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With some simplifications, computational proteidiag can be understood as an optimization prolém potential energy function
on a variable space consisting of all conformaf@ra given protein molecule. It is well known thaglistic energy potentials are very
"rough” functions, when expressed in the standaréhbles, and the folding trajectories can be gasipped in multiple local minima.
We have integrated our variation of Parallel Termgeoptimization into the protein folding prograno$etta in order to improve its
capability to overcome energy barriers and estirhatg such improvement will influence the qualitytbe folded protein domains.
Here we report that (1) Parallel Tempering Ros@RfER) is significantly better in the exploration mfotein structures than previous
implementations of the program; (2) systematic iswpments are observed across a large benchmaik et parameters that are
normally followed to estimate robustness of thdifud; (3) these improvements are most dramatibénsubset of the shortest domains,
where high-quality structures have been obtained>#5% of all tested sequences. Further analysthefresults will improve our
understanding of protein conformational space @ad to new improvements in the protein folding rodtiogy, while the current
PTR implementation should be very efficient for si{ap to ~80 a.a.) protein domains and therefoag find practical application in
system biology studies.

1. INTRODUCTION each residue of the target chain. This arrangement
replaces more traditional polymer chain represgnmtat
(e.g. by dihedral angles or Cartesian coordinafaben
atoms) with a set of discrete variables — numbéthe
conformers from the fragment library — with each of

The Rosetta platfortif is one of the most successful
approaches in predicting overall backbone fold tfax
protein domains that lack any detectable structural

analogs in Protein Data Bank (PDB). It has beekedn them determining the structure of the whole short

number one at the last three CASP COMpEitionsgeqment of the chain. The segment libraries reduee
(Critical Assessment of Structure Prediction) amahg dimensionality of the conformational space by many
initio method3  Unlike threading methods that rely on a orders of magnitude, however, for a chain of 200
known structure template, ab initio programs atemp resiques it is still ~200 dimensions to explore.eTh
to predict structure by generating polymer chain conformations are evaluated based on their backbone
configurations from the whole conformational spaoe atoms, as all side groups are replaced with "elasti
use scoring functions to estimate how good thesespheres" and not modeled explicitly.
conformations are. Rosetta operates by starting 1,000 (in latest
The Rosetta approach combines many innovativeimplementations sometimes 10,000 or even more)
ideas to overcome the enormous complexity of theindependent folding trajectories from random exézhd
protein chain conformational space. Two of the mostconformations and evolving them with a Monte-Carlo
important features are: (a) fragment libraries #bJl  procedure, while gradually reducing the temperature
knowledge-based energy potentials derived from theFor each trajectory, the structure with the lowest
statistical analysis of known conformations. The observed energy is retained as the result of thinfp
fragment libraries contain custom-made lists of and the corresponding 1,000 (or more) results are
conformers for 3-mer and 9-mer segments centered offurther analyzed by various methods to determiree th
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native fold. We will not be discussing the compiatadal 320,000 steps (LMPI - Long MPI), and the PTR runs
problem of finding the native fold, as our study is with 1.510° steps (referred to as a VLMPI or Very Long
concerned with the folding trajectories and theliguaf MPI). Rosetta was outperformed in MPI runs without
the ensemble of the resulting backbone conformstion additional CPU costs, because the final structuas w
We will demonstrate that introducing parallel temipg collected from each thread in the PTR simulatidhse
dramatically improves sampling properties of the to certain CPU time restrictions only the LMPI prool
method and leads to better final structures, baitstme  was done for all 50 tested domains, and thesehare t
results suggest that there are other problems én th best results that we currently have. Table 1 amd Fi

procedure preventing more complete success. are based on the LMPI protocol.
All modifications made to the original Rosetta
2. METHOD package were limited to the sampling procedureeRas

The Parallel Tempering algoritiih(also known as the records all parametgrs of th.e conformatign with the
multiple Markov chains or replica-exchange method) Iowest. gnergy and (if the native strugtulre is puled)
allows multiple Markov chains to evolve at several the Minimal Root Mgan Square Deviation (MRMSD)
temperature levels, forming a ladder, while replica distance to Fhe natlvg strgcture .over- all struture
exchanges are attempted between Markov chains a?bserved during the S|mulat.|on. This distance mm]_c
neighboring temperature levels. We have introduaed smaller than the RMSD d|stan§e between thg ﬁnal
few modifications to the PT algorithm without chary lowest energy structure and native quel, but g is
its fundamentals good measure of how close to the native structuee w

A composite system is constructed with one were able to "pass” during the simulation.
molecule per temperature level and the Rosetta-styl
transitions take place in each Markov chain. Howeve
instead of the Simulated Annealfigscheme used
in Rosetta, we use an adaptable Metropblsheme
that maintains a desired acceptance rate. Theceepli
exchange transition takes place according to the
Metropolis-Hastingscriterion. The desired acceptance
rate is decreased gradually to accelerate conveegeh
the composite systéth Moreover, in protein modeling,
each replica configuration consists of a lot of
information and thus the exchange of configuratitns
very costly. Alternatively, we exchange the tempaes
of two neighbor levels instead to achieve a sigaift
computational performance improventénthe topic of
the conformational sampling in protein folding is
explored in many excellent stidd&8’, our investigation
was limited to specific issues of the Rosetta foidi
platform.

We have followed Rosetta methodology and
generated an ensemble of 1000 structures for each
of 50 domains that were included in this study and
each folding experiment. Several types of folding
experiments were conducted: the usual Rosettanfpldi
(further referred to as a Rosetta run) with 32, Dahte- Fig. 1. Comparison of MRMSD to the fraction of native cacts in
Catto steps, PTR folding (nthe figures referrods an 15 1) St () v Fisenies et o e
MPI run as the MPI library was used for multiprosms RMSD of the native structure. Each point combimgermation from
implementation) with the same 32,000 steps duriveg t two different conformations, so there is no direatrelation between
main simulation stage, as well as the PTR runs withXand Y values.

3. RESULTS

3.1. Capability of traversing a "rough"
energy landscape
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All achieved improvements in the folding performanc smaller than those in a 4 A RMSD vicinity. Table 1
can be traced to the novel feature of Parallel Texing confirms that the results were typical for almo#it a
Rosetta: the capability to traverse the rough egnerg analyzed domains, as in almost all cases we olserve
landscape and get out from very deep local minifna o dramatic improvements in MRMSD.
the potential. In Fig. 1 two structure ensembleacie Fig. 2 gives the most direct evidence that Parallel
~1000 structures) present results obtained for se@  Tempering Rosetta reaches into new areas of the
run (grey dots, wide area) and an LMPI run (dadats, conformational space that could not be explorec wit
spread on much smaller area). The Y-axis represeats standard simulated annealing Monte Carlo. The plot
measure of the closest observed approximation ¢o th presents three energy distributions of the 1,00@lfi
native structure for a given trajecto¥y Minimal Root structures obtained in MPI, LMPI and VLMPI runs for
Mean Square Deviation (MRMSD) in Angstroms (A). the 1lev domain. The VLMPI run produces a much
The X-axis displays the Fraction of Native residue sharper distribution (twice as narrow), and it hitke
Contacts (Cb-Cb under 8 A) in the final structwethe overlap with the MPI run. Here the lower energpis
corresponding trajectory. We know both of those "marker” that we indeed observe a novel conformatio
guantities because we deal with a benchmark setrevh (Rosetta registers the lowest energy conformaieams
the native structures are known. As the distributions of the lowest energy visited b
There is a remarkable compression along thea particular trajectory show, it is clear that asta half
vertical axis. Only ~10% of all original trajectesihave  of the VLMPI runs have found conformations that ever
approached the native structure to the distancé Af almost never visited by any of the MPI runs.
RMSD, butall 1000 trajectories in the PTR runs have In the original Rosetta run, 32,000 steps usetién t
passed below this limit. Actually, almost all ofeth standard protocol were selected as the limit, aftach
have passed below 3 A, with several trajectoriesthere were no expectations of any improvementseén t
reaching toward the 2 A limit (“crystallographic” energy of the model. Here we observe an explosion i
vicinity of native structure). It is important tote than  new conformations after extending the length of the
any improvements in MRMSD is exponentially hard, as run by 10 times (LMPI) and then by 5 times (VLMPI).
In VLMPI case we even observe a semblance of
convergence, as the width of the energy distriloutio
starts to narrow. Interestingly, dramatic improvetse
in the final energy did not lead to equally dramati
improvements in the quality of the folded structure

3.2. Results for the shortest domains

While improvements in the quality of the predicton
have been seen across the whole benchmark, the
simulations have reached a crucial "improvement
threshold" for the shortest domains. The detaiéeslilts

for the 16 shortest unique domains are presented in
Table 1. In the original Rosetta run, the foldimgults

are also systematically better for the shortestaios

Fig. 2. Energy distribution of the final structures forPIR runs: With LMPI PTR simulations. several structures have
32,000 step (MPI), 320,000 steps (LMPI) and 1.5*3t@ps (VLMPI). !

The effect of observing so many new conformations tb longer been improved further, pushing the rate of good

simulations has never been seen before for thetRqz@gram. predictions to 75% of the total set in this sizega (31
to 78 amino acids
the conformational volume shrinks very fast wher on For 10 domains, the MRMSD parameter is under

considers smaller and smaller RMSD "volumes". For 2.5 A (lines are shown ibold in Table 1). This means
example, in the Cartesian coordinates representéti®  that at least one of the simulated trajectoriesseus
conformational volume of the structures within @2  within the crystallographic quality vicinityof the native

RMSD vicinity of the native one is at least 8 times structure (the corresponding numbers are underlined
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the table). Excellent final structures were fododall ability to search conformational space led to intgar
of them. Out of the remaining 7, three had MRMSD in insights into the obstacles that are faced in
the range of 3 to 4 A with relatively good qualfigal computational protein folding. Fig. 3 plots the
structures. dependence between the length of the folded domains
Only for 4 structures (the whole lines underlined  and the maximum fraction of native contacts (10@mnse
Table 1) did our platform fail to find structuregthvthe an ideal native structure) obtained in one of tteepted
percent of native contacts much above 40% (MRMSD models for this domain. To iron out the structural
was in the range of 5 to 6 A). Yet those structurese differences, we used "sliding window" averagestfoth
shown some MRMSD improvements with longer coordinates (each point represents averages over 10
simulation times. Between the MPI and LMPI runs th structures close in length). The results for 50déal
MinRMSD parameter has improved by 0.5 - 1 A for domains produce 41 "sliding windows", and the
four sequences. Actually in this whole set MRMSH di corresponding 41 points are presented in Fig. 3.
not improve for only four structures, which alreduthd The dependence is sharp and non-linear — for a
excellent prediction quality by the original Rosett domain length of around 110 the fraction of native
program. Overall, a higher rate of success thas bas  contacts is projected to be only around 30%. As thi
never been reported, to our knowledge, in theditee level there are probably some correct elements of
before. Further experiments conducted in our groupsecondary structure, but likely no correct tertiary
confirm this result on a much larger set of unique contacts. The good news is that the results arse do
sequences. Initial results on homologous sequefices excellent for the domains <75 residues. Another
idea was to fold with Rosetta homologous domains asencouraging point is that the problems, which rpid
well) have indicated further improvements in twotlod escalate with increasing the length of the polymer
four "hard" sequences, pushing the overall suctates chains, are probably tractable by applying more

even higher. computer power. Indeed, we have observed the karges
amplitude of improvements measured by the fractibn
3.3. Insights into the protein folding native contacts in the final structure in the lastge
process considered domains (L>90), when we extended

The conducted simulations and significantly impibve simulation from MP1 to LMPI protocol.

Table 1.The results for 16 domains in range of 31 to 78nanaicids. The domains are shown by
PDB is and chain identifier.

Structure ID | Best final RMSD (A) Best MRMSD observed (A Best findl € (%)
1ltgz_ B 3.3 1.81 81
1r00 B 8.7 6.11 40
2bfg_B 3.0 1.80 74
1xt9_B 3.6 2.07 69
1r0o_A 5.8 5.25 41
1sv0_A 3.0 2.01 74
1le8 B 6.1 2.31 87
1dj7_B 7.9 5.95 40
loey A 5.6 5.29 43
1cf7_A 2.8 1.87 78
1lbun_B 4.4 3.61 49
1lle8 A 1.4 0.82 96
4sgb_| 4.5 4.32 41
1ngl_B 4.3 2.60 54
1j2j_B 1.4 0.61 99
1mzw_B 2.2 1.06 85
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chain in a complex way. For longer chains much Enal
fraction of all configurations will satisfy the RNIB
constraint of 2 A than for shorter ones. Finallyer a
very good MRMSD value does not guarantee that the
folding will be successful. The structural trajegtovill
include a conformation with a 2 A MRMSD value, but
this conformation may have a high value of poténtia
energy (due to some highly unfarobale interactions
present in the overall correct model). As a resthig
candidate conformation will not be saved, and ia th
following simulation the final conformation will beery
different.
On other hand if a particular folding trajectoryedo
not show a good value of the MRMSD than the
simulation is bound to be unseccesful. Due to the
definition an MRMSD value of, for example, 8 A mean
Fig. 3. The dependence between the length of the chainteed  that the best RMSD possible for the final structwik
quality of the f_inal structures. Below 75 aminogx:'rthe quality is be greater or at best equal to 8 A. This simplentpoi
very good, but it drops down sharply for longer dams. . .

explains our efforts to achieve a good MRMSD value
for all folding trajectories. The trajectories with bad
MRMSDs are essentially waste of the CPU time.

To access the quality of the resulting structures w
have used (in addition to a standard RMSD) another
measure: Fraction of Native residue Contacts (FNC).
Two residues were considred to be in contact if the
4. DISCUSSION distance between their Cb atoms (Qa for the glygin)

was smaller than 8 A. The "automatic" contacts Kwit
In this study MRMSD measuremets have been used tteigbours -2, -1, +1, +2) were excluded. Many puesi
access improvements in the capability to exploredefinitions of contacting residues are possibler fo

conformational space. Indeed, as the startingexample, one can define differential contact cstaéf
conformations are random elongated chains, duringigke into account residue size differences.

normal Rosetta simulations many of them neverfoid By our experience almost all reasonable FNC

successfully, and many simulation trajectories néler definitions work well, and there is no clear adwayss
even pass in a close proximity of the native to prefer one definition to another. For some typiethe
conformation. The fraction of the trajectories, @i analysis it seems to be useful to distingvish betwe
have conformation on a certain distance from the&v@a  short-range (local) and long-range contacts. The-lo
conformation, is then an indirect indication ofatéle range contacts provide a more sensitive measure of
"freedom to travel” shown by the algorithm. the folding success, but then there is an additiona
There are several important properties of the yncertenty due to the noise effect, which is stesrmn
MRMSD that should be mentioned here. First, as Wesmaller sets of contacts. The FNC may provide a
already mentioned above, the reduction of thesyuperior measure for the quality of the foldedcttrtes,
"conformational volume" (defined in a reasonable put the questions about relative contributions axfal
metric it is simply a real volume in the space of and long-range contacts deserve a separate inatistig
conformational variables) is a power function oeth One possible way forward would be to use weights on
reduction of the RMSD value. One can speculatedhat a|| contacts derived, for example, from the sepamat

reduction of the RMSD 2 times translates into 8167)  petween contacting residues in the primary sequence
times reduction in the available conformationalwoé. In the future we plan to conduct more

Second, the MRMSD depends on the size of the protei comprehensive analysis of the folding trajectories.

The curve in Fig. 3 clearly spells trouble for Rtese
simulation of the domains longer than 105 residiiés.
average fraction of native contacts was only ardBib
for domains in this range, and therefore correldsfean
be expected only as a result of extraordinary luck.
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Currently for each trajectory only two (most imzont) of the "last mile" for the folding, because thegaral

trajectory points are recorded: the conformatiotinthe Rosetta is also pretty good for such short domains.

lowest energy (for this one we have the full setiata) On a separate topic we note that the identification

and the lowest RMSD distance to the native fold€he of the best native candidates (something we do not

we are limited to the distance value). Neverthelessexplore in this paper) will be facilitated by th@ R

several interesting and important conclusions bothproperty mentioned above. Almost every trajectoiy w

practical and theoretical can be drawn from theenir  be drawn into the "valley" around the native stioet

work. so if the near native state tends to be occupiehym
First, the Parallel Tempering dramatically improves more near native decoys will be produced with tA&P

sampling capabilities of the program. All local imma than with usual Monte-Carlo simulated annealing

can be comprehensively explored. In the longestRosetta.References
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