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Abstract

Compstatin is a 13-residue cyclic peptide that has the ability to inhibit the cleavage of (3 to (3a and C3b.
The effects of targeting C3 cleavage are threefold, and result in hindrance of: (i) the generation of the
pro-inflammatory peptide (33, (ii) the generation of opsonin C3b (or its fragment C3d), and (iii) further
complement activation of the common pathway (beyond (3) with the end result of the generation of the
membrane attack complex. We will report on our progress on: (i) rational design of more active compstatin
analogues based on the three-dimensional structure of compstatin, (ii) experimental combinatorial design
based on the generation of a phage-displayed peptide library partially randomized with the implementation
of structure-induced restraints, and (iii) theoretical combinatorial design based on a novel computational
optimization method, structure-induced restraints and flexible structural templates. All three approaches
have resulted in analogues with improved activities. Currently, the lead analogue has the sequence
acetyl-I[CVYQDWGAHRC]T-NH, (where the brackets denote cyclization), and is 16-fold more active than
the parent peptide. We will also report on our progress towards understanding the dynamic character of
compstatin using molecular dynamics simulations. The identification of an ensemble of interconverting
conformers of compstatin with variable populations is a first step towards the incorporation of dynamic ele-
ments in the design of new analogues using dynamics-activity relationships in addition to structure-activity

relationships.

Background

A C3-binding complement inhibitor was identified as a
27-residue peptide using a phage-displayed random peptide
library [1]. This peptide was truncated to an equally ac-
tive 13-residue peptide named compstatin with the sequence
I[[CVVQDWGHHRC]T-NH,, where the brackets denote
cyclization through a disulphide bridge formed by Cys-2-
Cys-12 [1,2]. Acetylation of the N-terminus of compstatin
(Ac-compstatin) resulted in a 3-fold increase in activity
[3-6].

Compstatin blocked the cleavage of C3 to the pro-
inflammatory peptide C3aand the opsonin C3b in haemolytic
assays and in human normal serum [1,3], prevented heparin/
protamine-induced complement activation in baboons in a
situation resembling heart surgery [7], inhibited complement
activation during the contact of blood with biomaterial in
a model of extra-corporeal circulation [8], increased the
lifetime of survival of porcine kidneys perfused with human
blood in a hyper-acute rejection xenotransplantation model
[9], blocked the Escherichia coli-induced oxidative burst of
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granulocytes and monocytes [10], and inhibited complement
activation by cell lines SH-SY5Y, U-937, THP-1 and ECV304
[11]. Compstatin was stable in biotranformation studies
in vitro in human blood, normal human plasma and serum,
with increased stability upon N-terminal acetylation [3].
Compstatin showed little or low toxicity and no adverse
effects when these were assessed [4,7-9]. Finally, compstatin
shows species specificity, being active only with human and
primate C3 [12].

In this mini-review we will present a progress report of
our efforts to design analogues of compstatin with improved
inhibitory activity. Our efforts have been in four different
directions, all of which depend on the availability of the three-
dimensional structure of a major conformer of compstatin
and our thorough understanding of the contribution of each
amino acid, or part of each amino acid, to the formation of
structure. Specifically, we will discuss (i) rational design
of compstatin analogues using SARs (structure—activity
relationships), (ii) experimental combinatorial design using
phage-displayed peptide libraries for binding to C3,
(iii) computational combinatorial design using mixed-integer
and global optimization methods, and (iv) MD (molecular
dynamics) simulations that have identified additional con-
formers of compstatin with small populations. The latter
will form the basis for fine-tuning of our design using SARs
and for initiation of dynamics—activity relationships.
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Table 1 | Sequences and relative activities of compstatin analogues with improved activity that were identified by rational,
experimental combinatorial and computational combinatorial design

Amino acids that were kept fixed in our combinatorial design (see the text) are shown in bold face. Amino acids that were optimized in rational and
combinatorial designs are underlined. Brackets denote cyclization through a disulphide bridge between Cys-2 and Cys-12. Relative complement-
inhibitory activity was obtained from 1Csg measurements. Several measurements were performed for each analogue. Note that our comparisons
here are against the initial non-acetylated compstatin at the N-terminus. In some of the published work this comparison is against Ac-compstatin,
producing lower relative activities. Analogues were identified using the following techniques: “rational design; texperimental combinatorial design;
tcomputational combinatorial design.

Peptide Sequence Relative activity References
Compstatin [[CVVQDWGHHRC]T-NH, 1 [1]
Ac-compstatin Ac-I[CVVQDWGHHRC]T-NH, 3 3,5,6]
AC-HOA® Ac-I[CVVQDWGAHRC]T-NH, 4 [5]
AC-11L/HOW /T13GT Ac-L[CVVQDWGWHRC]G-NH, 4 [6]
AC-11V/VAY /HOF /T13V} AC-V[CVYQDWGFHRC]V-NH, 6 [15]
AC-11V/VAY /HOA/T13Vi Ac-V[CVYQDWGAHRC]V-NH, 9 [15]
AC-VAY /HOF /T13Vi Ac-I[CVYQDWGFHRC]V-NH, 1 [15]
AC-VAY /H9A/T13Vi Ac-I[CVYQDWGAHRC]V-NH, 14 [15]
AC-VAY /HOA] Ac-I[CVYQDWGAHRC]T-NH; 16 [15]

Rational design of compstatin analogues
with improved activity
The three-dimensional structure of compstatin in solution
revealed the presence of a major conformer consisting of a
Type I B-turn located at a position opposite the disulphide
bridge [2]. The molecular surface of compstatin consists of a
polar part that includes the B-turn, and a hydrophobic part
that includes the disulphide bridge [2]. The significance of
these structural characteristics was recognized for structural
stability, for binding to C3 and for complement inhibitory
activity [2,5]. In the case of compstatin, structural stability,
binding to C3 and inhibitory activity are correlated [2,5].
Obur rational design of analogues with higher inhibitory
activity has been discussed and compared with similar
efforts for other low-molecular-mass complement inhibitors
in a recent mini-review [13]. Briefly, the rational or SAR
design was based on the available three-dimensional structure
of compstatin, structural NMR studies of the designed new
analogues, kinetic studies of binding to C3 and its frag-
ments, and measurements of complement-inhibitory activity
[2,3,5,6]. The three-dimensional structure revealed the overall
fold of compstatin and intra-molecular interactions involving
hydrogen bonding, hydrophobicity, electrostatics, van der
Waals forces, disulphide bridge and polar interactions with
solvent molecules. These data provided insight into the
structural stability both of compstatin and, in combination
with additional NMR studies, of the designed analogues. The
binding site on C3 was modelled to have a shape complement-
ary to that of compstatin, with amino acids having physico-
chemical properties that promote binding (either similar or
complementary, depending on the property [5]). Comparable
binding kinetic studies of selected designed analogues
using surface plasmon resonance [3,6] provided insight into
inter-molecular interactions important for binding [3,5,6].

Finally, the observed or deduced intra- and inter-molecular
interactions of the designed analogues were correlated with
inhibitory activity measured using immunological assays.
The specific physico-chemical properties of amino acids
were taken into account in the design of new analogues.
These properties are (i) hydrophobicity/polarity, (ii) charge,
(iii) electronic distribution, (iv) side chain length, volume,
branching, isomerism and flexibility, (v) side chain orientation
and mobility in the specific fold, (vi) ability for cycli-
zation, and (vii) amino acid propensities to form specific
secondary structures. Radical site-specific replacements were
used to determine the effects of gross amino acid differences
on structure, binding and activity, and conservative replace-
ments were used for fine-tuning of the design, together with
additions/deletions, alanine scanning, incorporation of non-
natural amino acids with directed properties, methylation,
and alternative cyclization [1-3,5,6].

The analogue with highest inhibitory activity identified
using this method, named Ac-H9A (sequence is given in
Table 1), had 4-fold higher activity than the parent peptide
compstatin [5]. These efforts include a prior benchmark of
acetylation of the N-terminus that resulted in a 3-fold increase
in inhibitory activity (Table 1) [3—6]. In addition, the rational
design and the use of structural information from NMR
provided the basis for the experimental and combinatorial
design that will be described below.

Experimental combinatorial design

of compstatin analogues with

improved activity

The technique of using phage-displayed random peptide
libraries to randomly identify peptides that are capable of
binding to specific targets and altering their functionality is
widely used [14]. This was the case for the identification of
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compstatin in 1996, when a phage-displayed peptide library
was constructed and screened for binding to C3b [1]. This
technique was used again for peptide binding to C3 [6], but
this time incorporating findings from our rational design (see
above; [5]). Specifically, seven amino acids were kept fixed,
while six were allowed to vary randomly. The combinatorial
gene sequence NNS TGC GTG NNS CAG GAC TGC
GGC (NNS); TGC NNS was displayed at the N-terminus
of the M13 plII gene, where N represents an equal molar
ratio of all nucleotides A, C, G and T, and S represents an
equal molar ratio of C, G and T. The encoded amino acid se-
quences were XCVXQDWGXXXCX, where amino acids
at positions X were combinatorially randomized [6].

Four clones that bound to native C3 were identified using
this method. Measurements of complement-inhibitory activ-
ity using synthetic acetylated peptides with the sequences
of the binding clones identified one analogue with 4-fold
higher activity than compstatin (Table 1) [6]. This analogue
was named Ac-I1L/H9W/T13G, and its sequence is given in
Table 1. NMR experiments with this analogue demonstrated
similar structural characteristics to compstatin, Ac-comp-
statin and the equally active rationally designed analogue Ac-
HO9A (Table 1) [6]. The hydrophobic cluster and the Type I
B-turn were preserved in Ac-I1L/HIW/T13G, and a novel
feature was observed, namely the the introduction of a second
Trp at position 9. The presence of two Trp side chains in
proximity suggested that Trp ring stacking may be important
for the activity of this analogue [6].

Although the experimental combinatorial design identified
an analogue equally as active as that of the rational design
described above, in combination two important features for
activity were revealed: (i) position 9 was amenable to further
optimization, and (ii) side-chain ring stacking involving
one residue inside and one outside the B-turn could be
important to optimize activity. The latter was re-inforced by
computational combinatorial design, which will be described
below.

Novel computational combinatorial design
of compstatin analogues with improved
activity

A general and novel in silico drug design method was
formulated and tested for the first time using compstatin
[15]. This is a two-step methodology. (i) The foundation of
the first step is a mixed-integer linear optimization algorithm
based on the use of a backbone potential that is distance-
dependent, with implicit inclusion of side-chain interactions
and amino acid specificities [15,16]. This algorithm selects and
ranks several potential sequences compatible with a structural
template that provides (but is not limited to) the Ca—Co
inter-atomic backbone distances. (ii) The foundation of the
second step is a global optimization algorithm based on
the use of a full-atom force field [17-19]. This algorithm
calculates ensemble probabilities for the selected sequences
applied on flexible structural templates [15]. The underlying
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assumption of this approach is that amino acid specificity and
the predicted increase in fold stability and specificity, while
maintaining essential functional characteristics, are correlated
with increase in functionality [15]. This was the case for
compstatin, as shown by the success of the method, with
functionality here being complement-inhibitory activity [15].
The novelin silico peptide design approach naturally treats the
template structures as flexible, since the distance-dependent
force field is based on ranges of distances.

The prerequisites for application of this method are the
availability of three-dimensional structural templates and
knowledge of the essential structural characteristics from
initial rational design. In the case of compstatin, both pre-
requisites were achieved using NMR studies [2,5]. The essen-
tial structural characteristics were that seven amino acids,
.e. Cys-2, Val-3 and Cys-12 of the hydrophobic cluster
and Gln-5, Asp-6, Trp-7 and Gly-8 of the Type I B-turn
of compstatin, were deemed indispensable (and non-opti-
mizable) as determined by earlier studies [2,5], while the re-
maining six amino acids (Ile-1, Val-4, His-9, His-10, Arg-11
and Thr-13) were allowed to vary. To optimize the computa-
tion, the variation was not totally random, but instead amino
acids of the hydrophobic cluster, i.e. Ile-1, Val-4 and Thr-13,
could be optimized only with hydrophobic amino acids,
whereas the amino acids of the polar part (His-9, His-10 and
Arg-11) could be optimized by any of the 20 natural amino
acids.

The rationale behind the amino acids selected for optim-
ization using computational and experimental optimization
was identical, in that only amino acids denoted by X in the
sequence Ac-X[CVXQDWGXXXC]X-NH, were allowed
to vary. However, the computational approach gave more
spectacular results, since it identified several analogues with
higher activity than compstatin, among them a 16-fold more
active analogue named Ac-V4Y/H9A (Table 1) [15].

The experimental approach was also successful, but
identified only a 4-fold more active analogue than compstatin
(Table 1) [6]. The common finding in all rational, experimental
and computational combinatorial designs was that position 9
was amenable to further optimization. The new insight
provided only by computational combinatorial design was
that position 4 was also amenable to further optimization,
producing even higher inhibitory activities. Rational design
had also shown that replacement of the amino acids at
positions 4 and 9 by Ala, at positions flanking both ends of the
B-turn, was responsible for modulating the inhibitory activity
and B-turn flexibility while maintaining the -turn structure
[5]. Finally, the computational approach identified a third
position where an aromatic amino acid could be placed to en-
hance ring stacking and activity. This was the presence of Tyr
at position 4 while Trp was maintained at position 7 (Table 1).
In total, 11 analogues were identified containing Tyr-4 and
Trp-7; seven of them were tested and found to be active,
and five were found to be more active than before [15].
Of these five analogues, two have three aromatic residues
occupying positions 4, 7 and 9, specifically Tyr-4/Trp-7/
Phe-9 (Table 1) [15].



MD studies of compstatin identify
additional conformers with small
populations

Small peptides in solution form ensembles of inter-converting
conformers. The presence of multiple conformations is de-
monstrated by NMR spectroscopy [20-22]. Features observ-
able by NMR, such as chemical shifts, coupling constants
and NOEs (nuclear Overhauser effects)/ROEs (rotating-
frame Overhauser effects), that depend on structure are
typically averaged over multiple conformations in peptides.
The same applies to NMR-derived parameters such as
temperature coefficients of chemical shifts, chemical shift
indices and the hydration properties of peptides. In certain
favourable cases the conformation of major population(s) can
be identified by NMR and restraint computational studies
using NMR data. Cyclic peptides are more likely to fall
into this category. This was the case for compstatin, which
showed a better defined structure when the disulphide bridge
between Cys-2 and Cys-12 was intact, and less defined
structure when the disulphide bridge was broken [2,5]. The
flexibility of compstatin in solution was shown by analysis
of NMR parameters such as spin-spin coupling constants,
chemical shifts, the temperature dependence of chemical
shifts and NOEs [2]. The structure of a major conformer
of compstatin was determined using NMR data and com-
putational modelling [2,19].

MD simulations of the entire NMR ensemble of 21 struc-
tures, the average minimized structure and the global opti-
mization structure [2,19] have revealed the presence of five
families of inter-converting conformers at 1 ns simulation
time [23]. The major population of these conformers was a
coil conformation with a Type I B-turn, which had a prob-
ability of 44% [23]. This is in agreement with an estimated
population of 42-63% of a major conformer of compstatin
from the original NMR data using spin—spin coupling con-
stant analysis [2]. The remaining MD conformers (and their
populations) were B-hairpin with Type II' B-turn (22%), B-
hairpin with Type I B-turn (17%), B-hairpin with Type VIII
B-turn (9%) and partial a-helix—partial coil (9%). It should
be noted that 91% of the MD conformers contained some
type of a B-turn and 61% contained a Type I B-turn. This
demonstrates the significance of the presence of a turn for
the structural stability of compstatin. Figure 1 shows the
lowest energy structures of each of the five families of inter-
converting conformers determined by the MD calculations.

Analysis of the free energies of the observed MD con-
formers demonstrated that the energy barriers to a switch
in conformation are relatively small, of the order of 8.4-
46.0 kJ/mol (2-11 kcal/mol), corresponding to the formation
or deformation of a small number of hydrogen bonds
[23]. Likewise, root mean square deviation analysis of the
MD conformers demonstrated that the backbone motional
amplitudes that allow for the conformational switch are also
small, of the order of 0.1-0.4 A [23].

Our MD simulations demonstrate the presence of con-
formational inter-conversion and provide a measure of the
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Figure 1| Ribbon models of the lowest-energy structures of each
of the five families of structures identified by MD simulations
These structures belong to the following families in decreasing popu-
lation order: (A) coil with Type | B-turn, (B) B-hairpin with Type Il B-
turn, (€) p-hairpin with Type | g-turn, (D) B-hairpin with Type VilI
B-turn, and (E) a-helix with coil. The locations of the N- and C-termini,
the disulphide bridge (S-S) and the B-turn (B) are depicted in (A) and
are consistent in all panels.

relative populations of the calculated conformers of comp-
statin at 1 ns. These data introduce the concept of a dynamic
peptide in our drug design process, as opposed to the widely
used, yet overly simplified, static view.

Perspectives

In total, more than 100 analogues of compstatin have been
synthesized and their inhibitory activities measured using
high-throughput immunological assays. Subsets of these
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analogues were studied by NMR or by surface plasmon
resonance. Combinatorial design has been an essential
component of our studies: both the classical experimental
one at the DNA level using phage-displayed random peptide
libraries, and the novel computational combinatorial design
using the combination of mixed-integer linear optimization
and global optimization algorithms. Application of this
computational combinatorial design has yielded spectacular
results in the case of compstatin. The resulting analogue
with 16-fold higher complement-inhibitory activity than
compstatin has been the basis for additional rational design,
including incorporation of non-natural amino acids, that has
produced peptides and peptidomimetics with much higher
activities (D. Morikis and J. D. Lambris, unpublished work).
Finally, our MD simulations will help us to incorporate the
dynamic character of the peptide into our design. The MD
families of compstatin conformers will be used firstin a quasi-
dynamic way as ensembles of structural templates to fine-
tune our rational and combinatorial designs. Subsequently,
they will be used to design on-the-fly truly dynamic active
peptide analogues through the application of improved
computational methodologies. We expect that design based
on dynamics—activity relationships will enhance our already
successful SAR-based design efforts in the search for a more
potent compstatin analogue.

This work was supported by NIH grants GM-62134, Al-30040 and
GM-52032, and a grant-in-aid from the American Heart Association,
Western States Affiliate 0255757Y
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