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Structure-kinetic relationship analysis of the
therapeutic complement inhibitor compstatin
Paola Magottia, Daniel Ricklina, Hongchang Qua, You-Qiang Wua,
Yiannis N. Kaznessisb and John D. Lambrisa*
Compstatin is a 13-residue peptide that inhibits ac
component C3 and its fragments C3b and C3c. A
J. Mol. Rec
tivation of the complement system by binding to the central
combination of theoretical and experimental approaches has

previously allowed us to develop analogs of the original compstatin peptide with up to 264-fold higher activity; one of
these analogs is now in clinical trials for the treatment of age-related macular degeneration (AMD). Here we used
functional assays, surface plasmon resonance (SPR), and isothermal titration calorimetry (ITC) to assess the effect of
modifications at three key residues (Trp-4, Asp-6, Ala-9) on the affinity and activity of compstatin and its analogs, and
we correlated our findings to the recently reported co-crystal structure of compstatin and C3c. The KD values for the
panel of tested analogs ranged from 10S6 to 10S8M. These differences in binding affinity could be attributed mainly
to differences in dissociation rather than association rates, with a >4-fold range in kon values (2–10T 105MS1 sS1) and
a koff variation of >35-fold (1–37T 10S2 sS1) being observed. The stability of the C3b-compstatin complex seemed to
be highly dependent on hydrophobic effects at position 4, and even small changes at position 6 resulted in a loss of
complex formation. Induction of a b-turn shift by an A9P modification resulted in a more favorable entropy but a loss
of binding specificity and stability. The results obtained by the three methods utilized here were highly correlated
with regard to the activity/affinity of the analogs. Thus, our analyses have identified essential structural features of
compstatin and provided important information to support the development of analogs with improved efficacy.
Copyright � 2009 John Wiley & Sons, Ltd.
Supporting information may be found in the online versi
on of this article.
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The human complement system is a powerful player in the
defense against pathogenic organisms and the mediation of
immune responses. Complement can be activated through three
different pathways: the classical, lectin, and alternative pathways.
The major activation event that is shared by all three pathways is
the proteolytic cleavage of the central protein of the complement
system, C3, into its activation products C3a and C3b by C3
convertases. Generation of these fragments leads to the
opsonization of pathogenic cells by C3b and iC3b, a process
that renders them susceptible to phagocytosis or clearance, and
to the activation of immune cells through an interaction with
complement receptors (Markiewski and Lambris, 2007). Depo-
sition of C3b on target cells also induces the formation of new
convertase complexes and thereby initiates a self-amplification
loop.
An ensemble of plasma and cell surface-bound proteins

carefully regulates complement activation to prevent host cells
from self-attack by the complement cascade. However, excessive
activation or inappropriate regulation of complement can lead to
a number of pathologic conditions, ranging from autoimmune to
inflammatory diseases (Sahu and Lambris, 2000; Holers, 2003;
Markiewski and Lambris, 2007; Ricklin and Lambris, 2007a). The
development of therapeutic complement inhibitors is therefore
highly desirable. In this context, C3 and C3b have emerged as
promising targets because their central role in the cascade allows
for the simultaneous inhibition of the initiation, amplification,
ognit. 2009; 22: 495–505 Copyright � 2009 J
2007a).
Compstatin was the first non-host-derived complement

inhibitor that was shown to be capable of blocking all three
activation pathways (Sahu et al., 1996). Even though the exact
molecular mechanism of its inhibition is not yet fully understood,
this cyclic tridecapeptide clearly binds to both C3 and C3b and
prevents the cleavage of native C3 by the C3 convertases. Its high
inhibitory efficacy was confirmed by a series of studies using in
vitro and animal models that pointed to its potential as a
therapeutic agent (Nilsson et al., 1998; Fiane et al., 1999a; Fiane
et al., 1999b; Soulika et al., 2000; Schmidt et al., 2003; Ricklin and
Lambris, 2008). Progressive optimization of compstatin has
yielded analogs with dramatically improved activity (Ricklin
and Lambris, 2008). One of these analogs is currently being
tested in clinical trials for the treatment of age-related macular
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degeneration (AMD), the leading cause of blindness in elderly
patients in industrialized nations (Coleman et al., 2008; Ricklin and
Lambris, 2008). In view of its therapeutic potential in AMD
and other diseases, further optimization of compstatin to achieve
an even greater efficacy is of considerable importance.
Earlier structure-activity studies have identified the cyclic

nature of the compstatin peptide and the presence of both a
b-turn and hydrophobic cluster as key features of the molecule
(Morikis et al., 1998; Morikis et al., 2002; Ricklin and Lambris, 2008).
Hydrophobic residues at positions 4 and 7 were found to be of
particular importance, and their modification with unnatural
amino acids generated an analog with 264-fold improved activity
over the original compstatin peptide (Katragadda et al., 2006).
While previous optimization steps have been based on

combinatorial screening studies, solution structures, and com-
putational models (Mulakala et al., 2007; Chiu et al., 2008; Ricklin
and Lambris, 2008), the recent publication of a co-crystal
structure of compstatin complexed with the complement
fragment C3c (Janssen et al., 2007) represents an important
milestone for initiating rational optimization. The crystal structure
revealed a shallow binding site at the interface of macroglobulin
(MG) domains 4 and 5 of C3c and showed that 9 of the 13 amino
acids were directly involved in the binding, either through
hydrogen bonds or hydrophobic effects. As compared to the
structure of the compstatin peptide in solution (Morikis et al.,
1998), the bound form of compstatin experienced a confor-
mational change, with a shift in the location of the b-turn from
residues 5–8 to 8–11 (Janssen et al., 2007).
In view of these findings, we have now explored the

importance of the newly identified key positions by analyzing
the inhibitory, kinetic, and thermodynamic properties of a panel
composed of both previously described and novel compstatin
analogs. In particular, we investigated the influence of hydro-
phobic effects at position 4, the tolerance for backbone
modifications at position 6, and the effects of changing position
9 on the integrity of the b-turn. For this purpose, we used a
combination of enzyme-linked immunosorbent assays (ELISA) (to
assess complement inhibition), surface plasmon resonance (SPR;
to measure binding affinities and kinetics), and isothermal
titration calorimetry (ITC; for thermodynamics analyses). Our
findings indicate that most of the applied changes had a direct
effect on the stability of the compstatin-C3b complex, as
evidenced by an increased dissociation rate. These findings
provide key information for the further development of more
effective compstatin-based therapeutics.

MATERIALS AND METHODS

Synthesis and purification of peptides and proteins

Linear peptides were synthesized using Fmoc-based solid phase
synthesis as previously described (Morikis et al., 1998), with the
exception of analog 4(1ForW), which was synthesized using Boc
chemistry (Merrifield, 1969). All N-termini were acetylated, and
the C-termini were blocked by conversion to an amide. After
synthesis, the peptides were cyclized on resin using direct
disulfide bond formation by oxidation with Tl(CF3CO2)3/anisole
(19:1) for 3 h at room temperature in DMF, to avoid the oxidation
of tryptophan. After cyclization, the resins were washed 10 times
each with DMF and MeOH and 5 times with a mixture of
MeOH:DCM (60:40), then dried in vacuum for 4 h. Cyclic peptides
were cleaved from the resin and deprotected by two different
www.interscience.wiley.com/journal/jmr Copyright � 2009 John
methods: for Fmoc-synthesized peptides, with a mixture of
TFA:triisopropylsilane:phenol:H2O (87.5:2.5:5:5) as previously
described (Sahu et al., 2000); for the Boc-based peptide, with
anhydrous HF (Pennington, 1994). All peptides were purified on a
Vydac C18 218TP152022 column (Western Analytical Products,
Murrieta, CA) to�95% purity, and the identity of the peptides was
confirmed by laser desorption mass spectrometry (MALDI).
Fourteen compstatin analogs (Table 1 and Figure 1) were

synthesized. For the purposes of this study, the parent peptide
will be referred to as original compstatin, designated as 4V9H,
with the sequence Ac-I[CVVQDWGHHRC]T-NH2. Modifications
were made at position 4 (category I), with tyrosine (Y) and its
O-methyl (MeY), O-ethyl (EtY), and O-allyl derivatives (AlY);
tryptophan (W) and its 1-methyl (1MeW), 1-formyl (1ForW), and
5-methyl (5MeW) derivatives; pyrenyl-alanine (PyrA) and
2-naphthyl-alanine (2Nal). At position 6 (category II), iso-aspartic
acid (IsoD) was introduced, and at position 9 (category III), alanine
was changed to either proline (P) or a-aminobutyric acid (Abu).
C3 was purified from plasma; C3b was generated by limited

trypsinization of C3 and site-specifically biotinylated at its
thioester moiety as described previously (Sahu et al., 2000;
Sarrias et al., 2001).

Complement inhibition assays

The ability of the compstatin analogs to inhibit the classical
pathway of complement activation was assessed by ELISA as
described elsewhere (Mallik et al., 2005; Katragadda et al., 2006).
An antigen–antibody complex was formed on an ELISA plate, and
the deposition of C3b in the presence of compstatin analogs was
measured. The percentage of inhibition was plotted against the
peptide concentration and fitted to the logistic dose-response
function using Origin 7.0 (OriginLab).

Kinetic characterization of the compstatin analogs (SPR)

The kinetics of the interaction between C3b and each compstatin
analog was analyzed by SPR on Biacore 2000 and 3000
instruments (GE Healthcare Corp., Piscataway, NJ) at 258C. PBS-T
(10mM sodium phosphate, 150mM NaCl, 0.005% Tween-20, pH
7.4) was used as the running buffer, and data analysis was
performed using Scrubber (BioLogic Software, Campbell,
Australia). Biotinylated C3b (30mg/ml) was immobilized on a
streptavidin sensor chip (GE Healthcare) at three different surface
densities (approximately 3000, 4000, and 5000 resonance units
[RU]). An untreated flow cell was used as a reference surface.
A kinetic ranking experiment was performed by injecting a

1mM solution of each analog for 2min at a flow rate of 30ml/min
and following the dissociation phase for 3min. Signals from the
reference surface and an ensemble of buffer blank injections
were subtracted to correct for non-specific binding and injection
artifacts (Myszka, 1999). The corrected responses of all analogs
were overlaid, and differences in the binding intensities and
apparent association/dissociation phases were evaluated.
For a detailed kinetic analysis, a twofold serial dilution series

consisting of 12 dilutions was prepared for each analog. The
starting concentration was 64mM for analog 4V9H, 32mM for 4W,
4Y, and 9Abu, 8mM for 4MeY, 4EtY, 4AlY, and 4(PyrA), and 1mM for
the 4(1MeW), 4(1ForW), 4(5MeW), 9P, and 4(2Nal) peptides.
Peptide solutions were injected for 2min at 30ml/min, with a
dissociation phase of 5min. Peptide solutions were injected in
duplicate in every experiment, and each screening assay was
Wiley & Sons, Ltd. J. Mol. Recognit. 2009; 22: 495–505



Table 1. Sequence and complement inhibition activity of compstatin analogs investigated in this study

Peptide Sequence1 IC50 (mM) RA2

Category I (Position 4)
4V9H3 Ac-ICVVQDWGHHRCT 4.5 12
4W Ac-ICVWQDWGAHRCT 1.2 45
4(1MeW) Ac-ICV(1MeW)QDWGAHRCT 0.21 262
4(1ForW) Ac-ICV(1ForW)QDWGAHRCT 0.26 207
4(5MeW)4 Ac-ICV(5MeW)QDWGAHRCT 0.87 62
4Y Ac-ICVYQDWGAHRCT 2.4 23
4(MeY) Ac-ICV(MeY)QDWGAHRCT 1.3 41
4(EtY) Ac-ICV(EtY)QDWGAHRCT 1.3 41
4(AlY) Ac-ICV(AlY)QDWGAHRCT 1.3 41
4(2Nal)4 Ac-ICV(2Nal)QDWGAHRCT 0.55 99
4(PyrA) Ac-ICV(PyrA)QDWGAHRCT 1.2 45
Category II (Position 6)
4(1MeW)6D5 Ac-ICV(1MeW)QDWGAHRCT 0.21 262
4(1MeW)6(isoD) Ac-ICV(1MeW)QisoDWGAHRCT N/A N/A
Category III (Position 9)
4W9A6 Ac-ICVWQDWGAHRCT 1.2 45
4W9Abu Ac-ICVWQDWGAbuHRCT 1.5 36
4(1MeW)9A5 Ac-ICV(1MeW)QDWGAHRCT 0.21 262
4(1MeW)9P Ac-ICV(1MeW)QDWGPHRCT 0.54 100
1Modified residues are marked in bold face. Abbreviations used: Abu, aminobutyric acid; Ac, acetyl; Al, allyl; Et, ethyl; For, formyl; Me, methyl;
Nal, naphthyl-alanine; Pyr, pyrenyl.
2 Relative activities compared to peptide H-I(CVVQDWGHHRC)T-NH2.
3 Data previously reported (Mallik et al., 2005; Katragadda et al., 2006).
4 Data previously reported (Katragadda et al., 2006).
5 Corresponds to peptide 4(1MeW).
6 Corresponds to peptide 4W.

STRUCTURE-KINETIC RELATIONSHIPS OF COMPSTATIN
performed at least twice. Peptide 4(1MeW) was included in each
experimental series as an internal control and reference.
Biosensor data were processed as described above and globally
fitted to a 1:1 Langmuir binding model. The equilibrium
dissociation constant (KD) was calculated from the equation
KD¼ koff/kon.

Thermodynamic characterization of the
compstatin analogs (ITC)

ITC experiments were performed using a VP-ITC calorimeter
(Microcal Inc, Northampton, MA) at 258C as previously described
(Katragadda et al., 2004; Katragadda et al., 2006). C3 concen-
trations of 2–5mM in the cell and peptide concentrations of
80–200mM in the syringe were used for these experiments. All
titrations were performed in PBS (10mM sodium phosphate,
150mM NaCl, pH 7.4). For each experiment, 2-ml peptide
injections were made into the cell containing the protein. The
resulting isotherms were fit to a single set of sites model using
Origin 7.0 and the Gibbs free energy was calculated as
DG¼DH� TDS.
4

RESULTS

Kinetic ranking and profiling assays

Screening of rather small peptides (�1.5 kDa) on large plasma
proteins such as C3b (175 kDa) by SPR puts high demands on
assay design. We therefore employed several procedures in order
J. Mol. Recognit. 2009; 22: 495–505 Copyright � 2009 John Wiley & S
to avoid binding artifacts: First, C3b was site-specifically
immobilized to prevent surface heterogeneity (Ricklin and
Lambris, 2007b). Second, a wide concentration range was
covered, and both individual injections and full assays were
performed at least in duplicate on C3b surfaces of different
densities. Third, careful data processing that included double
referencing (Myszka, 1999) was applied, and the resulting data
sets were globally fitted to a Langmuir 1:1 model. Using these
enhancement steps, we observed highly reproducible binding
signals. A minimum surface density of 3000 RU C3b was found to
be required for achieving an acceptable signal-to-noise ratio.
A kinetic ranking study, in which a constant concentration of

each compstatin analog was injected onto surface-bound C3b,
allowed us to evaluate the kinetic range for the panel and further
optimize the assay design. A peptide concentration of 1mM was
selected for the ranking, since it produced detectable signals for
all analogs without reaching full saturation. All analogs showed
rapid complex formation, reached steady-state conditions within
1min, and the signals returned to baseline within 5min after the
injection was completed (Figure 2). The ranking study also
revealed important details about the kinetic relationships of the
compounds, with the dissociation phase showing a high degree
of variability. In particular, the fastest dissociation rate was seen
for analog 4V9H, which was included as a reference and
represents an earlier step in the development of compstatin
analogs; in contrast, the slowest dissociation was exhibited by the
current lead compound, 4(1MeW) (Katragadda et al., 2006)
(Figure 2). This interesting finding indicated that many of the
previously achieved efficacy improvements are off-rate-driven
ons, Ltd. www.interscience.wiley.com/journal/jmr
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Figure 2. Kinetic ranking of compstatin analogs. A constant concen-
tration (1mM) of each peptide was passed over immobilized C3b. Binding

signals were overlaid to visualize relative differences in their association

and dissociation phases. Both the relative signal intensities and the

observed dissociation correlated well with the measured affinities
(Table 2). The weakest (4V9H; red) and strongest (4(1MeW); blue) analogs

are highlighted in boldface type.

Figure 1. Structure of compstatin and its analogs. (a) The core structure

of compstatin is comprised of a cyclic tridecapeptide. (The structure
shown represents peptide 4W in Table 1). In the present study, changes

were made to residues 4, 6, and 9 (Table 1) by introducing several natural

(P, W, Y) and the following unnatural amino acids: (b) O-methyl-tyrosine

(MeY), (c) O-ethyl-tyrosine (EtY), (d) O-allyl-tyrosine (AlY), (e) 5-methyl-
tryptophan (5MeW), (f) 2-naphthyl-alanine (2Nal), (g) 1-methyl-tryptophan

(1MeW), (h) 1-formyl-tryptophan (1ForW), (i) pyrenyl-alanine (PyrA),

(j) iso-aspartic acid (IsoD), (k) a-aminobutyric acid (Abu).
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and that the SPR assay is able to cover the full kinetic range of the
investigated panel of compstatin analogs.
We therefore extended our analysis to full kinetic profiles in

order to be able to correlate the structural changes with the
degree of complex formation (kon) and stability (koff ). With the
exception of peptide 4(1MeW)6isoD, which lacked inhibitory
activity (Table 1), all the tested peptides showed dose-dependent
www.interscience.wiley.com/journal/jmr Copyright � 2009 John
and highly reproducible binding (Figure 3). Furthermore, data
sets from C3b surfaces of increasing densities exhibited higher
signal intensities but highly comparable on- and off-rates. Most
importantly, the data sets for the 13 inhibitory peptides could be
globally fit to simple Langmuir 1:1 kinetic models with high
accuracy (Figure 3; red simulation curves). Over the entire panel
of analogs, we observed a >4-fold variation in kon (2–10�
105M�1 s�1), while the koff values spanned a >35-fold range
(1–37� 10�2 s�1) (Table 2). In agreement with the ranking
experiment, 4(1MeW) showed the highest affinity (KD¼ 11 nM),
and 4V9H (original compstatin) was at the lower end of the
binding affinities for C3b (KD¼ 1.6mM; Table 2). For each category
of modifications, we compared the structure-kinetic relationship
data from SPR with the activity results from a complement
inhibition assay (Table 1; Figure 4) and supplemented the analysis
with thermodynamic parameters from ITC experiments (Table 3;
Supplementary material, Figure 1).

Category I: modifications at position 4

In our previous study (Katragadda et al., 2006), we demonstrated
a good correlation between increasing hydrophobicity of
position 4 and increasing inhibitory activity. However, in that
study, the most active analog 4(1MeW) showed a much higher
inhibitory activity and binding affinity than would have been
predicted from its degree of hydrophobicity at position 4
(Katragadda et al., 2006). Thus, the increased hydrophobicity of
4(1MeW) alone is not sufficient to explain its large increase in
activity and affinity. In the present study, we therefore extended
our analysis of this key position in compstatin and performed
substitutions using three different sets of amino acids. Derivatives
of tryptophan were selected due to their structural homology
with 4(1MeW) and were designed variable in terms of
hydrophobicity. Tyrosine derivatives, on the other hand, offered
Wiley & Sons, Ltd. J. Mol. Recognit. 2009; 22: 495–505



Figure 3. Detailed kinetic analysis of 13 compstatin analogs. Increasing concentrations of each compstatin analog were delivered to surface-bound
C3b for 2min, and the dissociation was monitored for another 5min. All traces have been corrected for injection artifacts and non-specific binding by

subtracting responses from an untreated reference surface and several buffer blanks. Processed SPR signals (black) were globally fitted to a Langmuir 1:1

binding isotherm (red simulation curves), and the kinetic rate constants kon and koff were extracted (Table 2). A schematic representation of the assay

setup for the kinetic profiling is presented at the bottom.
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a different structural anatomy with a smaller ring size and a
hydroxyl group that can be easily derivatized. Finally, PyrA and
2Nal represented bulkier, more hydrophobic residues. All
peptides were tested for complement inhibition using an
ELISA-based assay that detects the C3b deposition after
activation by antigen–antibody complexes (Figure 4).
In case of Trp4, previous addition of a N-methyl group to its

indole ring led to an unexpectedly large gain in activity
J. Mol. Recognit. 2009; 22: 495–505 Copyright � 2009 John Wiley & S
(Katragadda et al., 2006). We therefore investigated the influence
of a hydrophilic group at the same position by replacing the
methyl group with a formyl group. In the complement inhibition
assay, the presence of this higher-polarity group did not
significantly influence the activity of 4(1ForW) when compared
to 4(1MeW) (IC50¼ 226 vs. 206 nM; Table 1; Figure 1g–h),
suggesting that blocking the nitrogen in the indole group of the
tryptophan is important by itself. Indeed, kinetic profiling
ons, Ltd. www.interscience.wiley.com/journal/jmr
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Table 2. Kinetic characterization of compstatin analogs

Peptide1
kon

(105M�1 s�1)
koff

(10�2 s�1)
KD
(nM)

4V9H 2.3� 4.6 37.4� 0.8 1641� 108
4W 9.2� 3.3 13.4� 3.2 152� 29
4(1MeW) 9.9� 1.8 1.1� 0.2 11� 3
4(1ForW) 2.9� 0.7 1.2� 0.2 42� 7
4(5MeW) 6.8� 1.5 8.2� 1.3 123� 21
4Y 4.1� 2.2 15.1� 2.2 454� 189
4MeY 7.0� 0.5 8.2� 0.8 118� 17
4EtY 6.2� 1.2 8.6� 1.8 140� 1
4AlY 5.3� 1.3 6.3� 1.5 119� 1
4(2Nal) 8.1� 1.2 9.3� 0.2 109� 21
4(PyrA) 7.6� 1.3 4.8� 1.2 65� 8
4W9Abu 5.7� 0.9 14.1� 2.1 252� 25
4(1MeW)9P 7.5� 0.8 3.0� 1.0 40� 9
1 Analog 6isoD did not show any inhibitory activity (see Table 1)
and was therefore excluded from the panel.
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revealed that 4(1ForW) was the only analog in the study that had
very similar off-rate (0.012 s�1) to that of 4(1MeW) (0.011 s�1),
therefore confirming the negative effect of the indole nitrogen
on complex stability (Table 2). In the SPR study, 4(1ForW) also
showed a slower on-rate (2.92� 105M�1 s�1), resulting in a 3-fold
lower binding affinity when compared to 4(1MeW). A similar
difference between the KD values was also observed in the ITC
experiments, in which a beneficial entropy value for 4(1ForW)
could not fully compensate for the observed loss in enthalpy
(Table 3). The discrepancy between the activity and affinity values
may be explained by the fact that the change from methyl to
Figure 4. Complement inhibition activity of compstatin analogs. The perce

peptide concentration and compared to that for the lead compound 4(1MeW)
AlY), (C) PyrA at position 4, (D) IsoD at position 6, (E) proline at position 9. (F)

activation, where the antigen–antibody complex was formed by an albumin-

assays for analogs 4(5MeW), 4(2Nal), and 9Abu have been reported previou

www.interscience.wiley.com/journal/jmr Copyright � 2009 John
formyl seems to primarily affect complex formation rather than
the stability, which is less likely to influence the end-point
measurement in ELISAs.
The next set of analogs tested were derivatives of the amino

acid tyrosine, chosen specifically because of the progressive
increase in their hydrophobic character (logP: AlY> EtY>
MeY> Y: Supplementary material, Table 1; Figure 1b–d). When
compared to unmodified Y (IC50¼ 2.4mM), each of the unnatural
peptides showed the same twofold increase in inhibitory activity
(IC50¼ 1.3mM). Since the formation of O-alkyl ethers made the
side chain more lipophilic, this result was consistent with our
previous report that hydrophobicity at this position is important.
However, the chain length did not seem to play an important role,
since its increase from methyl to allyl did not lead to a significant
difference in activity. Also, the inhibitory potencies of all the
tyrosine analogs were clearly lower than that of 4(1MeW)
(0.21mM; Table 1), again demonstrating the benefits of
tryptophan modifications at position 4.
The activity results for the tyrosine analogs were further

confirmed and supplemented by the kinetic profiling data. For
the O-alkyl derivatives, both the kon (5–7� 105M�1 s�1) and koff
values (0.06–0.09 s�1) were similar (Table 2). However, a slight
trend in the kinetic rates from MeY to AlY indicated that gains in
association might be compensated by losses in complex stability,
resulting in similar overall levels of inhibitory activity. However,
this trend was rather small and may have been within
experimental error. Affinity differences from unmodified Y were
even larger and were predominantly caused by a slower off-rate
(Table 2). A similar effect was observed analyzing the ITC data,
where all three tyrosine derivatives showed similar changes in
free energy. However, the individual enthalpic and entropic
contributions to the interaction were significantly different
between the tyrosine analogs: MeY showed the most favorable
enthalpy change, which gradually decreased with increasing
ntage of classical pathway complement inhibition is plotted against the

. (A) 1ForW at position 4, (B) tyrosine analogs at position 4 (Y, MeY, EtY, and
Schematic representation of the ELISA assay to detect classical pathway

coated plate recognized by a polyclonal a-ovalbumin antibody. Inhibition

sly (Mallik et al., 2005; Katragadda et al., 2006).

Wiley & Sons, Ltd. J. Mol. Recognit. 2009; 22: 495–505



Table 3. Thermodynamic characterization of compstatin analogs showing changes in enthalpy (DH), entropy (�TDS), and free
energy (DG), and their differences from the values for the reference peptide 4(1MeW) (marked in boldface type)

Peptide KD (nM) DH (kcal/mol) DDH (kcal/mol) �TDS (kcal/mol) �TDDS (kcal/mol) DG (kcal/mol) DDG (kcal/mol)

4W1 140 �18.1 �0.5 8.8 1.9 �9.4 1.3
4(1MeW) 15 �17.6 0 6.9 0 �10.7 0
4(1ForW) 82 �14.5 3.1 4.8 �2.1 �9.7 1.0
4(5MeW)1 120 �17.8 �0.2 8.2 1.3 �9.6 1.1
4Y 556 �13.9 3.7 5.3 �1.6 �8.6 2.1
4MeY 115 �18.0 �0.4 8.5 1.6 �9.5 1.2
4EtY 134 �16.0 1.6 6.6 �0.3 �9.5 1.2
4AlY 135 �13.3 4.2 3.9 �3.0 �9.4 1.3
4(2Nal)1 110 �14.3 3.3 4.8 �2.1 �9.5 1.2
4PyrA2 n/a n/a n/a n/a n/a n/a n/a
4(1MeW)9P 43 �15.3 2.3 5.2 �1.7 �10.1 0.6

1 ITC data are derived from a previous study (Katragadda et al., 2006) and were compared to 4(1MeW).
2 The solubility of analog 4PyrA in PBS was too low for performing ITC experiments.
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hydrophobic character of the analogs (Table 3). In contrast, the
4(EtY) and 4(AlY) peptides had a more favorable entropy level,
most likely because of their higher hydrophobicity. The less
favorable enthalpy change displayed by these two analogs could
possibly reflect a decrease in specific interactions with C3. These
results demonstrated that the length of the alkyl chain indeed
influenced the interaction of the tyrosine analogs with C3/C3b, an
observation that would have beenmissed if only equilibrium data
would have been analyzed.
Finally, 2Nal and PyrA were introduced at this position because

they consist of two and four aromatic rings (Figure 1f and i),
respectively, and feature higher logP values than those of
tryptophan analogs (Supplementary material, Table 1). Despite
the increased hydrophobicity, however, both analogs showed a
large drop in inhibitory activity, probably because of the
bulkiness of their side chains. The kinetic analysis suggested
that the five- and nine-fold faster off-rates for PyrA and 2Nal,
respectively, when compared to 4(1MeW) primarily accounted for
this difference, whereas the on-rate was much less affected by
the substitutions (Table 2).

Category II: modifications at position 6

Iso-aspartic acid is the b-amino acid isoform of aspartic acid that
allows the formation of the amidic bond via its b-carboxylic group
instead of the a-carboxylic group, leading to an elongation of the
peptide chain by one methylene unit (Figure 1j). As previous
studies have shown that changes in the side chain at position 6
are relatively well tolerated, we investigated whether the small
increase in the cyclic compstatin backbone might be beneficial
for its efficacy. However, substitution of D with its homolog IsoD
led to a complete loss of activity (Figure 4D; Table 1). As a
consequence, no SPR or ITC studies were performed using this
peptide.

Category III: modifications at position 9

The rationale behind the modification from 9A to 9P was to
induce a shift in the b-turn from residues 5–8 to residues 8–11 in
order to pre-form the arrangement observed in the bound form
J. Mol. Recognit. 2009; 22: 495–505 Copyright � 2009 John Wiley & S
of compstatin and thereby improve complex formation. While the
substitution was tolerated, it did not yield the expected
improvement and even caused a twofold drop in activity
(Table 1). Similarly, the affinity was decreased by a factor of four,
with a slightly more negative effect on the off-rate (Table 2),
indicating a possible perturbation in the bond formation that
affected the stability of the complex. The negative impact on the
enthalpy value (Table 3) further suggests that this perturbation
may lead to a loss of individual contacts.
The introduction of Abu (Figure 1k) at position 9 leads to an

elongation of the alanine side chain, in this case by one
methylene group. This extension was very well tolerated and led
to a comparatively low drop in activity when compared to the
original peptide 4W (IC50¼ 1.5 and 1.2mM, respectively; (Mallik et
al., 2005)). The binding affinity was affected in a similar way
(KD¼ 250 and 150 nM, respectively), with a higher impact on kon
(factor 1.6) than on koff (factor 1.05; Table 2).

Comparison of binding parameters

In order to validate our results and detect important connections
and trends between the various binding parameters that
were obtained throughout our study (by ELISA, SPR, and ITC),
we performed a number of correlation analyses. In a first step, we
compared the inhibitory activity (IC50) of each analog to its
SPR-derived binding affinity (KD SPR; Figure 5A). As expected, an
increase in affinity generally translated into enhanced activity
and followed a linear trend, with a correlation constant of
R2¼ 0.887. Further analysis revealed that the off-rates correlate
much better with the IC50 than the on-rates (Supplementary
material, Figure 3), which we attribute to a higher dependence of
ELISA on complex stability (i.e., end-point measurements). Due to
technical reasons (e.g., immobilization method) and compar-
ability with previous data (Katragadda et al., 2006), slightly
different target fragments were used in SPR (i.e., C3b) and ITC (i.e.,
C3) experiments. We therefore performed ITC experiments with
4(1MeW) and either C3 or C3b. The comparison of the binding
affinity of this compstatin analog for the two fragments revealed
identical KD values (Supplementary material, Figure 4), confirming
previous results concerning the high degree of similarity
ons, Ltd. www.interscience.wiley.com/journal/jmr
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Figure 5. Correlation between measured parameters. (A) Inhibitory

activities and binding affinities followed a linear trend. (B) Comparison

between the KD values determined by ITC and SPR showed a good
correlation between solution- and surface-based binding. (C) The on/

off-rate plot revealed that structural modification had distinct effects on

the rate constants. Dashed diagonal lines represent binding affinity (KD).

Analogs with the weakest (4V9H) and strongest 4(1MeW) binding affinity
are marked in bold, and minimum/maximum rate constants are indicated

with dotted lines.
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between the compstatin binding sites in C3 and C3b (Sahu et al.,
2000; Janssen et al., 2007). Accordingly, the binding affinities
derived from the SPR and ITC experiments over the whole panel
of analogs showed a very high degree of correlation between the
two methods (R2¼ 0.977; Figure 5B), further indicating that the
binding is highly comparable on the surface (SPR) and in solution
(ITC). Finally, we analyzed the distribution of the kinetic rate
constants in a kon/koff-plot (Figure 5C). As indicated by the kinetic
ranking experiment, the analogs 4V9H and 4(1MeW) marked the
upper and lower boundaries for both the on- and off-rates.
www.interscience.wiley.com/journal/jmr Copyright � 2009 John
Although 4(1ForW) had a similarly beneficial koff and 4W showed
a comparable kon, the current lead compound 4(1MeW) exhibited
the most favorable combination of on/off rates by far.
DISCUSSION

The structural optimizations performed in this study are
important contributions for paving the way toward more potent
compstatin analogs. Previous biophysical studies (Morikis et al.,
2002; Katragadda et al., 2004; Katragadda et al., 2006) and the
advent of a co-crystal structure of compstatin with C3c (Janssen
et al., 2007) allowed us to identify potential key areas for
optimization and set the base for rational peptide design. Based
on these findings, we compiled and tested a panel of compstatin
analogs that covered three major aspects of the interaction: (1)
the hydrophobic and hydrogen bond contact network at position
4, (2) the backbone elongation of Asp-6 that is part of the
solution-based b-turn, and (3) the modulation of Ala-9 in the
b-turn of bound compstatin. For this purpose, we analyzed a
panel of 14 peptides bearing single mutations by various
biochemical and biophysical methods in order to identify effects
on their activity, affinity, kinetics, and thermodynamics. This
integrated approach was chosen since simple activity or affinity
measurements are often influenced by compensation effects that
mask the true impact of a structural modification. We therefore
focused part of our study for elucidating how structural variations
can be correlated with and explained by kinetic SPR data.
The value of considering kinetic data in the development of

therapeutics has long been recognized (Cooper, 2002; Huber,
2005), since it allows analyzing the effects on both complex
formation (kon) and stability (koff ). Examples of such structure-
kinetics analyses include inhibitors of HIV protease (Markgren et
al., 2002), carbonic anhydrase (Papalia et al., 2006), and estrogen
receptor ligands (Rich et al., 2002). Although SPR analysis has
previously been applied to the study of compstatin interactions
(Sahu et al., 2000), this earlier analysis involved the immobiliz-
ation of biotinylated peptides on individual flow cells, and the
system was therefore not suited to the screening of a large panel
of analogs. In the present study, the disadvantage of less
favorable signal-to-noise ratios associated with injecting a small
analyte into a large protein in the reversed assay format was
compensated for by employing a series of improved assay design
and data processing steps. Both the ranking and profiling assays
reported here were found to be highly reproducible and capable
of covering the full kinetic range of currently available compstatin
analogs.
The binding affinity of an analyte-target interaction is closely

related to the relative stability of the free and bound forms of the
analyte and depends on the strengths of individual non-covalent
contacts such as hydrogen bonds, salt bridges, van der Waals
(vdW) interactions, and hydrophobic contributions (Fersht, 1999).
While both complex formation and stability are influenced by all
these factors, their relative contribution to the association and
dissociation process may vary greatly for each interaction.
Hydrogen bonds and vdW forces have been shown to be
essential for the specificity of a binding event, but they provide a
very small energetic contribution to the free energy of the
protein–protein interactions (Hagler et al., 1979; Freire, 2008). In
contrast, hydrophobic interactions have been suggested to be
the major factor involved in stabilizing protein–protein com-
plexes. (Hagler et al., 1979; Freire, 2008).
Wiley & Sons, Ltd. J. Mol. Recognit. 2009; 22: 495–505



Figure 6. Structural base for the binding of compstatin. (A) Binding site
of compstatin on C3c: The backbone of analog 4W is represented as a

ribbon, with side chains as sticks in alternating colors (dark and pale blue).

Positions 4, 6, and 9, which were modified in this study, are highlighted as

bolded, red sticks. Contact amino acids for Trp-4 are marked with different
colors on the surface of C3c (gray). (B) Structural model for the formation

of hydrophobic contacts between C3c (brown) and analog 4(1MeW)

(blue). The interatomic distances between the N-methyl group in comp-

statin analog 4(1MeW) and carbon atoms of residues 390–393 of C3c
within a distance of 3.9 Å are marked as dashed green lines. The binding

site and the modification of Trp-4 were generated from PDB file 2QKI

(Janssen et al., 2007) using PyMOL (www.pymol.org).
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This theory fits very well with the results we observed in our
analysis of the analogs bearing substitutions at position 4. The
variation in association rate was rather small (threefold),
indicating a common specificity for the compstatin scaffold that
is primarily mediated by hydrogen bonds and vdW forces from
the entire peptide, rather than only position 4. In addition, the
association of peptides to a shallow binding pocket, as it is the
case for the compstatin site on C3c (Janssen et al., 2007), is
considered to be largely influenced by the diffusion coefficient of
the peptide (Mulakala and Kaznessis, 2009). The diffusion
coefficients, which depend largely on the size and shape of
the entire molecules, are expected to be nearly identical for all
tested analogs, which is in accord with our observation that their
association constants are very similar. The off-rate, on the other
hand, covered a much larger range (15-fold) when the identity of
residue 4 was varied (Table 2). We observed a general trend
relating increased complex stability to increased hydrophobicity
of the side chain that was even more obvious within a specific
scaffold as in case of tyrosine analogs (Supplementary material,
Figure 2). The importance of the core was also shown by the
4(2Nal) and 4(PyrA) analogs, which were less active than would
have been predicted from the increase in hydrophobicity. In case
of 2Nal, a changed electrostatic distribution within the side chain
may have contributed to this effect (Katragadda et al., 2006). PyrA,
on the other hand, may have encountered steric limitations, even
though the binding area for position 4 was expected to tolerate
bulkier groups (Figure 6A). Nevertheless, this result confirms the
general importance of hydrophobic interactions in position 4 for
the stability of the complex. (Supplementary material, Figure 2)
One notable exception to this trend was the result obtained for

peptide 4(1ForW), which showed an off-rate similar to that of
4(1MeW) but had by far the most polar side chain modification at
position 4 (Supplementary material, Figure 1). Furthermore, both
indole derivatives significantly deviated from the observed trend
between logP and koff (Supplementary material, Figure 2). This
finding suggests that blockage of the indole nitrogen of
tryptophan has a major effect on the high complex stability of
these N-alkyl tryptophan analogs. In case of 4(1ForW), however,
the positive effect on the off-rate seemed to be partially
compensated by an unfavorable on-rate, most likely because of a
lack of initial polar complementarity. Analysis of the crystal
structure reveals that only the backbone but not the indole
nitrogen forms a hydrogen bond with C3c (Janssen et al., 2007).
Despite the large overall hydrophobicity of tryptophan, only two
direct hydrophobic contacts within a range of 3.9 Å (Wallace et al.,
1995) have been reported (Janssen et al., 2007) (Supplementary
material, Figure 5). The indole nitrogen directly points toward a
distinct cleft formed by residues 390–393 of C3c, which explains
the tolerance for extending this position (Figure 6A; Supple-
mentary material, Figure 6A). Strikingly, the addition of a methyl
group to the indole nitrogen by molecular modeling (Supple-
mentary material, Figure 6B) enables at least five additional
hydrophobic contacts that surround the introduced C atom
(Figure 6B). In addition, an extension into the cleft might replace
solvation water from this position. Both effects may simul-
taneously contribute to the large effect on complex stability.
Furthermore, this hypothesis is supported by the predominant
effect of the 4(1MeW) mutation on the binding entropy in the ITC
experiment (Table 3) (Katragadda et al., 2006), since both the
formation of additional hydrophobic contacts and the replace-
ment of water are expected to influence the entropy rather than
the enthalpy (Freire, 2008). As analog 4(1ForW) extends to the
J. Mol. Recognit. 2009; 22: 495–505 Copyright � 2009 John Wiley & S
same cleft in the binding site (Supplementary material,
Figure 6C), the addition of a carbon atom at the same position
is likely to be responsible for the similar effect on the off-rate. In
contrast, the methyl group of analog 4(5MeW) is expected to
point in a different direction (Supplementary material, Figure 6D).
It should therefore not participate in any additional contacts but
will increase the overall hydrophobicity (Supplementary material,
Table 1). Together, these analyses provide an explanation model
on why both indole-N derivatives deviate from the observed
ons, Ltd. www.interscience.wiley.com/journal/jmr
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trend between hydrophobicity and complex stability (Supple-
mentary material, Figure 2), and build a base for future structural
optimizations at this position.
Even though the complement inhibition assay suggested a

similar activity for all the O-alkyl tyrosines, their kinetic and
thermodynamic profiles were clearly distinct. Formation of a
methyl ether led to a significant improvement in kon and enthalpy
that was gradually reversed by increasing the chain length. On
the other hand, addition of longer substituents generally
improved the koff and entropy values. Interestingly, MeY was
more stable than was predicted by the logP trend analysis
(Supplementary material, Figure 2), perhaps indicating that the
addition of a shorter O-alkyl chain may be beneficial for tyrosine
analogs.
While Trp-4 is heavily involved in contact networks at the

binding interface of the compstatin-C3c co-crystal, no such
contacts were observed for Asp-6 or Ala-9 (Janssen et al., 2007).
Nevertheless, these two residues may be important for the
correct structural orientation of the peptide, with Asp-6 taking
part in the solution-based b-turn between residues 5–8 (Morikis
et al., 1998), and Ala-9 found in the center of the shifted turn in
the bound structure spanning positions 8–11 (Janssen et al.,
2007) (Figure 6A). Although they did not directly affect individual
contacts, changes in the backbone structure of these residues
would be likely to influence the cyclic arrangement of the peptide
and thereby its activity. Interestingly, introduction of an
additional methylene moiety into the backbone was not
tolerated at position 6. Because the backbones of b-amino acids
such as isoD are longer, b-peptides often form different
secondary structures (Steer et al., 2002). This modification may
therefore disrupt the arrangement of the b-turn, which was found
important for complex formation (Sahu et al., 2000). Furthermore,
extension of the backbone of Asp-6 may dislocate the adjacent
residues Gln-5 and Trp-7, which form a large number of individual
contacts with C3c (Figure 6).
With no contacts for Ala-9 and only three total contacts for the

neighboring Gly-8 and His-10 (Janssen et al., 2007), the change in
9Abu is considered less likely to disrupt essential interaction
networks (Figure 6). Indeed, the complex stability, and con-
sequently the inhibitory affinity were only slightly affected by this
modification. However, the on-rate was clearly reduced when
compared to the parent peptide, indicating a negative impact on
the initial contact during complex formation or on the ability to
perform the shift in the b-turn location. Based on these
observations, we speculated that we could improve complex
association by forcing the b-turn shift in solution via a
proline-for-alanine substitution. Although this modification did
not improve the binding, the negative impact on the affinity was
comparatively small (threefold) with a much higher impact on koff
(3-fold) than on kon (factor 1.3). Furthermore, the favorable
entropy change in 9P could mainly reflect contributions from
conformational entropy. Pre-shaping the ligand to the confor-
mation of the binding site has been previously described as a
strategy to increase binding affinity, since it results in a
minimization of the loss of conformational entropy upon binding
(Leavitt and Freire, 2001). However, the 9P modification was also
accompanied by an unfavorable change in enthalpy that may
have been caused by a disruption of hydrogen bonds as a result
of the enforced conformational change.
The inclusion of activity, affinity, kinetic, thermodynamic, and

structural aspects in the characterization of compstatin analogs
has proven highly effective, since it allowed for a detection of
www.interscience.wiley.com/journal/jmr Copyright � 2009 John
systematic trends that would have been missed if only a single
method had been used. A good correlation was observed
between the KD values derived from SPR and ITC; this result is in
agreement with previous studies and suggests a similar mode of
binding for compstatin to both surface-bound C3b and
solution-based C3. As expected, the correlation with IC50 values
showed a slightly lower degree of linearity, which can be
explained by the differences in the setup and readout of the two
assays. In fact, our ELISA-based values were generally in closer
agreement with the SPR-based off-rates, with its end-point
measurement, long incubation times, and wash steps making
ELISA more dependent on complex stability (i.e., affected by the
koff values; Supplementary material, Figure 3).
Despite a drug-like target affinity in the nanomolar range

and even though previous optimization steps have already
improved the complex stability of compstatin with C3b, the
observed off-rate for the most active compound 4(1MeW) is still
rather fast when compared with other therapeutic inhibitors
(Markgren et al., 2002). While this profile may be suitable for acute
phase situations or continuous administration, the applicability
and plasma half-life of compstatin would certainly benefit from
slower off-rates. The current findings may therefore well pave the
way for developing compstatin analogs with improved binding
properties that allow even more applications of this promising
complement inhibitor.
CONCLUSION

In the present study, we have demonstrated the synergistic effect
of combining different biophysical and biochemical methods to
produce an enhanced structure-activity relationship analysis of
compstatin analogs. The inclusion of kinetic parameters allowed
us to discover effects and trends that could not be identified by
activity or affinity values alone. Compensation effects between
on/off rates and entropy/enthalpy values often reduced the
impact of individual improvements. Most of the optimization that
was achieved could be attributed to improvements in the kinetic
off-rate. Increasing the overall hydrophobicity at position 4 was
found to gradually improve complex stability. Even more,
masking of the indole nitrogen of Trp-4 resulted in the most
pronounced effect on the off-rate, most likely by formation of
additional hydrophobic contacts and/or replacement of water
molecules. A backbone elongation in the non-contacting residue
Asp-6 was not tolerated, with a complete loss of activity in 6isoD.
Induction of a b-turn at position 9 was, however, well tolerated
and improved the entropy values, suggesting the usefulness of
this approach for further optimization. Our work has provided
new insights into the compstatin-C3 binding mechanism that will
facilitate future improvements in this inhibitory peptide and the
development of increasingly potent complement therapeutics.
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