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Abstract

The cyclic 13-residue peptide compstatin is a potential therapeutic agent against the unregulated activation of the complement system. A

thorough knowledge of its structural and dynamical properties in solution may assist the design of improved complement inhibitors. NMR studies

have suggested that the 5–8 segment of free compstatin folds into a critical for activity 5–8 b turn and the rest of the peptide is mainly disordered.

Earlier computational studies of compstatin analogues with a polar-hydrogen/generalized-Born approximation reproduced the 5–8 turn, but also

indicated the formation of b-hairpin or a-helical elements and the existence of interactions between certain charged or aromatic sidechains.

However, these features are absent or partly present in the NMR spectra, due to extensive conformational averaging. In order to check the

compstatin properties with a more rigorous model of the intra- and intermolecular interactions, we conduct here 98-ns all-atom/explicit-water

simulations of three compstatin analogues with variable activity; a native analogue, the more active mutant V4W/H9A and the inactive mutant

Q5G. The 5–8 b-turn population is in good accord with NMR. For the systems studied here, the simulations suggest that the 5–8 turn population

does not correlate strictly with activity, in agreement with earlier mutational studies. Furthermore, they show structural differences among the

analogues outside the 5–8 region. The possible role of these differences in activity is discussed. The probability of b-hairpin or a-helix elements is

much smaller with respect to the polar-hydrogen/GB simulations, and the persistent Trp4-Trp7 or Asp6-Arg11 sidechain interactions of the earlier

GB studies are not reproduced. The present simulations extend the NMR data and improve our understanding of the properties of compstatin and

related analogues.
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1. Introduction

The complement system is activated through the classical,

alternative, or lectin pathways and provides the first line of

defense against foreign pathogens [1]. Inappropriate comple-

ment activation may contribute to several pathological

conditions, such as asthma, adult respiratory distress syndrome,

hemolytic anemia, rheumatoid arthritis and rejection of

xenotransplantation [2]. Therefore, the development of drugs
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which can control complement activation is of significant

medical interest.

The 13-residue cyclic peptide compstatin binds to the b-

chain of complement component C3 [3] and inhibits comple-

ment action (reviewed in Ref. [4]). Compstatin is a promising

candidate as a therapeutic agent against unregulated comple-

ment activation and has been the subject of extensive

experimental NMR [5–8] and computational [9–13] studies

by some of the present authors. The earlier computational

studies studied native compstatin [9] and several of its

analogues [10–13] by molecular dynamics (MD) simulations,

which employed a polar-hydrogen energy function for the

peptide interactions [14] and a compatible generalized-Born

representation for the solvent [15]. The simulations indicated a

mailto:archonti@ucy.ac.cy
http://dx.doi.org/10.1016/j.jmgm.2007.03.014


Ph. Tamamis et al. / Journal of Molecular Graphics and Modelling 26 (2007) 571–580572
dominant conformation (41.3% probability) with the segment

5–8 in a type-I b-turn and the rest of the structure as random

coil [9], in good agreement with the experimental NMR

estimate for a 5–8 type-I turn (42–63% [5]). Other structural

properties emerging from the simulations were not present in

the NMR spectra, due to extensive conformational averaging

caused by the high peptide flexibility. In addition to the

dominant conformation mentioned above, b-hairpin (34.1%

probability) and a-helical elements (6.1% probability) were

observed in the native compstatin GB simulations, without

corresponding NOEs in the NMR spectra. The GB simulations

of Ref. [12] suggested the formation of persistent electrostatic

interactions between residues Asp6 and Arg11 in various

analogues, and a strong Trp7-Trp4 interaction in the double-

mutant V4W/H9A. The NMR data did not depict these

interactions because the NOE effect measures inter-proton

distances up to 5–6 Å.

The earlier simulations provided information on the

conformational properties and intramolecular interactions

which can be used in the interpretation of the activity

differences among analogues [9,12]. However, the difficulty

in validating some of the simulation properties with relevant

information in the NMR spectra suggests that it is important to

check the compstatin properties with a more rigorous model for

the peptide–peptide and peptide–solvent interactions. In this

work, we conduct for the first time MD simulations of three

compstatin analogues, using an explicit representation for the

solvent and an all-hydrogen molecular model for the solute and

solute–solvent interactions. The simulations are extensive (with

a total length of 98 ns) and focus on three compounds with

different activities: (i) an analogue of native compstatin (NAT),

which is acetylated at the N-terminal end and has a three-fold

higher activity with respect to the un-acetylated molecule [6–

8,10]; (ii) the double-mutant V4W/H9A (W4A9), which has a

15-fold higher activity than NAT [13]; (iii) finally, the inactive

single mutant N5G (G5) [6].

The present simulations are in good agreement and extend

the NMR data. They are likely to provide a more representative

picture of the conformational properties of the considered

systems. The 5–8 moiety has a high (NAT, G5) to moderate

(W4A9) propensity for a b-turn, whereas the rest of the

molecule is mainly disordered in all three analogues, with the

occasional formation of turns. The frequency of b-hairpin or a-

helix formation is much smaller with respect to the earlier GB/

polar-hydrogen studies. The Trp4-Trp7 or Asp6-Arg11 side-

chain interactions of the GB/polar simulations are not

reproduced in the current, explicit-water runs. The present

simulations show that the three analogues differ in their

dynamical properties in solution. We discuss these differences,

in connection with the variation in analogue activity.

2. Methods

2.1. Molecular dynamics simulations

All simulations were performed in explicit water and

employed cubic periodic boundary conditions. The peptide
atomic charges, van der Waals and stereochemical parameters

were taken from the CHARMM22 all-atom force field [16].

The water was represented by a modified TIP3P water model

[17,18]. The N- and C-termini of the three analogues were

blocked, respectively, by�COCH3(Ac) and�NH2 groups. The

same groups were employed in the generalized-Born MD

simulations of Refs. [12,13], whereas in Ref. [9], the native

compstatin was unblocked (charged) at the N-terminus.

Electrostatic interactions were calculated without truncation

by the particle-mesh Ewald method [19], with a parameter

k ¼ 0:33333 for the charge screening, and sixth-order splines

for the mesh interpolations. The Lennard–Jones interactions

between atom pairs were shifted to zero at a cutoff distance of

14 Å. The temperature was kept at T ¼ 300 K by a Nose–

Hoover thermostat [20,21] using a mass of 1000 kcal/ps2 for

the thermostat. The pressure was maintained at P ¼ 1 atm with

a Langevin piston [22], using a piston mass of 500 a.m.u., a

piston collision frequency of 5 ps�1and a piston bath

temperature of 300 K. The classical equations of motion were

integrated by the Leap-Frog integrator, using a time step of 2 fs.

Bond lengths to hydrogen atoms and the internal geometry of

the water molecules were constrained with the SHAKE

algorithm to standard values [23]. All simulations were

conducted with the molecular mechanics program CHARMM,

version c31b2 [14].

Native compstatin has the sequence Ile1-Cys2-Val3-Val4-

Gln5-Asp6-Trp7-Gly8-His9-His10-Arg11-Cys12-Thr13-NH2,

and contains a Cys2-Cys12 disulfide bond. The titratable

residues were assigned their most common ionization state at

physiological pH; i.e., Asp6 and Arg10 were charged and the

two histidines His9, His10 were neutral. The disulfide bond

Cys2-Cys12 was maintained by a disulfide patch. Earlier NMR

studies determined a family of 21 compstatin structures (PDB

entry 1A1P [5]). In 19 structures the disulfide dihedral angle

2Cb-2Sg-12Sg-12Cb was found 180�, away from the theoretical

minima of �90�. This averaged conformation of the disulfide

bridge in the ensemble of NMR structures reflects the absence

of NOEs in the region surrounding the disulfide bridge

(residues Ile1, Cys2, Arg11, Cys12, Thr13) (see Ref. [5] and

supplementary material of Ref. [5]). This is because of

flexibility in this region, which results to conformational

averaging of NMR observables.

In the conditions of the present, explicit-solvent simulations

(a temperature of 300 K and duration of � 2 ns), the disulfide

dihedral fluctuates around one of the two minima and

transitions between minima are not observed (the barriers

separating the two minima are � 8–10 kcal/mol). To inves-

tigate the effect of the 2Cb-2Sg-12Sg-12Cb angle value on the

dynamical and structural properties of the three analogues, we

performed several separate simulations, in which the angle

2Cb-2Sg-12Sg-12Cb fluctuated around þ90� or �90�. In this

manner, the current MD simulations assess a property of the

structure that is not accessible by the NMR data.

To create the aqueous environment, a peptide with the

sequence of acetylated compstatin (NAT) and coordinates

corresponding to the first in the 21 NMR structures was placed

at the center of a preequilibrated, cubic water box with an edge
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of 53 Å. Water molecules with oxygens located closer than

2.5 Å from any peptide non-hydrogen atom were deleted,

yielding a system with 1 peptide and 7921 water molecules

(23,975 atoms). The peptide distance from the edge of the water

box was at least 16 Å. Subsequently, separate MD simulations

were started with the peptide coordinates set to different NMR

conformations. The initial atomic coordinates of the N-terminal

blocking group and the mutated sidechains in analogues G5 and

W4A9 were constructed from the default internal coordinate

values in the CHARMM all-atom parameter and topology

database files [16]. In all simulations, the same initial water

setup was used.

Prior to each simulation, the entire system was subjected to a

200-step steepest descent minimization, with the disulfide

dihedral angle 2Cb-2Sg-12Sg-12Cb harmonically restrained

around one of the�90� minima by a force constant of 100 kcal/

mol rad2, and the peptide heavy atoms harmonically restrained

around their initial positions with a force constant of 0.5 kcal/

mol Å2. Subsequently, an initial, 30-ps equilibration simulation

was conducted. At the end of the 30-ps simulation the harmonic

restraints were removed, and the simulation was continued for

another 2 ns. During the 2-ns production phase, the coordinates

were saved every 0.5 ps and used later in the analysis. Each 2-

ns simulation took � 36 CPU days on a 2.4-GHZ Xeon

processor.

The family of 21 native-compstatin NMR structures are

similar, with an average RMSD of 0.6 Å for the backbone

heavy atoms and 1.2 Å for all heavy atoms [5]; in terms of

secondary structure, they all correspond to a coil with a 5–8 b-

turn. Given this small conformational diversity, initial

conformations for the MD simulations (listed in Table 1) were

selected randomly among the NMR structures. For the NAT

peptide, we conducted 12 simulations around the þ90� and 10

simulations around the �90� Cys2-Cys12 disulfide torsion

minimum, starting from 12 different NMR structures. For

W4A9 we conducted 5 simulations (þ90�) and 11 simulations

(�90�), starting from 11 different NMR structures. For G5, the

corresponding numbers were 6 (þ90�) and 5 (�90�); 8 different

NMR structures were used. The total simulation length in all

systems was 98 ns.
Table 1

NMR structures used as initial peptide conformations in the simulations

Peptide Structuresa

NAT+b 1, 2, 5, 5, 11, 12, 13, 13, 14, 16, 16, 18

NAT� 3, 3, 6, 9, 9, 10, 10, 11, 12, 18

G5+ 1, 3, 5, 9, 14, 18

G5� 1, 3, 5, 6, 12

W4A9+ 2, 3, 4, 4, 21

W4A9� 1, 1, 2, 7, 10, 11, 13, 17, 18, 18, 20

a The numbers refer to the 21 NMR low-energy structures (entry 1A1P [5]) of

the native un-acetylated peptide. Repeated numbers denote independent simu-

lations, starting from the same structure with different velocity distributions.

The N-terminal blocking group (all peptides) and the mutated sidechains (G5

and W4A9) were placed according to the default internal coordinate parameter

values of the CHARMM22 parameter/topology files [16].
b Signs ‘‘þ=�’’ denote trajectories with the disulfide dihedral 2Cb-2Sg-12Sg-

12Cbin the þ90�=� 90� minimum (see text).
2.2. Cluster analysis

To investigate the structural diversity of the three analogues

we performed a cluster analysis of the simulation trajectories

[24–26]. The clustering method is presented in detail in Ref. [24].

Briefly, a trajectory snapshot j is described by a set of K

predetermined properties (e.g., backbone dihedral angles or

Cartesian coordinates), arranged into a K-dimensional vector

~x j�ðx1 j; x2 j; . . . ; xK jÞ. The center of a cluster l containing MðlÞ
snapshots is defined by the arithmetic mean

~cl ¼ ðc1l; c2l; . . . ; cKlÞ� 1=MðlÞ
P

j2MðlÞ~x j. Each of the MðlÞ
snapshots comprising cluster l is within a certain predefined

threshold (radius) d0 from the cluster center ~cl (i.e.,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPK
i¼1 ðxi j � cilÞ2

q
� d0).

In our analysis, we clustered the simulation trajectories

according to the Cartesian coordinates of selected Ca atoms.

One set of calculations employed the Ca coordinates of residues

5–9, which often fold into one (5–8) or two fused (5–8/6–9) b-

turns. The maximum cluster radius d0 was set to 1.0 Å,

corresponding to average structural fluctuations of

� 0:45 Å for each of the five Ca atoms in segment 5–9. A

second set of calculations clustered the region 2–12, which

contains the Cys2-Cys12 disulfide bond. It employed the same

cluster radius (1 Å), corresponding to individual fluctuations of

� 0:3 Å. As shown in Ref. [9], changes in the secondary

structural content throughout the peptide sequence or the type

of b-turn in region 5–8 were associated with backbone motions

of 0.1–0.4 Å. Thus, this threshold was expected to differentiate

among different conformations. Test calculations with larger or

smaller thresholds gave, respectively, a smaller number of

clusters with significant structural variation, or numerous

clusters with very small population.

In each case, prior to the clustering analysis the appropriate

trajectories were merged and the net peptide translation and

rotation was removed. The analysis was performed with

standard CHARMM routines [24].

3. Results

NMR studies of native compstatin determined 21 low-

energy structures [5]. Analysis of the 3JNH�Ha coupling

constants showed that the segment Gln5-Asp6-Trp7-Gly8

adopts a type-I b-turn conformation with a 42–63% probability

and the rest of the molecule is highly flexible. Subsequent

mutational and NMR studies examined systematically the

importance of all residues for the structure and activity of

compstatin [7,11]. The observations of these experimental

studies can be summarized as follows: (a) the disulfide bond

Cys2-Cys12 is necessary for activity [5,7]. (b) Residues Gln5,

Asp6, Trp7, Gly8 are critical for activity; alanine substitutions

at these positions possibly eliminate important interactions with

C3, and/or disrupt the 5–8 b-turn [5,7]. (c) Formation of the 5–8

b-turn is not a sufficient condition for activity: the single mutant

V3A is inactive, despite its higher propensity for a 5–8 b-turn

with respect to the native compound [7]. In our simulations, the

frequency of the 5–8 b-turn does not correlate with activity. In



Table 2

Dihedral angles of ideal b-turnsa

Turn type Dihedral angles

fiþ1 ciþ1 fiþ2 ciþ2

aR–aR
b I �60 �30 �90 0

III �60 �30 �60 �30

aL–g I
0

60 30 90 0

aL–aL III
0

60 30 60 30

b–g II �60 120 80 0

e- aR II
0

60 �120 �80 0

aR–b VIII �60 �30 �120 120

a A segment i� iþ 3 forms a b-turn if the following criteria apply [9]: (i) the

distance Ca,i � Ca,i+3 � 7 Å; (ii) residues iþ 1, iþ 2 are not helical; (iii) the f

and c angles of residues iþ 1, iþ 2 fall within �30� of the ideal values, with

one dihedral allowed to deviate by �45� [9]. The ideal values are taken from

Refs. [9,31].
b Nomenclature introduced by Wilmot and Thornton [28], with the first and

second component denoting, respectively, the region in the Ramachandran map

for residue iþ 1 and iþ 2. The four regions of the Ramachandran map are: (1)

b-region, with f � 0�, c> 60� or c< � 120�, (2) aR region with f � 0�,
�120� � c � 60�, (3) aL=g region with f> 0�, c< 110� or c> � 70� and

(4) e-region with f> 0�, c� 110� or c � �70�.
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the mutants W4A9 (more active than NAT) and G5 (inactive)

the 5–8 turn population is, respectively, smaller and comparable

to the corresponding population for NAT (below). (d) Some

point mutations in critical residues can be tolerated, provided

they preserve the chemical properties at the corresponding sites

(V3L, Q5N) [7]. (e) Residues Ile1, Cys2, Val3, Cys12, Thr13

participate in a hydrophobic clustering, which may be

significant for activity [7]. (f) Residues Val4, His9, His10

and Arg11 are not required for activity; alanine substitutions at

these positions have a small effect on inhibition. Nevertheless,

substitutions at positions 4 and 9 have produced higher-activity

analogues, in agreement with experimental [7,8,13] and

computational combinatorial studies [10,27] studies.

In what follows we describe and compare the dynamical

properties of the three analogues NAT, G5 and W4A9 in the

explicit-water simulations. As we show here and elaborate in

the discussion section, some of the above observations can be

understood by the dynamical behavior of the three analogues in

the explicit-water simulations.

3.1. Propensity for the 5–8 b turn

The ideal internal backbone dihedral values and the criteria

used for the classification of b-turns are summarized in Table 2.

These criteria were employed to compute the types and

frequencies of b-turns, observed in the simulation structures.

The frequencies of the two most important turns, formed by

segments 5–8 and 6–9, are included in Table 3.

In native compstatin, the total 5–8 b-turn probability varies

between 80.8% (NAT�) and 72.5% (NAT+). A 36.6–33.5% of

turns fall into the aR–aR family (i.e., type I or III [9,28]), in

reasonable agreement with the corresponding NMR estimate

(42–63% [5]). A small fraction (1.5–1.7%) of aR–b turns are

also observed. The remaining b-turns do not fall into the

categories listed in Table 2. However, the majority of these

turns adopt dihedral angles within �45� of the ideal aR–aR

values.

The propensity for the 5–8 b-turn does not correlate with

activity in the present simulations. The active peptide NAT and

the inactive G5 have a similar propensity for this turn (Table 3).
Table 3

Turn and coil populations in the MD simulations of the three peptides

Segment Turn NAT�a NAT+

5–8 aR–aR
b 36.6 (25.5)c 33.5 (25.0)

Otherd 44.1 (29.2) 39.1 (21.2)

Total turn 80.7 (38.8) 72.6 (32.8)

Coil 19.2 (24.0) 27.4 (29.8)

6–9 aR–aR 0.7 (1.9) 0.2 (0.5)

Other 36.7 (24.0) 26.2 (19.7)

Total turn 37.4 (24.1) 26.4 (19.7)

Coil 62.6 (26.0) 73.6 (25.9)

a X+/�denotes simulations of system X, with the disulfide dihedral angle in the
b The classification of turns is explained in the footnote of Table 2.
c The standard deviations of the populations obtained in the 2-ns production tra
d Turns which satisfy only the first two b-turn criteria of Table 2, or belong to the

population � 1%).
A similar behavior was observed in NMR studies of the V3A

and W7F mutants, which lacked activity but maintained a 5–8

b-turn [7]. In the simulations of the more active mutant W4A9,

the 5–8 b-turn population is significantly reduced (see Table 3)

and the peptide has higher flexibility (below). This is in

agreement with earlier NMR studies, which have suggested that

W4A9 and the related single mutant H9A are more flexible than

native compstatin [7,13].

The region outside the 5–8 moiety is mainly disordered in all

analogues, with the occasional formation of other b-turns. The

most important such turn is formed by segment 6–9, with a

probability which varies from 17.2% (G5�) to 37.4% (NAT�)

(Table 3). Its formation is facilitated by the 5–8 turn; indeed,

� 80% of the NAT structures with a 6–9 turn contain also the

5–8 turn. The formation of turns outside the 5–8 segment is

supported to a certain extent by the NMR results. In the case of

W4A9, the spectra contain HN(iþ 1)–HN(iþ 2) and

HN(iþ 2)–HN(iþ 3) NOE cross peaks, which suggest the
W4A9� W4A9+ G5� G5+

13.2 (16.8) 19.4 (9.0) 30.2 (10.2) 40.3 (8.9)

28.1 (25.3) 34.3 (26.0) 51.2 (22.8) 47.5 (19.8)

41.3 (30.4) 53.7 (27.5) 81.4 (25.0) 87.8 (21.7)

58.7 (30.4) 45.8 (24.9) 18.6 (23.3) 12.2 (23.3)

3.9 (5.4) 8.7 (12.4) 0.0 (0.0) 0.1 (0.2)

17.7 (27.0) 26.6 (30.5) 17.2 (9.9) 25.6 (12.2)

21.6 (27.5) 35.3 (32.9) 17.2 (9.9) 25.7 (12.2)

78.0 (27.9) 64.1 (38.3) 82.8 (15.5) 74.3 (18.1)

þ90=� 90 minimum.

jectories are in parentheses.

aR–b category. In some cases (not shown), a 310 helix pattern is observed (with



Table 4

Clustering analysis of the Caatomic coordinates in the region 5–9

Cluster

1 2 3 4 5 6 7 8

Populationa 35.7 20.2 13.4 11.5 8.4 7.6 2.7 0.4

NATb 1.34 0.49 1.53 0.70 0.69 1.0 0.8 0.0

G5b 0.72 2.67 0.73 0.27 0.11 0.59 0.66 0.0

W4A9b 0.71 0.56 0.46 1.91 2.04 1.29 2.50 3.06

Turn Turn frequency(%)

1c 2c 3c 4c 5c 6c 7c 8c

5–8 96 96 65 40 12 0 0 0

6–9 67 6 11 0 0 13 0 0

2–5 12 20 9 22 48 21 20 58

3–6 7 1 13 10 12 11 12 3

4–7 0 1 12 47 21 21 9 35

7–10 1 0 2 1 3 10 19 79

8–11 0 3 5 19 43 4 17 18

9–12 22 19 13 23 33 9 4 1

The 5–9 backbone conformations of all three analogues are analyzed together.
a Total population (%) of each cluster.
b Scaled contribution (%) from each analogue to the total cluster population

(see text).
c Cluster.
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formation of a 5–8/6–9 fused turn (the definitive Ha(i)–

HN(iþ 2) NOE is missing due to conformational averaging).

Several fused turns are also observed in the NMR data of Ref.

[7] (see Fig. 9 of Ref. [7]). This is less obvious in the acetylated

compstatin data [8], due to spectral overlap.

The data of Table 3 show that the populations of the internal

5–8/6–9 turns are similar in the �90� disulfide dihedral

trajectories. Thus, the behavior of internal residues is not

considerably influenced by the conformation of the disulfide

dihedral angle. Some differences are observed in the case of the

N-terminal end turns 1–4 (NAT) and 2–5 (W4A9), and the C-

terminal end turn 9–12 for G5 (not shown).

3.2. Conformational variability of the three analogues

The variation in activity of the three analogues may partly

arise due to differences in their structural properties when they

are free (unbound) in solution. To determine the conforma-

tional variability within each analogue and the similarity

among analogues, we performed a cluster analysis on the

simulation structures; the methodology has been described in

Section 2.

3.3. Region 5–9

We first focussed on the backbone moiety 5–9, which

contains the important turn 5–8. Residue 9 was included since a

6–9 turn is frequently formed together with 5–8. The backbone

conformations of all simulations were clustered together,

without distinguishing among analogues. An important

conclusion of this analysis is that the 5–9 backbone region

has a small overall structural variability. Indeed, the

conformations are partitioned into just eight clusters, despite

the considerable total length of the runs (98 ns). Fig. 1 shows

the average structures of all resulting clusters. Table 4 reports

the population of various b-turns in the members of each

cluster. The structures of the first four clusters contain a 5–8

turn with high probability. In the remaining clusters, the
Fig. 1. Cross (l) and wall (r) stereo representation of the average cluster structures, w

5–9 segment for all peptides (see text). Only the 5–9 backbone is shown; residue 5 is o

red; 3, gray; 4, orange; 5, yellow; 6, tan; 7, pink; 8, green. The structural properti
conformations become progressively more open (see Fig. 1)

and the corresponding 5–8 probability diminishes to zero.

Despite the small conformational variability of region 5–9,

there are important differences among the three analogues. To

show the specific analogue preference for certain clusters, we

computed in each cluster the fraction of structures correspond-

ing to a particular analogue, divided by the total fraction of

structures of the same analogue in the 98-ns simulation length.

The resulting ratios are included in Table 4. Values greater than

1 identify analogues with a higher-than-average preference for

a cluster. The native peptide (NAT) has a higher propensity for

the first cluster, which contains the fused turn 5–8/6–9, and the

third cluster, which is somewhat more open. Peptide G5 has a

very pronounced tendency for the second cluster, which
hich result by analyzing together the simulation conformations of the backbone

n the upper portion of the figure. The cluster:color correspondence is: 1, blue; 2,

es of the clusters are discussed in the text and Table 4.
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contains closed conformations (see Fig. 1), with the 5–8 but not

the 6–9 turn. The pronounced preference of G5 for just one

cluster indicates that it is the least flexible of the three peptides.

In contrast, peptide W4A9 is the most flexible and adopts

conformations which fall into the last five, more open clusters.

An additional analysis of backbone–backbone contacts (not

shown) demonstrated that the region 5–9 is somewhat tighter in

G5 compared to NAT, possibly because of absence of steric

interactions due to the lack of side chain in residue 5. In

constrast, the structure of the W4A9 analogue is more open,

both in the segment 5–8 and in the region in the vicinity of the

disulfide bond, possibly reflecting steric effects due to the bulky

side chain of Trp4.

Notably, the conformation of the 5–9 backbone region is

coupled with the structural elements observed in the rest of the

peptide. In the conformations of the first two clusters the 5–9

structure is very tight, and only the non-overlapping turns 2–5

and 9–12 are observed. In most of the remaining clusters (3–8)

we also observe the formation of the additional turns 4–7 and 3–

6, which partly overlap with the turns 5–8/6–9. In cluster 4, both

turns 4–7 and 5–8 have significant probability (47% and 40%,

respectively).

3.4. Region 2–12

To obtain a better understanding of the conformations

adopted by the entire peptide backbone, we also performed a

cluster analysis based on the Ca coordinates of residues 2–12.

In this analysis, we clustered separately the three peptides and

distinguished betwen trajectories with the disulfide angle in the

þ90� and �90� minima. The total number of clusters in each

case is included in Table 5. Even though the structures of the

entire region 2–12 are grouped into a much larger number of

clusters compared to segment 5–9, the seven (G5, W4A9) or

eight (NAT) most populated clusters account for � 70% of

conformations (see Table 5). The average structures and

properties of the seven most important clusters in each case are

included in the accompanying supplementary information. In

what follows, we describe some characteristic clusters and

discuss the emerging structural properties. The average

conformations of these clusters are shown in Fig. 2; X�( j)

denotes the jth cluster in the�90� simulation of the X analogue.

Cluster NAT+(3) (see Fig. 2) contains the 5–8/6–9 fused turn

and has the highest probability in the þ90� trajectory with

24.0% of the frames. Its backbone region 5–9 corresponds

mostly to cluster 1 of Table 4. Notably, the His9 sidechain is

positioned in the compstatin interior, and hydrogen-bonding

with the Val4 main chain. This His9 conformation is also
Table 5

Total number of clusters, computed by employing the Ca atomic coordinates of

the segment within Cys2-Cys12

NAT� NAT+ G5� G5+ W4A9� W4A9+

25 18 73 12 47 140

68.6%a 77.1%a 73.6%a 81.7%a 34.0%a 70.2%a

a Fraction of the total trajectory, corresponding to the eight (NAT�) or seven

(G5�, W4A9�) highest population clusters.
observed frequently in the G5 simulations. It is likely that the

His9 sidechain contributes to the structural stability of the NAT

and G5 analogues, and its replacement by Ala is partly

responsible for the increased flexibility of W4A9.

Clusters NAT+(2) and NAT�(5) show examples of native

conformations which lack the characteristic 5–8 b-turn, due to

sidechain interference. In cluster NAT+(2) (7.7%), the His9

sidechain is placed between residues 5 and 8, preventing the

approach of atoms Ca(5) and Ca(8) and interacting strongly

with the backbone of residues Val4, Gln5 and Trp7. The 5–9

conformation is open and corresponds better to cluster 6 of

Table 4. In cluster NAT�(5), the sidechain of Gln5 adopts a

position between residues 5 and 8, which is stabilized by a

hydrogen bond with Trp7. The 5–9 moiety adopts an open

conformation that corresponds mostly to cluster 5 of Table 4.

Cluster NAT+(8)(6.3%) shows the example of an antiparallel b-

ladder, which is stabilized by the Cys2(O)-His10(N) and

Val4(N)-Gly8(O) hydrogen bonds. These hydrogen bonds keep

segment 4–8 in a tight conformation, with two fused turns

between 4–7 and 5–8. The conformation of 5–9 is mostly

related to cluster 4 of Table 4.

3.5. Comparison of the interactions formed by the

analogues

The activity of the compstatin derivatives depends partly on

their properties in the free (uncomplexed) state in solution, i.e.

on their conformation, intramolecular and intermolecular

interactions (with solvent). The above analysis shows that

the analogues differ somewhat in their structural properties and

flexibility. In what follows, we describe and compare the

interactions formed by the analogues.

Fig. 3 includes maps of the backbone–backbone and

backbone–sidechain hydrogen-bond occupancies. In each

map, the element ði; jÞ portrays the fraction of simulation

structures containing an i–j hydrogen bond. Non-zero elements

on or near the diagonal reflect interactions NH(i)–CO(i) within

the same residue i (referred to as ‘‘C5’’ [29]), or CO(i� 1)–

NH(iþ 1) (referred to as ‘‘C7’’ [29]). Non-zero elements away

from the diagonal correspond to hydrogen bonds between

residues which are distant in sequence.

The NAT map is shown in the upper left plot of Fig. 3. Even

though the peptide is restrained in a cyclic conformation by the

Cys2-Cys12 disulfide bond, few residues far apart in sequence

form significant hydrogen bonds. The most important such

interactions involve Cys2(CO)-His10(N), Val4(N)-Gly8(CO)

and Gln5(CO)-Gly8(N). The first two hydrogen bonds are

related with the formation of a b-hairpin (as in the structure of

cluster NAT+(8) shown in Fig. 2). The last interaction is

associated with the 5–8 b-turn (structure of cluster NAT+(3) in

Fig. 2).

The G5 backbone forms similar hydrogen-bonds with NAT

(not shown). The most important difference between the two

analogues involves the 5–8 hydrogen bond, which in G5

involves atoms Gln5(N)-Gly8(CO) and in NAT is between

Gln5(CO)-Gly8(N). The latter hydrogen bond is of the type

(i; iþ 3) and should correspond to a more stable b-turn. In the



Fig. 2. Average structures of selected clusters, resulting from the MD trajectories of the various analogues. The cluster analysis has employed the Ca atomic

coordinates of the 2–12 region (see text). X�( j) denotes the jth cluster in the �90� simulation of the X analogue. The white, green and yellow colors indicate,

respectively, b-turns, random coil elements and the Cys2-Cys12 disulfide bridge. The N-terminal (Ile1) and C-terminal (Thr13) residues are, respectively in the lower

left and right. Apart from the average 2–12 backbone conformation, additional structural information is included, when it is characteristic of the cluster (high-

occupancy hydrogen bonds, sidechains participating in high-probability interactions).
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past it was believed that all b-turns should have this type of

hydrogen bond [30,31], but this criterion was relaxed later on;

however, the stability argument remains. The W4A9 analogue

forms reduced backbone hydrogen bonds compared to NAT and

G5 (not shown). This is in agreement with the fact that the

W4A9 simulation structures are more open, as discussed above.

The backbone–sidechain hydrogen bond maps are included

in the next three plots of Fig. 3. In the NAT map (upper right

plot), the most important interactions involve the sidechains of

Gln5 and His9. The Gln5 sidechain hydrogen-bonds with the

backbone moieties of Trp7 (e.g., as in cluster NAT�(5) of

Fig. 2), Gly8, His10 (cluster NAT�(2), supplementary

information) and Arg11. Due to these interactions (particularly

with Trp7), Gln5 interferes somewhat with the formation of the

5–8 b-turn. The sidechain of His9 has a rich structural behavior.

As shown in the map, it interacts frequently with the backbone

of residues Val4, Gln5 and Gly8, obstructing the 5–8 turn (as in

cluster NAT+(2) of Fig. 2). It is also frequently positioned in the

peptide interior further away from the 5–8 turn (as in cluster

NAT+(3)), or packs against the disulfide bond and interacting

with residues 1–3 (as in cluster NAT�(2), shown in the
supplementary information). In these alternative conforma-

tions, His9 probably tightens the NAT structure and stabilizes

the 5–8 b-turn. Apart from His9, additional important

sidechain–backbone interactions involve Asp6 with its own

backbone, His10 with the backbone of Arg11, and Arg11 with

the backbone of Thr13.

The G5 backbone–sidechain hydrogen-bond map is shown

in the lower left plot of Fig. 3. In this analogue, the sidechain of

residue 5 (Gly) lacks a hydrogen-bonding capability. Interest-

ingly, the occupancies of hydrogen bonds involving the His9

and His10 sidechains are also reduced with respect to NAT

(with the exception of the His9-Cys2, His9-Val3 bonds). Thus,

it seems that in the native analogue, the hydrogen-bonding

interactions of the Gln5 sidechain facilitate the formation of

hydrogen bonds by other residues.

The W4A9 sidechain–backbone hydrogen bond map is

shown in the lower right plot of Fig. 3. The substitution H9A

eliminates all-hydrogen bonds formed by the sidechain of

residue 9, but also reduces significantly the hydrogen bonds

formed by Gln5. Overall, the analogue W4A9 makes very few

backbone–sidechain hydrogen bonds. The W4A9 backbone



Fig. 3. Probability maps for the formation of backbone–backbone or backbone–sidechain hydrogen bonds between residue pairs, computed from the MD trajectories.

Upper panel: NAT backbone–backbone map (left) and NAT backbone–sidechain map (right); lower panel: G5 backbone–sidechain map (left) and W4A9 backbone–

sidechain map (right). The formation of hydrogen bonds follows the default CHARMM hydrogen bond criteria (an acceptor–donor distance � 3:4 Å, without

restrictions on the hydrogen bond angle).
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peptide compensates for the reduced intramolecular hydrogen-

bonding interactions compared to NAT and G5, by forming a

larger number of hydrogen bonds with solvent.

In all three analogues, there is a very small probability for

the formation of hydrogen bonds between sidechains (not

shown). The most important hydrogen bond of this kind is

between Gln5 and His10 in the NAT simulations (with an

occupancy of 14%).

4. Discussion and conclusions

In this work, we have studied the dynamical behavior of

native compstatin and two mutant analogues in aqueous

solution, by multi-ns MD simulations. The simulations show

that the native (NAT) and the inactive analogue (G5) have a

strong tendency for the formation of a 5–8 b-turn, whereas in

the active, double-mutant W4A9 this tendency is reduced.

These results are in agreement with the earlier analysis of NMR

studies [5,7,8,13]. This behavior suggests that the 5–8 b-turn

frequency does not correlate with activity, at least for the

analogues studied here. A similar proposition that the 5–8 b-

turn is necessary but not sufficient condition for activity was

made using NMR data of the inactive analogues with V3A and

W7F single mutations, which maintain 5–8 b-turns [7]. In the

current results, the case of G5 shows that the formation of the 5–

8 b-turn does not constitute a sufficient condition for activity.
Residues Val3, Gln5, Asp6, Trp7 and Gly8 are critical for

compstatin activity [7,10,11,13], even though mutations at

some of these positions are tolerated when they preserve the

native chemical properties (V3L, Q5N) [7]. Our results show

that Val3 makes hydrophobic contacts with Val4 and hydrogen-

bonding interactions with His9 in the NAT and G5 simulations.

These interactions are reduced in the more active W4A9

analogue. It is possible that increased intermolecular Val3-C3

contacts in the W4A9:C3 complex (e.g., via a hydrophobic

cluster involving Val3 [7]) contribute to the W4A9 higher

activity.

Residue Gln5 is important for compstatin activity. A

conservative mutation (Q5N) is tolerated at this position [6],

but elimination of the sidechain (as in G5) [5] or substitution by

a methyl group (Q5A) [5] renders the peptide inactive. In G5

the Gln5 sidechain is missing and the 5–8 conformations are

somewhat tighter compared to the other two systems. In the

NAT simulations, the Gln5 sidechain interacts with various

backbone and sidechain groups and occasionally interferes with

the formation of the 5–8 b-turn, as discussed above. It is

possible that Gln5 affects activity via specific intramolecular

interactions, which modulate the peptide flexibility. Gln5 may

also form specific intermolecular contacts with C3.

Earlier simulations [9,12,13] with a polar-hydrogen repre-

sentation for the peptides [14] and a compatible generalized-

Born model [15] for the solvent effects suggested that the Asp6
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and Arg11 sidechains formed a persistent electrostatic

interaction in several analogues, and the Trp4 and Trp7

sidechains interacted extensively in the double-mutant W4A9.

In the current, all-atom/explicit-solvent simulations these

interactions are not seen. Asp6 forms very brief and infrequent

encounters with Arg11 (the average 6–11 sidechain distance is

17.6–18.7 Å in the three analogues), and hydrogen-bonds

mostly to its own backbone (Fig. 3). The Trp7 sidechain does

not form any significant interactions with other residues. The

average Trp4-Trp7 distance is 11:4� 2:7 Å and the two

sidechains are in contact for � 7% of the time; the Trp4-

Arg11 sidechain distance is 16:3� 3:4 Å. Thus, the current

simulations do not provide evidence that the increased W4A9

activity is due to Trp4-Trp7 aromatic interactions, or Arg11-

Trp4 cation- p interactions. It has been suggested that Trp4

contributes to the functional hydrophobic cluster of compstatin

[13], which was previously proposed to participate in binding

with C3 [7,11,32]. It is probable that Trp4 increases activity by

forming hydrophobic [13], cation-p or p–p [12,13,32]

intermolecular interactions with C3. A recent experimental

study [33] also suggests that tryptophane residues at positions 4

and 7 contribute to activity by forming, respectively,

hydrophobic and hydrogen-bonding interactions with C3.

The existence of a hydrogen bond between the Trp7 indole

amide and an accepting group in C3 was also suggested in Ref.

[6]. Additionally, the increased W4A9 flexibility (discussed in

the ‘‘cluster analysis’’) could contribute to its higher affinity, by

facilitating the structural reorganization of W4A9 in the C3

complex at a lower energetic cost, compared to the other two

ligands.

As discussed above, the behavior of compstatin varies

somewhat between the present and the earlier GB MD studies

[9,12,13]. These differences may originate from the peptide

force fields (all-atom here [16] versus polar-hydrogen [14] in

Refs. [9,12,13]), the presence or absence of N-terminal

acetylation (absent in Ref. [9]), incomplete conformational

sampling and force-field limitations. Differences between

explicit and implicit solvent treatments have been observed

with various GB implementations [34,35] and are addressed in

more recent GB implementations with improved balance of

solvation and intramolecular interactions [36,37].

Despite the success in reproducing the 5–8 b-turn

population estimated by NMR, the current explicit-solvent

simulations could underestimate the formation of more

extended b-hairpin and a-helical elements due to competition

between peptide–peptide and peptide-water hydrogen bonds or

due a possible overestimation of the structural fluctuations by

the CHARMM22 force-field. In particular, recent studies have

shown that a grid-based (CMAP) backbone f/ c energy

correction [38–40] of the CHARMM22 (C22) force field [16]

yields structural and dynamical properties in better agreement

with experiment. To check the impact of the CMAP correction

on compstatin, we performed additional 2-ns simulations of the

NAT peptide with the C22/CMAP energy [39], starting from all

NMR structures. With the CMAP correction, the dominant

conformations corresponded again to a coil with a 5–8 b-turn;

i.e., no additional a-helical or b-sheet conformations were
stabilized. The total 5–8 b-turn population was 80.7% (NAT�)

to 72.6% (NAT+) with the C22/CMAP energy, in close

agrement with the C22/no-CMAP result (82.5–72.2% in

Table 3). However, the aR–aR turn population increased to

66.8% (NAT�) and 55.3% (NAT+) (compared to 36.6–33.5% in

Table 3), at the expense of other turn types (category ‘‘other’’ in

Table 3). This could be due to the broad plateau in the b-

conformer (f ¼ �90�, c ¼ 0�) region of the C22/CMAP f=c
energy map [39], which is likely to stabilize the type-I

population (Table 2) of the aR–aR turns. The CMAP correction

caused also the stabilization of a small 310 helix population

(17.6%, compared to � 0% without the CMAP), at the expense

of the coil conformation (10.0% with CMAP, compared to

19.2–27.4% without). A similar behavior characterized the

segment 6–9. In the C22/CMAP simulations, the total 6–9 b-

turn frequency was 38.1–45.5%, compared to 37.4–18.1%

without the CMAP. The difference was mainly due to the

stabilization of type-I (aR–aR) turns. A 17.7% of conforma-

tions corresponded to a 310 helix (compared to � 0%). The

CMAP correction did not modify significantly the structural

properties of the peptide region, outside the segment 5–9.

In addition to the CMAP correction, the C22/CMAP

simulations employed a set of recent, slightly revised indole

parameters [41]. These parameters did not have a significant

impact on the properties of the Trp7 sidechain, which interacted

mostly with the aqueous solvent. In the future, we plan to

simulate several compstatin analogs with the CMAP [38,39]

and indole [41] modifications of the all-atom C22 force field,

and perform a systematic comparison with the results of a

recent CMAP/implicit solvent (GB) force field [36,37].

In conclusion, in this work we have performed for the first

time a conformational analysis of the peptide compstatin and

two of its mutants by MD simulations in explicit water with an

all-atom model. The simulations reproduce important structural

properties established by NMR [5,7,8,13], such as the relative

tendency of the various analogues for the formation of the 5–8

b-turn, and their extended conformational averaging in water.

They also depict in detail structural features partly or not

accessible by the NMR data due to conformational averaging,

such as the occurence of fused or transient b-turns and the

interactions of various sidechains with the peptide backbone.

The analysis reveals structural differences among the analogues

in their uncomplexed state, which enable us to draw

conclusions on the role of the 5–8 b-turn and other aminoacids

for the peptide activity.
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