Biomolecular Structure Prediction Stochastic
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Biomolecular structure prediction remains an important challenge to biophysical chemistry. We recently
developed an all-atom free energy forcefield (PFF01) for protein structure prediction with stochastic
optimization methods. We review recent studies, which demonstrated all-atom folding of several proteins
and summarize recent progress for in-silico high-throughput screening strategies for rational drug
design, which are also based on the use of stochastic optimization methods to determine the conformation

of the receptor-ligand complex.

1. Introduction

The understanding and prediction of biomolecular struc-
ture plays an important role in many diverse applications
ranging from biology to nanobiotechnology. Ab-initio protein
tertiary structure prediction (PSP) and the elucidation of the
mechanism of the folding process are among the most
important outstanding problems of biophysical chemistry."!
Is a three-dimensional structure avaiable, in-silico high-
throughput screening is rapidly becoming a viable tool for
rational drug design. Here we briefly review recent progress
made in both of these areas.

2. Protein Structure Prediction

It has been one of the central paradigms of protein folding
that proteins in their native conformation are in thermody-
namic equilibrium with their environment.”! Exploiting this
characteristic the structure of the protein can be predicted by
locating the global minimum of its free energy surface without
recourse to the folding dynamics, a process which is potentially
much more efficient than the direct simulation of the folding
process.

We have recently demonstrated a feasible strategy for all-
atom protein structure prediction®*”' in a minimal thermo-
dynamic approach. We developed an all-atom free-energy
forcefield for proteins (PFF01),™ which permitted the repro-
ducible and predictive folding of four proteins, the 20 amino
acid trp-cage protein (1L2Y),**! the structurally conserved
headpiece of the 40 amino acid HIV accessory protein (1F41)!*”!
and the sixty amino acid bacterial ribosomal protein L.20.!

2.1. Methods

The all-atom free-energy protein forcefield (PFF01) models
the low-energy conformations of proteins with minimal
computational demand.”” In the folding process at physio-
logical conditions the degrees of freedom of a peptide are
confined to rotations about single bonds. The Lennard Jones
parameters for potential depths and equilibrium distance)
depend on the type of the atom pair and were adjusted to satisfy
constraints derived from as a set of 138 proteins of the PDB
database. The non-trivial electrostatic interactions in proteins
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are represented via group-specific dielectric constants and
interactions with the solvent in solvent accessible surface
model. Hydrogen bonds are described via dipole-dipole
interactions included in the electrostatic terms and an addi-
tional short range term for backbone-backbone hydrogen
bonding.”

The low-energy free energy landscape of proteins is
extremely rugged due to the comparatively close packing of
the atoms in the native structure. Suitable optimization
methods must therefore be able speed the simulation by
avoiding high energy transition states, adapt large scale move
or accept unphysical intermediates. Here we report on four
different optimization methods, the stochastic tunneling
method,”” the basin hopping technique,'*'! the parallel
tempering method ""? and a recently employed evolutionary
technique.”®!

2.2. Results

Using the PFF01 forcefield we simulated 20 independent
replicas of the 20 amino acid trp-cage protein™'* (pdb code
1L2Y) with a modified versions of the stochastic tunneling
method.” Six of 25 simulations reached an energy within
1 kcal/mol of the best energy, all of which correctly predicted
the native experimental structure of the protein (see Fig. 1
(left)). We find a strong correlation between energy and RMSD
deviation to the native structure for all simulations. The
conformation with the lowest energy had a backbone root
mean square deviation of 2.83 A.

We also folded this protein with the parallel tempering
method,'® where the best final structure had a RMSB deviation
of just 2.01 A and with the basin hopping technique,[s] where
the lowest six of 20 simulations converged to the native
structure.

We then applied the modified basin hopping methods to
fold the structurally conserved 40-amino acid headpiece of the
HIV accessory protein.! We performed twenty independent
simulations and found the lowest five to converge to the native
structure.” The first non-native decoy appears in position six,
with an energy deviation of 5 kcal/mol and a significant
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Fig. 1. Overlay of the native(red) and folded (blue) structures of trp-cage protein, the HIV accessory protein and the

bacterial ribosomal protein L20.

RMSB deviation. The good agreement between the folded and
the experimental structure is also evident from Figure 1
(center), which shows the secondary structure alignment of
the native and the folded conformations. We also folded the
HIV accessory protein with adapted parallel tempering
method” using 20 replicas to 2.46 A backbone root mean
square (RMSB) deviation to the experimental structure.
Considering the ensemble of final conformations, we find
many structures closely resembling the native conformation.

For the 60 amino acid bacterial ribosomal protein L20 (pdb-
code 1GYZ) we experimented with the evolutionary technique
described in the methods section. Starting from a seed
population of random structures we performed the folding
simulation in three phases: (1) generation of starting structures
of the population, (2) evolutionary improvement of the
population and (3) refinement of the best resulting structures
to ensure convergence. Again the best conformation had
approached the native conformation to about 4.6 A RMSB
deviation. In total six of the lowest ten conformations approach
the native structure, while four others misfolded.

2.3. Summary

Since the native structure dominates the low-energy con-
formations arising in all of these simulation, our results
demonstrate the feasibility of all-atom protein tertiary structure
prediction for three different proteins ranging from 20 60
amino acids in length with a variety of different optimization
methods. The free energy approach thus emerges as viable
trade-off between predictivity and computational feasibility.
While sacrificing the folding dynamics, a reliable prediction of
its terminus, the native conformation -- which is central to most
biological questions -- can be achieved.

3. Receptor Ligand Docking

Virtual screening of chemical databases to targets of known
three-dimensional structure is developing into an increasingly
reliable method for finding new lead
candidates in drug development. Both
better scoring functions and novel dock-
ing strategies contribute to this trend,
although no completely satisfying ap-
proach has been established yet. This is
not surprising since the approximations
which are needed to achieve a reasonable
screening rates impose significant restric-
tions on the virtual representation of the
physical system. Relaxation of these re-
strictions, such as permitting ligand or
(c) receptor flexibility, potentially increase
the reliability of the scoring process, but
come at a high computational cost.



The limitations of presently available computational re-
sources and the large number of possible ligands enforce severe
approximations in the representation of receptor and ligand,
and their interactions. Significant computational efficiency is
gained, when the protein receptor is assumed to be rigid in the
docking process; for this reason many tests of screening
functions™ and virtually all large scale computational screens
presently rely on a rigid-receptor conformation. On the other
hand, direct comparison between ligand-free and complexed
crystal structures often demonstrate a significant ligand-
induced alteration of the receptor structure.

While ligand flexibility is now routinely considered in many
atomistic in-silico screening methods, accounting for receptor
flexibility still poses significant Challenges.“é’"’w] The thymi-
dine kinase receptor is a useful benchmark system for the
evaluation of screening methods, because not just one, but
several substrates are known and characterized in the their
binding mode. Here we use this system as a prototypical
example to document the shortcoming of rigid receptor
screens, independent of the particular choice of the receptor
conformations. We then present screens using FlexScreen,"*" a
recently developed all-atom screening tool based on the
stochastic tunneling method to screen a subset of up to 10000
ligands of the NCI-Open database considering receptor side-
chain flexibility.

In the following we first describe the two main ingredients to
all-atom in-silico screening: the docking tool FlexScreen and the
parameterization of the scoring function that approximates the
binding energy of the ligand to the receptor. Next we present
the results of several screens of 10000 ligands of the NCI
database against specific rigid receptor conformations and
introduce a scoring scheme that quantifies the quality of a
particular screen. Finally we perform a screen with a flexible
receptor and discuss its advantages compared to the previous
rigid receptor screens.

3.1. Methods

There are two major ingredients to an all-atom in-silico
screening method: (1) a scoring function that approximates the
binding energy (ideally the affinity) of the receptor-ligand
complex as a function of the conformation of this complex. and
(2) an efficient optimization method that is able to locate the
binding mode of a given ligand to the receptor as the global
optimum of the scoring function. In a database screen, all
ligands are thus assigned an optimal score which is then used to
sort the database to select suitable ligands for further
investigations.

The screens in this investigation were performed with
FlexScreen, an all-atom docking approach“g’zol based on the
stochastic tunneling method.””’ This method was shown to be
superior to other competing stochastic optimization meth-
ods""” and had performed adequately in a screening of 10000
ligands to the active site of dihydrofolate reductase (pdb code

4 dfr®1, where the known inhibitor (methotrexate) emerged
as the top scoring ligand.”*”

Many different scoring functions have been proposed in
recent years'”? and no clear consensus has emerged to date on
the superiority of physics-based or knowledge based ap-
proaches. In this investigation we employed a simple, first-
principle scoring function, which proved successful in a prior

investigation of the dihydrofolate reductase receptor.®”

3.2. Results

We investigated the degree of database enrichment of 10000
compounds, randomly chosen from the nciopen3D data-
base,” and 10 known substrates when docked to the X-ray
TK receptor structure, which was experimentally determined
in complex with one of the substrates, dt (deoxythymidine, pdb
entry 1ki2®*)). In this screen 5353 ligands attained a stable
conformation with negative affinity within the receptor pocket.
Figure 2 shows the number of ligands as a function of affinity
and highlights the rank of the known TK substrates in the
screen. Three structurally similar substrates, including the
ligand associated with the receptor conformation, are ranked
with very high affinity. This result demonstrates that docking
method and scoring function are adequate to approximate the
affinity of these ligands to the receptor. Four further ligands
(idu, acv,gvc, pev, for a detailed description of TK and its
substrates we refer to!"™) docked badly, three further ligands
did not dock at all according to the criteria above. Repeating the
docking simulations for these ligands did not substantially
improve their rank in the database, eliminating inaccuracies of
the docking algorithm as the source for this difficulty.
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Fig. 2. Histogram of the affinities of the 6284 docked ligands (see text) to the rigid receptor
conformation complexed with ganciclovir. The count is plotted on a logarithmic scale.
While some known substrates, in particular the substrate corresponding to the receptor
conformation, score well compared to the ligands of the randomly selected database,
several other fail to achieve good scores.



Table 1. Ranking of the TK substrates in a screen of 10000 randomly chosen ligands of
the nciopen3D database. The top row designates the crystal structure of the receptor that
was used in the screen, the last column indicates the results of a flexible receptor screen.
(nd = not docked)

Substrate 1kim 1ki2 1ki3 le2h flex
acv 719 9 22 2048 199
ahiu nd® nd nd nd 2673
dhbt 4 104 118 38 13
dt 5 1310 2576 2779 681
gav 3351 78 15 4516 57
hmtt nd nd nd nd 656
hpt 6 152 266 36 148
idu 515 2436 3272 2913 1365
mct nd 6074 nd nd 247
pev 4845 952 4 4739 1656
Score: 3751 3705 4575 1926 4999

The resulting ranks of this screen are summarized in Table 1
(second column), which displays the rankings of the 10
substrates. Three were ranked within the first 1%, 6 were
ranked among the first 10% of the database, respectively. This
enrichment rate is comparable to the results of other scoring
functions that were previously investigated for this system, but
the overall performance is disappointing.!"”

Inspection of the crystal structures of the different receptor-
ligand complexes reveal differences in the conformation of
some side groups inside the receptor pocket, depending on the
docked substrate. This is a well known fact, but it is often
assumed that the impact of these conformational variations on
the ranking accuracy is moderate. We therefore repeated the
screening with the X-ray structure of TK in complex with the
substrate gcv (ganciclovir, pdb entry: 1ki2?*), which had
scored particularly bad in the original screen. The results are
shown in Table 1 (third column). Now, gcv was ranked within
the leading 1% of the database, but dt, formerly ranked on
position 5, dropped to 1310. The same procedure was then
repeatedw ith TK in complex with pcv (penciclovir, pdb entry:
1ki3), which raised its rank from 4845 to 4 (fourth column of
Tab. 1).

For comparison purposes, we also performed a screen of the
ligand free X-ray structure of TK (pdb entry: 1e2h*”)), which
would most likely be used in a screen if no substrate was
known. In this screen the receptor is unbiased to any of the
substrates, which results in a dramatic loss of screening
performance. As shown in column 7 only two ligands scored
reasonably well (within the upper 10 % of the database), all
others would be discarded by any rational criterion as possible
lead candidates.

Next we performed a flexible receptor screen against the
same database. We identified the critical amino acid side chains
and introduced 23 receptor degrees of freedom into the

structure 1ki2, i.e. dihedral rotations of the amino acids
His13(2), GIn76(3), Argl73(4), Glu176(4), Tyr52(3), Tyr123(3)
and Glu34(4). The numbers in brackets indicate the degrees of
freedom for each sidechain. Each step in the stochastic search
now consisted of an additional random rotation for one
receptor degree of freedom. The results of this screen are
summarized in Figure 3, the scores of the individual substrates
listed in the column labeled ‘flex’ in the table. The figure
demonstrates that in contrast to all rigid receptor screens now
all substrates dock to the receptor. As expected, the number of
false positives also increases, because a flexible conformation of
the receptor reduces the bias of the screen against the known
substrates. It must be noted that the accuracy of the flexible
receptor screen is lower than that of the rigid receptor screens
(with the same number of function evaluations) because the
number of degrees of freedom has increased. The increased
fluctuations in the flexible screen can be best seen for acv, where
the optimization method failed to locate the global optimum of
the affinity (as independently obtained in a longer scree for just
this ligand). We are presently developing algorithms to only
selectively move the sidechains to reduce the computational
effort in the flexible receptor screen.

3.3. Summary

To quantitatively compare different screens against the
same ligand database, which used different receptor geome-
tries, scoring functions or docking methods, it is sensible to
assign an overall score to each screen which rates its
performance.” We computed such a “score” for the entire
screen from the ranks of the docked known substrates among
the N=1000 best ligands. This score is computed as the sum of
N-P where P is the rank of the known substrate and shown in
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Fig. 3. Histogram of the affinities of the docked ligands in the flexible receptor screen.



the bottom row of Table 1. A substrate ranking in the top of the
screen contributes a score of 1000 to the sum, a badly ranked
substrate comparatively little. Because the best N ligands are
evaluated, screens which dock many known substrates with
moderate rank may have comparable scores with screens
which perform perfectly for one substrate, but fail for all others.
For the rigid receptor screens performed here the scores for the
entire screen ranged from between 1926 for the screen against
1e2h, the ligand free X-ray structure of TK, to 4575 (1ki3, X-ray
structure of TK in complex with pcv), which was arguably the
best performing screen of all receptor conformations. Despite
the increase in the number of false positives the overall score of
the flexible receptor screen (4999) was better than that of any
rigid receptor screens.

Our results offer a good demonstration that the ranking of
known substrates can strongly depend on the particular
receptor structure used for the screen. Binding energy and
rank of a given substrate differ significantly depending on the
receptor conformations. Our data demonstrate that this
variability in rank is not, in general, a shortcoming of either
scoring function nor docking methodology. Using a fixed
three-dimensional structure of the receptor that is suitable for
a single ligand introduces a significant bias in the overall
scoring of the entire database. As a consequence, differences in
the enrichment ratio for different scoring functions™ may
depend more on the suitability of the receptor conformation
and environment than on the quality of the scoring function.

These findings suggest the importance of the consideration
of a flexible binding pocket to obtain a better unbiased scoring
of high-affinity ligands. The results of the flexible receptor
screen reported here suggest that better accuracy of the scoring
process can be achieved when receptor flexibility is considered.
Ultimately only the routine use of accurate scoring techniques
for flexible receptors, such as FlexScreen, will ameliorate this
problem. The results presented here demonstrate that such
screens will become feasible with present day computational
resources in the near future.
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