
Molecular Dynamics in Drug Design: New Generations of
Compstatin Analogs

Phanourios Tamamisa,b,c,$, Aliana López de Victoriaa, Ronald D. Gorham Jr.a, Meghan L.
Bellows-Petersonc, Panayiota Pieroub, Christodoulos A. Floudasc,*, Dimitrios Morikisa,*,
and Georgios Archontisb,*

aDepartment of Bioengineering, University of California, Riverside, California 92521, USA
bDepartment of Physics, University of Cyprus, PO20537, CY1678, Nicosia, Cyprus
cDepartment of Chemical and Biological Engineering, Princeton University, Princeton, New
Jersey 08544, USA

Abstract
We report the computational and rational design of new generations of several tryptophan-rich
peptides from the compstatin family. The binding efficacy of the peptides has been tested using
extensive molecular dynamics-based structural and physicochemical analysis, using 32 atomic-
detail trajectories in explicit water for 22 peptides bound to human, rat, or mouse target protein
C3, to a total of 257 nanoseconds. The criteria for the new designs are: (i) optimization for high
binding affinity and for the balance between hydrophobicity and polarity to improve solubility
compared to known compstatin analogs; and (ii) development of dual specificity anti–human-rat/
mouse C3 analogs, which is important for use in animal models for disease, given the species
specificity of known compstatin analogs. Three of the new analogs have been analyzed in more
detail as they possess strong and novel binding characteristics and are promising candidates for
further optimization. This work paves the way for the development of an improved therapeutic for
age-related macular degeneration, and other complement system-mediated diseases, compared to
known compstatin variants.

1. Introduction
The complement system provides the first line of defense against the invasion of foreign
pathogens [1]. Nevertheless, its inappropriate or excessive activation may cause or aggravate
several pathological conditions, such as age-related macular degeneration, asthma, adult
respiratory distress syndrome, hemolytic anemia, rheumatoid arthritis, rejection of xeno-
transplantation, stroke and heart attack [2,3,4,5]. Therefore, the development of drugs for the
control of complement activation is of considerable importance.

Complement activation proceeds via three biochemical pathways (classical, alternative and
lectin), which converge to a common point, the cleavage of protein C3 to fragments C3b and
C3a. The large fragment, C3b, tags pathogen surfaces for recognition by phagocytic cells
(opsonization), and the small fragment, C3a, aids in immune cell recruitment (chemotaxis)
and inflammation. The C3b fragment also participates in complexes, called convertases,
which are responsible for cleavage of C3 to C3a and C3b, as well as cleavage of
complement protein C5 to C5a and C5b. C5 is the starting protein of the common activation
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pathway, which ends with the formation of the membrane attack complex (MAC), a
multicomponent protein assembly involved in lysis of pathogen membranes. Protein C3 is
essential in all pathways and represents a good target for complement inhibition [6,7,8]. For
example, regulation of C3 cleavage would control the effects of C3a and C3b, and the
progression of complement activation to C5, and, eventually, to MAC. Altogether,
regulation of C3 would affect the opsonization, chemotactic, inflammatory, and lytic
capabilities of the complement system.

The peptide compstatin binds to human and primate C3 and prevents its cleavage to C3a and
C3b, a key step in complement activation. Compstatin also binds to the C3b fragment as
well as the inactive C3c fragment, both of which contain the C3 β-chain. Compstatin was
first discovered by a phage-displayed random peptide library for binding against C3b
through truncation of an initial 32-residue peptide, named “Clone 9” in ref. [9]. Compstatin
has the sequence Ile1-Cys2-Val3-Val4-Gln5-Asp6-Trp7-Gly8-His9-His10-Arg11-Cys12-
Thr13-NH2 and is maintained in a cyclic conformation via the disulfide bridge Cys2-Cys12.
Compstatin is a promising candidate for the treatment of unregulated complement activation
[4, 10, 11]. Importantly, it is active against C3 from primate mammals, but inactive against
C3 of non-primate mammals [12]. This species specificity precludes the development of
related disease models in non-primate animals. Thus, the development of active compstatin
analogs against non-primate targets, such as rat C3 (rC3) or mouse C3 (mC3), is an
important, unaccomplished to-date goal.

The structure of the complex between the proteolytic fragment C3c of human C3 (hC3) and
compstatin analog W4A9 (the N-terminal acetylated, double mutant Ac-Val4Trp/His9Ala)
has been determined at 2.4-Å resolution [4]. C3c is convenient for co-crystallization studies
as it maintains the structural characteristics of C3 and C3b at the β-chain level, which
contains the compstatin binding site, and offers the advantage of a smaller size fragment
than C3 and C3b. In addition, C3c is free of the C3d domain (site of the opsonization
thioester bond), which is the activation domain of intact C3. We recently employed de novo
design methods to identify novel, compstatin-based inhibitors of human C3 [13]. Using
activity measurements, we demonstrated that selected analogs with aromatic (Trp)
substitutions at one or both terminal ends had near-W4A9 activity [14]. Furthermore, using
atomistic molecular dynamics (MD) simulations of W4A9 complexes with hC3 or rC3, we
developed a mechanistic interpretation for the species-specificity of compstatin at molecular
level [15] and we designed a “transgenic” mC3 with human-like binding site characteristics
[16]. A main goal of our present work is to identify compstatin-based compounds with
promising inhibitory activity against non-primate proteins (rC3 or mC3). The most
promising inhibitors are also studied in complex with hC3 and compared with W4A9.

Our work combines de novo design [13] and atomistic MD simulations [15] and draws on a
large body of accumulated knowledge on compstatin-based inhibitors, from NMR
experiments [17, 18, 19, 20, 21], MD simulations [22, 23], mutational studies [20, 21, 24,
25, 26, 27, 28], computational studies [29, 30], rational, experimental-combinatorial and
computational-combinatorial design methods [10, 13, 14, 20, 21, 24, 26, 27, 31, 32, 33, 34,
35, 36, 37]. Previous studies showed that the two cysteines 2 and 12, and native residues 5–8
were critical for activity. Here we focus mainly on substitutions that introduce new
interaction capabilities at the N-terminal end (positions 1, 3 and 4); in some cases, we study
mutations at other positions (9–11 and 13).

Insertion of a charged (Arg) or aromatic (Trp) amino acid at position 1 improves the
computed affinity for both hC3 and rC3. The Arg1 insertion also improves the peptide
solubility, an important factor in drug-development. Interestingly, an extension at the N-
terminal end of the ligand enables the formation of interactions in the simulations, which
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compensate for interactions eliminated or lost in non-primate complexes and improve
dramatically the computed ligand affinities for rC3 and mC3.

2. Methodology
De novo design

The de novo design focused on the identification of inhibitors against rC3, and followed the
methodology outlined in ref. [13]. In its general implementation setup, this protocol has a
sequence selection stage and a sequence validation stage. The selection stage employs
integer linear optimization to identify amino acid sequences, which correspond to global
energy minima of a given (rigid or flexible) template fold. In the present application we use
several structures from a simulation of the rC3:W4A9 complex [4, 15] as a structural
template (see below). The validation stage computes the approximate binding affinities of
these sequences to the target protein, without restricting the conformational space or the
binding mode of the complex. For the purposes of the present design (the identification of
compstatin analogs with a binding mode similar to the one in the hC3c:W4A9 complex),
sequences identified by the second de novo stage underwent detailed atomistic MD
simulations in explicit water, which assess the structural behavior and stability of complexes
involving the sequences from the selection stage.

I. Selection Stage
Definition of structural template: Our sequence-selection template consisted of a
truncated rC3 protein model with residues 329–534 (the compstatin binding site in the
hC3:W4A9 complex). This template was based on the simulation system of the rC3:W4A9
complex, employed in ref. [15]. To model flexibility, we placed the template into eight
distinct conformations, taken at 1-ns intervals from a 7-ns molecular dynamics (MD)
simulation of the rC3:W4A9 complex [15]. All conformations were aligned along the
structure of the hC3c:W4A9 complex (PDB code: 2QKI [3]); after this alignment, the
coordinates of the compstatin variant were extracted from the hC3c:W4A9 complex and
combined with each of the rC3 conformations, to create eight distinct rC3:compstatin
complexes.

Mutation Sets: The next step in the selection stage is to specify a list of possible amino acid
types for each position in the designed sequence. This mutation set can be general (e.g., all
twenty natural amino acids at every position), or restricted by knowledge-based
considerations or other criteria, such as the solvent-accessible-surface-area (SASA). Two
mutation sets were used in the present design. The first set allowed mutations at positions 1,
3 and 4 of compstatin. The amino acid types at each position were based upon the observed
SASA of the corresponding W4A9 residue in the rC3c complex simulations. If a residue of
the bound W4A9 was more than 50% exposed to solvent, only hydrophilic amino acids were
allowed. If a position was less than 20% exposed, only hydrophobic amino acids were
allowed; otherwise, all amino acids were allowed. Based on this criterion, position 1 was
allowed to select from a set of hydrophilic amino acids (G, A, P, R, K, D, E, N, Q, H, S, T)
and the native amino acid Ile, position 3 was allowed to select from a set of hydrophobic
amino acids (A, C, G, V, I, L, M, F, Y, W, T), and position 4 was allowed to select from all
amino acids. The small amino acids A, T and G were allowed in all positions. This led to a
total of 2860 possible sequences. The second mutation set was based upon results from the
first. Of the three positions allowed to mutate in the first set, position 3 showed the least
variability, with W being the dominant amino acid (26% probability); other mutations in this
position included F (21.4%), M (14.9%), Y (13.5%), I (7.2%), T (5.3%), C (4.1%), V
(3.7%), L (3%), A (0.9%). Thus, the second mutation set fixed W at position 3 and allowed
the other two positions (1 and 4) to mutate as before. This led to a total of 260 sequences.
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Forcefield: The energy calculations of the selection stage employed the 6-bin Centroid-
Centroid force field [38, 39].

Determination of low-energy sequences: Because the design template was flexible, the
distance bin sequence selection model was used to find low-energy sequences (see [40, 41]
for details on the model). The model is described in detail in ref. [40]

(1)

The model minimizes the pair-wise energy  between amino acid j in position i and amino

acid l in position k. The binary variable  is an interaction variable, and equals the product

of the binary variables  and .  equals one only if both  and  equal one, indicating
that amino acid j is in position i and amino acid l is in position k. The final binary variable
bikd equals one if the distance between position i and position k falls into distance bin d and
zero otherwise. In this way, the model is allowed to select one distance bin from among the
multiple distance bins that residues i and k may span in the eight MD templates.

Validation Stage: Selected sequences from the previous stage were subjected to
approximate binding affinity calculations [13, 42]. This allowed us to re-rank the sequences
from stage one according to approximate binding affinities and identify candidate binders.

The approximate binding affinity of a protein P and peptide L is defined as

(2)

where qPL, qP and qL are, respectively, the partition functions of the protein-peptide
complex PL, the free protein and the free peptide. These partition functions are defined in
Eq. (3), where the sets B, F, and L contain rotameric conformation ensembles of the
complex, free protein, and free peptide, respectively:

(3)

The temperature T entering in the Boltzmann factors of Eq. (3) was set to 298 K. In order to
calculate the approximate binding affinity for a mutant sequence, the three-dimensional (3D)
structure of each sequence was predicted by the Rosetta ab initio method [43, 44, 45]. A
total of 2,000 3D peptide structures were generated. Cluster analysis of their main chainφ
and ψ torsional angles with OREO [46, 47] determined 11 representative structures of the
whole ensemble. Each of these structures was docked to the target protein (the last snapshot
of the 7-ns rC3:W4A9 run) using Rosetta Dock [48,49,50]. For each docking run, 2,000
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docked conformers were generated. The ten lowest-energy conformers were selected as
seeds for the complex-ensemble generation using Rosetta Design [48]. Likewise, the ten
lowest-energy structures from each of the peptide clusters were selected as seeds for the
peptide ensemble generation. For the free protein ensemble, only the crystal structure of the
last MD snapshot was selected as the seed. Rosetta Design used these seeds to generate
rotamerically-based conformation ensembles (22,000 for the peptide, 22,000 for the
complex, and 2000 for the protein). The energies of each of the members of the ensemble
were used to calculate the corresponding partition functions [Eq. (3)] and the approximate
binding affinity [Eq. (2)].

Choice of complexes
We simulated twenty-two compstatin-based analogs in complex with human (Homo
sapiens), rat (Rattus norvegicus) and mouse (Mus musculus) C3. The analogs were
classified into four groups (“generations”). The first generation contained selected promising
analogs from the above described de novo design, whereas the other three explored
modifications (substitutions or extensions), introduced predominantly at the N-terminal end.
The choice of analogs and their classification into generations is detailed in the Results
section. The most promising complexes were subjected to more than one run, based on their
ability to retain the crystallographic structure and interactions of the hC3c:W4A9 complex
[4], and the magnitude of their association free energies, as quantified by a MM-GB/SA
analysis. A comprehensive list of all simulations is included in Table 1.

Simulation Systems
All compstatin derivatives were maintained in a cyclic conformation via a Cys2-Cys12
disulfide patch of the CHARMM topology file. Human, rat and mC3 were modeled by the
same truncated C3c system of ref. [15]. The various complexes were immersed in a box of
water molecules in the shape of a 89-Å truncated octahedron; overlapping water molecules
were omitted. Titratable residues were assigned their most common ionization state at
physiological pH. The total charge of the simulation systems was set to zero, by addition of
appropriate numbers of chloride anions.

Force Field Specifications
The peptide atomic charges, van der Waals and stereochemical parameters were taken from
the CHARMM22 all-atom force field [51], including a CMAP backbone φ/ψ energy
correction [52] and indole parameters from ref. [53]. Force field specifications and
simulation protocols were the same as in ref. [15]. All simulations were conducted with the
molecular mechanics program CHARMM, versions c35a2, c35b5 [54].

Initial Coordinates
With the exception of the diserine N-terminal extension in one analog (see below), and
protein loop 369–378, the initial positions of all other backbone heavy atoms were taken
from the crystallographic structure of the hC3:W4A9 complex (PDB code 2QKI) [4]. As
explained in ref. [15], with this choice, we avoid introducing any a priori structural
differences from the human complex. Loop 369–378 contains a deletion at position 372 of
the rat and mouse protein (Fig. S1). In non-primate complexes, the initial conformation of
this loop was constructed with the program Modeller [55]; its root-mean-square difference
(RMSD) from the corresponding conformation in hC3c was 1.39 Å. Heavy atoms of all
invariant side chains outside of the 369–378 loop were initially placed at the corresponding
coordinates of the human complex; mutated side chains were modeled with the SCWRL4
program [56]. Initial hydrogen positions were determined by the HBUILD algorithm of the
CHARMM program.
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Simulation Protocols
To avoid structural deformations at the protein boundary due to the truncation, the main
chain heavy atoms of an external protein shell, with atoms at least 20 Å away from any atom
of compstatin, were harmonically restrained to their initial crystallographic positions.
Segments 373–377 of the reconstructed loop (373–376 in rat and mouse) were also
harmonically restrained in all simulations, with the exception of the complexes of generation
4, in which the ligand N-terminal extension (particularly Ser-1) can interact with the loop.
The structures were initially optimized by 150 energy minimization steps with the steepest-
descent and adopted-basis Newton-Raphson (ABNR) algorithms. This was followed by an
equilibration run, consisting of: (i) 30 ps of dynamics, with all protein and ligand heavy
atoms harmonically restrained by a force constant of 10 kcal/mol·Å2; (ii) five 50-ps
segments, in which the harmonic force constants were gradually lowered to 1.5 kcal/mol·Å2

in the external shell, and to 0 kcal/mol/Å2 elsewhere. The systems were then simulated
further, retaining the harmonic-restraint setup from the end of equilibration. The length of
this “production run” (7–10 ns) was chosen to ensure that the affinities of the most
promising complexes (Table 1) converged to stable values.

Initial conformation of the diserine N-terminal end extension
One of the simulated analogs (S-1S0, corresponding to the fourth generation) contained a
two-serine N-terminal extension, combined with the W4A9 sequence. The initial
conformation of the extension was optimized as follows. At first, we extended the analog by
two alanine residues. To construct initial conformations of the dialanine, we varied its four
main chain torsional angles in the range −180° to 180, using a grid of 30°. The initial
conformations of atoms outside the extension were prepared as described above, for human
and rat complexes; for the mouse complex, they were positioned to the coordinates of a low-
affinity structure from the W4A9:rC3 simulations [56]. For each of the resulting dialanine
conformations, we minimized the entire complex by 100 steepest-descent minimization
steps; during this minimization, atoms outside the dialanine extension were harmonically
restrained by 100 kcal/mol/Å2. The lowest-energy conformation was finally selected as the
optimum structure of the extension. The alanine side chains were replaced by serines, and
their optimum orientations were determined by the program SCWRL4 [56].

Analysis of side-chain contacts
Probability-density maps of intermolecular side-chain contacts were computed with the
WORDOM package [57]. Two side-chains were considered in contact if the distance of their
geometric centers was smaller than 6.5 Å.

Computation of association free energies
The association free energies (second column in Table 3) were computed by the relation

(4)

where PL, P and L denote, respectively, the complex, protein, and ligand. The individual
free energies were computed in the Molecular Mechanics-Generalized Born/Surface Area
(MM-GB/SA) approximation [58]. In this approximation, representative coordinates of each
state X (X=PL, P, or L) are extracted from the corresponding simulation trajectories. The
corresponding free energies are computed from the relation.
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(5)

The first term on the right-hand side of Eq. (5) describes the dependence of the internal
energy on the molecular geometry (bond lengths, bond angles, torsional angles); the second
term describes Coulombic interaction energies between the atomic charges of the molecule;
the third term represents the electrostatic contribution to the solvation free energy, and is
modeled by the GBSW generalized-Born approximation [59,60]. The next term describes
van der Waals interactions; the final term describes non-polar contributions to the solvation
free energy, assumed proportional to the solvent-accessible surface area, Sx, of the molecule.
The proportionality coefficient σ was set to 0.005 kcal/mol/Å2, as in the GBSW
parameterization. Note that for the complexes studied here, the contribution from this last
term to the obtained affinities was approximately constant among complexes; thus, the value
used for σ affects the individual but not the relative association free energies.

In the application of Eq. (4) we make the “one-trajectory” approximation [61, 62], which
assumes that the protein and ligand have identical structures in the complex and free
(dissociated) states. This assumption ignores structural relaxation, which might contribute a
few kcal/mol to relative affinities. On the other hand, it also eliminates contributions from
intramolecular (bonded, intramolecular van der Waals and intramolecular Coulomb
energies, which contribute thousands of kcal/mol to the energies of the complex and free
protein [Eq. (5)], and may introduce large uncertainties in the relative affinities [61,62]; in
the “one-trajectory approximation” these contributions cancel out in the association free
energies [Eq. (4)].

The MM-GB/SA approximation and the related Molecular Mechanics/Poisson Boltzmann
Surface Area (MM-PBSA) approximation [58] have been extensively used in affinity
estimates ([63, 64] and references therein). Their performance is fragile [65], as they are
based on numerous assumptions: they combine a molecular mechanics energy function with
an implicit treatment of solvation effects, and include solute conformational entropy effects
in an approximate manner. Here (see Results), we obtain for W4A9 a +9 kcal/mol relative
affinity disfavoring rC3 over hC3 [15]. This estimate has the correct sign, since W4A9 is
experimentally inactive against rC3; in fact, it is probably a lower bound to the relative
affinity, since a “three-trajectory” approximation increases the value to ~ +19 kcal/mol [15].
Thus, relative affinities of this magnitude (~ +10 kcal/mol) are indicative of ligands specific
for human (vs non-primate) C3.

The interaction energies between two groups of atoms (R and R′) (were computed by the
relation.

(6)

The first and second group of terms on the right-hand side of Eq. (6) describe, respectively,
polar and nonpolar interactions between R and R′; in our calculations, R corresponded to a
ligand residue and R′ to the entire protein model; alternatively, R was a protein residue and
R′ was the entire ligand. To compute the GB term in Eq. (6), we included all protein and
ligand atoms and set the charges of atoms outside the two groups R and R′ to zero. The last
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term contains the difference in solvent accessible surface areas of groups R and R′ in the
complex and unbound states.

The generalized-Born energies and the atomic accessible-surface areas (ΔSi) entering in Eq.
(6) depend on the location of R and R′ in the complex. The polar component contains a
Coulombic term and a GB contribution, modeling the interaction between group R and the
solvent polarization potential induced by R′. Similarly, the nonpolar component contains a
van der Waals interaction between R, R′ and a surface term, expressing cavity contributions
and nonpolar interactions with the surrounding solvent. The sum of the two components
reflects the total direct interaction between R and R′ in the solvated complex.

Free-energy values were averaged over the last 7 ns of each trajectory; to estimate the free-
energy uncertainties, we partitioned these 7 ns into two blocks of 3.5 ns, and computed the
standard deviation of averages over the 3.5-ns segments.

3. Results
I. De novo design

The sequence-selection stage employed two mutation sets at positions 1, 3 and 4. The first
mutation set generated 1,000 sequences; 26% of all the sequences and 48% of the top 500
sequences had a W substitution at position 3. This prompted our use of a second set, in
which position 3 was fixed to W. All 260 sequences of the second set were generated, and
the top quarter with respect to energy was analyzed. Position 4 had a dominance of F or W
(19% each), while position 1 was more variable, favoring H, N, F, Q, R, S, or T (10% each).
We selected 17 sequences from the second mutation set for the validation step. These
included: (i) the best 8 sequences with respect to their energy (E-) rank, the seven top
sequences contained a W substitution at position 4, and a variety of substitutions at position
1; and (ii) 9 more sequences, combining a non-W substitution at position 4 together with
residues at position 1 encountered in the best 8 sequences (Table 2). The approximate
binding affinities of all sequences were computed as described in the Methodology section,
together with the W4A9 compound (V4W/H9A). The results are summarized in Table 2. For
each sequence, the E-rank and an approximate binding affinity (K*-) rank are given.
Sequences with small values of E-ranks had low-energies in stage 1; sequences with small
values of K*-ranks were predicted to have high-affinities in the second stage.

Several sequences have higher approximate binding affinity than W4A9, the best inhibitor
of hC3 comprising entirely of natural amino acids. The top two sequences (in terms of
affinity-rank) have an aromatic residue at position 4 and differ only at position 1. The top
five sequences also have high energy-ranks. In general, there is no strict correlation between
energy- and affinity-rank throughout the set. This is partly due to the fact that the energies
are computed from the selection stage, which assumes that the ligand binding mode
(location/orientation) is similar to the one in the hC3c:W4A9 complex; on the other hand,
affinities are computed in the validation stage by a more general docking procedure, in
which the free protein, free ligand and the protein-ligand complex are allowed to explore a
larger number of conformations and binding modes. This expanded search uncovers a more
diverse set of binding modes, which change the predicted relative stability of the various
complexes summarized in Table 2.

II. Molecular Dynamics Simulations
The structure and interactions of the complex between W4A9 and hC3 were analyzed by X-
ray crystallography in ref. [4] and our MD simulations in ref. [15]. We first present them
briefly; later, we use them to justify our choice of analogs and to assess the behavior of the
simulated complexes.
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A. The human complex with W4A9—In the crystal structure (PDB code 2QKI [4]) and
the MD simulations [15], the ligand segment 1–10 forms extensive interactions with the four
protein sectors 344–349, 388–393, 454–462, and 488–492. These interactions are preserved
in the R1 and W1 complexes investigated in the current work (runs: R1:H1, W1:H1) and are
shown in Figs. 1(A–D). The main chain moieties of N-terminal residues Ile1 and Cys2 make
competing hydrogen bonds with the Asn390 side chain. The Val3 side chain is buried in a
very stable hydrophobic cluster formed by residues Met346, Pro347 and Leu454. The Trp4
main chain participates in stable hydrogen bonds with Gly345 CO and the side chain of
Arg456; the Trp4 side chain packs against the Cys2–Cys12 disulfide-bridge and residue
Pro393. The Gln5 side chain makes two intermolecular hydrogen bonds with main chain
groups of Leu455 and Met457. The Trp7 side chain intercalates between segments 455–458
and 488–491, making a stable hydrogen bond with Met457 CO and non-polar contacts with
Gln5, Met457, Arg459, and Glu462. Finally, the main chain NH groups of Ala9 and His10
form very stable hydrogen bonds with the Asp491 side chain; an additional hydrogen-bond
is often observed among the side chain of His10 and Asp491; also, the His10 side chain
makes frequent non-polar contacts with Leu454 and Leu492.

B. Choice of analogs—The de novo design identified a number of sequences capable of
forming good interactions with the structural template. We assessed selected promising
sequences by atomistic MD simulations. In particular, we investigated the ability of the
designed analogs to bind non-primate (rat or mouse) C3, with a similar “binding mode”
(location/orientation) to the one in the W4A9:hC3 complex [4, 15]; such analogs are likely
to inhibit C3 by interfering with the formation of the C3:C3-convertase complex in a manner
analogous to W4A9 [4], and thus constitute promising rC3 inhibitors. The possibility that
successful inhibitors might bind preferentially at different positions on non-primate (and/or
human) C3 cannot be excluded; the systematic and accurate comparison of such diverse
binding modes by atomistic MD simulations is very difficult, given the size of C3, and is
beyond the scope of this article.

We studied four “generations” of compstatin-based compounds, in complex with human or
non-primate C3. All simulations are summarized in Table 1. Throughout the paper, an
analog is denoted by the set of substitutions along each sequence, relative to W4A9 (see
Table 1).

The first generation included six compounds (H1W3Y4, Q1W3Y4, W3P4, T1W3F4, S1W3,
T1W3). These analogs had high-affinity ranks in the de novo sequence selection stage
(Table 2); the first four had also large energy ranks. All analogs had significant variability at
position 1. Earlier simulations showed that key interactions between compstatin N-terminal
residues 1 or 2 and the Asn390 side chain were lost in the rat complex, due to the
displacement of sector 388–393 away from the ligand [15]. It was thus deemed probable that
the insertion of bulky or hydrogen-bonding side chains at position 1 might restore
interactions with Asn390 in the rat complex. This was not fully accomplished in the
simulations of this generation (see below), but was pursued further in the analogs of the next
three generations, which contained, respectively, charged or aromatic substitutions at
position 1, or a diserine extension before residue 1. Sequences with a Pro substitution at
position 1 were also suggested by the design. They were not studied further, as it was judged
that this change might interfere with the hydrogen-bonding capacity of the ligand N-terminal
end.

The second generation contained analogs with an Arg substitution (in place of Ile) at
position 1. The parent analog (R1W3) resulted from the de novo design (Table 1). In the
MD simulations the Arg1 side-chain formed a salt-bridge with proximal residue Asp349,
which improved the computed affinity for rC3. In an attempt to improve affinity even
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further, additional polar or charged substitutions at positions 9–11 were also explored
(analogs R1H11, R1K9H11 and R1K10H11). The analogs were simulated in complex with
rat and/or hC3, to assess the impact of these substitutions across species.

The third generation included analogs with Trp substitutions at positions 1 and/or 13,
suggested by earlier de novo design [13] of inhibitors against hC3. Subsequent activity
measurements showed that analog W1 had near-W4A9 inhibitory activity against hC3,
whereas analogs W13 and W1W13 had slightly reduced activities and solubilities, which
may be connected [14]. In the experimental structure [4] and the MD simulations of the
W4A9:hC3 complex [15], the (native) Ile1 side chain forms weak nonpolar contacts with the
protein and the Thr13 side chain is exposed to solvent. Thus, the Trp1/Trp13 substitutions
introduce a capability for new interactions (aromatic, π-cation, π-stacking or hydrogen
bonding) at the N- and C-terminal positions. Such interactions may improve hC3 inhibition,
and/or introduce inhibitory activity against non-primate C3. To check this possibility, and
compare ligand affinities across species, we study here complexes of such analogs with
human, rat and mC3.

The analogs considered so far contain 13 residues. The last generation included one analog,
with a diserine extension at the N-terminal end (positions “−1”, “0”), and the W4A9
sequence at positions 1–13. These analogs were inspired by our earlier simulations [15] and
the present results with human and rat/mouse complexes, which showed that sector 388–393
of non-primate proteins has a persistent tendency to deviate from the position seen in the
human crystallographic complex [4]. This structural reorganization disrupts hydrogen-
bonding interactions of Asn390 and the main chain of the first two N-terminal residues (Ile1
and Cys2 in W4A9), and weakens the affinity of the rat and mouse – compstatin complexes.
Based on this knowledge, we reasoned that an elongation of the compstatin main chain at
the N-terminal end might help retain hydrogen-bonding interactions with the displaced
protein sector, and yield compstatin analogs with human-like affinity for non-primate C3.
As a first guess, we included serine side chains in the extension, due to their hydrogen-
bonding capacity. Note that a diserine extension was also part of the initial phage-display
peptide (Clone 9 in ref [9]), before its truncation to the 13-residue compstatin. Ongoing
work investigates other side chains at positions “0” and “−1”.

C. Structural behavior of the simulated complexes—Root-mean-square differences
(RMSD) between the simulation and crystallographic [4] coordinates of protein and ligand
main chain atoms N Cα, C are listed in Table S1 of the Supplementary Information (SI). The
first two rows report the RMSD values for the two runs of the human complex W4A9:hC3,
conducted in ref. [15].

The protein main chain (second column) remains near the crystallographic conformation in
all complexes, as indicated by the small RMSD values (below or near 1 Å); the original
secondary structure is also well retained (not shown). Sector 388–393 has the largest
deviation in all rC3 and mC3 complexes studied here, due to its tendency to move away
from the conformation seen in the human complex and towards the solvent. An example is
shown in Fig. 1(E), where the 388–393 conformation at the end of run S-1S0:R1 (green) is
juxtaposed to the initial conformation (red). This behavior was first observed in the
simulations of the W4A9:rC3 complex [15], and is consistently reproducible. The fragment
388–396 contains four substitutions in rC3 and mC3 (Pro392His, Asn393Pro, Arg395Gln
and Gln396Lys; an alignment of human, mouse and rat sequences is shown in SI Fig. S1).
Unpublished simulations show that the insertion of human substitutions in all four positions
of mC3 reduces the structural deviation of 388–393 at the level of the human complex.
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In some rat or mouse complexes, sector 345–349 also experiences larger structural
deviations relative to the human complexes. This is partly related to the presence of an Ala
residue (instead of Gly) at position 345, which alters somewhat the main chain conformation
and affects the formation of a hydrogen-bond between the main chain amide group of ligand
residue 4 and the carbonyl group of Gly/Ala345 [16]. Deviations in the other two sectors
(354–359, 488–493) are similar to the ones in the human complexes.

The displacement of 388–393 in non-primate complexes facilitates the deviation of the
ligand away from the original binding mode (position/orientation). This is reflected in the
larger ligand RMSD values (next-to-last column of Table S1), especially in the non-primate
complexes of generation 1. The diserine extension also affects the binding mode,
presumably due to the formation of interactions with 388–393 and the flexible loop 371–
376, which is also near the extension. The larger ligand RMSD values are mainly due to
shifts/rotations with respect to the original bound location, rather than due to changes in the
ligand shape; upon removing the ligand net rotation/translation, they become comparable to
the RMSD values of the human runs (last column of Table S1). Furthermore, the ligand
maintains its secondary structure in all complexes, with the exception of an intramolecular
β-bridge 3–11, which is not well preserved in the non-primate complexes (Fig. S2).

D. Protein - Ligand Interactions—The statistics of important intermolecular hydrogen
bonds for all complexes are listed in SI Tables S2A-D. Statistics of residue intermolecular
energies are plotted in Fig. S3; nonpolar interactions (side chain contacts) are shown in Fig.
S4. We first discuss the results of simulations with non-primate (mouse and rat) C3; human
complexes are analyzed next.

Non-primate complexes
First Generation: The analogs of this generation were studied in complex with the rat
protein and showed a similar dynamical behavior with the W4A9:rC3 complex of ref. [15].
The ligand lost intermolecular interactions with Sectors 388–393 and 488–492, as
documented in Tables S2–S3 and Figs. S3–S4. The only exception was run Q1W3Y4:R1, in
which sector 388–383 remained near the starting conformation; this behavior was not
reproduced in the second run (Q1W3Y4:R2). The computed affinities (Table S3) were in the
range −37–−41 kcal/mol, significantly worse than the corresponding affinities of W4A9 for
rC3 (−46 kcal/mol) and hC3 (−55 kcal/mol) [15].

Second Generation: All analogs of this group were studied in complex with the rat protein.
With the parent analog R1W3 we conducted two runs (R1W3:R1-2), in which Arg1 formed
a frequent salt bridge with Asp349; an example of this interaction is shown in Fig. 1A, for
the R1 complex with hC3 (below). The Arg1-Asp349 salt bridge improved R1W3 affinity
for rC3 (−47.8 kcal/mol), relative to W4A9 and all other first-generation analogs (Table S3).
Still, it was by ~8 kcal/mol weaker than the corresponding affinity of W4A9 for hC3 (−55
kcal/mol [15]). For this reason, we introduced additional substitutions at positions 9–11 (R1,
R1H11, R1K9H11, R1K10H11). We also restored (native) Val at position 3, based on the
observation that the Trp3 side chain formed extensive non-polar contacts with Met346,
Pro347, His454 in the R1W3 runs, but the ligand main chain moiety 1–4 was somewhat
shifted with respect to its position in the crystallographic complex; this displacement
hindered the formation of hydrogen bonds between the main chain of residues 2 or 4 and the
protein (not shown) [4,15].

The interactions of the first analog (R1) with rC3 were similar to the ones of the W4A9:rC3
complex [15]; the analog moiety 1–3 formed somewhat improved non polar contacts with
protein residues Met346, Pro347, Ser388 and Asn390. The computed affinity for rC3 was
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−50.9 kcal/mol (Table S3), improved by ~ −5 kcal/mol compared to W4A9, and by ~ −2
kcal/mol compared to R1W3. The additional substitutions at positions 9–11 (complexes
R1K9H11:R, R1K10H11:R, R1H11:R in Table S3) had a worsening effect of affinity,
presumably, the original W4A9 residues (A9, H10) were already optimal choices at these
positions.

To summarize, the Arg1 substitution improved the computed rC3 affinity (especially for
R1), but not to the level of W4A9 affinity for hC3, even when accompanied by polar/
charged residue substitutions at positions 9–11; the lost or diminished interactions due to the
structural changes in rC3 were not entirely compensated by the Arg1-Asp349 salt bridge and
other novel interactions, at least for the complexes studied here.

Third Generation: We simulated various rat and mouse complexes (W1:R, W1:M, W13:M,
W1W13:M). We observed improved interactions with respect to the first two generations,
and computed an overall enhancement of affinity by ~ −2–−5 kcal/mol, relative to the
W4A9 affinity for rC3. This overall enhancement with respect to the first two generations is
mainly attributed to improved non-polar interactions between Trp1 and residues Pro347,
Ser388, Asn390, His454 and partly Leu492 (an example of these interactions is shown in
Fig. 1D, for the W1 complex with hC3 (below). An additional intramolecular (ligand) π-
cation interaction between Arg11 and Trp13 was observed in the W13:M and W1W13:M
simulations; in both complexes, this interaction seemed to stabilize the bound conformation
(especially in the region 8–13) of the ligand despite the displacement of sector 388–393,
assisting thus the formation of intermolecular hydrogen bonds, between Ala9 or His10 and
Asp491. Nevertheless, a complete recovery of the W4A9:hC3 hydrogen bond (Table S2C)
and non-polar interactions (Fig. S3) was not achieved.

Fourth Generation: The results of the first three generations suggest that the introduction of
polar, ionic or aromatic interactions at position 1 does not increase the computed affinity for
rC3/mC3 to the level of W4A9 affinity for hC3. In the fourth generation, we extended the
ligand outside the Cys2-Cys12 ring, by adding two residues at the N-terminal end. This
extension could augment ligand affinity for r/mC3 in several ways: first, it could assist
sector 388–393 to retain the conformation seen in the crystallographic complex W4A9:hC3
[4]; even if sector 388–393 were displaced, the extension might form novel interactions,
replacing the disrupted hydrogen-bonds between residues 1 and 2 and Asn390. Here we
employed a diserine extension, to exploit the hydrogen-bonding capacity of the serine side
chains. Starting from the N-terminal end of the original compound (position 1), the inserted
serines are denoted “Ser0” and “Ser-1” in what follows. Note that the initial phage-display
peptide also included a diserine extension at its N-terminal end [9]. A more comprehensive,
ongoing study will optimize the extension residue types.

The displacement of sector 388–393 was somewhat smaller relative to other non-primate
complexes (runs S-1S0:R and S-1S0:M in Table S1); additional simulations would be
needed to check the reproducibility of this result. Notably, the hydrogen bond Cys2 NH -
Asn390 OD was maintained and a novel, stable hydrogen bond was formed between the
main chain of Ser0 and Asn390 (Fig. 1E, Fig. S5C and Table S2D). The first hydrogen bond
is observed for the first time in simulations of a non-primate complex, and is reproduced in
all four non-primate runs of this generation (Table S2D); the second hydrogen bond is new,
due to the extension.

Some interactions were reduced relative to the W4A9:hC3 complex, particularly non-polar
contacts of ligand residues Trp4 and Cys12 with Asn390 and His393 and of Asp6, Trp7 with
Pro459 (Figs. S3–S4, S5B); on the other hand, residue Ser-1 formed novel contacts with
sector 371–376 (Figs. 1(E–F), S5(C–D)). Nevertheless, the similarity between the diserine
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extension rC3 and mC3 complexes and the W4A9:hC3 complex is high, and is additionally
verified by residue interaction free-energy difference values which are close to zero [Figs.
2(A, B)].

The computed affinities of the diserine analog for non-primate C3 were −54.8–−56.7 kcal/
mol, near the affinity of W4A9 for hC3 and by ~ 9–11 kcal/mol stronger than its affinity for
rC3.

Human complexes
Second generation: We performed simulations with R1, the strongest non-primate binding
analog in this group (runs R1H1/2 in Table S2B). All interactions of the human complex
W4A9:hC3 [15] were reproduced [Figs. 1(A, B) and 3A]. Furthermore, the Arg1-Asp349
salt bridge (Fig. 1A) was always present, and intermolecular side chain interactions of Arg1
with Pro347, Asp349 and Ser388, or Val3, Gln5 with Asp491, were slightly improved.

The computed affinity for hC3 is −59.3 kcal/mol, improved by ~ −3 kcal/mol relative to
W4A9 (Table 3). Notably, this is mainly due to the polar component, reflecting the
contribution to stability due to the Arg1-Asp349 salt bridge.

Third generation: We studied analog W1, which exhibited the strongest affinity and best
solubility in the experiments of ref. [14]. The Trp1 side chain interacted frequently with
His10 and Leu492 (Fig. 1D) in both runs (W1:H1 and W1:H2); furthermore, Asp6 formed
an electrostatic interaction with Arg459. Even though this interaction was not observed in
other simulated complexes (where Asp6 was mainly solvent-exposed), it could be related to
an early mutation study, which showed that the Asp6Ala decreased activity (Table 3 of ref.
[17]). Despite these additional interactions, all interactions of the human complex
W4A9:hC3 [15] were reproduced [Figs. 1(C, D) and 3B] and the computed hC3 affinity was
−55.7 kcal/mol, by ~ 4 kcal/mol weaker than the affinity of R1 (second generation) and
comparable to the W4A9 affinity (−56 kcal/mol [15]). These results suggest that the Trp1
side chain did not fully exploit its interaction capabilities, presumably due to the lack of a
suitable binding pocket in its proximity (unlike Trp4 and Trp7, which intercalate between
specific protein sectors [4]).

In both complexes, we observed a π-cation Arg11-Trp13 interaction (not shown); In
complex W13:H, this interaction seemed to interfere with the Cys2-Asn390 hydrogen bond,
resulting in a somewhat reduced affinity (−51.1 kcal/mol; Table S3), relative to the W4A9
complex (−56 kcal/mol). In complex W1W13:H, the same interaction seemed to stabilize
the ligand conformation, facilitating non-polar interactions of Trp1 with residues Pro347,
Ser388, Asn390, Leu454 and Leu492 (Figs. S3–S4); the computed W1W13 affinity was
considerably increased (−61.4 kcal/mol). Apart from the intramolecular π-cation interaction,
Trp13 was solvent-exposed on its other side, without making interactions with the protein.

Fourth generation: The key Cys2-Asn390 interaction was retained in both runs
(S-1S0:H1/2 in Table S2D). Furthermore, the main-chain of Ser0 formed an additional
hydrogen bond with Asn390; this bond was somewhat less stable than the corresponding
interaction in the non-primate complexes (Table S2D), presumably due to the increased
proximity of Asn390 to the ligand (Fig. S5(A–B)). In the second run, the intermolecular
hydrogen bonds of His10 were not well reproduced (Table S2D, Fig. S5A), resulting in less
favorable polar interactions compared to the W4A9:hC3 complex (Fig. 3C). The predicted
affinity (−57.3 kcal/mol) is somewhat stronger relative to W4A9, albeit not as good as for
the R1 analog (Table 3).

Tamamis et al. Page 13

Chem Biol Drug Des. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To summarize, the simulations suggested that the diserine analog may be a promising “dual-
specificity” inhibitor, estimated to bind with similar strength both human and non-primate
C3. In the simulations, the analog forms intermolecular interactions with C3 via its main-
chain moiety, whereas the serine side chains remain mostly solvent-exposed. Thus, possibly
avenues to improve this compound could be to optimize the side-chains of the extension,
and/or increase further the extension length.

4. Discussion
Since the discovery of compstatin [9], its inhibitory activity against hC3 has been examined
in-depth by experimental [20, 21, 24, 25, 26, 27] and computational studies [15, 23, 29, 30,
37]. Rational, experimental-combinatorial and computational-combinatorial design methods
have suggested numerous analogs with natural or artificial amino acids [13, 14, 20, 21, 24,
26, 27, 31, 32, 33, 34, 35, 36, 37].

In the present work we have employed a combination of de novo design/atomistic MD
simulations, to identify compstatin-based analogs with promising affinity for non-primate
C3. Furthermore, we have studied complexes of the most promising inhibitors with hC3, and
compared with W4A9, the best to-date natural-amino acid inhibitor of the human protein.

We focused on substitutions which inserted additional interaction capabilities at the ligand
terminal ends and, sometimes, positions 9–11; the x-ray structure of the W4A9:hC3
complex [4], and our earlier MD simulations of the human and rC3 complexes [15]
suggested that the corresponding W4A9 residues did not make optimum intermolecular
interactions, leaving room for improvement; this was especially true in the simulations of
the rat complex, due to localized, reproducible structural changes of protein sectors near the
ligand [15].

The insertion of an Arg side-chain at position 1 was estimated to improve the ligand affinity
for both rC3 (Table S3) and hC3 (Table 1), prompting the study of the second-generation
analogs. This was mainly due to the formation of a stable salt bridge Arg1-Asp349, together
with the reproduction of most other intermolecular interactions seen in the W4A9:hC3
complex [4]. Note that the polar free-energy component for the R1:H complex is negative
(Table 3), whereas it is positive for all other complexes (Table 3 and S3); this implies that
the salt bridge compensates for the free-energy increase, due to the transfer of the Arg1
charge from water into the complex. Apart from its contribution to affinity, the N-terminal
charge improves the solubility of the ligand, an important consideration in drug
development.

Our previous experimental studies assumed that the insertion of tryptophan amino acids in
compstatin might create avenues for mechanistic binding studies to C3, which would exploit
the diverse physicochemical properties of tryptophan, i.e. its hydrophobicity (benzene ring),
hydrogen-bond donor capability (indole amide) and its capability for π-stacking or π-cation
interactions [14]. Our experiments showed that the Trp1 ligand was soluble and had a near-
W4A9 inhibitory activity for hC3. In the present MD simulations of the W1:hC3 complex,
the Trp1 side chain formed nonpolar interactions with His10 and Leu492 and W1 had a
near-W4A9 affinity (Table 3). Overall, the simulations suggest that the Trp1 substitution
improves affinity for both human and non-primate C3, but to a smaller extent than Arg1.
The Trp13 substitution reduced the experimental solubility of compstatin analogs, restricting
its potential use in compstatin-based drugs [14]. Despite this result, the combination of a
Trp13 substitution with solubility-increasing mutations, by introducing polar amino acids,
might yield promising inhibitors. To obtain insights on the potential interactions of Trp13
with C3, we included this mutation in two of the simulated analogs. One analog (W13) had
somewhat smaller affinity for hC3, relative to W4A9; the second analog (W1W13) had
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significantly increased affinity (Table S3). In both complexes, most new intermolecular
interactions (relative to W4A9) were formed by Trp1. Trp13 was solvent-exposed, or made
intramolecular π-cation interactions with Arg11.

The introduction of the diserine extension at the N-terminal end (fourth-generation) was
prompted by the displacement of sector 388–393 away from the ligand in the non-primate
simulations, which eliminated or weakened interactions with Asn390 and caused the overall
destabilization of the non-primate C3 – W4A9 complex [15]. In the simulated non-primate
and human complexes, the interaction of the Cys2 main chain with Asn390 was retained and
a novel interaction was formed, involving the main-chain of Ser0. The non-primate sector
388–393 was displaced away from the ligand to a smaller extent, relative to other non-
primate complexes (Table S1), and the computed affinity for r/mC3 was improved by ~10
kcal/mol. In addition, the polar diserine extension adds much needed solubility at the N-
terminus.

As discussed in the Methods, the performance of MM-GB/SA, that is employed here to
estimate the complex stabilities, is fragile [65], as it is based on numerous assumptions. In
particular, the “one-trajectory” approximation [61,62] eliminates contributions from
intramolecular energies, which contribute thousands of kcal/mol to the energies of the
complex and free protein [Eq. (2)] and may introduce large uncertainties in the relative
affinities [61,62]]; on the other hand, the protein and/or ligand structural relaxation, which
are ignored in this approximation, may contribute a few kcal/mol to relative affinities. In the
case of W4A9, the “one-trajectory” approximation yields a +9 kcal/mol relative affinity,
disfavoring rC3 over hC3 [15]. This estimate has the correct sign, since W4A9 is
experimentally inactive against rC3; in fact, it is probably a lower bound to the relative
affinity, since a “three-trajectory” approximation increases the value to ~ +19 kcal/mol [15].
Thus, relative affinities of this magnitude (~ +10 kcal/mol) or larger may be indicative of
ligands specific for human (vs non-primate) C3.

The first-generation ligands have rC3 affinities in the range −37–−41 kcal/mol (Table S3);
these are weaker than the affinity of W4A9 for rC3 and hC3, respectively, by 5–9 kcal/mol
and 15–19 kcal/mol. At the same time, the rC3 complexes of these ligands experience
localized structural changes (Table S1), which disrupt or eliminate intermolecular
interactions seen in the human complex (Table S2A). Based on the above, we conclude that
they are not promising inhibitors of rC3.

The second- and third-generation ligands have rC3 affinities in the range −46–−51 kcal/mol
and hC3 affinities in the range −56–−59 kcal/mol. Both estimates are similar, or slightly
better than the corresponding affinities of W4A9 (−46 and −55 kcal/mol [15]). Thus, the
computed affinities of these ligands for hC3 are stronger by at least 5 kcal/mol; the
associated free-energy uncertainties (in the “one-trajectory” approximation) are smaller
(between 0.2–3.0 kcal/mol). Overall, these results suggest that ligands of these two groups
bind human and rC3 with a near-W4A9; in analogy with W4A9, they are not promising
inhibitors against non-primate C3, but they are worth exploring further as hC3 inhibitors.

Ligand S-1S0 (fourth generation) has near-W4A9 affinity for hC3 (~−57 kcal/mol) and in
the range −55–−57 kcal/mol for non-primate C3. The two-residue extension contains four
more main chain torsional angles, compared to 13-residue analogs. Assuming an upper-
bound of ~0.6 kcal/mol loss in conformational entropy (−TΔS) per rotatable bond upon
binding [66], the S-1S0 affinities could be overestimated with respect to the corresponding
W4A9 affinities, possibly by ~ 2.5 kcal/mol. Thus, we do not conclude that S-1S0 inhibits
hC3 as strongly as W4A9, despite the similar affinity of these two ligands for this protein.
On the other hand, the computed relative (human – rat) affinity of S-1S0 is near ~0 kcal/
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mol. Conformational-entropy corrections should affect to a similar extent the S-1S0 affinity
for human and rC3, leaving the relative affinity estimate unmodified. In comparison, the
relative W4A9 affinity is +9 kcal/mol. The dramatic improvement of S-1S0 affinity for rC3
is due to improved interactions, and suggests that S-1S0, or other compounds carrying an N-
terminal extension, are worth exploring further as promising inhibitors of non-primate C3.

For some of the peptides studied here, W1, W13, R1, and S-1S0, there is experimental
evidence for inhibitory activity against hC3. W1 has been discussed above in view of our
recent study, which showed that it had near-W4A9 inhibitory activity and good solubility,
whereas W13 suffered from solubility problems in aqueous environment [14]. The peptide
R1 was found previously to be active in a study that aimed to delineate the role of
acetylation in producing a 3-fold increase in inhibitory activity compared to non-acetylated
compstatin [10, 24]. The structural rationale was that the positively charged backbone amino
group was disrupting the hydrophobic cluster at the termini (spanning residues I1-C2-V3-
V4/C12/T13 of native compstatin), which was deemed necessary for binding and activity
before the availability of the structure of the C3c-W4A9 complex, and that upon removal of
the positive charge by acetylation the hydrophobic cluster was fortified and contributed to
the 3-fold increase in activity. To prove this hypothesis, a positive charge was re-introduced
in the vicinity at the side chain level by replacing Ile1 by Arg1 in native compstatin (or
V4H9 peptide), which resulted to 2-fold decrease in inhibitory activity, essentially reverting
the activity to nearly that of non-acetylated compstatin. The peptide with the diserine
extension is expected to be active, as the diserine was present at the N-terminus of the
original 32-amino acid peptide that was identified in the phage-displayed and a subsequent
study [9, 18]. We have recently initiated experimental studies using ELISA-based
complement system inhibition assays with human and rat serum for two of the analogs
designed in this study, the R1 and S-1S0 peptides (Table 1). Preliminary data indicate that in
human serum the R1 and S-1S0 analogs have comparable inhibitory activities, which are
higher than those of native compstatin and slightly lower than those of the W4A9 analog,
thus validating the computational design (López de Victoria A, Kieslich CA, Tamamis P,
Gorham RD Jr, Bellows-Peterson M, Lo D, Floudas CA, Archontis G, Morikis D,
unpublished). However, in rat serum the R1 and S-1S0 analogs were found inactive. This
observation suggests that the two amino acid N-terminal extension may not be sufficient to
mediate all intermolecular interactions needed for binding to rC3 and that longer extension
may be necessary for activity in rat serum. Both R1 and S-1S0 analogs were soluble in
aqueous buffer in the in vitro studies compared to reduced solubility of the W4A9 analog at
the tested experimental concentrations.

5. Conclusions and Future Directions
The computational predictions of this work suggest that the introduction of novel interaction
capabilities at the N-terminus of compstatin analogs augments affinity for non-primate C3,
but not to the level of W4A9 affinity for hC3. The introduction of an extension at the N-
terminal end seems to be more promising. With respect to hC3 inhibitors, the insertion of a
charge at the N-terminal end is promising, as it increases affinity and solubility.

Ongoing and future experimental studies of extension analogs in complex with human and
non-primate C3, will aim to further enhance our understanding of compstatin inhibition, a
required and vital step towards testing human disease models in animals.

The diserine extension in compstatin aimed to exploit potential hydrogen-bonding
interactions with C3. In ongoing and future work, an optimization of the backbone length
and amino acid types of the extension, including combinations with Arg1 and Trp1 and
incorporation of non-natural amino acids, will be systematically studied.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Simulation structures of the compstatin binding site for the complexes R1:H (A, B), W1:H
(C, D) and S-1S0:R (E, F) at the end of runs R1:H1, W1:H1 and S-1S0R1, respectively.
Important hydrogen bonds and nonpolar contacts are shown, respectively, in the left and
right panel. The labels I–IV (in A) indicate four protein sectors with atoms at least within 7
Å from the ligand (344–349, 388–393, 454–462 and 488–492). Compstatin is shown in red
tubes and sticks. The violet tubes show the initial conformations of sectors I and II. The blue
lines in plots A, C, E denote important hydrogen bonds. In plots B, D and F, protein residues
are indicated by a cyan surface, and ligand residues Cys2, Val3, Trp4, Trp7 and Cys12 are
indicated by a red surface.
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Figure 2.
Residue intermolecular interaction energy differences between the complex W4A9:hC3 [15]
and selected complexes of this work. Compstatin and C3 results are in the left and right
panel. Data are averaged over all respective runs. The colored code used is: blue – polar; red
– non-polar; and green – total. The uncertainties (error bars) are computed as described in
methods. (A) W4A9:hC3 – S-1S0:R difference; (B) W4A9:hC3 – S-1S0:M difference.
Positive/negative values indicate, respectively, gained/lost interactions in the present
complexes, relative to the W4A9:hC3 complex [15]. C3 regions interacting with compstatin
analogs are enclosed in boxes in (A), colored as follows: red – sector 344–349; orange –
sector 371–376; green – sector 388–393; blue – sector 454–462; and purple – sector 488–
492. An additional residue, A377, is shown in the orange box to account for possible
compensatory effects due to the E372 deletion with respect to human C3 (not present).
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Figure 3.
Residue intermolecular interaction energy differences between the complex W4A9:hC3 [15]
and selected compstatin simulations of the present work. Compstatin and C3 results are
shown in the left and right panel. Data are averaged over all respective runs. The colored
code used is: blue – polar; red – nonpolar; and green – total. The uncertainties (error bars)
are computed as described in methods. (A) W4A9:hC3 – R1:H difference; (B) W4A9:hC3 –
W1:H difference; (C) W4A9:hC3 – S-1S0:H difference. Positive/negative values indicate,
respectively, gained/lost interactions in the new complexes, relative to the W4A9:hC3
complex [15]. C3 regions interacting with compstatin analogs are enclosed in boxes in (A)
and (C), colored as follows: red – sector 344–349; green – sector 388–393; blue – sector
454–462; purple – sector 488–492; and orange – sector 371–376.
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Table 1

Summary of simulations conducted in the present work.

Generationa Runb Analog sequence Protein species Run duration (ns)

1

H1W3Y4:R Ac-HCWYQDWGAHRCT-NH2 Rat 7

Q1W3Y4:R1 Ac-QCWYQDWGAHRCT-NH2 Rat 7

Q1W3Y4:R2 Ac-QCWYQDWGAHRCT-NH2 Rat 7

W3P4:R Ac-ICWPQDWGAHRCT-NH2 Rat 7

T1W3F4:R Ac-TCWFQDWGAHRCT-NH2 Rat 7

S1W3:R Ac-SCWWQDWGAHRCT-NH2 Rat 7

T1W3:R Ac-TCWWQDWGAHRCT-NH2 Rat 7

2

R1W3:R1 Ac-RCWWQDWGAHRCT-NH2 Rat 7

R1W3:R2 Ac-RCWWQDWGAHRCT-NH2 Rat 7

R1:H1 Ac-RCVWQDWGAHRCT-NH2 Human 10

R1:H2 Ac-RCVWQDWGAHRCT-NH2 Human 7

R1:R Ac-RCVWQDWGAHRCT-NH2 Rat 10

R1H11:R1 Ac-RCVWQDWGAHHCT-NH2 Rat 7

R1H11:R2 Ac-RCVWQDWGAHHCT-NH2 Rat 7

R1K9H11:R1 Ac-RCVWQDWGKHHCT-NH2 Rat 7

R1K9H11:R2 Ac-RCVWQDWGKHHCT-NH2 Rat 7

R1K10H11:R1 Ac-RCVWQDWGKKHCT-NH2 Rat 7

R1K10H11:R2 Ac-RCVWQDWGKKHCT-NH2 Rat 7

3

W1:H1 Ac-WCVWQDWGAHRCT-NH2 Human 10

W1:H2 Ac-WCVWQDWGAHRCT-NH2 Human 7

W1:R Ac-WCVWQDWGAHRCT-NH2 Rat 10

W1:M Ac-WCVWQDWGAHRCT-NH2 Mouse 7

W13:H Ac-ICVWQDWGAHRCW-NH2 Human 7

W13:M Ac-ICVWQDWGAHRCW-NH2 Mouse 10

W1W13:H Ac-WCVWQDWGAHRCW-NH2 Human 7

W1W13:M Ac-WCVWQDWGAHRCW-NH2 Mouse 7

4

S-1S0: H1 Ac-SSICVWQDWGAHRTC-NH2 Human 10

S-1S0: H2 Ac-SSICVWQDWGAHRTC-NH2 Human 10

S-1S0: R1 Ac-SSICVWQDWGAHRTC-NH2 Rat 10

S-1S0: R2 Ac-SSICVWQDWGAHRTC-NH2 Rat 10

S-1S0: M1 Ac-SSICVWQDWGAHRTC-NH2 Mouse 10

S-1S0: M2 Ac-SSICVWQDWGAHRTC-NH2 Mouse 10

Native compstatin Ac-ICVVQDWGHHRCT-NH2

W4A9 analog: Ac-ICVWQDWGAHRCT-NH2
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a
The classification into generations is explained in the Methodology section.

b
Nomenclature: Each substitution, with respect to the parent compound W4A9, is denoted by its one-letter amino acid code and its position; the

letter (H/R/M) after the colon “:” denotes the C3 species (human/rat/mouse). A number following this last letter denotes the run number, in case of
multiple runs. The diserine extension at the N-terminal end of analogs in generation 4 is denoted as “S-1S0”.
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Table 2

Sequence selection and approximate binding affinity results for inhibitors of rC3 from the second mutation set.
Rankings are given for sequence selection (lowest energy-rank = 1, E) and approximate binding affinity
(highest affinity-rank = 1, K*). Mutations (with respect to W4A9) are indicated in bold face.

Name

Rank Sequence

E K* 1   13

H1W3Y4 39 1 HCWYQDWGAHRCT

Q1W3Y4 25 2 QCWYQDWGAHRCT

W3P4 64 3 ICWPQDWGAHRCT

T1W3F4 53 4 TCWFQDWGAHRCT

SQ081 81 5 PCWMQDWGAHRCT

S1W3 4 6 SCWWQDWGAHRCT

T1W3 7 7 TCWWQDWGAHRCT

R1W3 3 8 RCWWQDWGAHRCT

SQ001 1 9 PCWWQDWGAHRCT

SQ005 5 10 HCWWQDWGAHRCT

SQ006 6 11 NCWWQDWGAHRCT

SQ002 2 12 QCWWQDWGAHRCT

SQ042 42 13 HCWFQDWGAHRCT

W4A9 - 14 ICVWQDWGAHRCT

SQ014 14 15 PCWYQDWGAHRCT

SQ019 19 16 ICWWQDWGAHRCT

SQ080 80 17 PCWHQDWGAHRCT

SQ008 8 18 PCWPQDWGAHRCT
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