreement
with the experimentally detected formation of a nonspe-
cific hydrophobic cluster of nonnative contacts in the
TSE of SH3.14,73,83,91

Contact map analysis of the TSE

The overall average features of the TSE associated with
the coarse-grain and all-atom landscapes can be com-
pared by means of C, contact maps. Figure 12 illustrate
the results. The average C, contact map computed over
all the TSE structures obtained from the coarse-grain
simulation of src-SH314 is shown in part (a) of Figure
12, while the average map computed from the RACOGS
all-atom structures is shown in part (b). In each map,
the bottom right half represents the native state of the
protein and the top left half is the transition state. Figure
12(a) shows that a cluster of nonnative contacts is
formed around residues 40-50 and residues 15-25 in the
TSE associated with the coarse-grain folding simulation of
src-SH3 (see Ref. 14 for detail). As mentioned in the previ-
ous section, it has been shown that the formation
of nonnative contacts in the hydrophobic core plays an im-
portant role in the folding process of src-SH3.73:83:91 pig_
ure 12(b) shows that the all-atom TSE reconstructed by
RACOGS retains this cluster of nonnative contacts, consis-
tently with the results obtained from the cluster analysis.
Similar to what observed for S6*'%, a few nonnative contacts
appear stabilized upon the reinsertion of all-atom detail.

DOI 10.1002/prot

CONCLUSIONS

This work provides a solid starting point for multiscale
protein simulations by examining the transition from
coarse-grain to all-atom models. A number of coarse-
grain models developed in the last decade reduce the
structural detail of proteins in order to reach longer
timescales in simulations. However, there has been little
work on how to go in the opposite direction, from
coarse-grain models to all-atom models, which is essen-
tial for multiscale techniques. We have filled this gap by
providing an efficient and reliable method for producing
low energy, all-atom structures from coarse-grain protein
configurations called RACOGS. RACOGS was thoroughly
tested and validated on both PDB and coarse-grain struc-
tures from simulations. The results showed that a key
step of the method is the side-chain minimization, which
substantially increased the number of low-energy, all-
atom structures produced from coarse-grain structures,
particularly in regions far from the native state. The
reconstructed all-atom structures were used to calculate
free energy landscapes for src-SH3 and S6. A comparison
with the free energy landscapes calculated using the coarse-
grain structures showed no apparent distortion. Addition-
ally, further examination of the all-atom structures
obtained in the misfolded region of $6*'* and in the TSE
src-SH3 showed good agreement with previous experimen-
tal and computational evidence.

By demonstrating that it is feasible to reliably and
quickly move between a coarse-grain model and an all-
atom model, this work has opened a door for future
work on multiscale simulations.
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