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Abstract: Introduction: HIV viral envelope proteins are targets for small inhibitor
molecules aimed at disrupting the cellular entry process. Potential peptide-class in-
hibitor molecules (rDNA drugs) have been previously identified, with mixed results,
through biomimicry and phage display experimental methods. Here we describe a
new approach based on computational fragment discovery. The method has the po-
tential to not only optimize peptide binding affinity but also to rapidly produce al-
ternative inhibitors against mutated strains.

Methods: A comprehensive, all-atom implicit solvent method is used to bombard
the C-heptad repeat unit of HIV-1 target envelope protein GP41 with single D-
amino acid residues as they exist in their native state. A nascent peptide computa-
tional search process then identifies potential favorable sequences of attached ligands based on four
peptide bond criteria. Finally, dynamic simulations of nascent peptides attached to host targets help re-
fine potential peptide inhibitors for experimental HIV-1 challenge assays and testing.
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Results and Discussion: Initial testing of the method was done using 64,000 total ligands of D-amino
acid residues at a total computational time of 0.05 microseconds per ligand, which resulted in several
DOI: thousand attached ligands. Peptide bond criteria search employing three of the four bond constraints
§§'5241 74/157340801266616072509 with a tolerance of 20 percent, resulted in four potential peptide inhibitors of 5 to 6 residues in length.

Only one of the four peptides demonstrated IC50 values and partial viral inhibition based on cell chal-
lenge assays using CEM-SS host cells. That peptide inhibitor also computationally demonstrated long-
time attachment and stability to a helical groove in its C-heptad target. This initial testing of peptide
fragment discovery against HIV-1 has helped us refine the protocols and identify key areas of im-
provement.

Conclusion: Our methods demonstrate the potential to design efficient peptide inhibitors to viral target
proteins based on an all-atom dynamic simulation and using a ligand library as fragments of potential
nascent peptides. Our methods can be greatly improved through the use of higher numbers of ligands,
increased time of bombardment, and tighter constraints on the peptide bond search step. Our method
may be important in the need to rapidly respond to target mutations and to advance multiple targeting
methods based multiple peptide inhibitors.
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1. INTRODUCTION Inhibitors that can bind to viral surface proteins can sig-
nificantly reduce infectivity rates and, thus, function as
therapeutic agents. In this study, the use of advanced mo-
lecular computational algorithms for generating small pep-
tide inhibitor compounds that are specific to HIV-1 viral
surface protein antigens has been demonstrated. Peptide
therapeutics, in general, represents one of the fastest growing
segments of the pharmaceutical industry, known as rDNA
drugs, and often includes efficient delivery platforms and
attractive pharmacokinetic profiles [1]. Advances in ex-vivo

Infectious disease from viral agents continues to repre-
sent one of the most significant health threats to society. The
ability of these agents to mutate, transform, and develop
across species makes them a formidable opponent to the de-
velopment of therapeutics, diagnostics, and vaccines aimed
at their debilitation.
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production methods also allow production of proteolytic-
defying D-peptide drugs and provide inexpensive and large
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production capability routes for protein and peptide drugs in
general.

GP41 is part of an envelope glycoprotein complex of
HIV-1 that binds to target cell receptors CD4 and CCR-5 or
CXCR-4 [2]. GP41 is a three-stranded coiled-coil structure
that is exposed during the viral entry process (prefusion
state). GP41, therefore, has been a target for the development
of inhibitory compounds that bind to it and disrupt the viral
entry process. Each subunit of GP41 consists of an N-heptad
repeat unit from its N-terminal region (NHR) and C-heptad
repeat unit from the C-terminal end (CHR) arranged in an
antiparallel fashion. During fusion, the subunits fold to form
a six bundle helix with three NHR regions in the core stabi-
lized by interactions with three ectodomain CHR regions.
The NHR and CHR interacting regions were synthesized and
structurally determined [3], as illustrated in Fig. (1).

Fig. (1). N-heptad and C-heptad repeat unit from GP41; PDB ID:
1AIK [3].

Peptide sequences based on the CHR region (C peptides)
potentially bind to the NHR region and vice versa [4]. C-
peptides have been experimentally shown to be potent in-
hibitors resulting in, for example, the successful drug Fuzeon
(Roche) or Enfuvirtide (T-20) [5]. Previously, we used a
static all-atom energy landscape mapping algorithm [6] that
yielded a 32 residue peptide sequence from the CHR region
(Residue Numbers C628-C659) as the dominant energy in-
teraction region between NHR and CHR almost exactly
overlying a number of known experimental nanomolar bind-
ing peptides (C34's and SJ-2176) from the CHR region [3].
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In this study we describe the development of an alterna-
tive, ab initio method of identifying potential peptide bind-
ing partners based on a fragment discovery algorithm. We
demonstrate the ability to design peptide molecules that bind
to GP41 and inhibit viral entry based on experimental HIV-1
cell challenge assays. The fragment discovery algorithm has
the potential to rapidly develop inhibitory peptides and, thus,
may have broader impact to the need for a robust response to
viral infections and outbreaks, in general, including the rise
of mutational variations.

2. MATERIALS AND METHODS

2.1. All Atom Implicit Solvent Methods

Biological macromolecular interactions, notably protein-
protein interactions, are fundamentally dynamic events in-
volving the transport and diffusion of ligands to target mole-
cules or sites, followed by attachment or physical adsorption
of the ligand to the target molecule. Physical adsorption is, in
general, reversible leading to desorption and diffusion and
transport of ligands away from the target site. The host sol-
vent (water and dissolved ions) plays a number of important
roles, as both a transport media (fundamental fluid mechan-
ics) and in modifications of ligand-receptor force interac-
tions via dielectric and hydrophobic effects (micro-structure
considerations). Fig. (2) illustrates a simple ligand-receptor
process that takes place in a model biological system, where
the target molecule is fixed in space. This particular process
is modeled in detail in our methodology, including a full
accounting of molecular interactions and their manifestation
to observed macroscopic behavior.

Due to its potential to significantly reduce the computa-
tional load, we have developed an all-atom implicit solvent
method derived from first principles via the N-body Liou-
ville equation - the fundamental equation of molecular statis-
tical mechanics. Broadly speaking, coarse-grained methods,
stochastic dynamics, Brownian dynamics, and implicit sol-
vent methods, are closely related terms representing macro-
molecular dynamic methods that involve some type of aver-
aging method for the solvent phase. Here we simply refer to
our method as implicit solvent or Brownian dynamics (BD)
method [7-9]. Our first-principles method is comprehensive
in that it includes all possible rotational, translational, and
coupled rotational-translational modes of ligands (peptide
amino acid residues in this study), quantitative limits on the

(bulk fluid)

<

S .
Jadsorption

receptor

site 1

\/

V),

U
A7y

ligands

d

,/' desorption CA/5=0

¢ target

molecules

Fig. (2). Ilustration of the overall dynamic process of ligand receptor interactions.
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use of BD methods via multiple time scale perturbation the-
ory, inclusion of any external surfaces (protein molecular
targets in this study), and formal, comprehensive prescrip-
tion of all implicit solvent terms via time force autocorrela-
tion expressions.

In general, the BD algorithm involves a short-time aver-
aging of the host solvent dynamics coupled to a relatively
longer-time, macromolecule dynamics step. The macromo-
lecular dynamics step requires Brownian particle diffusion
terms and implicit solvent force terms that can be determined
via the short-time behavior, or, alternatively, the diffusion
and implicit solvent force terms can be approximated via
separate analytical or computational studies for any given
system, as demonstrated in proteins [8, 9]. Thus, BD has
demonstrated the potential to greatly reduce the computa-
tional load required for protein dynamic simulations by re-
ducing both the total atom-atom force computations load and
increasing the integration time steps required.

Briefly, the Brownian dynamics method is in the form of
dimensionless translational and rotational displacement
equations describing the change in the position of the ligand
center of mass, R, and the orientation about the center of
mass, ¢, for the Ith ligand or B-particle as [7].

R =R% +et[ 2 (Doij | Froj 1t DOij TRI Troj DI +GCiy (Doij b 1),

(1<i=3,1<j<6) (1)
bi1= 0% +et[ 2 (Doij RTI F’0j1+D0in1T’0j1)] + Gy (Doij b 1),
(4<i<6,1<j<6) 2

where i and j represent the Cartesian coordinates for coupled
translation and rotation of the Ith particle, € is a particle
Stokes’ number, D is a 6 by 6 grand diffusion tensor for the
B-particle, F and T are the forces and torques acting on the
B-particle as specified below, t is the time step, and the su-
perscript (o) indicates values at the beginning of the time
step. The stochastic function C; (DO ij 1, t) 1s a multivariate,
Gaussian random number with zero mean and variance-
covariance given by

<Cii (D% 1, ©Cj1 (D%, )>=2D% te (3)

The force and torque terms appearing in the Brownian
displacement equations above consists of two parts: (a) the
local equilibrium average force and torque of the solvent
acting on each ligand or B-particle (also, called the implicit
solvent force) and (b) the external field force or torque due to
the interactions of the ligand with the receptor molecule at-
oms, or in symbols, respectively

F1=<Fg>q+ Y 1Y ks Fuss 4)
Ti=<Th>q+ Y 1Y ks Thiks )

where k represents the atom of the 1th B-particle and k rep-
resents the atom of the target receptor (s). These atom-atom
interaction forces and associated torques are taken from the
AMBER 03 force field model for all results shown here [10].
Atomic structural information (for ligand and receptor) is
supplied by *.pdb or equivalent structure files.

2.2. Solvent Considerations

The local equilibrium average force of the solvent on the
ligand consists of polar and apolar contributions as described
below.
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2.2.1. Polar Implicit Solvent Forces

Polar implicit solvent forces lead to the so-called dielec-
tric behavior of the solvent. In the calculations given here,
following the work of Ramstein and Lavery [11] as reviewed
by Smith and Pettitt [12], we employ a distance dependent
dielecfric of sigmoidal shape with a decay constant of
0.5A".

2.2.2. Apolar Implicit Solvent Forces

Following previous studies [9], the apolar implicit sol-
vent potential was taken to be proportional to the solvent
accessible surface area with the surface tension parameter set
to 0.5kcal/molA®. The solvent accessible surface area was
calculated at the beginning of each Brownian dynamics step
using the method of Hasel ef al. [13].

2.2.3. Diffusion Tensor for the Ligand

For the purposes of calculating the diffusion tensor, each
ligand is modeled as a sphere in a continuum with an effec-
tive diameter based on their respective van der Waals vol-
ume [9]. The hydrodynamic interaction of the ligand with the
receptor is neglected in all calculations given here. We note
that any of these assumptions can be relaxed through the
incorporation of short-time force autocorrelation or analyti-
cal studies.

Now, although the general algorithm can also include the
flexibility of both ligand and receptor [9], the computational
costs are currently prohibitive for this application, which
necessarily involves the dynamic simulation of tens of thou-
sands of ligands interacting with the target molecule. Conse-
quently, all results given here are restricted to rigid ligands
and receptors.

2.3. Multiple Processing

Fig. (3) shows the basic simulation “box” where the
“ligands” are, in general, peptide fragments from a com-
pound library. Here we take the ligand library of compounds
to be the 20 amino acid residues as they naturally appear in a
protein, i.e., the residues contain one hydrogen and one oxy-
gen attached to the N and C atoms, respectively (Fig. 4).
These amino acid residue structure files are taken from ran-
dom protein structure files from the protein data bank. The
center of mass of a single target receptor is placed at the cen-
ter of the box, and a fixed lab frame Cartesian coordinate
system is assigned to it (Fig. 4). Ligands are initially placed
randomly, including position and orientation, within the
available volume of the box. The “available volume” ex-
cludes the box volume occupied by the receptor, and the
center of mass of any ligand must reside within the box and
not outside.

The BD method traces the trajectory of each ligand in
real time as it interacts with the molecular target. The target
receptor is “bombarded” with multiple copies of each type of
ligand. Since ligands and their copies are not to interact with
each other, each trajectory can be done independently and on
a separate processor. Thus, the method is highly amenable to
multiprocessor strategies [14], as graphically illustrated in

Fig. (3).
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Fig. (3). [llustration of the control volume and multiprocessor computational strategy for ligand-receptor interaction dynamics.

Hundreds of thousands of random
single or di-peptide residues pass over
the surface of the target using an all
atom implicit solvent simulation
method.
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Fig. (4). [lustration of fragment passing over specified target.

2.4. Peptide Discovery

After a sufficient simulation time on the order of 0.1 mi-
croseconds here, a large number of amino acid residues will
remain attached to the surface target by virtue of favorable
atom-atom interaction energies. For these attached amino
acid residues, we have developed an additional code to
search for the possibility of patching residues to create a pep-
tide of at least 6-12 attached residues in order to potentially
obtain a strong binding, approximately linear peptide. In
brief we search over attached residues to find potentially
favorable peptide bonds based on the orientation and posi-
tion of attached residues. These residues are then connected
via peptide bonds to create the “birth” structure file of the
peptide or peptide candidates (Fig. 5).

2.5. Peptide Bond Criteria

We have utilized four peptide bond criteria in order to de-
termine potential peptide binding segments as given below:

1. Angle (O; — C; — Niyq) = 123.5°

2. Angle (C; = Niyg — Cy 1) = 120°
3. Distance (C; — Nj1p) = 1.46A

4. Distance (Cy; — Cy 1) = 1.51A

Nascent
y Peptide

We search for optimally matched
fragments based on atomic
geometric arrangement of
peptide bonds

Target

Fig. (5). Illustration of peptide bond searching for bound fragments.

Where the subscript i is the residue number and C,, N,
and C, and O are the carbon atom, backbone nitrogen, back-
bone carbon, and backbone oxygen of the amino acid resi-
due. The nascent peptide can then be studied dynamically
using the flexible implicit solvent simulation [9] in order to
obtain its more natural state and examine its stability or con-
tinued binding ability with the target surface. We note that
all results given here are restricted to finding linear peptides;
however, the general method could be extended to secondary
structures, such as helices from some known ensemble of
potential helical fragment candidates.

3. RESULTS AND DISCUSSION

We sought to initially demonstrate the potential feasibil-
ity of the method using a limited number of ligands and con-
straints. For our amino acid segment library we used the D-
form here, based on its enhanced pharmacokinetics, taken
randomly from protein data bank structure files for D-amino
acid proteins. However, the method is not restricted to this
form and, for example; the natural L-form residue library is
also easily generated. With the C-heptad repeat as the target,
64,000 total ligands (3200 per residue) bombarded it at a
total time of 0.05 microseconds for each ligand using a Sun
Ultra Sparc III microprocessor. This resulted in approxi-
mately 3000 attached residues. From these 3000 attached
residues 4 linear peptide segments of 5 to 6 residues were
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Fig. (6). HIV-1 challenge test results for Decoy D. Upper curve is the control data using AZT. HIV Challenge Tests for Decoy D were con-

ducted by Southern Research Institute.

obtained based on only the first three of the four criteria
given above at a 20 percent tolerance level:

A peptide (Decoy A): EEDQY
B peptide (Decoy B): YDEDY
C peptide (Decoy C): DWHDDQ
D peptide (Decoy D): DWWYW

Further ranking of the peptides based on binding
strengths can also be done using the open source all-atom
static energetic mapping algorithm [6]. However, due to the
small number of peptides and the small number of residues,
all four of the peptides were synthesized and tested. We note
that currently we have been able to greatly expand the num-
ber of ligands to hundreds of thousands using multiproces-
sors, increased the total simulation time per residue, employ
all four of the bond constraints in the peptide search, and
reduce the tolerance levels to 10-15 percent. These im-
provements generally result in 8 to 12 residue segments and
stronger binding affinities as compared to the initial study
and results given here.

The four D-peptides listed above were synthesized
(Sigma Genosys) and sent to Southern Research Institute for
HIV-1 Cytoprotection Assays using CEM-SS cells and HIV
— IRF (Project 12209.01). Only one of the ligands (Decoy
D) demonstrated IC50 inhibition as shown in Fig. (6).

Fig. (7) shows the computer generated Decoy D peptide
attached in one of the helical groves of the C-heptad helix as
predicted from the attached residues and peptide bond con-
straint criteria. As shown in Fig. (8), we conducted further
longer time dynamic simulations with the Decoy D peptide
on the target surface in order to verify its superior binding
strength and stability compared to the other three peptides.
Decoy A, B, and C peptides exhibited less overall interaction
energies compared to Decoy D and had less overall interac-
tions with helical grooves of GP41.

Fig. (7). Computer Synthesized Peptide (Decoy D; in green) bind-
ing in a helical groove of GP41 (red and blue) from HIV-1.

We note that a static energetic mapping of the binding
strengths and subsequent ranking of the peptides are now
formally available [6], which can provide a rapid ranking
method. However, longer time (millisecond) dynamic algo-
rithms may be necessary due to natural conformational
changes associated with the nascent peptide and protein tar-
get. Formal off-rate screening is also a challenge due to the
long simulation times required and alternative methods are
necessary, such as temperature programmed desorption,
which are under current study. In that regard, we note that
the algorithm given here does not provide equilibrium bind-
ing data. This initial study points to the importance of carry-
ing out longer time dynamic simulations with nascent pep-
tides prior to any experimental testing in order to optimize
the process of fragment peptide discovery; this is in addition
to the number of ligands, constraints, and tolerance issues
noted above. If possible, the addition of in-vitro kinetic bind-
ing studies, not done for the four peptides above, is also im-
portant in viral applications given the complexities and costs
of cell challenge experimental methods [6].
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Fig. (8). Total interaction energy, U, time profile for the attached state of Decoy D in helical groove. Note that this is a typical dynamic ener-
getic signature for attached ligands. The total interaction energy is scaled by kT, where k is Boltzmann’s constant and T is absolute tempera-
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CONCLUSION

We have demonstrated the ability to conduct an ab initio
design of peptide inhibitory molecules to an envelope glyco-
protein target molecule GP41 of HIV-1 using a real-time
fragment discovery algorithm. By passing on the order of
one hundred thousand amino acid residues in their natural
protein state over the target surface and then using general
bond constraint criteria for peptides, we were able to obtain
several potential peptide candidates in a docked state for
further study and testing. Our approach includes the devel-
opment of potentially multi-use rapid viral detection and
therapeutic agents based on ab initio computationally gener-
ated small peptides with molecular weights less than 1000
Da. In general, peptides can be designed specifically from
any validated viral protein target molecule by this method.
Since our approach heavily relies on real-time computational
methods, there is a potential to significantly reduce the time
necessary for the identification of efficacious candidate
compounds and also potentially respond in a very rapid
manner to newly mutated forms [15]. Clearly, however,
more bench studies are needed in order to validate the frag-
ment discovery method beyond the limited results for HIV-1
GP41 inhibition given here, including other viral and non-
viral protein targets.

The challenges of this approach include the use of a
greater number of residues or fragments; longer simulation
times, tighter bond constraints on the discovery of nascent
peptides, and longer time dynamic simulations of nascent
peptides in the bound state of the target for the purposes of

ranking and partial validation. The addition of flexibility of
nascent peptides and target proteins, not considered here,
would also be desirable using either implicit solvent or mo-
lecular dynamics methods [9], albeit at the expense of longer
computational times.
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