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ABSTRACT
Molecular Dynamics (MD) simulations provide atomic-detail insights on the structure,
dynamics, interactions and function of biomolecules and constitute a powerful tool for the
investigation of protein and peptide folding, self-assembly and association phenomena. The
present thesis employs MD simulations to study two distinct problems: the formation of
nanostructures by phenylalanine oligopeptides and peptide sequences from the fiber-shaft
protein of adenovirus, and the molecular recognition of the key component of the
complement system, protein C3 by the peptidic inhibitor compstatin. Despite the wealth of
experimental information on these systems, none of them had been studied systematically
before by MD simulations.
Nanostructure formation by phenylalaline oligopeptides: Aromatic peptide building blocks
represent promising structural elements for future technological applications. The
diphenylalanine peptide (FF), the Alzheimer’s core recognition motif, self-assembles into
discrete, hollow, well-ordered nanotubes with remarkable physicochemical properties and
potential technological use, and its derivatives form nano-assemblies of various
morphologies. The self-assembly mechanism and the molecular organization of these
structures is not fully understood. In this study, we obtain insights on the aggregation
process in aqueous solution of the FF peptide and the related tripeptide (FFF), by replicaexchange MD simulations in implicit solvent. The observed peptide aggregates often
contain open or ring-like peptide networks, as well as elementary and network-containing
structures with β-sheet characteristics. The networks are stabilized by polar and nonpolar
interactions, and by the surrounding aggregate. In particular, the charged termini of
neighbor peptides are involved in hydrogen-bonding interactions and their aromatic side
chains form ‘‘T-shaped’’ contacts, as in three-dimensional FF crystals. We propose that
these interactions may assist the self-assembly at the early stage, and may also stabilize the
mature nanostructures. The FFF peptides self-assemble experimentally into nanoplates. In
the simulations, they have higher network propensities and increased aggregate stabilities
with respect to FF, which can be interpreted energetically.
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Nanostructure formation by adenovirus oligopeptides: Sequences encountered naturally in
fibrous proteins may constitute elementary blocks for peptide-based nanostructures.
Selected peptide sequences from the adenovirus fiber shaft self-assemble into amyloid-like
nanostructures outside their native context. We study the self-assembly of three such
sequences, the hexapeptide GAITIG, the octapeptide NSGAITIG, and the dodecapeptide
LSFDNSGAITIG. In accordance with their amyloidogenic capacity, all peptides form
readily intermolecular β-sheets, stabilized by extensive main- and side-chain contacts. In
the case of octapeptide, the sheets involve the C-terminal segment 3-8; the N-terminal
residues Asn1 and Ser2 remain disordered, suggesting that these residues are exposed at the
exterior of the fibrils and accessible. On the basis of insight provided by the simulations,
cysteine residues were recently substituted experimentally at positions 1 and 2 of
NSGAITIG; the newly designed peptides maintained their amyloidogenic properties and
could bind to silver, gold and platinum nanoparticles. The crystalline order in the
LSFDNSGAITIG fibrils formed in an air/water interface is much greater than the
corresponding order in the Alzheimer’s Aβ fibrils. Consequently it has been suggested that
the transfer of such highly ordered peptide assemblies onto solid surfaces (i.e.
LSFDNSGAITIG monolayers on quartz) could be used for nanometer-scale surface
patterning; therefore, the study of this peptide presents significant interest. In our
simulations, in bulk solution, individual molecules adopt a hairpin conformation in the βsheets, in line with the experimentally determined amyloid fiber diameters and the
conformation of the peptide in the adenovirus fiber shaft.
C3-compstatin recognition: The complement system provides the first line of defence
against foreign pathogens. Its unregulated activation may lead to host-cell damage and a
number of complement-related diseases and pathological conditions. The 13-residue
compstatin prevents the proteolytic activation of the human complement component C3 but
is inactive against the C3 protein from non-primate mammals. Understanding this species
specificity of compstatin is important, because it can lead to improved inhinitors against the
human protein, and active inhibitors against the lower-species proteins. The latter can be
used to test models of human diseases in animals. To understand the species specificity of
compstatin, we conduct MD simulations of complexes between the double mutant
compstatin analog Val4Trp/His9Ala (W4A9) and the human or rat C3 protein. The
simulations are based on a recent structure of the human C3:W4A9 complex, determined at
2.4 Å resolution by X-ray crystallography. The human runs preserve the crystallographic
iii

structure and obtain quantitative estimates of the important protein-ligand interactions. The
rat C3 runs help elucidate the lack of inhibition by compstatin. Specifically, specific sectors
of the rat protein, proximal to the ligand, undergo subtle and reproducible conformational
changes, which eliminate or weaken specific interactions and reduce the complex stability.
Our simulations provide insights towards the design of active inhibitors against rat (or other
non-primate) C3 proteins.
Additional simulations studied the conformational properties of three compstatin active and
inactive mutant analogs in aqueous solution. These simulations reproduced important
structural properties established by NMR and led to hypotheses on structural features of the
compstatin-C3c complex, prior to its structural determination.

iv

ΣΥΝΟΨΗ

Οι προσοµοιώσεις Μοριακής ∆υναµικής (Μ∆) παρέχουν την ικανότητα κατανόησης σε
ατοµικό επίπεδo της δοµής, δυναµικής, λειτουργίας και αλληλεπιδράσεων των βιοµορίων
και αποτελούν ένα ισχυρό εργαλείο για τη διερεύνηση προβληµάτων αναδίπλωσης, αυτοοργάνωσης και σχηµατισµού βιοµοριακών συµπλόκων πρωτεϊνών και πεπτιδίων. Η
παρούσα διατριβή εστιάζεται στη χρήση προσοµοιώσεων Μ∆ για τη διερεύνηση δύο
διαφορετικών

προβληµάτων:

το

σχηµατισµό

νανοδοµών

από

ολιγοπεπτίδια

φαινυλαλανίνης και από πεπτιδικές ακολουθίες του πρωτεϊνικού ινώδους-στελέχους του
αδενοϊού, και τη µοριακή αναγνώριση της βασικής συνιστώσας του συστήµατος
συµπληρώµατος πρωτεΐνης C3 από τον πεπτιδικό αναστολέα κοµπστατίνη. Παρά τον
πλούτο των πειραµατικών πληροφοριών, κανένα από αυτά τα συστήµατα δεν είχε
µελετηθεί συστηµατικά προηγουµένως υπολογιστικά.

Σχηµατισµός νανοδοµών από ολιγοπεπτίδια φαινυλαλανίνης: Οι πλούσιες σε αρωµατικά
κατάλοιπα πεπτιδικές ακολουθίες αποτελούν υποσχόµενα δοµικά στοιχεία νανοδοµών, µε
πιθανές τεχνολογικές εφαρµογές. Το διπεπτίδιο φαινυλαλανίνης (FF), βασικό µοτίβο
αναγνώρισης αµυλοϊδών νανοδοµών που εµπλέκονται στη νόσο Alzheimer, αυτοοργανώνεται σε διακριτούς, κοίλους νανοσωλήνες µε αξιοσηµείωτες φυσικοχηµικές
ιδιότητες και πιθανή τεχνολογική χρήση. Τα παράγωγά του σχηµατίζουν νανοδοµές
ποικίλων µορφολογιών. Ο µηχανισµός αυτο-διοργάνωσης και η µοριακή δοµή αυτών των
νανοδοµών δεν είναι πλήρως κατανοητά. Στην παρούσα διατριβή, εµβαθύνουµε στην
κατανόηση της διαδικασίας συσσωµάτωσης πεπτιδίων FF και

των αντίστοιχων

τριπεπτιδίων (FFF) σε υδατικό διάλυµα, µε προσοµοιώσεις Μ∆ ανταλλαγής αντιγράφων
και µοντέλα έµµεσης αναπαράστασης του διαλύτη. Η ανάλυση των πεπτιδικών
συσσωµατωµάτων δείχνει την ύπαρξη ανοικτών ή κλειστών (δακτυλιοειδών) δικτύων,
καθώς και ευρύτερων δοµών µε αλληλεπιδράσεις β-πτυχωτών επιφανειών. Τα δίκτυα
σταθεροποιούνται µε πολικές και µε µη-πολικές αλληλεπιδράσεις, καθώς και από το
περιβάλλον συσσωµάτωµα. Ειδικότερα, τα αµινοτελικά και καρβοξυτελικά άκρα
γειτονικών πεπτιδίων εµπλέκονται σε σχηµατισµό δεσµών υδρογόνου και οι αρωµατικές
τους πλευρικές αλυσίδες αλληλεπιδρούν µεταξύ τους σε κάθετους προσανατολισµούς «Ττύπου», σε συµφωνία µε την τρισδιάστατη διαµόρφωση των FF πεπτιδίων στους
κρυστάλλους. Με βάση τα αποτελέσµατά µας, προτείνουµε ότι αυτές οι αλληλεπιδράσεις
v

µπορούν να είναι υποβοηθητικές στα αρχικά στάδια της αυτο-διοργάνωσης, και ενδέχεται
επίσης να σταθεροποιούν τις ώριµες νανοδοµές. Τα FFF πεπτίδια αυτο-οργανώνονται σε
νανοεπίπεδες δοµές. Στις προσοµοιώσεις, τα FFF πεπτίδια έχουν ισχυρότερη τάση αρχικής
συσσωµάτωσης και σχηµατισµού πιο οργανωµένων δοµών (πεπτιδικών δικτύων), σε σχέση
µε τα FF πεπτίδια. Αυτή η συµπεριφορά ερµηνεύεται µε ενεργειακούς υπολογισµούς.

Σχηµατισµός νανοδοµών από ολιγοπεπτίδια του αδενοϊού: Ακολουθίες που συναντώνται σε
φυσικές ινώδεις πρωτεΐνες ενδέχεται να αποτελέσουν βασικά δοµικά στοιχεία πεπτιδικών
νανοδοµών. Συγκεκριµένες ακολουθίες πεπτιδίων από το ινώδες στέλεχος του αδενοϊού
αυτό-οργανώνονται σε νανοδοµές µε αµυλοειδή χαρακτηριστικά. Στην παρούσα διατριβή
µελετάµε τρεις από αυτές τις ακολουθίες: το εξαπεπτίδιο GAITIG, το

οκταπεπτίδιο

NSGAITIG, και το δωδεκαπεπτίδιο LSFDNSGAITIG. Σε συµφωνία µε την αµυλοΐδογενή
ικανότητά τους, όλα τα πεπτίδια σχηµατίζουν διαµοριακές β-διαµορφώσεις, που
σταθεροποιούνται µε εκτεταµένες επαφές των κύριων και των πλευρικών αλυσίδων. Στο
οκταπεπτίδιο, οι β-διαµορφώσεις σχηµατίζονται από το καρβοξυτελικά κατάλοιπα 3-8. Τα
αµινοτελικά κατάλοιπα Asn1 και Ser2 είναι σε δοµή τυχαίου σπειρώµατος, υποδηλώνοντας
ότι τα κατάλοιπα αυτά τοποθετούνται στο εξωτερικό του ινιδίων και είναι εκτεθειµένα στο
διάλυµα. Με βάση τα αποτελέσµατα των προσοµοιώσεων, εισάχθηκαν πειραµατικά
κατάλοιπα κυστεΐνης στις θέσεις 1 και 2 του NSGAITIG. Τα µεταλλαγµένα πεπτίδια
διατήρησαν

τις

αµυλοειδείς

ιδιότητές

τους

και

έγιναν

παράλληλα

υποδοχείς

νανοσωµατιδίων αργύρου, χρυσού και πλατίνας. O βαθµός κρυσταλλικής τάξης των
ινιδίων LSFDNSGAITIG είναι πολύ µεγαλύτερος σε σχέση µε τον αντίστοιχο βαθµό των
ινιδίων Αβ-Alzheimer’s, και συνεπώς, η µεταφορά πεπτιδίων µε τέτοια υψηλή τάξη
διοργάνωσης σε στερεές επιφάνειες, (π.χ. µονοστρωµάτων πεπτιδίων LSFDNSGAITIG σε
χαλαζία) θα µπορούσε να χρησιµοποιηθεί για σχηµατοποίηση επιφανειών νανοµετρικής
κλίµακας· ως εκ τούτου, η κατανόηση της αυτό-διοργάνωσης του δωδεκαπεπτιδίου
παρουσιάζει σηµαντικό ενδιαφέρον. Στις προσοµοιώσεις µας, τα πεπτίδια αποκτούν
ταυτόχρονα και ενδοµοριακή β-διαµόρφωση, σε συµφωνία µε την πειραµατική διάµετρο
των αντιστοίχων αµυλοειδών ινιδίων και τη διαµόρφωση της ίδιας ακολουθίας στο ινώδεςστέλεχος του αδενοϊού.

Αναγνώριση της πρωτεΐνης C3 από τον αναστολέα κοµπστατίνη: Το σύστηµα
συµπληρώµατος αποτελεί την πρώτη γραµµή άµυνας του οργανισµού κατά των ξένων
παθογόνων. Μη ελεγχόµενη δραστηριοποίησή του µπορεί να οδηγήσει σε καταστροφή των
vi

κυττάρων-υποδοχής και διάφορες ασθένειες ή παθολογικές καταστάσεις. Το 13-πεπτίδιο
κοµπστατίνη εµποδίζει την πρωτεολυτική ενεργοποίηση του ανθρώπινου συµπληρώµατος
C3 αλλά είναι ανενεργό έναντι της πρωτεΐνης C3 των µη-πρωτεύοντων θηλαστικών. Η
κατανόηση αυτής της επιλεκτικότητας ως προς τους διάφορους οργανισµούς, που
παρουσιάζει η κοµπστατίνη, είναι σηµαντική, διότι µπορεί να οδηγήσει σε βελτιωµένους
αναστολείς για την ανθρώπινη πρωτεΐνη, και σε ενεργούς αναστολείς των πρωτεϊνών
κατώτερων ειδών. Οι τελευταίοι ενδέχεται να χρησιµοποιηθούν για τη δοκιµή µοντέλων
ανθρώπινων ασθενειών στα ζώα. Για να κατανοήσουµε την επιλεκτικότητα της
κοµπστατίνης, διεξάγουµε προσοµοιώσεις Μ∆ σε σύµπλοκα του διπλά µεταλλαγµένου
αναλόγου compstatin Val4Trp/His9Ala (W4A9) και της πρωτεΐνης C3 του ανθρώπου ή
αρουραίου. Οι προσοµοιώσεις βασίζονται σε µια πρόσφατη δοµή του ανθρώπινου
συµπλόκου C3:W4A9, που προσδιορίσθηκε µε χρήση κρυσταλλογραφίας ακτίνων X σε
ευκρίνεια 2.4 Å. Οι προσοµοιώσεις του ανθρώπινου συµπλόκου διατηρούν την
κρυσταλλογραφική

δοµή

και

παρέχουν

ποσοτική

εκτίµηση

των

σηµαντικών

αλληλεπιδράσεων C3-κοµπστατίνης. Οι προσοµοιώσεις στο σύµπλοκο αρουραίου
ερµηνεύουν την έλλειψη αναστολής της κοµπστατίνης στην αντίστοιχη πρωτεΐνη.
Συγκεκριµένοι τοµείς της πρωτεΐνης του αρουραίου κοντά στο συνδεόµενο πεπτίδιο
υπόκεινται σε αναπαράξιµες στερεοδιαταξικές αλλαγές, που εξαλείφουν ή αποδυναµώνουν
συγκεκριµένες αλληλεπιδράσεις και µειώνουν τη σταθερότητα του συµπλόκου. Τα
αποτελέσµατα αυτών των προσοµοιώσεων παρέχουν συµπεράσµατα, που µπορούν να
χρησιµοποιηθούν στο σχεδιασµό ενεργών αναστολέων έναντι αρουραίων (ή άλλων µηπρωτευόντων C3 πρωτεϊνών).

Με επιπρόσθετες προσοµοιώσεις µελετήσαµε τις αναδιπλωτικές ιδιότητες τριών ενεργών
και ανενεργών µεταλλαγµένων αναλόγων της κοµπστατίνης σε υδατικό διάλυµα. Οι
προσοµοιώσεις αυτές αναπαρήγαγαν σηµαντικές δοµικές ιδιότητες που έχουν βρεθεί µε
πειράµατα πυρηνικού µαγνητικού συντονισµού (NMR) και οδήγησαν σε υποθέσεις σχετικά
µε τα δοµικά χαρακτηριστικά του συµπλόκου κοµπστατίνης-C3, πριν από τη δοµική
ανακάλυψή του.
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Left: A cartoon representation model of compstatin (NAT) structure in water
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solution as derived by NMR experiments. Right: A representation of a
representative (12th) NMR structure of compstatin.
7.6

The bound structure of compstatin in complex with C3c.
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7.7

Left: A cartoon representation model of compstatin (W4A9) bound structure
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(to C3c) as derived by X-ray crystal. Right: The bound structure of
compstatin.
7.8

The compstatin (W4A9) – C3c complex structure.
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Introduction
"If we were to name the most powerful assumption of all, which leads one on and on in an
attempt to understand life, it is that all things are made of atoms, and that everything that
living things do can be understood in terms of the jigglings and wigglings of atoms."
Richard Feynman, The Feynman lectures on physics, 1963.

The quest for unravelling the structure, dynamics and function of biological
macromolecules is a major objective of current research by biophysicists, biologists and
biochemists. The fundamental mechanisms underlying an increasing range of biological
processes are uncovered thanks to continuous advances in experimental methods in the
areas of crystallography, nuclear magnetic resonance (NMR), electron microscopy and
single-molecule manipulations [Dodson et al. 2008]. Nevertheless, it is hard to monitor
directly how the structures of individual molecules change on short time scales as they
function [Mulholland 2008]. Furthermore, experiments generally provide averages of
measurable quantities over molecules or time [Van Gunsteren and Dolenc 2008]. Thus, a
fundamental understanding of the connection between the biomolecular three-dimensional
structure, dynamics and function is difficult to obtain by experiment alone [Karplus and
Kuriyan 2005]. Molecular dynamics (MD) simulations offer the potential of filling the
crucial "gaps" and providing links between structure and dynamics, by modelling how
proteins and other biomolecules fluctuate, interact, react and function [Van Gunsteren and
Dolenc 2008, Karplus and McCammon 2002, Karplus and Kuriyan 2005, Adcock and
McCammon 2006, Brooks et al. 2009 and references therein], demonstrating the truth of
Feynman’s assertion.
Classical MD simulations deal with the iterative numerical calculation of instantaneous
forces present in a molecular system and the consequential movements of particles in
response to their interactions. MD methods were initially introduced by the theoretical
physics community during the late 1950s, when Alder and Wainwright performed the
premier MD simulation using a hard-sphere particle model to investigate the solid-fluid
phase transition [Adler and Wainwright 1957]. The next advance in this field was achieved
by Rahman [Rahman 1964], who employed a smooth, continuous potential mimicking
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more realistic atomic interactions. As computers started to become more and more
widespread during the 1970s, MD simulations were developed for more complex systems,
culminating in 1976 with the first simulation of a protein (bovine pancreatic trypsin
inhibitor or BPTI) by M. Karplus and J.A. McCammon. This simulation used an empirical
energy function based on physics-based first principles and had a duration of 9.2 ps
[McCammon et al. 1977].
The initial protein simulations only considered single molecules in vacuo; modern
simulations are performed with an explicit representation of the solvent environment or
with sophisticated implicit-solvent [Im et al. 2003, Chen et al. 2006, Haberthur and
Caflisch 2008, Brooks et al. 2009 and references therein], membrane [Lazaridis 2003, Im et
al. 2005, Brooks et al. 2009 and references therein] or even cellular models [Van Gunsteren
and Dolenc 2008, Brooks et al. 2009 and references therein]. These simulations are
characterized by a continuous increase in duration, system size, accuracy in modelling
atomic interactions and sophistication in computational algorithms [Van Gunsteren and
Dolenc 2008, Adcock and McCammon 2006, Brooks et al. 2009 and references therein].

I.1 Applications and future perspectives of MD simulations in the study of biological
systems
MD simulations are currently used in various fields, including structural biochemistry,
biophysics, enzymology, molecular biology, pharmaceutical chemistry, biomaterials and
biotechnology, to provide insight on various dynamic aspects of biomolecular structure,
recognition, and function [Karplus and McCammon 2002, Karplus and Kuriyan 2005,
Adcock and McCammon 2006, Brooks et al. 2009 and references therein]. Generally, MD
simulations can interpret experimental results, complement experiments by providing
atomic-detail information on various aspects of biomolecular structure, recognition, and
function [Van Gunsteren and Dolenc 2008] and suggest new experiments. Statistical
mechanics plays a significant role in understanding the properties of a simulated system by
linking the microscopic information (the time evolution of atomic positions, velocities, and
single-point energies) with macroscopic observables [Adcock and McCammon 2006]. As
an example, computation of macroscopic observables resulting from microscopic data can
lead to prediction of changes in binding free energies [Archontis et al. 2001],
macromolecular stability [Tiana et al. 2004], conformational [Noronha et al. 2007, Depaepe
et al. 1993, Tamamis et al. 2007] and allosteric properties [Kim et al. 1994], the role of
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dynamics in enzyme activity [Wang et al. 2001, Warshel 2003], molecular recognition and
the properties of complexes [Tamamis et al. 2010a, Polydoridis et al. 2007, Archontis et al.
2005a, Wang et al. 2001, Brooijmans et al. 2003], ion and small molecule transport [Roux
2002, Bond and Sansom 2004], protein association [Elcock 2004], protein folding [Caflisch
and Paci 2004, Allen et al. 2009, Feige et al. 2008, Geierhaas et al. 2006, Daggett 2006,
Day and Daggett 2003],

protein hydration [Pettitt et al. 1998], and self-assembly of

proteins and peptides [Tamamis et al. 2009a, Tamamis et al. 2009b, Tamamis et al. 2010b,
Knowles et al. 2007, Mousseau and Derremaux 2005, Cecchini et al. 2004, Hills and
Brooks 2007, Tarus et al. 2008, Baumketner and Shea 2007, Hall and Wagoner 2007,
Nguyen et al. 2007, Ma and Nussinov 2006, Paci et al. 2004, Song et al. 2008].
Taking into account the continuing increase in computer power, simulations will most
likely evolve in several ways. As previously stated, the gateway to larger systems and
longer simulation times is one direction. The use of more accurate and complex force fields
(e.g. incorporating explicit polarization) is likely to reduce systematic errors [Van
Gunsteren and Dolenc 2008, Archontis et al. 2005b, Brooks et al. 2009 and references
therein]. Computer-aided ligand-design calculations will benefit from more accurate freeenergy simulations. Faster computations will enable the study of more complex phenomena
(e.g., involving larger systems and longer-time scales). The structures of large, multisubunit protein complexes are now being determined at a fast rate. Simulations of such
large systems with the length required to obtain meaningful results is becoming more and
more feasible and broadens the role of simulation programs like CHARMM (Chemistry at
Harvard Molecular Mechanics) in molecular biophysics [Brooks et al. 2009]. Therefore,
the evolution of MD simulations from molecular and supra-molecular systems to the
cellular scale can be considered a near future and promising step [Brooks et al. 2009 and
references therein]. Simplification of molecular models by averaging over atomic degrees
of freedom, so-called coarse graining, additionally plays a significant role in the ability to
simulate large systems, such as protein complexes embedded in membranes or the ribosome
or nucleosome [Van Gunsteren and Dolenc 2008 and references therein].

I.2 Overview of the present work
In the present thesis we employ MD simulations to study biomolecular association
phenomena in three different systems. We study (i) the self-assembly of phenylalaninebased oligopeptides, which under appropriate conditions form hollow nanotubes or
3

nanoplates, (ii) the self-assembly of amyloidogenic peptide sequences from the adenovirus
fiber-shaft protein, and (iii) the molecular recognition of the key complement-system
protein C3 by inhibitors based on the peptide compstatin. Despite the wealth of
experimental information on these systems, neither of them had been studied systematically
by MD simulations. In the rest of the Introduction, we provide a brief description of the
motivation and our novel findings in each system.

I.3 Self-assembly of phenylalanine based oligopeptides (FF and FFF peptides)
A brief overview of peptide self-assembly is presented in Chapter 2. The phenylalanine
dipeptide (FF) corresponds to the core recognition motif of Alzheimer’s β-amyloid peptide
[Reches and Gazit 2003]. Under certain conditions, it self-assembles into nanotubes
[Reches and Gazit 2003], which can serve as molds to cast metal nanowires with a diameter
of approximately 20 nm [Reches and Gazit 2003]. Chemical modifications in the peptide
termini can lead to the formation of hydrogels [Mahler et al. 2006]. The remarkable
physical and chemical properties of these nanostructures [Song et al. 2004, Kol et al. 2005,
Niu et al. 2007, Adler-Abramovich et al. 2006, Sedman et al. 2006, Mahler et al. 2006]
suggested that the FF self-assembly can be exploited for the fabrication materials with
advanced technological and chemical applications. The fabrication of a sensitive biosensing
device [Yemini et al. 2005], the fabrication of metallic nanowires [Reches and Gazit 2003,
Song et al. 2004], the application in inkjet technology [Adler-Abramovich et al. 2008], and
the potential to produce effective electrochemical units and super-hydrophobic coatings for
microfluidic devices, smart windows and solar cells [Adler-Abramovich et al. 2009] are
some of the most important applications of FF-based nanotubes. In addition, the ability of a
chemically modified peptide (Fmoc-FF) to self-assemble into a rigid material with
macroscopic gel characteristics [Reches and Gazit 2005], has been exploited by several
studies which aimed at the fabrication of novel biomaterials, as analyzed in Chapter 2.
The FF peptides can also self-assemble into crystals [Görbitz 2001]. X-ray diffraction
studies have shown that the crystals contain parallel helical channels with six peptides per
turn. These channels are stabilized by interactions between the peptide charged termini and
by interactions between the peptide aromatic side-chains [Görbitz 2001] (Chapter 2). Some
recent work [Görbitz 2006] suggests that the structure of the diphenylalanine in the crystals
shares similar properties to the structure of the nanotubes. Nevertheless, the exact peptide
arrangement in the peptide nanotubes is still controversial. In order to obtain insights on the
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self-assembly properties of FF and FFF peptides, we conducted replica-exchange molecular
dynamics of model oligopeptide systems in aqueous solutions, modelled by an implicitsolvent representation. The results of these simulations are presented in Chapter 3 and ref.
[Tamamis et al. 2009a]. The simulations provided information on the peptide arrangement
and quantifed the important stabilizing interactions [Tamamis et al. 2009a]. These insights
can be potentially used in the development of modified nanostructures, with technological
and biomedical applications.
The FF simulations reproduced for the first time several intermolecular interactions and
structural properties seen in the FF crystals [Görbitz 2001]. In particular, the individual
peptides were frequently and spontaneously arranged into open or closed (ring-like) linear
networks, with head-to-tail interactions linking consecutive molecules, and the aromatic
side chains of different peptides interacting extensively in approximately ‘‘T-shaped’’
orientations. We also observed the formation of more-complex structures, in which
individual peptides or networks were arranged into β-sheets. Analogous structures were
observed in the FFF simulations. Notably, the FFF aggregates were characterized by higher
stability and peptide-network propensity, mainly due to nonpolar interactions. An energetic
analysis showed that the FFF and FF networks can have lower association energies in the
aggregate compared to a water-surrounding medium, depending on the network topology
and size. These results suggested that the initial formation of aggregates could be triggered
by hydrophobic interactions; the subsequent formation of backbone hydrogen-bonding
interactions and the development of more ordered structures could be facilitated due to the
reduced screening of electrostatic interactions in the presence of the aggregates [Tamamis
et al. 2009a].

I.4 Self-assembly of short (6-12 residue) peptide sequences from the adenovirus fiber shaft
Peptide sequences occurring naturally in fibrous proteins may constitute elementary
building blocks of peptide-based nanostructures (reviewed in [Mitraki et al. 2006]).
Naturally occurring peptide segments from the adenovirus shaft self-assemble under
physiological conditions into amyloid-like fibrils. This was demonstrated in ref.
[Papanikolopoulou et al. 2005] for five peptides with lengths of 6, 8, 12, 25 and 41
residues, using Congo red binding, electron microscopy, infrared spectroscopy and X-ray
fiber diffraction methods. A brief overview of the adenovirus fiber-shaft structure and the
self-assembly of shaft sequences is given in Chapter 4.
5

In our work, we studied the self-assembly properties of three distinct sequences of ref.
[Papanikolopoulou et al. 2005] in aqueous solution; the octapeptide NSGAITIG and the
hexapeptide GAITIG in a first study [Tamamis et al. 2009b], and the dodecapeptide
LSFDNSGAITIG in a second study [Tamamis et al. 2010b].
The results of the first study are presented in Chapter 5 and ref. [Tamamis et al. 2009b].
The simulations showed that both peptides have a high propensity to aggregate into
intermolecular conformations with β-sheet content, in accordance with their amyloidogenic
capacity. These conformations are stabilized by extensive main- and side chain contacts,
involving the segments 3-8 (octapeptide) and 2-6 (hexapeptide). The N-terminal residues of
the octapeptide (Asn1 and Ser2) remained disordered in the simulations. Thus, we
suggested that they are not engaged in the fibrils, but are exposed at the exterior of the fibril
and accessible. In accord with the simulations, cysteine residues were recently substituted
at positions 1 and 2; the newly designed peptides formed amyloid fibrils capable of binding
to silver, gold and platinum nanoparticles, confirming the accessibility of the residues at
these positions. Such metal-binding peptides, with self-assembling properties, may have a
potential use as conducting nanowires, with applications in nano-circuitry [Kasotakis et al.
2009].
The results of the second study are presented in Chapter 6. The crystalline order in the
LSFDNSGAITIG fibrils formed in an interface is much greater than the corresponding
order in the Alzheimer’s Aβ fibrils. Consequently it has been suggested that the transfer of
such highly ordered peptide assemblies onto solid surfaces (i.e. LSFDNSGAITIG
monolayers on quartz) could be used for nanometer-scale surface patterning [Lepère et al.
2007a]; therefore, the study of this peptide presents significant interest. Our simulations in
bulk solution suggest that the LSFDNSGAITIG dodecapeptides are not elongated in the
fibers, but fold into hairpin-like (U-shaped) conformations. This is consistent with the
diameters of the fibers and with the conformation of the same sequence in the adenovirus
fiber shaft [Papanikolopoulou et al. 2005]. The simulations demonstrate the frequent
formation of intermolecular β-sheets, in accordance with the amyloidogenic properties of
the peptides [Papanikolopoulou et al. 2005]; the analysis of the most highly populated three
peptide U-shaped β-sheets showed that the antiparallel arrangement was favored compared
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to the parallel. Intermolecular β-sheets were formed by residue moieties 9-11 and (to
somewhat lesser extent) 3-5 [Tamamis et al. 2010b].

I.5 Molecular recognition of the complement component C3c by Compstatin based
inhibitors
The complement system provides the first line of defence against foreign pathogens. Its
unregulated activation may lead to host cell damage and a number of complement system
related diseases and pathological conditions, Thus, it is important to develop inhibitors that
regulate the function of the key components of the complement system (reviewed in
[Ricklin and Lambris 2007, Ricklin and Lambris 2008]). Protein C3 occupies a key position
in the activation of complement and is a particularly attractive target for complementspecific drugs (reviewed in [Ricklin and Lambris 2007, Ricklin and Lambris 2008]). Thus,
C3 is a particularly attractive target for complement-specific drugs (reviewed in [Ricklin
and Lambris 2007, Ricklin and Lambris 2008]). A brief description of the complement
system is presents in Chapter 7.
Compstatin, a 13 residue cyclic peptide, prevents the proteolytic activation of complement
component C3 by binding to the C3 β-chain and demonstrated clinical potential in a series
of experimental model systems (reviewed in [Ricklin and Lambris 2008]). The native
sequence of this peptide is ICVVQDWGHHRCT-NH2 and is maintained in a cyclic
conformation by the disulfide bridge Cys2 – Cys12. Structural (NMR), mutational and
computational studies have examined systematically the properties of compstatin and
several mutant derivatives in solution, aiming at the optimization of its binding affinity
towards C3 and the elucidation of the key structural and energetic features responsible for
its inhibitory potency (reviewed in [Ricklin and Lambris 2008]). In aqueous solution, it is
highly flexible in solution, and possesses a thermodynamically dominant conformer, with
residues 5-8 in a type I β-turn (probability 42-63%) (reviewed in [Ricklin and Lambris
2008]). Compstatin is already under investigation in clinical trials by Potentia (Louisville,
KY, USA) [Ricklin and Lambris 2007]. An overview description of compstatin-related
work is given in Chapter 7.
Until 2007, the precise compstatin binding site on C3 and the structure of compstatin in the
C3 complex were unknown. In order to obtain a better understanding on the conformational
properties of compstatin, we performed three independent computational studies: In the
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first study we performed a conformational analysis of three free (unbound) compstatin
analogs in aqueous solution by MD simulations in explicit water [Tamamis et al. 2007]. In
the second study, we compared our results with implicit-solvent simulations of the same
analogs, using the GBSW model [Tamamis et al. 2008]. While carrying out the second
study, the X-ray structure of the complex between C3c (a major proteolytic component of
C3) and the double mutant compstatin analog Val4Trp/His9Ala (W4A9) was published at
2.4 Å resolution [Jannsen et al. 2007]. The structure showed that the exact binding site is
formed by the macroglobulin (MG) domains 4 and 5; compstatin itself undergoes a large
conformational change upon binding, whereupon the 5-8 β-turn disappears and a new 8-11
β-turn and a β-bridge among residues 3 and 11 are formed [Jannsen et al. 2007].
At the same time, experimental studies had suggested that compstatin was inactive against
the C3 protein from non-primate mammals [Sahu et al. 2003]. Understanding this speciesspecificity of compstatin is important, because it may lead to the design of active
compounds against non-primate C3 proteins. These inhibitors can then be used to test
models of human diseases in animals.
We used the crystallographic structure to carry out a third study, in which we performed
MD simulations of complexes involving compstatin and the human or rat C3 protein. These
simulations complement the information supplied by the experimental structure, identify
important interactions that confer compstatin specificity for the human protein and
elucidate the inability of compstatin to act against the non-primate C3 [Tamamis et al.
2010a].
The first study is presented in Chapter 8 and ref. [Tamamis et al. 2007]. We performed
multi-ns MD simulations of three compstatin analogs: the native analog (NAT), the more
active mutant V4W/H9A (W4A9) and the inactive mutant Q5G (G5). Our simulations
reproduced important structural properties established by NMR [Morikis et al. 1998,
Morikis et al. 2002, Mallik et al. 2005a] and depicted in detail structural features partly or
not accessible by the NMR data due to conformational averaging, such as the occurrence of
fused or transient β-turns and the interactions of various sidechains with the peptide
backbone. Notably, our simulations led to hypotheses on structural features of the
compstatin-C3c complex, prior to its structural determination [Tamamis et al. 2007].
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The second study is presented in Chapter 9. We investigated the same analogs by an
improved explicit-solvent model, and by and implicit-solvent representation based on the
GBSW formulation [Im et al. 2003, Chen et al. 2006]. The explicit-solvent force field
contained a CMAP correction (reviewed in [Brooks et al. 2009]). A comparison between
the explicit- and implicit-solvent results showed that the two solvent models were in
excellent agreement and suggested that the GBSW model is suitable for this system. We
also evaluated with quantitative accuracy the probability for the dominant solution
conformer comprising a type I αR-αR 5-8 turn. Janssen et al. [Jannsen et al. 2007] have
hypothesized that mutations, which stabilize the bound conformation of compstatin, may
yield C3 inhibitors with higher activity. In line with the former statement, the similarity
between the simulation conformations (modelling the solution structure) and the bound
conformation increases with activity for the three analogs of the second study [Tamamis et
al. 2008].
The MD simulations of the third study are presented in Chapter 10. By comparing
complexes of compstatin with the human and rat C3 protein, our simulations accomplished
a twofold goal. We obtained insights on the human complex and quantitative estimates of
the important protein-ligand interactions; furthermore, we elucidated the lack of inhibition
of the rat C3 protein. More specifically, in the simulations of the rat complex the protein
underwent reproducible conformational changes, in sectors 388-393 and 488-493 which are
proximal to the ligand. These changes eliminated or weakened specific C3-compstatin
interactions and reduced the protein affinity for compstatin. Our simulations provide
insights towards the design of active inhibitors against rat (or other non-primate) C3
proteins. These inhibitors are of interest because they may be used to study models of
human diseases. Based on the results of our simulations, we are currently investigating new
compstatin analogs by computational and experimental methods.

9

Chapter 1: Basic Theoretical Background
In this Chapter, we present the potential energy function, the implicit-water models and the
replica-exchange scheme employed in the simulations.

1.1 Potential Energy Function
The development of approximate energy functions for biomolecular simulations has been
the subject of intense computational efforts in the last 40 years, as the choice of an
appropriate energy function is critical to a successful biomolecular simulation [Karplus and
McCammon 2002]. These functions are approximate, but if properly parameterized they
can produce structural and thermodynamic properties with satisfactory accuracy.
Furthermore, they are completely under the control of the user (i.e. the removal or alteration
of particular contributions can identify the roles of specific interactions in determining
specific properties) [Karplus and McCammon 2002]; an example has been demonstrated by
T. Simonson, G. Archontis and M. Karplus, in 2002, dealing with the calculation of free
energy differences [Simonson et al. 2002].
A variety of force fields have been developed specifically for simulation of proteins,
featuring energy functions consisting of a large number of parametrized terms. These
parameters are predominantly obtained from experimental and/or quantum-mechanical
studies of small molecules or fragments. In all cases, it is assumed that such parameters
may be transferred to the larger molecule of interest [Adcock and McCammon 2006].
CHARMM, AMBER, GROMOS and OPLS are the most commonly used biomolecular
force fields (reviewed in [Mackerell et al. 2004]).
In conventional MD simulations, the energy function contains “bonded energy terms”, that
retain the molecular stereochemistry, and “non-bonded energy terms” describing the
interatomic steric-repulsion, dispersion and Coulombic interactions. The bonded-energy
terms contain two-, three- and four-body interactions, describing the dependence of energy
on covalent bonds, bond-angles and torsional angles. The non-bonded terms are represented
by simple, pairwise-additive functions of nuclear coordinates.
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The general form of the potential energy function used in our work is the Chemistry at
Harvard Molecular Mechanics (CHARMM) all-atom function, shown in eq. (1.1) [Brooks
et al. 2009].
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()

non-bonded contributions as a function of the atomic coordinates. The first four terms on
the right-hand side of eq. (1.1) correspond to the bonded contributions and depend,
respectively, on the covalent bonds (b), valence-angles (θ), distances S between the extreme
atoms A, C of a valence angle A-B-C [Urey–Bradley (UB) terms], dihedral angles (φ) and
improper angles (ω). The parameters Kb, Kθ, KUB, Kφ, and Kω are the respective force
constants, and the variables with the subscript 0 are the respective equilibrium values. The
bond, angle, UB and improper dihedral terms are approximated in quadratic function. The
dihedral angle term is a sinusoidal expression, in which n expresses the periodicity of the
dihedral angle and δ is the phase shift determining the position of the energetic
minima/maxima. The improper dihedral angle term is used at branchpoints; that is, for
atoms A, B, and D bonded to a central atom, C, the term is a quadratic function of the
(pseudo)-dihedral angle defined by A-B-C-D. In addition, for the protein backbone, a
numerical correction crossterm, called CMAP, has recently been implemented [last term on
the r.h.s of eq. (1.1)]. The CMAP backbone torsional energetics inclusion, which is based
on (i) ab initio QM calculations and (ii) structure-based potentials of mean force, corrects
certain small systematic errors in the description of the protein backbone by the all-atom
CHARMM force field and improves the structural and dynamic results obtained with MD
simulations of proteins in crystalline and solution environments [Brooks et al. 2009 and
references therein].
The first two terms on the last line of eq. (1.1) are the non-bonded interactions. They
include Coulombic interactions between the point charges (qi and qj) and the Lennard–
Jones (LJ) term, which is used for the treatment of the core-core repulsion and the attractive
van der Waals dispersion interaction. For atoms in covalently-bonded atom pairs and atom11

pairs separated by two covalent bonds, the corresponding non-bonded interactions are
absorbed in the bonded-energy terms. For other atom-pairs, nonbonded interactions are
calculated if the distance between atoms in the pair is within a user-specified interatomic
cutoff distance. The parameter εij is the Lennard-Jones well depth, Rijmin is the distance at
which the slope of the Lennard-Jones potential is zero. In the coulombic terms, qi is the
partial atomic charge of atom i, εl is the effective dielectric constant, and rij is the distance
between atoms i and j. Values for the atomic partial charges, qi, are determined from a
template-based scheme; the charges are suitably chosen (often modified) to reproduce
dielectric shielding effects (i.e., to mimic some of the effects of shielding from a high
dielectric constant solvent); εl is set to unity for explicit-solvent simulations [Adcock and
McCammon 2006, Brooks et al. 2009 and references therein].

1.2 Implicit (GB) water models
The structural and thermodynamic properties of a biomolecule are largely affected by the
solvent environment. This environment has to be taken into account in MD simulations.
The most realistic representation treats the environment of the solvent explicitly, by
including water molecules (and possibly other solvent constituents, such as counter-ions,
crystal neighbours, or membrane lipids) and imposing periodic boundary conditions (PBC),
which mimic an infinite system [Brooks et al. 2009 and references therein]. This explicitsolvent representation is theoretically accurate, but is also costly. Incorporating the
influence of the solvent implicitly via an effective mean-field potential can provide a costefficient alternative that may be sufficiently accurate for many problems of interest.
The Poisson-Boltzmann (PB) equation is the most accurate continuum-electrostatics model
of solvation effects on electrostatic interactions, but its incorporation in MD simulations is
numerically quite expensive. Thus, there is a clear interest in numerically inexpensive
implicit-solvent models, which share the same underlying dielectric continuum model for
the solvent as in PB [Brooks et al. 2009 and references therein].
The Generalized Born (GB) approximation is based on Poisson-Boltzmann theory,
however, in contrast to the iterative self-consistent solution to the electrostatic potential
provided in PB calculations, in GB calculations the solution to the electrostatic potential is
provided by an approximate calculation of the solvent-induced reaction field. The GB
formalism will be presented briefly here, following a review of D. Bashford and D. A. Case
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[Bashford and Case 2000]. The (GB) formalism approximates the PB electrostatic solvation
energy of transferring a solute in a medium of εp to a medium of εw by a pairwise sum over
interacting partial charges qi and qj in the solute alone, given by the following expression:
∆G pol = ∑ ∆G

i, j
pol

i, j

1 1
1  qi q j
.
= −∑ 
− 

ε w  f GB (rij )
i, j 2  ε p
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,j
Each of the terms ∆G ipol
expresses the interaction between a charge at position i with the

solvent reaction field due to a second charge j. This interaction is expressed via the function
fGB(rij) defined in eq. (1.3) as [Still et al. 1990]:
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where rij is the distance among atoms i,j, and Ri are the “effective Born radii”, which reflect
the distance of atom i from the solvent/solute boundary. Eq. (1.3) is a formal generalization
of the exact reaction-field energy experienced by a single spherical charge of radius a when
transferred from a dielectric medium of constant εp to a dielectric medium of constant εw ,
given by the Born formula, eq. (1.4).
∆GBorn

q 2  1
1 
=−
− .
2a  ε p ε w 

(1.4)

The expression (1.3) interpolates between the analytical form expected at large interatomic
distances and the Born formula (eq. (1.4)), which is valid at zero-distance separation
between the atoms of the pair.
The most expensive computation in the GB formalism corresponds to the evaluation of the
effective Born radii Ri. It is useful to consider the formulation for electrostatic energy in
terms of electric field and displacement vector in order to derive the Born radius Ri of
charge i.
Wi =

r
r
1
1 r r 3
ρ i (r ) φi (r ) d 3 r =
Ε i Di d r
∫
2
8π ∫

According to the Coulomb field approximation, the displacement vector

(1.5)

r
Di of a point

charge qi inside a dielectric cavity maintains a Coulombic shape also in the lack of
spherical symmetry (i.e. a non-spherical cavity of an off-centered charge).
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r qi rr
Di ≈ 3
r

(1.6)

As a result, the electrostatic energy of a single charge i inside a dielectric cavity of
dielectric constant εp, immersed in a solvent with dielectric constant εext becomes:
r
qi2 3 
1 Di r 3
1  qi2 3
ext
Wi =
Di d r =
d r + ∫ 4 d r

8π ∫ ε
8π int∫ r 4ε p
r ε ext
ext


(1.7)

if the integration is separated into an internal (solute) and external (solvent) volume part.
The reaction-field energy for charge i is given by the change in electrostatic energy upon
transferring the solute cavity from an infinite medium with dielectric constant εp to the
solvent with dielectric constant εw:

∆G ipol = Wi w − Wi p = −

1
8π

 1
 2
 − 1  qi d 3 r .
ε
∫ 4
 p ε w ext r

(1.8)

If we set this expression equal to the Born formula eq. (1.4) with a = Ri, we obtain:
1
1
=
Ri 4π

1 3
1  1 3
1 3 
∫ext r 4 d r = 4π V∫ r 4 d r − int∫ r 4 d r 

(1.9)

Assuming that the point charge i is uniformly spread over a small spherical surface of
radius αi, to avoid singularities in the integration, the integral over the whole space yields
4παi-1 and the Born radius becomes:
1
1
1
= −
Ri α i 4π

1 3
d r
∫
r4
int, r >α

(1.10)

Usually, αi is set to the van der Waals radius of atom i. The integration in eq. (1.10) is over
the entire volume of the molecule. In the GB formalism, this integration is usually
approximated by a sum of pairwise (atom-atom) contributions, expressed in analytical
form. Alternative GB models differ in the way they approximate the integration of eq.
(1.10). Attempts to improve the accuracy of these models include the incorporation of
extensions beyond the Coulomb-field approximation [Brooks et al. 2009 and references
therein].
GBSW is a recent development of the GB approximation, dealing with the definition of the
solvent boundary at the molecular surface. In the GBSW module, a switching function was
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introduced to define the variation of the dielectric constant at the solvent-solute interface.
~ r
This is accomplished by the definition of a switching function H (r ) , which varies from
zero in the interior of the solute to one in the solvent region. The spatially dependent
r
dielectric constant ε (r ) is defined via the expression,

~ r r

r

ε (r ) = 1 + (ε w − 1) H (r ; {ri }) .

(1.11)

r
~ r
H (r ) is a function of all atomic positions {ri } in the system, and is approximated as a
r
product of functions H i (r ) , which depend on the coordinates of individual atoms
r r
~ r r
H (r ; {ri }) = ∏ H i ( r − ri ) .

(1.12)

i

Each polynomial function Hi is defined as follows:
i
0,
r ≤ RPB
−w

r r
3
1
1 3
i
i
i
i
+w
H i ( r − ri ) =  −
r − RPB − 3 r − RPB , RPB − w < r < RPB
2
4
w
4
w

i
r ≥ RPB
+w
1,

(

)

(

(1.13)

)

i
where r is the distance between a spatial point and atom i, RPB
is the atomic radius to define

the dielectric boundary in PB calculations, and 2w is a smoothing length that confines the
region where the smoothing function is applied. The first derivative of the smoothing
i
i
− w and RPB
+ w . It should be noted that the smoothed dielectric
function is zero at RPB

boundary does not correspond exactly to the van der Waals surface representation, even
though one can recover the van der Waals surface by setting w to zero [Im et al. 2003].
The total solvation free energy reflects the work required to insert a solute of fixed
conformation into a fixed point in the solvent. Polar contributions to the solvation energy
are taken into account in the GB formalism by eq. (1.2). The non-polar solvation energy

∆Gnp includes the work needed to form a cavity in the solvent to accommodate the solute,
and the work needed to switch-on the solvent–solute dispersion interactions. The combined
free-energy effect of both contributions is often expressed as the product of the solute
surface area (S) that is exposed to solvent and a phenomenological surface tension
coefficient [Im et al. 2003, Chen et al. 2006 and references therein].

∆Gnp = γ S
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(1.14)

In the present thesis, we use the GBSW [Chen et al. 2006] module with a set of optimized
parameters derived in [Chen et al. 2006]. J. Chen, W. Im and C.L. Brooks III demonstrated
that it was possible to achieve a balanced implicit-solvent force field, based on GBSW, by
further optimizing the input atomic radii in combination with

the protein backbone

torsional energetics (CMAP inclusion) [Chen et al. 2006 and references therein].
The FACTS model (Fast Analytical Continuum Treatment of Solvation), also used in the
current work, is a recently developed GB method by U. Haberthur and A. Caflisch
[Haberthur and Caflisch 2008]. The FACTS GB basic ideas are briefly presented here,
following the complete and analytical formalism of U. Haberthur and A. Caflisch
[Haberthur and Caflisch 2008]. In this model, the effective Born radius of each atom is
estimated efficiently by empirical formulas which approximate the volume and spatial
symmetry of the solvent that is displaced by its neighbouring atoms. The basic idea of
FACTS is that the electrostatic solvation free energy of atom i, ∆G ipol , can be calculated by
i
around atom i and that the atomic solvation energy is
considering a sphere of radius Rsphere

accumulated through the change in solvation energy upon sequential addition of solute
atoms to the interior of the sphere. Two desolvation pathways are shown in figure 1.1
[Haberthur and Caflisch 2008].

Figure 1.1: Desolvation pathways used in FACTS model. The large circle in light gray represents the sphere
of radius

i
Rsphere
used to quantify the atomic solvation energy in the FACTS approach. Solute atoms are

represented by small dark gray circles. They displace the solvent away from the central atom (black sphere).
Both pathways (a → b → c → d and e → f → g → h) proceed from a fully solvated to a fully desolvated
atom. In the top pathway, atoms are added such as to break spatial symmetry as much as possible [Haberthur
and Caflisch 2008].

16

The atom at the centre is completely solvated in the leftmost column and completely
desolvated in the rightmost column. Upon moving from left to right on the top or bottom
row of Figure 1.1, more and more atoms are added surrounding the central atom. Thus, the
central atom becomes more desolvated and its solvation energy ∆G ipol becomes less
favorable. The difference between the two pathways is that on the top pathway, atoms are
added so as to disrupt the spatial symmetry within the sphere, whereas on the bottom
pathway atoms are added so as to preserve the spatial symmetry. Crossing from the
asymmetric to the symmetric pathway in the two intermediate steps in Figure 1.1, (i.e.,
going from b to f and c to g, respectively) the number of atoms surrounding the central
atom remain constant but they are rearranged so that more solvent molecules near the
central atom are displaced. Thus, the solvation energy of the central atom becomes less
favorable. Either of the two measures provides a partial description, but a synergistic
combination of the two measures yields a powerful means to calculate the atomic solvation
energy.

1.3 Replica-exchange MD simulations

Replica-exchange molecular dynamics (REMD) has become an increasingly popular
technique for accelerating MD simulations, protein-folding and aggregation [Hukushima
and Nemoto 1996, Hansmann 1997, Sanbonmatsu and Garcia 2002, Nymeyer et al. 2004,
Cecchini et al. 2004, Rosta and Hummer 2009]. In standard REMD, MD simulations of N
identical copies (replicas) of a molecular system are run in parallel. Each replica is kept at
equilibrium at a different temperature Ti. At regular intervals, attempts are made to
exchange the structures of pairs of replicas, i↔j. These exchanges are accepted with a
probability that follows the Metropolis algorithm and conserves the canonical distributions
at the two temperatures, Ti and Tj. Suppose that at some point in the simulation, replica m
has the temperature Ti and replica n has a temperature Tj.. At this point, the two replicas
attempt to exchange temperatures using the Monte Carlo criterion:

 1

1 
P(exchange) = exp 
−
(
E (qm ) − E (qn ))
 kTi kT j 


(1.15)

If eq. 1.15 is satisfied, the replica systems exchange target temperatures, such that T(qi) =
Tn and T(qj) = Tm.
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The replica-exchange formalism implementation tries to transfer the improved
conformational sampling efficiency at higher temperatures, where activation barriers are
more easily crossed, to the lower temperature of interest, where the system would otherwise
be possibly stuck in deep local potential energy minima [Rosta and Hummer 2009].
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Chapter 2: Self-Assembly of Phenylalanine-Based Peptides
“Molecular self-assembly” is the process by which multiple copies of a specific molecule
form complex three-dimensional structures under suitable environmental conditions. In
recent years, there is a great interest in the fabrication of new materials via the selfassembly of peptide-based building blocks. The formation of peptide-based crystals
[Görbitz 2007, Görbitz et al. 2008], amyloids [Mahler et al. 2006, Gazit 2007a, Chiti and
Dobson 2006, Gazit 2005, Gazit 2007b], nanotubes [Mahler et al. 2006, Gazit 2007a,
Colombo et al. 2007, Reches and Gazit 2003] and systems responsive to external stimuli
(pH, temperature, concentration of specific solutes) [Zhao and Zhang 2007] has potential
applications in biomaterial synthesis, nano-devices fabrication and tissue engineering. A
better understanding of the physical and chemical mechanisms driving the self-assembly of
these systems will help in the design of novel artificial peptide systems [Reches and Gazit
2006b, Zhao et al. 2008 and references therein]. Furthermore, it can provide insights on the
formation of amyloid fibers. These nanostructures have been the subject of intense
theoretical and experimental studies in recent years, because they are linked to several
unrelated diseases, including the Alzheimer’s disease, type II diabetes Mellitus, CreutzfeldJacob’s and other prion diseases. All these diseases are caused by the transformation of
soluble proteins into aggregated fibrillar deposits in different organs and tissues [Harper
and Lansbury 1997, Sunde and Blake 1998, Dobson 1999, Sipe and Cohen 2000, Wickner
et al. 2000, Gazit 2002a, Gazit 2002b, Janson et al. 1996].

One of the first and most widely studied short peptide fragments with amyloidogenic
properties is the Asn-Phe-Gly-Ala-Ile-Leu (NFGAIL) sequence [Tenidis et al. 2000] from
the amyloid islet polypeptide (IAPP). Gazit and coworkers showed in 2002 that the
substitution of the aromatic phenylalanine (F) at position 2 by alanine eliminated the selfassembly capability of this peptide [Azriel and Gazit 2001]. Based on this insight, a large
number of experimental efforts (see below) analyzed extensively and underlined the role of
aromatic residues in amyloid fibril formation. M. Reches and E. Gazit in 2003
demonstrated that the diphenylalanine peptide (NH2-Phe-Phe-COOH, (FF)), the core
recognition motif of the Alzheimer’s β-amyloid peptide, self-assembles into tubular
nanostructures [Reches and Gazit 2003]. Since then, a large number of experimental works
were carried out, aiming to understand the self-assembly properties of diphenylalanine
analogs and to exploit them for the fabrication of novel biomaterials, with promising future
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technological and/or medical applications [Adler-Abramovich et al. 2009 and references
therein]. Apart from their potential technological applications in the construction of novel
biomaterials, these studies contribute to our knowledge of amyloid formation and may
assist in the development of peptide-based drug candidates for the treatment of
amyloidogenic diseases [Adessi et al. 2003, Chen et al. 2005].

2.1 Overview of peptide-based nanostructures

The group of M.R. Ghadiri et al. [Ghadiri et al. 1993, Hartgerink et al. 1996] pioneered the
formation of peptide-based nanotubes, using rationally-designed cyclic polypeptides with
an alternating even number of D- and L- aminoacids. The resulting nanotubes had a 7-8 Å
diameter, depending on the peptide length [Ghadiri et al. 1993, Hartgerink et al. 1996]. The
produced nanotubes were shown to serve as antibiotic agents and nanocontainers for the
purpose of drug delivery [Fernandez-Lopez et al. 2001, Ghadiri et al. 1994]. Among the
first to show that short, non-conjucated peptides could self-assemble into nanostructures of
various morphologies in aqueous solution was the group of S. Zhang. They studied
systematically the formation of nanostructures by non-conjucated peptides, [Zhang et al.
2003, Zhao and Zhang 2007, Zhao and Zhang 2006, Yokoi et al. 2005, Zhao and Zhang
2004]. They also showed that hydrogels could be fabricated from suitably designed, ionic
self-complementary, peptides (i.e. containing an alternative positive and negative pattern of
charge amino acids) [Zhang et al. 2003]. The hydrogels produced could serve as excellent
extracellular matrices and 3D cell culture scaffolds for tissue engineering. In addition, a
variety of cell types including human carcinoma, embryonic kidney, hepatocytes,
neuroblastoma, fibroblasts, neural stem cells and embryonic stem (ES) cells have been
successfully cultured from peptide scaffolds composed by the peptide RADA16-I (with
sequence:

Ac-RADARADARADARADA-CONH2).

These

scaffolds

had

been

commercialized for research and clinical-tissue repair studies [Zhang et al. 2003, Zhao and
Zhang 2007, Zhang et al. 2005, Fabrizio et al. 2006, Kisiday et al. 2002].
During the last years, much attention has been devoted to the identification of minimal
peptide segments with the capacity to self-assemble. Short peptides comprise an excellent
model for studying amyloid fibrils and self-assembly in general, because they contain a
small number of distinct chemical groups and are easy to synthesize [Reches and Gazit
2006b]. As previously stated, the NFGAIL peptide sequence was one of the pioneering
peptides for this goal; the critical role of the aromatic phenylalanine in position two was
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revealed after the discovery that NAGAIL, in which phenylalanine was replaced by alanine,
failed to form amyloid fibers [Azriel and Gazit 2001]. This gave impetus to the discovery
of two minimal active amyloidogenic peptides containing phenylalanine: i) NFLVH, which
is fragment of the amyloid islet polypeptide [Mazor et al. 2002], and ii) NFGSVQ which is
a fragment derived from a peptide component of the aortic medial amyloid [Reches and
Gazit 2004b]. Another example of a short, phenylalanine-containing peptide with
amyloidogenic capacity is DFNKF, a peptapeptide fragment of the human calcitonin. M.
Reches et al. in 2002 demonstrated that this peptide could form well-ordered amyloid
fibrils, similar to those formed by the full length human calcitonin [Reches et al. 2002]. At
that time, this peptide was the shortest with the capability to self-assemble into amyloid
fibrils [Reches et al. 2002]. In the same study, it was shown that the shorter DFNK peptide
self-assembled into less ordered structures, a result suggesting that there was no strict
correlation between hydrophobicity and amyloidogenicity. Another study [Balbach et al.
2000] demonstrated that the KLVFFAE formed well-ordered amyloid fibrils. All these
findings motivated M. Reches and E. Gazit to search for the minimal amyloidogenic
fragment and discover that the Alzheimer’s core recognition motif, the diphenylalanine
peptide (FF), can self-assemble into nanotubes [Reches and Gazit 2003].

2.2 The structural features of the FF nanotubes

Scanning-electron microscopy (SEM) pictures of FF nanotubes are shown in figure 2.1
[Reches and Gazit 2003]. The tubes are hollow and filled with aqueous solution, with an
external diameter ranging between approximately 50-300 nm, an internal diameter
approximately of 20 nm, and a length on the order of micrometers. Reches and Gazit
showed that the nanotubes could serve as molds for casting metal nanowires with a
diameter of approximately 20 nm. These nanowires constituted the first biomaterial
exploiting the diphenylalanine self-assembly [Reches and Gazit 2003].
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Figure 2.1: Nanotubular assemblies of diphenylalanine peptides. (A) Low magnification SEM images of a
field of discrete nanotubes that are present as individual entities. (B) High-magnification SEM image of an
individual nanotube [Reches and Gazit 2003].

2.3 Properties of the FF nanotubes

FTIR spectroscopy experiments by M. Reches and E. Gazit Reches and Gazit 2003]
showed that the nanotube spectrum contained a sharp 1630 cm-1 peak at the amide I region,
which was consistent with the participation of the single amide group of the peptides into

β-sheet like interactions. This was also previously suggested for peptide nanotubes made of
larger building blocks and for amyloid fibrils [Reches and Gazit 2003 and references
therein]. M. Reches and E. Gazit [Reches and Gazit 2004a] proposed in 2004 that the selfassembly of FF into nanotubes proceeds by the formation of two-dimensional sheets, which
are stabilized by π-π and hydrogen bond interactions. According to this hypothesis [Reches
and Gazit 2004a], the final tubular structures are formed by the closure of the two
dimensional sheet surfaces figure 2.2.
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Figure 2.2: A model for alternative assembly of tubular diphenylalanine peptides proposed by Reches and
Gazit. The formation of the tubular structures may occur by a closure of the extended sheet along one axis of
the two-dimensional layer [Reches and Gazit 2004a].

Subsequent electron microscopy and atomic force spectroscopy studies [Song et al. 2004,
Kol et al. 2005] revealed that the nanotubes are unbranched, hollow, water-filled structures,
ranging between approximately 50 to 2000 nm in diameter. The nanotubes have higher
persistence lengths and strength compared to other biomaterials; their Young modulus is
about 20 GPa [Kol et al. 2005, Niu et al. 2007]. In addition Song et al. [Song et al. 2004]
showed that the FF nanotube walls are porous. Thus, the considerably high strength and
high porosity of the FF nanotubes could allow the formation of novel nanocomposites,
without the disruption of the original nanostructure morphology [Song et al. 2004].
The thermo-chemical stability of the FF nanotubes has also been studied, in ambient and
dry-heat conditions, using a range of experimental techniques [Adler-Abramovich et al.
2006]. Interestingly, the FF nanotubes were proved to be stable to heating in an autoclave.
However, high-resolution electron microscopy revealed (i) structural changes as the FF
nanotubes were heated above 100 °C [Sedman et al. 2006] and (ii) degradation of the
nanotubes at temperatures in excess of 150 °C [Adler-Abramovich et al. 2006, Sedman et
al. 2006]. The degradation of the FF nanotubes resulted in the loss of free phenylalanine

from the nanotubes, suggesting that the FF nanotubes could be used as biodegradable, drugdelivery scaffold devices in tissue-engineering applications [Sedman et al. 2006].
23

2.4 The structural features of FF crystals

The same phenylalanine dipeptide can also form three-dimensional crystals. In 2001, C.H.
Görbitz determined by X-ray crystallography the structure of FF crystals [Görbitz 2001].
This structure is presented in figure 2.3. The FF crystals contain parallel helical channels,
with six peptides per helical turn and a diameter of 9.2 Å. The peptides in the crystals are
arranged into closed (ring-like) linear networks of six peptides per turn, which are
stabilized by head-to-tail interactions linking consecutive molecules and aromatic sidechains of different peptides interacting extensively in approximately “T-shaped”
orientations [Görbitz 2001].

Figure 2.3: FF crystal structure. Left: The unit cell and molecular packing of FF dipeptides. Four helical
channels are shown; the axis of each channel is perpendicular to the plane of the figure. Water molecules are
shown as small dots. The aromatic side-chains create an intricate three-dimensional pattern that presumably
stabilizes the crystal. Right: A single helical channel, shown with the axis on the plane of the figure and in
vertical direction. Hydrogen bonds between peptide molecules are shown as dashed lines. Peptide side chains
have been omitted for clarity. Water molecules inside the channel are shown as van der Waals spheres
[Görbitz 2001].

In the FF crystal structure presented above, the side chains tend to be placed towards the
exterior of the ring channels. Apart from the formation of head-to-tail hydrogen bond
interactions among adjacent peptides along the helix (shown in the left plot of figure 2.3),
hydrogen bonds are also formed between the peptides of adjacent rings along the helical
axis (right plot of figure 2.3); along with the side chain-interactions, they stabilize the
packing of rings in the vertical direction. The refined isotropic-displacement factors of
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water molecules are high for all positions, suggesting that the water molecules inside the
hydrophilic pore are not ordered [Görbitz 2001].
More recent work by C.H. Görbitz in 2006 [Görbitz 2006] suggested that the structure of
the diphenylalanine in the crystals shares similar properties to the structure of the
nanotubes. To prove this, C.H. Görbitz created the nanotubes by the same procedure of M.
Reches and E. Gazit in 2003 [Reches and Gazit 2003] and compared the nanotube X-ray
powder diffractogram with the simulated diffractogram from the crystal structure. The
experimental data curve was almost identical to the simulated curve, suggesting that the
nanotubes structure could be understood within the framework of the known crystal X-ray
structure [Görbitz 2001]. Based on this, C.H. Görbitz proposed a structural model for the
FF nanotubes, shown in figure 2.4 [Görbitz 2006].

Figure 2.4: Model for the construction of hollow FF fibers proposed by C.H. Gorbitz in ref. [Görbitz 2006].
Atoms in the peptide main chains are colored according to atom type, while atoms in the phenylalanine side
chains are depicted in orange. (a) A tube with a 110 nm outer diameter and a 50 nm inner diameter. The
white square indicates the part enlarged in (b) showing a model of the peptide-channel interface at the inner
surface. The rectangle represents the detailed view given in (c) in a capped sticks representation, but with
atoms constituting the pore surface in spacefill [Görbitz 2006].

The exact nature of the inner surface cannot be explained by the model, as it can be mixed
(hydrophobic/hydrophilic) as shown here (figure 2.4b), or completely hydrophobic. The
interior narrow channels (figure 2.4c) are identical to the channels in the peptide crystals
[Görbitz 2001]: i.e. (i) the inner van der Waals diameter is 10 Å, (ii) the number of
constituent peptides per channel is six, (iii) the head-to-tail hydrogen bond interactions
comprise the main electrostatic feature leading to the formation of the channels, and (iv) the
intricate three-dimensional packing of the aromatic side chains stabilizes the formation of
the channels.
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2.5 The role of chemical modifications on the peptide and the solvent

Our understanding on the correlation between the chemical modifications on the
phenylalanine dipeptide and the resulting nanostructures is not complete. For example, the
peptide Ac-Phe-Phe-NH2 self-assembles into highly-ordered tubular structures, despite the
lack of charge in its termini [Reches and Gazit 2005]. Other chemical modifications of the
termini promote the formation of macroscopic hydrogels [Mahler et al. 2006], amyloid-like
fibers [Reches and Gazit 2005], or closed-cage nanostructures [Adler-Abramovich et al.
2008]. The nanostructures not only seem to depend on the chemical nature and interactions
of the termini and side chains, but, also on the chemical nature of the solvent. The latter
statement was recently confirmed by unpublished work of T.H. Han et al. , who showed
that the diphenylalanine peptides self-assemble into dendrites in an acidic buffer solution
[Hana et al. Unpublished]. In the same work, T.H. Han et al. showed that the dendritic
assembly could be hierarchically directed into linearly arrayed nanoarchitectures, by
confining a diphenylalanine solution with polydimethylsiloxane (PDMS) microchannels
[Hana et al. Unpublished].

2.6 Technological and medical applications based on the FF self-assembly

The notable physical and chemical properties of the FF nanostructures prompted several
researchers to carry out experiments, aiming at exploiting the FF self-assembly for
fabricating materials with advanced technological and chemical applications.
The nanometric dimensions of ADNTs (Aromatic Dipeptide NanoTubes) have been used in
the fabrication of a sensitive biosensor device [Yemini et al. 2005]; in the same study,
voltammetric and time-based amperometric techniques were applied to demonstrate the
ability of the peptide nanotubes to improve the electrochemical parameters of graphite
electrodes for the development of biosensors [Yemini et al. 2005]. The nanotubular nature
of the FF nanostructures has already been exploited for the fabrication of metallic
nanowires [Reches and Gazit 2003, Song et al. 2004]. The ability to form “nanoforests” of
vertically aligned nanotubes and to align horizontally-modified and nonmodified tubes in a
magnetic field has also been demonstrated in references [Reches and Gazit 2006a, Hill et
al. 2007]. ADNTs can be patterned using inkjet technology [Adler-Abramovich et al. 2008]

and arranged on surfaces with controllable wettability, using low-energy electron
irradiation [Adler-Abramovich et al. 2008]. In addition, the authors in reference [Yemini et
al. 2005] concluded that the coating of a substrate with ADNTs results in a considerable
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increase in substrate surface area; this outcome inspired the development of applications,
such as effective electrochemical units and superhydrophobic coatings for microfluidic
devices, smart windows and solar cells [Adler-Abramovich et al. 2009].
L.A. Abramovich et al. [Adler-Abramovich et al. 2009] used vapour deposition methods to
fabricate highly oriented and aligned ADNTs. This method allowed the biological elements
to be densely and homogeneously coated over large areas, and controlled the thickness of
the coating; as a result patterned arrays could be fabricated. Subsequently the authors, using
the vapour deposition technique on ADNTs, managed to fabricate: electrostatic capacitors
based on ADNT modified carbon electrodes, highly hydrophobic coats, and microfluidic
chips. The highly hydrophobic coats were proved to be suitable for applications such as
self-cleaning surfaces, smart windows and solar cells [Adler-Abramovich et al. 2009].
M. Reches et al. [Reches and Gazit 2005] showed that the Fmoc-FF (9fluorenylmethoxycarbonyl-diphenyalalanine) forms fibrillar structures, which are very
similar in structure and molecular dimensions to amyloid fibrils of much longer peptides.
As a result, the Fmoc-FF peptide represents the smallest structural unit that can form
amyloid-like fibrils. A. Mahler et al. [Mahler et al. 2006] showed that the increase of the
Fmoc-FF peptide concentration in aqueous solution results in the formation of a rigid
material with macroscopic gel characteristics; this gel proved to be stable across a broad
range of temperatures over a wide pH range and extreme acidic conditions. The authors
suggested that this gel can be used for tissue engineering and axonal regeneration, owing to
both the simplicity of the fabrication of the gel and the fact that it can be injected after its
assembly through a needle directly into a syringe [Mahler et al. 2006]. A. Mahler et al.
[Mahler et al. 2006] also suggested that the Fmoc-FF gel can also be used for drug delivery,
since small drugs can be confined in its hollow cavities and released slowly. A year later, T.
Liebmann et al. [Liebmann et al. 2007] performed in situ studies of the Fmoc-FF and
provided evidence that the Fmoc-FF hydrogel can be used as a cell culture medium for in
situ experiments, owing to the fact that it has improved benefits compared to other cell

culture media. In addition, M. Zhou et al. [Zhou et al. 2009] showed that the Fmoc-FF
hydrogels share unique molecular architecture and they are appropriate candidates to
culture human dermal fibroblasts. Recently, R. Orbach et al.

[Orbach et al. 2009]

characterized the self-assembly of nine different Fmoc-peptides, including the Fmoc-FF
peptide, into various structures with varying molecular and physical properties and
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concluded that the stiffnes of hydrogels increases with the number of aromatic groups on
the peptide.

2.7 Previous computational studies on the FF self-assembly

C.J. Tsai et al. [Chung-Jung et al. 2006] aimed at obtaining a detailed atomic model of the
FF peptides as part of the nanotubular structures [Reches and Gazit 2003]. To address this,
two phenyl groups of the diphenylalanine were placed on the same side of the backbone,
pointing to the other two phenyl groups head-to-head (figure 2.5a). Following specific
modelling and optimization procedures described extensively in [Chung-Jung et al. 2006]
the authors created a tubular nanosurface with lattice parameters: (a=6.9167, b=8.8978,

γ=113.43), inner diameter 204 Å, and outer diameter 236 Å (figure 2.5b). Despite the
promising applicability of the method in designing probable architectures of nanostructures,
there is no evidence to confirm that the structures proposed can be the exact and proper
ones which are formed via the self-assembly process. Furthermore, this method did not
provide insights into the driving forces leading to the self-assembly of diphenylalanine
peptides.

Figure 2.5: Tubular nanosurface of FF peptides proposed by Chung-Jung et al. (a) The structure of two
diphenylalanine peptides in a lattice. The carbon atoms are shown in yellow, oxygen in red, nitrogen in green,
and hydrogen in blue. (b) The nanotube formed by the closure of a two-dimensional surface. The wall
thickness of the tube is approximately 16 Å [Chung-Jung et al. 2006].
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Chapter 3: Insights into the Self-Assembly of FF and FFF Peptides using
MD Simulations and Experiments
In the current study, we explored the self-assembly properties of diphenylalanine (FF) and
triphenylalanine peptides (FFF) in aqueous solution by molecular dynamics simulations
[Tamamis et al. 2009a]. Our experimental collaborators used various electron microscopy
techniques (i.e. Scanning Electron Microscopy (SEM), Transmitted Electron Microscopy
(TEM) and Environmental Scanning Electron Microscopy (ESEM)), Thioflavin T (Tht)
fluorescence and FTIR spectroscopy to investigate the fibrillar structures formed by FF and
FFF peptides [Tamamis et al. 2009a]. The experimental spectra suggested that FF and FFF
nanostructures share common structural features in that they are both rich in β-sheets, and
the electron microscopy techniques revealed that the FFF self-assembles into nanoplates
[Tamamis et al. 2009a].
Main goals of our work were the structural characterization of the FF and FFF aggregates,
the identification of structural elements complying with former FTIR [Reches and Gazit
2003] and X-ray [Görbitz 2001] experimental studies and the quantification of interactions
driving the formation of specific structural features [Tamamis et al. 2009a].

All

simulations were performed with the CHARMM program v. c33b1 [Brooks et al. 2009]
using the replica exchange method [Nymeyer et al. 2004, Hukushima and Nemoto 1996,
Sanbonmatsu and Garcia 2002, Hansmann 1997] and a high accuracy implicit-solvent
model [Im et al. 2003, Chen et al. 2006]; the analysis of the simulations was mainly carried
out with in-house FORTRAN programs.
In the simulations, both FF and FFF peptides coalesced into ellipsoidal aggregates. The FF
simulations reproduced several intermolecular interactions and structural features observed
in the FF crystals [Görbitz 2001, Görbitz 2006]. Specifically, the peptides in the
simulations were frequently and spontaneously arranged into open or closed (ring-like)
linear networks with head-to-tail interactions linking consecutive molecules and stabilized
by aromatic side chains of different peptides interacting extensively in approximately “Tshaped” orientations. Using in-house FORTRAN programs, we determined the formation
of more-complex structures, in which individual peptides or networks are arranged into βsheets, in agreement with spectroscopic results of this work and a previous study [Reches
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and Gazit 2003]. The FFF aggregates featured analogous structural elements; notably, the
FFF aggregates were characterized by higher stability and peptide-network propensity,
mainly due to non polar interactions. According to energetic calculations, FFF and FF
networks could have lower association energies in the aggregate compared to a watersurrounding medium, depending on the network topology and size. This suggested that the
initial formation of aggregates could be promoted by hydrophobic interactions; backbone
hydrogen-bonding interactions and more ordered structures could then be facilitated due to
the reduced screening of electrostatic interactions in the presence of the aggregates
[Tamamis et al. 2009a].
All the experimental and computational work carried out in this study is described in detail
in a paper published in the Biophysical Journal and is attached below [Tamamis et al.
2009a].
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Chapter 4: Amyloid-like Self-Assembly of Peptide Sequences from the
Adenovirus β-fiber Shaft
An overview of molecular self-assembly and peptide-based nanostructures was presented in
Chapter 2. In the present Chapter, the discussion will initially focus on the β-conformations
(reviewed in [Kajava et al. 2006]), and their connection with fibrous protein and peptide
nanostructures. An example of a β-structural fibrous protein is the β‐spiral fold of the

adenovirus fiber shaft, described below.
A. Mitraki and co-workers have shown that peptide sequences with 6-41 residues from the
adenovirus fiber shaft self-assemble into nanostructures with amyloid-like characteristics,
i.e. a different morphology than the native β-spiral fold [Papanikolopoulou et al. 2005].
This result demonstrates that sequences from fibrous proteins can be utilized as elementary
nanostructure builiding blocks. During the last three years, we conducted extensive
computational studies with dodecapeptide (Leu-Ser-Phe-Asp-Asn-Ser-Gly-Ala-Ile-Thr-IleGly -- LSFDNSGAITIG), octapeptide (Asn-Ser-Gly-Ala-Ile-Thr-Ile-Gly -- NSGAITIG)
and hexapeptide (Gly-Ala-Ile-Thr-Ile-Gly -- GAITIG) sequences from the adenovirus fiber
shaft, aiming to understand the interactions driving their self-assembly and obtain insights
on their structural organization in the amyloid fibers. The N-terminal residues Asp1 and
Ser2 of the octapeptide remained disordered in the simulations, suggesting that these
residues are exposed at the exterior of the amyloid fibrils. [Tamamis et al. 2009b]. In
accordance with this result, the group of Prof. Mitraki (University of Crete) showed that
octapeptide variants with cysteine residues at positions 1 and 2 maintained their
amyloidogenic properties and could bind to silver, gold and platinum nanoparticles
[Kasotakis et al. 2009].

4.1 Overview on β-fibrous proteins and amyloids
The investigation of three dimensional structures of β-fibrous proteins has attracted
scientific interest for more than 50 years [Kajava et al. 2006 and references therein]. The
first complex β-structural fibrous fold was determined in 1993 by Yoder et al. [Yoder et al.
1993]. Since then, a large number of β-structural folds have emerged thanks to improved
expression and crystallization strategies. These structures contain pararallel and/or
antiparallel pleated β-sheets [fig. 1A and 1B of Kajava et al. 2006, Pauling and Corey 1951,
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Fraser et al. 1969] and can be partitioned into two classes, depending on whether their
chain axis is along or perpendicular to the fiber axis; the latter category corresponds to the
cross β-structures, which also include amyloid fibers [Fraser et MacRae 1973]. Figure 4.1
shows five distinct groups: (A) β-solenoids, (Β) triple-stranded β-solenoids, (C) triangular
cross-β prisms, (D) triple β-spirals, and (E) spiral β-hairpin stacks (staircases).

Figure 4.1: Families of β‐structural fibrous folds, established by X‐ray crystallographic studies. Arrows
denote β‐strands. β‐Strands that belong to the same chains have the same colour. (A) β-solenoids, (Β) triplestranded β-solenoids, (C) triangular cross-β prisms, (D) triple β-spirals, and (E) spiral β-hairpin stacks. The
adenovirus fiber shaft residues 318:392 correspond to structure D [Kajava et al. 2006 and references therein].

The β-structural fibrous folds share common characteristics: (i) they are built of axially
stacked repetitive structural blocks, allowing the formation of fibrils by the simple addition
of recurrent blocks, and (ii) they contain repetitive amino acid sequences. The majority of
the known β-fibrous proteins are located on the surfaces of either bacteria or viruses; a
significant portion of these proteins forms homotrimers [Kajava et al. 2006].
Research on fibrous β-proteins has been partly stimulated by the observation that amyloids
and prion fibrils acquire cross β-structures [Kajava et al. 2006, Blake and Serpell 1996,
Caughey et al. 1991, Eanes and Glenner 1968, Kirschner et al. 1986]. The implication of
amyloid fibrils in important human diseases has attracted considerable efforts, aiming to
determine their structures at atomic detail. Amyloids are filamentous protein deposits,
ranging from size from nanometres to microns and composed of parallel or antiparallel βsheets with β-strands perpendicular to the fiber axis [Harisson et al. 2007]. The term
58

amyloid [Harisson et al. 2007] strictly refers to “extracellular deposits of protein fibrils
with a characteristic appearance in the electron microscope (Fig. 1i–iii of reference
[Harisson et al. 2007]), a typical X-ray diffraction pattern (Fig. 1iv of reference [Harisson
et al. 2007]) and affinity for Congo red with concomitant green birefringence [Westermark
2005]”. However, much of the scientific literature has used a substantially expanded
definition of amyloid to include any amorphous aggregates of native and recombinant
proteins and peptides, as well as synthetic unnatural peptides, that possess some but not
necessarily all of the above characteristics [Westermark 2005, Harisson et al. 2007]. A
characteristic picture of the amyloid β-structure composed by (the Alzheimer’s) Aβ1–42
peptides is shown in figure 4.2 [Zhang et al. 2009].

Figure 4.2: cryoEM structure of Aβ1–42 amyloid fibrils. (A) Final reconstruction assuming a smooth
continuous helix by fixing the axial rise to 1 pixel. (B) The cross-section of the reconstruction is clearly
defined by the boundaries of 2 protofilaments. The dimension of each large density region in the cross-section
is ≈40 Å × 20 Å. (C) The atomic model (Protein Data Bank ID code 2BEG) fits into the cryoEM density map
(top view). (D) Ten Aβ1–42 molecules are shown stacked in the fibrillar state into 1 protofilament of the EM
density map (side view) [Zhang et al. 2009].

The exact structure of the amyloid fibril, the lateral packing of the β-strands and their
orientation (parallel or antiparallel) within the β-sheets cannot be à priori predicted; X-ray
diffraction, electron microscopy, spectroscopy and computational studies are used to
unravel the structures of the β-structural fibrils. Amyloid fibrils give a characteristic X-ray
diffraction pattern, with perpendicular reflections at 4.7 Å (meridional direction) and 10 Å
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(equatorial direction), shown in figure 4.3. The 4.7 Å reflection corresponds to the distance
between adjacent β‐sheet strands along the fibril axis. The 10 Å reflection corresponds to
the spacing between adjacent β‐sheets, with the sheet‐to‐sheet packing of side chains
determining the exact packing distance [Nelson and Eisenberg 2006 and references
therein].

Figure 4.3: Cross‐β structure of amyloid fibrils. (A) Cartoon representation of a cross‐β X‐ray diffraction. The
defining features are a meridional reflection at 4.7 Å and an equatorial reflection on the order of 10 Å. The 4.7
Å reflection is generally much brighter and sharper than the reflection at 10 Å pattern. (B) The cross‐β core
structure of amyloid fibrils. Parallel b‐sheets are depicted, but the structure could equivalently be composed of
antiparallel b‐sheets or a mix of parallel and antiparallel [Nelson and Eisenberg 2006].

The major contribution to the rigidity of amyloid fibrils stems from a generic
intermolecular main-chain hydrogen-bonding network, that is modulated by variable sidechain interactions [Knowles et al. 2007]. R. Nelson et al. in 2005 proposed that the side
chains protruding from the β-sheets form a dry, tightly self-complementing steric zipper,
bonding the sheets and enabling each segment to be bound to its two neighbouring
segments through stacks of both backbone and side-chain hydrogen bonds [Nelson et al.
2005]. MD studies by R.D. Hills and C.L. Brooks III in 2007 proposed that despite the role
of the electrostatic solvation in determining aggregation, hydrophobic interactions (and the
hydrophobic cooperativity) constitute the primary thermodynamic driving force in amyloid
formation by facilitating aggregation, while electrostatic interactions contribute mostly to
the formation of specific structures [Hills and Brooks 2007].
The amyloid fibril formation has many characteristics of a “nucleated growth” mechanism.
The time course of the conversion of a peptide or protein into its fibrillar form typically
includes a lag phase, followed by a rapid, exponential-growth phase [Naiki et al. 1997 ,
Serio et al. 2000, Uversky et al. 2002, Pedersen et al. 2004]. The lag phase is assumed to be
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the time required for “nuclei” to form. Once a nucleus is formed, fibril growth is thought to
proceed rapidly by further association of either monomers or oligomers with the nucleus
[Chiti and Dobson 2006]; the further addition of monomers is a thermodynamically
favorable process [Harisson et al. 2007].
Although fibrils do not appear to a significant extent during the lag phase, it is increasingly
clear that this is an important stage in which a variety of oligomers form, including β-sheetrich species that serve as nuclei for the formation of mature fibrils [Chiti and Dobson
2006]. The ability of preformed fibrils to promote further aggregation through a seeding
mechanism decreases dramatically as the sequences diverge [Tanaka et al. 2005, Wright et
al. 2005, Krebs et al. 2004]. A diverse range of factors has been shown to influence, often
profoundly, the aggregation of amyloidogenic proteins and peptides. These include amino
acid composition and sequence; peptide length, concentration, pI and solubility; and
environmental conditions such as pH, temperature and solvent [Harisson et al. 2007 and
references therein].

4.2 The adenovirus fiber shaft
Adenoviruses (family Adenoviridae, genus Mastadenovirus for mammalian adenoviruses
and Aviadenovirus for avian adenoviruses) acquire a double‐stranded DNA genome and a
single protein capsid and consist of a trimeric fiber proteins (reviewed in [Mitraki et al.
2006]).
A cartoon demonstrating the adenovirus structure is shown in figure 4.4. Due to its thin and
very stable fold, the adenovirus fiber shaft has a purely structural biological role by
projecting the receptor-binding head domain of the adenovirus to a certain distance apart
from the rest of the virus [Van Raaij et al. 1999, Mitraki et al. 2006].
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Figure 4.4: Cartoon drawing of the icosahedral adenovirus with fiber proteins projected from its pentameric
vertices. The gray box denotes the domains with known X-ray structures [Van Raaij et al. 1999], which
contain the head and proximal part of the triple β‐spiral shaft (see figure 4.6) [Mitraki et al. 2006].

The adenovirus type-2 fibers are homotrimeric, 582-residue proteins, consisting of a virusbinding N-terminal tail, a central shaft and a globular, receptor-binding C-terminal domain
(fig. 4.4) (reviewed in [Mitraki et al. 2006]). In addition to elucidating the origins of their
stability, insights from the studies of adenovirus shafts may contribute to the understanding
of amyloid structures.
A stable, autonomously folding unit of the adenovirus shaft, consisting of amino acids 319582 was crystallized at 2.4 Å resolution, revealing a new fold called “the triple β-spiral
fold” (figure 4.1D and figure 4.6A, [Van Raaij et al. 1999]). A distinctive structural
property of this trimeric fold is that its longest core β ‐strands run parallel to the fiber axis,
in contrast to most other β‐fibrous folds which represent variations of the cross‐β structure
[Van Raaij et al. 1999]. The sequence contains 15-residue pseudo-repeats with an invariant
glycine or proline and conserved hydrophobic amino acids (see figure 4.5A) [Mitraki et al.
2006, Green et al. 1983]. Every repeat contains an extended strand running parallel to the
fiber axis, followed by a type II or type Via β-turn [Hutchinson and Thornton 1994]. The
type II β‐turn usually contains a glycine [Van Raaij et al. 1999] whereas the type VIa
proline is in cis‐conformation [Chappell et al. 2002]; if the turn contains other residues, this
generally affects the type of turn and the conformation of the surrounding amino acids
[Guardado et al. 2005, Mitraki et al. 2006].
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The general periodic pattern of the fiber shaft contains a β-strand, followed by a turn which
leads to another β-strand, running “backward” at an angle of roughly 45° to the fiber axis.
This β‐strand is followed by a solvent‐exposed loop of variable length and conformation,
connecting the repeat to the next one. The inter-repeat displacement is about 13 Å, and
there is a clockwise rotation of about 50° between the repeats (figure 4.1D and figure 4.6A)
[Van Raaij et al. 1999, Mitraki et al. 2006]. The central β‐strands hold the trimer together
through inter-chain (intermolecular) hydrogen bonds (see figure 4.5B), and interactions of
the non-polar side chains and short peripheral β‐strands which form a non-polar core. In
each repeat, five non-polar side chains contribute to this core. In total, about one third of the
available surface of each chain is buried in the triple β-spiral [Van Raaij et al. 1999, Mitraki
et al. 2006].

Figure 4.5: (A) Shaft sequence, with the 15-residue repetitive motifs (residues a-o). In each repeat, an
extended strand (b–h) is followed by a type 2 β-turn with a conserved glycine at position j and another bstrand (k–n). The repeats are joined by solvent-exposed variable loops of variable length (residues oa). (B)
Hydrogen-bonding network in the shaft. The three monomers are denoted by different colors. Intra-and intermonomer hydrogen bonds are shown as dotted and solid black lines, respectively [Van Raaij et al. 1999].

N-terminal deletions of the adenovirus fiber as well as the globular head alone can fold and
trimerize correctly both inside eukaryotic and bacterial cells [Novelli and Boulanger 1991,
Hong and Engler 1996, Louis et al. 1994]. On the contrary, the deletion of the C-terminal
end resulted in an incorrect folding of the full-length fiber [Van Raaij et al. 1999]. In
addition, a 41-mer synthetic peptide to the shaft sequence 354-396, which is adjacent to the
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head, failed to fold into a triple β-spiral conformation and self-assembled into amyloid
fibrils [Luckey et al. 2000]. K. Papanikolopoulou et al. [Papanikolopoulou et al. 2004a]
produced two chimeric proteins by replacing the head of the fibre by the trimerisation
domain of the bacteriophage T4 fibritin (termed as foldon) [Papanikolopoulou et al. 2004a].
The chimeric proteins contained a 27-residue foldon domain, attached to the C-terminal end
of fiber shaft repeats via a short (-Gly-Ser) or long (-Lys-Asn-Asp-Asp- Lys) linker. These
proteins were capable of folding into highly stable, protease-resistant trimers, indicating
that the registration of the foldon resulted in correct folding and assembly. Supplementary
crystallographic studies [Papanikolopoulou et al. 2004b] by K. Papanikolopoulou et al.
provided evidence that the individual domains of the two chimers retain their native fold
(figure 4.6B) [Papanikolopoulou et al. 2004b, Mitraki et al. 2006].

Figure 4.6: (A) The triple β‐spiral conformation of adenovirus fiber shaft residues 319-392. Each of the three
chains is shown in different color. The N-terminal and C-terminal ends are located, respectively, in the lower
and upper part of the figure [Van Raaij et al. 1999]. (B) Structure of a chimeric molecule, containing the
adenovirus fiber shaft connected with a fibritin foldon domain protein [Papanikolopoulou et al. 2004b,
Mitraki et al. 2006].
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Thus, K. Papanikopoloulou et al. showed that the foldon domain could (i) act as a
trimerization agent in the place of the fiber head domain and, (ii) guide the adenovirus fiber
shaft sequences to fold into their native triple β-spiral conformation [Papanikolopoulou et
al. 2004b].
Experimental studies of the adenovirus shaft [Van Raaij et al. 1999, Luckey et al. 2000,
Papanikolopoulou et al. 2004a, Papanikolopoulou et al. 2004b] suggested that the repetitive
motif in the sequence could be used as a building block in natural β-structures fibrous folds
[Luckey et al. 2000]. Yet, until 2004 the only part of the adenovirus fiber shaft known to
self-assemble into amyloid fibrils was segment 354-396.

4.3 Amyloid fibril structures from sequences of the adenovirus fiber shaft
K. Papanikolopoulou et al.

[Papanikolopoulou et al. 2005] studied the self-assembly

properties of elementary sequences of the adenovirus fiber shaft, using electron
microscopy, Congo Red binding, infrared spectroscopy and X-ray fiber diffraction, and
demonstrated that peptides ranging from 6 to 25 amino acids could form amyloid fibers
outside their native content. The four amino acid amyloidogenic sequences were: a 25amino acid sequence (AMITKLGSGLSFDNSGAITIG NKND), a 12-amino acid sequence
(LSFDNSGAITIG), an 8-amino acid sequence (NSGAITIG), and, a 6-amino acid sequence
(GAITIG); the structures of these sequences in the context of the adenovirus fiber shaft are
shown in figure 4.7 and their amyloidal electron microscopy patterns are shown in figure
4.8.
At the same time, the authors of this study demonstrated that a modified 6-residue peptide
with a proline (P) in the place of Thr4 (GAIPIG) and the 4-residue peptide NKND (residues
393-396, outside the shaft repeats) did not form amyloid fibrils; in the case of GAIPIG, the
inability of amyloid formation was attributed to the proline residue which can act as a βsheet breaker and disrupt stacking, as also shown in reference [Soto et al. 1996]. The
infrared results suggested a direct conversion from random coil to β- structure, and the fiber
diffraction results demonstrated that the β-strands were perpendicular to the fiber axis
[Papanikolopoulou et al. 2005]. The electron microscopy and fiber diffraction
measurements suggested that the structural features of the fibrils formed from these
peptides

shared

similar

properties

to

the

disease-related

amyloid

structures

[Papanikolopoulou et al. 2005]. In addition, according to the electron microscopy and fiber
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diffraction measurements the three longest peptides (41-, 25-, and 12-aa peptides) acquired
a “folded” conformation. Specifically, regarding the 12-aa peptide, the latter statement can
be also deduced by FTIR calculations which demonstrate that the amyloidal structures of
the 12-aa peptide are rich in β-turn population [Papanikolopoulou et al. 2005].

Figure 4.7: Upper panel: Sequence of amyloidogenic peptides, extracted from the adenovirus fiber shaft. The
conserved secondary structure of the repeats is indicated; L denotes a loop and T a β-turn. Lower panel:
Location and structure of the peptides in the native shaft segment [Van Raaij et al. 1999]. The first amino acid
residue of each peptide is shown with arrows. The 41- and 25-amino acid peptides include the last four amino
acids (residues 393 to 395, NKND), whereas the 12-, 8-, and 6-aa peptides stop at residue 392
[Papanikolopoulou et al. 2005].
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Figure 4.8: Electron micrographs of fibrils formed by the 25-, 12-, 8-, and 6-amino acid peptides negatively
stained with 1% sodium silicotungstate. Conditions were as follows: A, 0.5 mg/ml solution of the 25-aa
peptide into water, deposited on the grid immediately after dissolving. B, 1 mg/ml solution of the 12-aa
peptide into water, aged for 13 days. C, 10 mg/ml for the 8-aa peptide into water, aged for 6 weeks. D, 20
mg/ml into water of a freshly made solution for the 6-aa peptide [Papanikolopoulou et al. 2005].

The fiber diffraction patterns of the amyloids were compared to simulated fiber diffraction
patterns from idealized and extended fiber shaft, based on crystallographic coordinates
taken from the native structure [Van Raaij et al. 1999]. This analysis showed that the native
structures of the sequences in the adenovirus fiber shaft were distinct from the respective
structures of the sequences in the amyloidal context [Papanikolopoulou et al. 2005]. The
authors suggested two models of the dodecapeptide organization in the fiber, in which
individual peptides were folded in hairpin conformations [fig. 9 of Papanikolopoulou et al.
2005].
In the fiber diffraction patterns of the 8-aa peptide (NSGAITIG), a reflection was observed
in the region of 9.4 Å; according to the authors, this could indicate that the strands are
arranged in an antiparallel rather than a parallel fashion [Papanikolopoulou et al. 2005 and
references within]. However, the absence of such a reflection does not necessarily imply
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that the structure is composed of parallel β-strands. Specifically, R. Nelson and D.
Eisenberg, in their review article [Nelson and Eisenberg 2006], propose that similar
diffraction patterns to those observed in the 8-aa peptide may correspond to an arrangement
at which the strands in a β-sheet are parallel and the adjacent sheets are connected in an
antiparallel orientation (figure 4.3).
The study of K. Papanikolopoulou et al. provided an in-depth experimental analysis of the
amyloid structures formed by four different sequences of the adenovirus fiber shaft
[Papanikolopoulou et al. 2005]. Molecular dynamics simulations could be used to examine
in detail the structures of the peptides in the β-sheets and the driving forces leading to the
self-assembly. A combination of experimental and computational techniques can provide
further insights leading to the exploitation of the peptides capability to form amyloid
fibrillar structures to design and fabricate de novo biomaterials with applications in the
fields of medicine and nanotechnology.

4.4 NSGAITIG: From amyloid fibrils to nanocircuitry
E. Kasotakis et al.

[Kasotakis et al. 2009] used the amyloid-forming building block

NSGAITIG from the adenovirus fiber shaft as a scaffold to design the following cysteine
(C)-containing peptides: NCGAITIG, CNGAITIG, CSGAITIG; the substitutions were
based on our molecular dynamics results which indicated that the N-terminal residues of the
NSGAITIG peptides did not participate in the formation of β-sheet conformations and were
exposed to water [Tamamis et al. 2009b]. TEM, X-ray fiber diffraction, and Thioflavin T
binding studies showed that the newly designed experimental peptides formed amyloid
fibrils.
Furthermore, E. Kasotakis et al. [Kasotakis et al. 2009] examined the metal binding
capability of silver, gold and platinum onto NSGAITIG and the newly designed peptides.
The native NSGAITIG peptide showed affinity only for gold and platinum with no binding
to silver; on the contrary, the NCGAITIG, CNGAITIG, and CSGAITIG peptides showed
affinity to all metals, demonstrating that the cysteine residues must be accessible at the
outside of the amyloid fibril core and serve as metal nucleation sites [Kasotakis et al. 2009].
TEM micrographs of peptide fibrils after incubating with a platinum solution are shown in
figure 4.9 [Kasotakis et al. 2009]. Despite the fact that the NSGAITIG peptide did not
contain a cysteine residue, it was found to bind gold and platinum nanoparticles presumably
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owing to the electrostatic interactions contributing to the attachment of the negatively
charged gold and platinum precursors [AuCl4]- and [PtCl4]2- [Kasotakis et al. 2009].
Among the four peptides studied by E. Kasotakis et al. , CSGAITIG was proved to be the
best self-assembling metal binder [table 1 of Kasotakis et al. 2009], and consequently, the
CSGAITIG peptide with be the peptide of choice for the continuation of the experimental
investigations [Kasotakis et al. 2009]. All in all, the findings of this work [Kasotakis et al.
2009], guided by the results of our simulations [Tamamis et al. 2009b], should be
considered as a vital step towards the exploitation of the fibrils formed as conducting
nanowires with applications in nanocircuitry.

Figure 4.9: TEM micrographs of peptide fibrils after incubating with a platinum solution. Fibril solutions
were incubated with 4 mM H2PtCl6 H2O and reduced with 30 mM ascorbic acid. No negative stain was used,
so the contrast afforded is only due to the platinum nanoparticles. (A) Fibrils formed from the NSGAITIG
peptide, bar ¼ 100 nm (B) the NCGAITIG peptide, bar ¼ 100 nm, (C) the CNGAITIG peptide, bar ¼ 500
nm, (D) CSGAITIG peptide, bar ¼ 0.2 lm. [Kasotakis et al. 2009].
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Chapter 5: Insights into the Amyloid-like Self-Assembly of NSGAITIG
and GAITIG Peptides using Molecular Dynamics simulations
In the current study, we have studied the self-assembly properties of two peptides from the
adenovirus fiber-shaft in aqueous solution, the octapeptide NH3-NSGAITIG-NH2
(NSGAITIG) and the hexapeptide NH3-GAITIG-NH2 (GAITIG) [Papanikolopoulou et al.
2005]. As shown in the previous Chapter, the NSGAITIG sequence is part of a 15-residue
repeating motif in the adenovirus fiber shaft: the residues N-S-G fold into a type-II turn and
the residues A-I-T-I-G constitute part of a β-strand which forms several hydrogen-bonding
interactions within the same monomer and with one adjacent monomer in the trimeric shaft;
residues I5 and I7 participate in the central hydrophobic core of the shaft (see also figure
4.5A) [Van Raaij et al. 1999].
A main objective of this work was to understand the structural and energetic properties of
the aggregates formed by these sequences, and extract conclusions on the peptide
organization in the amyloid fibers. All simulations were performed with the CHARMM
program v. c35a1 and v. c35a2 [Brooks et al. 2009], using the replica exchange method
[Nymeyer et al. 2004, Hukushima and Nemoto 1996, Sanbonmatsu and Garcia 2002,
Hansmann 1997] and a novel implicit-solvent approximation (FACTS) by U. Haberthür
and A. Caflisch [Haberthur and Caflisch 2008]. The analysis of the simulations was carried
out with in-house FORTRAN programs, the WORDOM package [Seeber et al. 2007] and
CHARMM modules [Brooks et al. 2009].
In the simulations, both peptides have a high propensity to aggregate into intermolecular
conformations with β-sheet content, in accordance with their amyloidogenic capacity.
These conformations are stabilized by extensive main- and side-chain contacts, involving
the segments 3-8 and 2-6, respectively, in the octapeptide and hexapeptide oligomers. The
N-terminal residues of the octapeptide (Asn1 and Ser2) do not participate in the β-sheet
conformations observed in the simulations. The N-terminal residues Asn1 and Ser2 of
NSGAITIG are thus likely to be exposed at the exterior of the fibril and accessible, in
accord

with

the

amyloidogenic

capacity

of

the

smaller

sequence

(GAITIG)

[Papanikolopoulou et al. 2005]. These positions were determined to be suitable candidates
for rational modifications of this amyloid forming building block, aiming at the fabrication
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of advanced technological biomaterials. Indeed, as shown in the previous Chapter (Chapter
4), our experimental collaborators have recently substituted cysteine residues at positions 1,
and the newly yielded peptides formed amyloid fibrils which bind to silver, gold, and
platinum nanoparticles. Such metal-binding peptides with self-assembling properties may
have a potential use as conducting nanowires, with applications in nanocircuitry [Kasotakis
et al. 2009].
All work carried out in this study is described in detail in a paper published in the Journal
of Physical Chemistry B and is attached below [Tamamis et al. 2009b].

71

72

73

74

75

76

77

78

79

80

Chapter 6: Insights into the Amyloid-like Self-Assembly of the
Dodecapeptide LSFDNSGAITIG by Molecular Dynamics Simulations
In the present study, we have explored the self-assembly properties of the dodecapeptide
NH3-LSFDNSGAITIG-NH2 (LSFD) in aqueous solution. This sequence is a part of a 15residue repeating motif in the adenovirus fiber shaft (see also figure 4.5A). The
dodecapeptide corresponds to the 381-392 segment of the fiber-shaft. In the native triple-β
spiral fold, it forms a hairpin conformation (figures 4.6A and 4.7 in Chapter 4). The Nterminal residue moiety LSF (residues 382-384 in the shaft) interacts with the C-terminal
moiety AIT (residues 388-390); the three central residues NSG of the β-hairpin
conformation (385-387 in the shaft) are in β-turn [Van Raaij et al. 1999]. In an aqueous
solution,

the

same

peptide

self-assembles

into

unbranched

amyloid

fibrils

[Papanikolopoulou et al. 2005]. The fibril diameters are 21Å, much smaller than the
maximum length of the peptides [Papanikolopoulou et al. 2005]. FTIR spectroscopy
revealed the existence of β-turns and/or β-strands at the early stages of fibril formation and
the probable conversion of the former to the latter as fibrillogenesis evolves in time
[Papanikolopoulou et al. 2005]. Thus, the authors of reference [Papanikolopoulou et al.
2005] suggested that the peptides should also adopt a hairpin conformation in the amyloid
fibrils. The crystalline order in the LSFDNSGAITIG fibrils formed in an air/water interface
is much greater than the corresponding order in the Alzheimer’s Aβ fibrils. Consequently it
has been suggested that the transfer of such highly ordered peptide assemblies onto solid
surfaces (i.e. LSFDNSGAITIG monolayers on quartz) could be used for nanometer-scale
surface patterning [Lepère et al. 2007a]; therefore, the study of this peptide presents
significant interest.
The main goal of our work was to obtain insights on the structural and energetic properties
of the aggregates formed by the LSFD dodecapeptide in bulk aqueous solution. We
conducted simulations with three LSFD peptides in aqueous solution with the CHARMM
program v. c35a2 [Brooks et al. 2009], using the replica exchange method [Nymeyer et al.
2004, Hukushima and Nemoto 1996, Sanbonmatsu and Garcia 2002, Hansmann 1997] and
a novel GB implicit-solvent approximation (Fast Analytical Continuum Treatment of
Solvation -- FACTS) by U. Haberthür and A. Caflisch [Haberthur and Caflisch 2008]. The
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analysis was carried out with in-house FORTRAN programs, the WORDOM package
[Seeber et al. 2007] and CHARMM modules [Brooks et al. 2009].
In the simulations, the LSFD peptides had a high propensity to aggregate into
intermolecular

β-sheets,

in

accordance

with

their

amyloidogenic

capacity

[Papanikolopoulou et al. 2005]. The peptides adopted hairpin-like conformations in the
intermolecular β-sheets, in line with the experimentally determined fiber diameter and the
conformation of the peptide in the adenovirus fiber shaft [Papanikolopoulou et al. 2005,
Van Raaij et al. 1999]. The hairpins were preferably arranged in parallel (U:U:U) rather
than antiparallel/mixed orientations (i.e. U:∩:U), due to non-polar interactions; within the
sheets, adjacent strands adopted antiparallel rather than parallel orientation, in line with
previous experimental observations [Papanikolopoulou et al. 2005, Lepère et al. 2007a,
Lepère et al. 2007b, Lepère et al. 2009, Thakur et al. 2009].
All work carried out in this study is described in detail in a manuscript submitted to the
Journal of Non Crystalline Solids (Elsevier) [Tamamis et al. 2010b]; a more extended
version is appended here.
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Abstract
Peptide and protein self-assembly is related to the fundamental problems of protein folding
and misfolding and has potential applications in medicine, materials science and
nanotechnology. Sequence repeats from self-assembling proteins may provide useful
elementary building blocks of such nanostructures. In this work, we study by implicitsolvent replica-exchange simulations the self-assembly of an amyloidogenic sequence from
the naturally occurring fiber shaft of the adenovirus, the dodecapeptide LSFDNSGAITIG.
The peptide forms readily intermolecular

β-sheets, in line with its amyloidogenic

properties. Individual molecules adopt a hairpin conformation in the β-sheets, in line with
the experimentally determined amyloid fiber diameters and the conformation of the peptide
in the adenovirus fiber shaft. We present a detailed analysis of the structural and energetic
properties of the observed β-sheets.
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1. Introduction
During the last decade, extensive experimental [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] and
computational studies [11, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26] have
focused on the self-assembly of proteins and peptides into noncrystalline and insoluble [27]
amyloid fibers [1, 2, 3, 4], nanostructures of various morphologies [5, 6, 7] and systems
responsive to external stimuli [6, 8]. Insights on the formation of these nanostructures may
contribute to applications in medicine, nanotechnology and materials science and to our
understanding of the fundamental problems of biomolecular folding and association.
The adenovirus type-2 fiber shaft is a 582-residue protein, consisting of a virus-binding Nterminal tail, a central shaft with repeating 15-residue sequence motifs and a globular,
receptor-binding C-terminal domain (reviewed in Mitraki et. al. [28]). X-ray diffraction
studies have shown that a stable trimeric domain with four shaft repeats and the receptorbinding head (residues 319-582) folds into a novel, triple β-spiral fold [29]. Specific
sequence fragments from the shaft with lengths of 6, 8, 12, 25 and 41 residues self assemble into amyloid-like fibrils, as shown by Congo-red binding, electron microscopy,
infrared spectroscopy and X-ray fiber diffraction methods [9, 30]. In recent work we
studied the aggregation properties of the two shortest peptides, the octapeptide NSGAITIG
and the hexapeptide GAITIG [26]. Our simulations showed that both peptides had a high
propensity to organize into β-sheets, in line with their amyloidogenic properties; in the case
of the octapeptide, the two N-terminal residues (Asn1 and Ser2) remained solvent-exposed
in the sheets. In line with this observation, cysteine residues were recently substituted at
positions 1 and 2; the newly designed peptides formed amyloid fibrils capable of binding to
silver, gold and platinum nanoparticles, confirming the accessibility of the residues at these
positions [31]. Such metal-binding peptides, with self-assembling properties, may have a
potential use as conducting nanowires, with applications in nano-circuitry.
In this work, we study by molecular dynamics (MD) simulations the self-assembly
properties of a larger fragment of the shaft, with sequence LSFDNSGAITIG. This sequence
(hereafter denoted as LSFD) is a part of a characteristic, 15-residue repeating motif of the
adenovirus shaft. Within the spiral fold, the sequence adopts a hairpin conformation, with
the N-terminal moiety Leu1-Ser2-Phe3-Asp4 interacting with the C-terminal residues Ala8Ile9-Thr10-Ile11 and the three central residues Asn5-Ser6-Gly7 in a β-turn [29]; Ile9
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(Ile389 in the shaft) makes an intermolecular β-bridge with residue Leu377. In aqueous
solution, the dodecapeptide forms unbranched fibrils with the amyloid cross-β signature [9].
The fibril diameters have a size of 21 Å, much smaller than the maximum length of the
peptides [9]. FTIR spectroscopy has demonstrated the existence of β-turns and/or β-strands
at the early stages for the fibril formation and has suggested the probable conversion of the
former to the latter as fibrillogenesis evolves [9]. Thus, the authors of reference [9] suggest
that the peptides should be “folded” within the supramolecular assemblies into a hairpin
conformation (see scheme 1).
In the present work we investigate for the first time in-silico the amyloid-like self-assembly
of the LSFD peptide (LSFDNSGAITIG-NH2), using replica exchange implicit solvent
molecular dynamics (MD) simulations.

Our results are in line with the previous

experimental results, in that they suggest the formation of β-sheets with individual peptides
in hairpin-like conformations. We analyze the structural properties of these sheets and
identify the important stabilizing interactions.

2. Methods
System - The simulation system consisted of three monomers with the sequence NH3+LSFDNSGAITIG-NH2; terminal groups were chosen for consistency with the experimental
sequences. The peptide had a zero total net charge.
Force field - The peptide atomic charges, van der Waals and stereochemical parameters
were taken from the CHARMM19 all-atom force field for consistency with FACTS 19
parametrization [32]. Solvent effects were taken into account implicitly by the recent (C19)
implicit solvent model FACTS of Caflisch [33]; a dielectric constant ε=2 was assigned to
the peptides. The nonpolar solvation energy was proportional to the solvent-exposed
surface area, with a surface-tension proportionality coefficient of 0.025 kcal/mol/Å2. A 7.5Å cutoff was used for the non-bonded interactions, for consistency with the FACTS
parametrization [33]. The equations of motion were integrated by the leap-frog algorithm,
with a 2.0-fs timestep. Bonds involving hydrogen atoms were constrained to standard
values with the SHAKE algorithm [34], as implemented into the CHARMM program [35].
The temperature was controlled by the Langevin method; the friction coefficients were set
to 5.0 ps-1 for heavy atoms and 0 ps-1 for hydrogen atoms. In the simulations the monomers
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were placed in a periodically replicated 110-Å cubic box, modeling a 4.2 mg/ml solution, a
concentration within the range of experimental conditions in which the LSFD peptides form
fibers [9]. All simulations were conducted with the program CHARMM, version c35a2
[35].
Simulation Method - The system was simulated by the replica-exchange method [36, 37,
38, 39, 40, 41]. We employed 10 replicas with temperatures 290, 300, 310, 320, 331, 342,
353, 364, 375 and 386 K. The obtained exchange probabilities between adjacent replicas
were 27 ± 1%. Replica exchanges were attempted at 10-ps intervals; the total simulation
length at each temperature was 1.2 µs. We analyzed 120,000 snapshots (conformations)
extracted at 100-ps intervals, spanning the 1.2µs replica simulations at 300 K.
Secondary structure assignment - The secondary-structure content was assigned by the
STRIDE algorithm [42]. Additional analysis of the conformational properties was
performed with in-house FORTRAN programs, which are available upon request.
Definition of conformational states – We classified conformational states based on the
existence of hairpin-like (U-shaped) structures. A peptide was in U-shaped conformation if
two of the three distances (3Cα – 8Cα, 4Cα – 9Cα, 5Cα – 10Cα) were smaller than 10 Å
and at least one intramolecular β-bridge (linking segments 2-6 and 8-11) and/or a β-turn
existed in the region 3-10. If this condition was not satisfied, the conformation was
extended (I-shaped). Intermolecular β-sheets were classified into seven elementary states,
depending on the number (2-3) and shape (hairpin-like, U, or extended, I) of participating
peptides: U3, IU2, UI2, I3, U2, UI, I2.
Polar parameter and nematic order parameters P1 and P2 – The analysis showed that
the peptides have a propensity to adopt a U shape conformation. We focused on the βsheets involving all three peptides in a U-shape conformation. We assessed the degree of
peptide order in these β-sheets by the polar order parameter P1 and the nematic order
parameter P2 defined in eq. 1. These parameters are widely used in the structural
characterization of liquid crystals [43, 44, 45, 46, 47, 48], and have been employed
successfully in simulation studies of peptide aggregation [17, 26].
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P1 =

(1)

2
1 N ˆ
1 N 3
1
zˆi d , P2 = ∑ zˆi dˆ −
∑
N i=1
N i=1 2
2

( )

In eq. (1), N is the number of molecules in the simulation and ẑ i is a unit vector along a
suitably defined molecular direction; d̂ is a unit vector along a preferred direction of
alignment, which emerges from the properties of the system; the director is defined as the
eigenvector of the ordering matrix that corresponds to the largest eigenvalue [49]. In our
calculations, we employed two different sets of molecular vectors. In the first set (P1, P2),
ẑ i was defined along the lines connecting the Cα geometric centers of residue moieties
Ser2-Phe3-Ile11-Gly12 and Ser6-Gly7-Ala8-Ile9 (see scheme 3, left plot). In the second set
(P1*, P2*), ẑ *i * was defined along the lines connecting the geometric centers of Cα atoms
of the residue moieties Ser2-Phe3-Asp4-Asn5 and Ile9-Thr10-Ile11-Gly12 (see scheme 3,
right plot). The choice of both sets was based on the secondary structural analysis of the
conformations (see Results). Residue 1 was excluded because in the majority of 3-peptide
U-shaped β-sheets it was disordered. The parameters P2 and P2* differentiate between
perfectly ordered (P2, P2* ~ 1) and disordered conformations (P2, P2* <

81 (40 πΝ) , for

a system of N peptides [50]; for the present system, N=3 and 81 (40 πΝ) = 0.46). The
parameters P1 and P1* differentiate between parallel (P1, P1* ~ 1) or antiparallel/mixed
orientations (P1, P1* ~ 1/3). All parameters were computed with the WORDOM package
[51].
We employed the P2 and P2* values of three-peptide β-sheets to select structures which are
ordered enough to constitute elementary structural units of amyloid fibers (P2, P2* > 0.5).
For highly ordered structures, P1 and P1* values indicate the parallel or antiparallel/mixed
arrangement of molecular vectors. Specifically, P1 can differentiate between parallel (i.e.
U:U:U; P1=1) or antiparallel/mixed (U:∩:U/U:U:∩; P1=1/3) arrangements (the symbol “:”
denotes intermolecular β-sheet interaction); P1* can differentiate between parallel and
antiparallel/mixed hydrogen-bonding interactions of adjacent strands in the sheets
depending on the value of P1; typical examples are presented in scheme 4. Using the values
of P1 and P1* for three-stranded U-shaped β-sheets, we constructed two-dimensional
probabilities P(P1 ,P1 *) and the corresponding free-energy surface.

G ( P1 ,P1 *) = −k BT ln[P( P1 ,P1 *)]

(2)
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3. Results
In this section, we first demonstrate that the conformations of individual peptides, produced
by the FACTS19 implicit solvent model, are in good agreement with independent explicitsolvent simulations of the same peptide and consistent with the structure of segment 381392 in the triple-β spiral fold. We then analyze the conformational properties of the
observed intermolecular sheets and identify the energetic components stabilizing the most
probable conformers.

Results from earlier experimental and computational studies – The diameter of the
dodecapeptide amyloid fibers is 21 Å, reflecting the fact that the peptides are not extended
in the fibers. At the same time, the corresponding X-ray diffraction pattern suggests that the
constituent β-sheets contain antiparallel hydrogen bond interactions among individual
strands. Based on these observations, it has been hypothesized that the peptides are folded
into hairpin-like (U-shaped) conformatios, in a parallel (U:U:U:U...), antiparallel
(U:∩:U:∩...) or mixed orientation (see scheme 1 and fig. 9B of ref. [9]). Explicit-water
MD studies of an isolated LSFD peptide verified the existence of hairpin-like conformers,
and showed that the conformations of the peptide in water solution and in an air/water
interface were almost identical [52]. Additional experimental studies of the LSFD peptide
in the air/water interface confirmed the existence of antiparallel hydrogen-bonding
interactions [53, 54, 55, 56].

Accuracy check of the FACTS19 implicit solvent model – To test the accuracy of the
FACTS19 model used here [33], we compared simulations of a single LSFDNSGAITIG
peptide in implicit-(FACTS19) with explicit-solvent MD results of V. Knecht [52]. The
FACTS19 simulations employed a replica-exchange method, with eight optimized
temperatures spanning the range 283 - 432 K. The total simulation length at each
temperature was 300 ns.
The secondary-structure content of the monomer in the implicit-solvent simulations (at 300
K) is presented in fig. 1A. Scheme 5 presents the secondary-structure content of the
monomer in the previous explicit solvent simulations [52]. If we consider together the turn
and bend populations of the previous explicit solvent results [52] (both are classified as
turns in the STRIDE definitions [42]), the agreement between the two representations is
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excellent. The isolated LSFDNSGAITIG peptides have disordered N- and C- terminal ends
(residues Leu1, Ser2, Gly12), and a predominantly structured internal residue moiety 4-11.
Specifically, residue moieties Asp4-Asn5-Ser6 and Ile9-Thr10- Ile11 form an antiparallel

β-extended conformation with two fused turns cantered on residues Gly7 and Ala8. In
addition to the fact that the explicit and implicit solvent models are mutually consistent, the
structure of LSFDNSGAITIG in our simulations is very similar to the conformation of the
corresponding sequence in the virus shaft (introduction of this paper and ref. [29], see also
fig. 3B).

Conformational analysis of the LSFD trimer
The population of secondary structure elements in the trimer simulations is shown in fig.
1B. We observe the frequent formation of intermolecular β-sheets, in accordance with the
amyloidogenic properties of the peptides [9]. The propensity for intramolecular β-sheets is
reduced with respect to the monomer simulations due to the competition between intra- and
intermolecular structures. Residues 9-11 participate simultaneously in intra- and intermolecular β-sheets. This is consistent with the high intermolecular β-sheet propensity of the
corresponding moiety in the NSGAITIG and GAITIG simulations [26]. Residues in
segment 3-6 participate (sometimes simultaneously) in intra- and inter- molecular β-sheets.
Overall, the C-terminal moiety has a higher propensity for intermolecular β-sheets
compared to the N-terminal moiety, presumably due to the higher hydrophobic character of
the residues comprising the former; as we show below, the sheet conformations are
stabilized by non-polar interactions. Residues Leu1, Gly7 and Gly12 do not participate in
either intra- or inter- molecular β-sheets.
The intermolecular β-sheets of our simulation trimer can be classified into seven
elementary states, depending on the number (2-3) and shape (hairpin-like, U, or extended,
I) of participating peptides: U3, IU2, UI2, I3, U2, UI, I2.
The running averages of the fraction (%) of conformations corresponding to the seven
distinct states with intermolecular β-sheets are presented in fig. 2. Overall, states with Ushaped peptides are more favoured, due to the inherent intramolecular tendency of the
sequence to fold into a hairpin. In particular, state U3 is much more dominant than state I3,
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suggesting that the peptides are folded in hairpin conformations in the amyloid
nanostructures.

Free energy surface of the LSFD trimer U shaped β-sheets
In this section we focus on state U3, which is likely to correspond to an elementary
structural unit of the fiber. Additional insights on the structural diversity of this state can be
obtained by the polar (P1 and P1*) and nematic (P2 and P2*) order parameters, defined in
Methods. 7597 (6.33 %) of the analyzed snapshots at 300 K corresponded to state U3. We
treated the first 1000 conformations (corresponding approximately to the first 200 ns of the
simulation) as part of the equilibration phase. Using the remaining 6597 conformations, we
computed the two-dimensional probability density G ( P1 ,P1*) of parameters P1 and P1*
shown in Fig. 3. P1, Representative conformations corresponding to the free energy minima
are also shown in fig. 3 and their respective energetic properties are summarized in table 1.
The parameter P1 differentiates between parallel (i.e. U:U:U; P1=1) or antiparallel/mixed
(U:∩:U/ U:U:∩; P1=1/3) arrangements of the individual peptides (see Methods and scheme
4). P1* differentiates between parallel or antiparallel/mixed hydrogen-bonding interactions
of adjacent strands in the sheets, depending on the value of P1. The free-energy surface
contains three free-energy basins (fig. 3). The first basin extends in the region P1 = 0.87 –
1.00, P1* = 0.22 – 0.35 and contains the global free-energy minimum (minimum 1 in table
1). A cartoon figure of a conformation with these values is in scheme 5; the peptides form
parallel U-shapes, with mixed (parallel/antiparallel) intermolecular sheets. The high
average values of P2 and P2* (0.80 and 0.73) reflect the fact that these conformations are
highly-ordered. The most representative conformation of this basin is shown in fig. 3A. A
cluster analysis of the Cα coordinates of the conformations belonging to this basin shows
that in the vast majority of snapshots, the 3-6 residue moiety of the central peptide (black
tube; fig. 3A) forms an antiparallel β-sheet with moiety 8-11 of one edge peptide (red tube),
and the moiety 9-11 of the central peptide forms a parallel β-sheet with sector 8-10 of the
second edge peptide (blue tube). Conformations in the first basin are probably elementary
structural units of the LSFD amyloid fibers.
The second basin extends in the region P1 = 0.15 – 0.30, P1* = 0.65 – 0.85 and contains the
second in rank free-energy minimum (minimum 2 in table 1). These peptides are not well
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ordered, as reflected by their low P2 and P2* values (0.31 and 0.32, respectively). The most
representative conformation of this basin (according to Cα clustering analysis) is shown in
fig. 3B. The peptides form a triangular shape and the N-terminal residue moieties 1-6 do
not participate in intermolecular β-sheets. Conformations in this basin are less likely to
constitute elementary structural units of the amyloid fibers.
The third basin extends in the region P1 = 0.25 – 0.35, P1* = 0.00 – 0.35 and contains
mainly two distinct conformations, corresponding to the third and fourth in rank freeenergy minima (minima 3 and 4 in table 1). In the third minimum, the U shaped peptides
are arranged in a mixed style (e.g. U:∩:∩), in line with the P1 value. The hydrogen-bonding
interactions among adjacent strands on different peptides are antiparallel, in line with the
P1* value. The most representative conformation of this basin (according to the clustering
analysis) is shown in fig. 3C. A cluster analysis shows that the sector 10-11 of the central
peptide (black tube; fig. 3C) forms an antiparallel β-sheet with the 9-10 sector of one edge
peptide (blue tube); at the same time, the sector 5-6 of the central peptide forms an
antiparallel β-sheet with sector 10-11 of the other edge peptide (red tube). Conformations
corresponding to the third minimum can be considered as elementary structural units of the
LSFD amyloid fibers.
In the fourth minimum, the U-shapes are antiparallel (P1~1/3), forming antiparallel sheets
(P1*~1/3). The most representative conformation of this basin (according to Cα clustering
analysis) is shown in fig. 3D. A cluster analysis shows that in the vast majority of
snapshots, the 9-11 moiety of the central peptide (black tube; fig. 3D) forms simultaneously
an antiparallel β-sheet with the 9-11 sectors of the edge peptides (blue and red tubes). The
significantly low value of P2* and the fact that N-terminal residue moiety 1-6 does not
participate in intermolecular β-sheets suggest that these conformations are less likely to be
elementary units of the amyloid fibers.
The corresponding average total energies for the first four minima are -868, -867, -859 and
-857 kcal/mol (table 1). Structures with high (low) free energies have also high (low)
energies. The increased stability of the conformations in the first two minima is due to nonpolar interactions, presumably due to their optimum packing.
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4. Discussion and Conclusions
In the present work we have investigated the conformational properties of the
amyloidogenic dodecapeptide NH3-LSFDNSGAITIG-NH2 by implicit solvent replica
exchange MD simulations. The monomer simulations suggest the formation of a hairpin
(U-shaped) conformer, with main-chain moieties 4-6 and 9-11 in an antiparallel β-sheet, in
line with previous MD explicit-solvent simulations [52]. The trimer simulations suggested
the frequent appearance of intermolecular β-sheets, in accordance with the amyloidogenic
properties of the peptides [9]. Intermolecular β-sheets were formed by residue moieties 911 and (to somewhat lesser extent) 3-5.
The trimer simulations are consistent with the existence of β-turns and/or β-strands in the
LSFD aggregates at the early stages for the fibril formation, as depicted by FTIR
spectroscopy [9]. The U-shaped conformations are consistent with the fiber diameter and
the meridional reflections of the LSFD amyloid fiber diffraction patterns [9]. Analysis of βsheets involving all three peptides in a U conformation suggested that the parallel (U:U:U)
arrangement is more likely compared to the antiparallel or mixed (U:∩:U/ U:U:∩), owing
to non-polar interactions.
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Table 1: Properties of the LSFD trimer free-energy surface constructed by the twodimensional probability of the P1 and P1* parameters at 300 K (see fig. 3).
Min

1

∆G1

P1 / P1* Range2,3

Non-Bonded Energies (kcal/mol)4

P1 / P1*

P2 / P2*

Average

Average

2

Values

Values2

Polar

Nonpolar

Total4

1

0.00

0.87-1.00 / 0.22-0.35

0.93 / 0.28

0.80 / 0.73

-791.7 (5.7)

-76.5 (9.7)

-868.2 (10.1)

2

0.08

0.15-0.30 / 0.65-0.85

0.22 / 0.73

0.31 / 0.32

-794.5 (5.0)

-73.1 (7.3)

-867.6 (8.0)

3

0.37

0.25-0.35 / 0.00-0.35

0.30 / 0.18

0.51 / 0.59

-793.1 (5.4)

-66.3 (8.9)

-859.8 (9.9)

4

0.37

0.25-0.35 / 0.00-0.35

0.31 / 0.16

0.86 / 0.36

-795.8 (5.3)

-61.2 (9.5)

-857.0 (10.4)

Free energies relative to the global minimum (1). 2The polar (P1, P1*) and nematic (P2,

P2*) order parameters are defined in the methods. 3Ranges of values over conformations in
the corresponding free-energy minima are listed. 4Average values and standard deviations
(in parentheses) over conformations in the corresponding free-energy minima are listed.
4

Sum of polar and nonpolar energies.
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Figure 1: Secondary-structure (%) probability profiles for the isolated LSFD peptide (A)
and the LSFD trimer (B). The profiles were computed from the simulation trajectories at
300 K with the program STRIDE [42]. The helical motifs are 310 (mainly) and α-helices. βsheets (“Beta”) correspond to either isolated β-bridges or extended β-conformations. In
panel B, “Intra Beta” and “Inter Beta” denote intra- and inter-molecular β-sheets,
respectively.

94

Figure 2: Running averages of the fraction (%) of conformations with intermolecular βsheets in the LSFD trimer simulations at 300 K. A: Three peptide β-sheets. B: Two peptide
β-sheets.
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Figure 3: Two-dimensional free energy surface of β-sheets comprising three peptides in Ushape conformations at 300 K. The horizontal axes correspond to the projections of the
simulation conformations on the P1 and P1* polar parameters (see Methods). The
correspondence between free energy values (in kcal/mol) and colors is shown on the right.
The free-energy surface contains four local minima; the corresponding structural families
are shown (A-D) in ascending order with respect to the free energies of their local minima
(see text and table 1). The Leu1 Cα atom is shown as a sphere and intermolecular backbone
hydrogen bonds are in dashed gray lines; side-chains are not shown.
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Scheme 1: Model of two possible stackings of the hairpin within the amyloid fibril
consisting of antiparallel hydrogen bonds, from ref. [9]. The arrangements correspond to
parallel (left panel) and antiparallel (right panel) arrangements hairpin peptides.
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Scheme 2: Cα distances used in the definition of U-shaped β-sheets.

Scheme 3: Molecular vectors corresponding to order parameters (P1,P2) (left) and
(P1*,P2*) (right).

P1, P2
P1*, P2*
ẑ i

ẑ i
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Scheme 4: Representative examples of three peptide U-shaped β-sheets with their
respective P1 and P1* values. The N- and C- terminal ends are shown in blue and yellow
circles, respectively. For perfectly ordered strands, d vectors run parallel to black and red
vectors.
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Scheme 5: Secondary structure content per residue extracted from reference [52].
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Chapter 7: Compstatin: A Potential Inhibitor of the Complement System
A number of complement-system related diseases and pathological conditions can be
treated via a therapeutic modulation of the key components of the complement system
(reviewed in [Ricklin and Lambris 2007, Ricklin and Lambris 2008]). The complementcomponent protein C3 acquires a central position in the complement cascade and is a
particularly attractive target for complement-specific drugs (reviewed in [Ricklin and
Lambris 2007, Ricklin and Lambris 2008]). A 13-residue cyclic peptide, compstatin,
originally discovered by phage-display libraries [Sahu et al. 1996], proved to be a highly
potent and selective C3 inhibitor and demonstrated clinical potential in a series of
experimental model systems (reviewed in [Ricklin and Lambris 2008]). The sequence of
this peptide is ICVVQDWGHHRCT-NH2 and is maintained in a cyclic conformation by a
disulfide bridge among the cysteines 2 and 12. Since 1996, a series of multidisciplinary
biochemical, biophysical and computational studies focused on the optimization of
compstatin binding affinity for C3 and on the elucidation of the key structural and energetic
features responsible for its inhibitory potency (reviewed in [Ricklin and Lambris 2008]).
The dominant thermodynamic conformer of compstatin in aqueous solution is a random
coil with a 5-8 β-turn (reviewed in [Ricklin and Lambris 2008]). Until 2007, the precise
compstatin binding site on C3 and the structure of compstatin in the C3 complex were
unknown. Over the last ten years, some models were proposed to explain the inhibitory
activity of compstatin (reviewed in [Ricklin and Lambris 2008]). In 2007, B.J.C. Janssen et

al. [Jannsen et al. 2007] presented the X-ray crystal structure of compstatin in complex
with C3c (a major proteolytic fragment of C3) and showed that the exact binding site is
formed by the macroglobulin (MG) domains 4 and 5; compstatin itself undergoes a large
conformational change upon binding, with the 5-8 β-turn disappearing and the formation of
an 8-11 β-turn and a β-bridge among residues 3 and 11. Based on the structure of the
complex, B.J.C. Janssen et al. proposed that compstatin sterically hinders the access of the
substrate C3 to the convertase complexes, thus blocking complement activation and
amplification [Jannsen et al. 2007].
Compstatin is already under investigation in clinical trials by Potentia (Louisville, KY,
USA) [Ricklin and Lambris 2007]; nevertheless, some key features of compstatin,
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including its inability to bind to C3 proteins of non-primate mammals [Sahu et al. 2003],
remain unknown.

7.1 The complement system: the role of the C3 component
The complement system was discovered many years ago as a heat-labile component of
normal plasma, that augments the opsonization1 of bacteria by antibodies and allows
antibodies to kill specific bacteria. The name complement came from the fact that its
activity was said to 'complement' the antibacterial activity of antibody. Despite the fact that
the complement system was first discovered as an effector arm of the antibody response, it
can also be activated early in infection in the absence of antibodies, and, it is believed to
have evolved as part of the innate immune system, where it still plays an important role
[Janeway et al. 2001].
The complement system is made up of a large number of distinct plasma proteins. These
proteins react with each another to opsonize pathogens and induce inflammatory responses
that help to fight infection. There are three distinct biochemical pathways through which
complement can be activated on pathogen surfaces: the classical complement pathway, the
alternative complement pathway, and the (mannose-binding) lectin pathway. These
pathways depend on different molecules for their initiation, but they converge to generate
the same set of effector molecules (figure 7.1) [Janeway et al. 2001].

1

The process by which a pathogen is marked for ingestion and destruction. In the case of complement,
cleavage of key protein component C3, it exposes a previously hidden thioester group that covalently binds to
patches of hydroxyl and amino groups on the pathogen surface [Ricklin and Lambris 2007].
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Figure 7.1: Overview of the main components and effector actions of complement. As described in the main
text, the early events of all three pathways of complement activation involve a series of cleavage reactions
that culminate in the formation of an enzymatic activity called a C3 convertase, which cleaves complementcomponent C3 into C3b and C3a [Janeway et al. 2001].

The main difference among the three pathways is that the classical pathway typically
requires antibodies for activation (specific immune response), whereas the alternative and
mannose-binding lectin pathways can be activated by hydrolysis of proteins or antigens
without the presence of antibodies (non-specific immune response) [Goldman and
Prabhakar 1996]. Each pathway follows a sequence of reactions to generate a protease
called a C3 convertase [Janeway et al. 2001].
The early events of all three pathways involve a series of cleavage reactions that culminate
in the formation of an enzymatic component called C3 convertase; this protein cleaves the
complement-component C3 into C3b and C3a. The production of the C3 convertase is the
point at which the three pathways converge and the main effector functions of complement
are generated. C3b binds covalently to the bacterial cell membrane and opsonizes the
bacteria (see footnote 1), enabling phagocytes to internalize them [Janeway et al. 2001].
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7.2 Unregulated activation of the complement system and therapeutic agents against it
Complement activation is essential for the development of normal inflammatory responses
against foreign pathogens [Janeway et al. 2001, Ricklin and Lambris 2008, Ricklin and
Lambris 2007 and references therein]. On the other hand, its unregulated activation causes
tissue injury in various disease states. This tissue injury is directly mediated by the
membrane attack complex, C5b-C9, and indirectly by the generation of anaphylatoxic
peptides C3a, C4a, C5a, which induce damage through their effects in neurophils
[Ehrengruber et al. 1994] and mast cells [Ellati et al. 1994].
Complement mediated tissue injury has been reported in a variety of disease states,
including autoimmune diseases [Kalli et al. 1994], acute respiratory distress syndrome
[Robbins et al. 1987], Alzheimer’s disease [Bradt et al. 1998, Rogers et al. 1992], stroke
[Vasthare et al. 1993], heart attack [Kilgore et al. 1994], burn injuries [Gallinaro et al.
1992], and reperfusion injuries [Beranek 1997, Weiser et al. 1996]. Complement-mediated
tissue injury has also been found to occur as a consequence of bioincompatibility situations,
such as those encountered during dialysis and cardiopulmonary bypass [Johnson 1991,
Pekna et al. 1993] and xenotransplantation [Fiane et al. 1999a, Fiane et al. 1999b].
Therefore, there is an undoubtedly clear need to develop molecules that can control the
complement activation.
The large network of soluble and cell-surface-bound proteins offers a variety of potential
drug targets. However, the search for complement-specific therapeutics proved to be much
more challenging than initially anticipated. With the therapeutic antibody eculizumab
(Soliris®, Alexion Pharmaceuticals, Inc.) against paroxysmal nocturnal hemoglobinuria, the
first drug with proven complement connectivity has been marketed recently [Ricklin and
Lambris 2007, Rother et al. 2007]. A second complement-associated compound, purified
C1 esterase inhibitor (C1-INH), is available as a therapeutic option for the treatment of
hereditary angioedema in several countries; however, its mechanism of action may be
closer related to the (non-complement) bradykinin-kallikrein than the complement cascade
[Davis 2006]. Thus, both drugs cover relatively rare diseases and as a consequence they
cannot be used as generic inhibitors of the complement activation; yet, till today there are
no general complement inhibitor drugs against the more common inflammatory or
autoimmune conditions [Ricklin and Lambris 2008].
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The main problem in complement-directed drug discovery is to select the right target
[Ricklin and Lambris 2007]. The inhibition at the level of C3, including the C3 convertases,
should be considered as the most effective answer to the problem, owing to the core role of
C3 in all pathways of complement activation at which it mediates and controls (i) the
upstream activation and (ii) the downstream effector functions of the complement [Ricklin
and Lambris 2008].
Initial attempts focused on the exploitation of serine proteases in developing small
molecule drugs for inhibiting the conversion of C3; these attempts failed owing to lack of
potency and specificity as well as short half-lives. Similarly, soluble forms of physiological
complement regulators (e.g. complement receptor 1) have mostly been discontinued or put
on hold [Ricklin and Lambris 2008 and references therein]. The two previous examples of
inhibitors share a common feature in that they both target activation of C3 indirectly via the
convertases or C3b. On the contrary, compstatin can be considered as the most promising
inhibiting candidate since it directly binds to native C3 (figure 7.2) [Ricklin and Lambris
2008]. Furthermore, its comparatively small size, and promising pre-clinical results
constitute key factors in making compstatin an interesting candidate for further clinical
development (reviewed in [Ricklin and Lambris 2008]). The following sections address the
structural, functional and clinical properties of compstatin.

108

Figure 7.2: Compstatin inhibits the cleavage of native C3 to its active fragments C3a and C3b. As a
consequence, the deposition of C3b, the amplification of the alternative pathway and all downstream
complement actions are prevented [Ricklin and Lambris 2008].

7.3 Discovery and initial characterization
A. Sahu et al. in 1996 had screened a phage-displayed random peptide library against C3b
aiming at identifying C3-interactive peptides [Sahu et al. 1996]. Their effort was based in
two hypotheses: (a) the binding of the peptide to C3b could affect the interaction of C3b
with other complement proteins and (b) the peptide could mimic the function of other C3binding proteins that regulated complement and in turn caused complement inhibition
[Sahu et al. 1996]. Their studies resulted in the identification of a 27-mer C3 binding
peptide (figure 7.3a), which inactivated complement at a concentration approximately twice
that of human C3 in normal human serum [Sahu et al. 1996]. The authors of the same study
aimed at the identification of the minimal region of the 27-mer peptide, that is required for
binding to C3. Their attempts resulted to the identifications of a shorter 13-mer peptide (a
fragment of the parent 27-mer, named compstatin, with sequence Ile-Cys-Val-Val-GlnAsp-Trp-Gly-His-His-Arg-Cys-Thr-NH2

(ICVVQDWGHHRCT-NH2)

(figure

7.3b).

Compstatin retained the functional activity of the parent 27-mer peptide and inhibited the
classical and the alternative pathways [Sahu et al. 1996]; the activity of the peptide on the
classical and alternative pathways were also confirmed by two later studies [Furlong et al.
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2000, Klegeris et al. 2002]. A subsequent attempt to further reduce the size of the peptide
by deleting the two residues outside the disulfide bridge resulted in an approximately 3-fold
reduction of the activity; this outcome underlined the importance of these residues in
enhancing the inhibitory activity of compstatin [Sahu et al. 1996]. Since compstatin did not
only block enzymatic removal of the C3a/ANA domain by the C3 convertase but not by
trypsin, a steric inhibition of the C3a cleavage site seemed to be unlikely as functional
explanation (figure 7.4a). Thus, the inhibitory activity of compstatin can be attributed either
to an induction of a conformational change (figure 7.4b) or a steric hindrance of substrate
binding (figure 7.4c) [Sahu et al. 1996]; yet, Sahu et al. pointed out that a thorough
understanding of the inhibition activity could only result from the investigation of the
compstatin-C3 complex structure.

Figure 7.3: The main achievements of compstatin sequence optimization, as expressed by the relative
inhibitory activities (rIC50) of the corresponding sequences (IC50 is the concentration of a drug that is
required for 50% inhibition in vitro; the lower the concentration, the more active is the drug). A. Sahu et al.
showed that the initial 27-mer C3b-binding peptide from the phage display library (a) could be truncated to
the N-terminal 13 residues (b) without losing activity [Sahu et al. 1996]. (c) D. Morikis et al. used an alanine
scan and identified positions 3, 5, 6, 7, and 8 as essential for its functions (bold rings), the removal of the
flanking amino acids caused a slight loss of activity [Morikis et al. 1998]. (d) A. Sahu et al. and D. Morikis et
al. demonstrated respectively that the Acetylation of the N-terminus [Sahu et al. 2000] and (e) the exchange
of His-9 by alanine led to minor improvements [Morikis et al. 2002], whereas, J.L. Klepeis et al. and B.
Mallik et al. (f,g) proved that the introduction of aromatic side chains at position 4 to large activity
improvements [Klepeis et al. 2004, Mallik et al. 2005a]. Beneficial effects due to modifications on the indole
ring of tryptophan were observed by M. Katragadda et al. for both compstatin expressed in E. coli (h)
[Katragadda and Lambris 2006], and the synthetic peptide (i) [Katragadda et al. 2006], leading to a dramatic
increase in the inhibitory activity (reviewed in [Ricklin and Lambris 2008]).
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Figure 7.4: Three possible models of compstatin inhibition; these models were proposed prior to the finding
of the compstatin-C3 complex structure. Compstatin may (a) sterically hinder the access of the convertase to
the susceptible cleavage bond; (b) induce a conformational change in C3 that prevents binding and/or
cleavage by the convertase; or (c) block the initial interaction between native C3 and the convertaseassociated C3b [Sahu et al. 1996, Ricklin and Lambris 2008].

7.4 Experimental insights into the structure and activity of compstatin analogs
D. Morikis et al. identified Val-3 and the stretch between positions 5 and 8 as essential for
complement inhibition using an alanine scan experiment (figure 7.3c). They also showed
that the flanking residues (Ile-1 and Thr-13) contribute to the overall activity, since their
removal led to an approximately threefold decrease in activity[Morikis et al. 1998]. In the
same study, the authors demonstrated an ensemble of 21-NMR-derived structures of
compstatin (PDB code 1A1P; [Morikis et al. 1998]): a cartoon representation of compstatin
structure in solution is shown in figure 7.5. As depicted by the NMR studies, the peptide in
water solution acquires a type I β-turn among residues 5–8 (Gln-Asp-Trp-Gly) whereas the
rest of the peptide is flexible and in a random coil arrangement; a hydrophobic cluster is
also present around the two terminal ends (figure 7.5) [Morikis et al. 1998]. In addition, D.
Morikis et al. proposed that the conservation of this structure could be essential for the
functionality of the peptide; this suggestion was based on the dramatic loss in the peptide’s
activity by either the linearization (removal of the disulfide bridge) or the replacement of
residues 5-8 by alanine residues [Morikis et al. 1998].

Figure 7.5: Left: A cartoon representation model of compstatin (NAT) structure in water solution as derived
by NMR experiments [Morikis et al. 1998, Ricklin and Lambris 2008]. Right: A representation of a
representative (12th) NMR structure of compstatin. The backbone is shown in tube representation and heavy
atoms are shown in licorice [Morikis et al. 1998].
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Subsequent mutational studies were carried out from 2000 to 2007, aiming at increasing the
inhibitory activity of compstatin. Sahu et al. [Sahu et al. 2000] showed in 2000 that the
acetylation of the N-terminal end, apart from improving the degradation profile, also
increased the inhibitory activity of compstatin by a factor of 3 (figure 7.3d); A. M. Soulika
et al. proposed that the increase in the inhibitory activity can be attributed to the reduction
of charges at the N-terminal end [Soulika et al. 2003]. D. Morikis et al. in 2002 replaced
the His in position 9 by Ala, in an effort to reduce bulkiness and provide more
conformational flexibility, (figure 7.3e); the analog had a slightly improved inhibitory
activity of compstatin [Morikis et al. 2002]. J. L. Klepeis et al. in 2004 showed that the
Val4 replacement by tyrosine increased the inhibitory activity by a factor of 16 [Klepeis et
al. 2004]. A year later, B. Mallik et al. introduced a tryptophan residue in position 4 and
the resulting Ac-Compstatin-V4W/H9A peptide is until now the most active compstatin
analog with natural amino acids, having a 45-fold higher activity than the parent, native unacetylated compstatin (figure 7.3f) [Mallik et al. 2005a, Ricklin and Lambris 2008]. In the
same study, an insertion in position 4 of a 2-naphthylalanine, a non-natural amino acid,
resulted in a nearly 100-fold activity compared to the parent peptide.
Recently, M. Katragadda and J.D. Lambris substituted the acetyl group at the N-terminal
end with a glycine and the two tryptophan residues with 6-fluorotryptophan. The new
peptide acquired a 126-fold activity compared to the parent peptide (figure 7.3h)
[Katragadda and Lambris 2006]. Motivated by this finding, which indicated the role of
hydrophobic contributions and hydrogen bonding at position 4 and 7, M. Katragadda et al. ,
in a more recent study, searched for various tryptophan derivatives as candidates at
positions 4 and 7 via ELISA and calometric analysis [Katragadda et al. 2006]. The results
of the latter study showed that the increase of the hydrophobicity at position 4 was found to
be generally beneficial. The introduction of 1-methyl tryptophan at position 4 yielded a
peptide with a surprising 264-fold activity compared to the parent peptide (figure 7.3i)
[Katragadda et al. 2006].
All the above findings are in strong agreement with thermodynamic analyses of M.
Katragadda et al. in 2004, pointing out that the C3-compstatin interaction is largely driven
by enthalpic contributions. In this context, the beneficial effects of a valine-to-(natural or
derivative) tryptophan substitution at position 4 (and also histidine-to-alanine at position 9)
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could be linked to an increased enthalpy and binding affinity to C3 [Katragadda et al.
2004].

7.5 Molecular Dynamics (MD) simulations of compstatin analogs in solution
In 2003, B. Mallik et al. [Mallik et al. 2003] studied the native (parent) compstatin analog
by molecular dynamics simulations which employed a polar-hydrogen energy function for
the peptide interactions (reviewed in [Brooks et al. 2009]) and a compatible generalizedBorn representation for the solvent [Dominy and Brooks 1999]. The simulations indicated a
dominant conformation with the segment 5–8 in a type-I turn and the rest of the structure as
random coil [Mallik et al. 2003], in good agreement with the experimental NMR estimate
for a 5–8 type-I turn (42–63%) [Morikis et al. 1998]. However, other structural properties
predicted from the simulations, such as the presence of helical (6%) or β-sheet elements
(34%) were not present in the NMR spectra [Morikis et al. 1998, Morikis et al. 2002].
Two years later, in 2005, two independent works by B. Mallik and co-workers [Mallik et al.
2005a, Mallik et al. 2005b] were performed, using the same peptide model (reviewed in
[Brooks et al. 2009]) and implicit-solvent representation [Dominy and Brooks 1999]. The
first work conducted a 5-ns MD simulation of the Ac-Compstatin-V4W/H9A analog
[Mallik et al. 2005a]. The analysis showed an interconversion among two major
conformers (coil and β-hairpin) and a minor α-helical conformer. The simulations also
suggested the formation of persistent π-π or cation-π interactions between the side-chains of
residue pairs Trp4-Trp7, Trp4-His10, Trp4-Arg11, Trp7-His10, and Trp7-Arg11 [Mallik et
al. 2005a]. The second work aimed at the construction of quasi-dynamic pharmacophore
models for the complement inhibitor, using 5-ns trajectories of active and inactive
compstatin analogs [Mallik et al. 2005b]. These pharmacophore models contained
physicochemical and structural properties, that were deemed indispensable for structural
stability and activity [Mallik et al. 2005b]. Specifically, the authors suggested the use of
two-dimensional, distance/dihedral-angle probability distributions as properties which
allowed the discrimination of active and inactive analogs [Mallik et al. 2005b].
Both studies described above were based on a polar-hydrogen generalized-Born implicitsolvent model [Dominy and Brooks 1999]. The compstatin conformations were not entirely
consistent with the NMR data (i.e, they predicted the frequent folding of the peptide into a
β-hairpin conformation and the formation of persistent π-π or cation-π interactions). In
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addition, according to unpublished studies by us, the pharmacophore properties determined
in [Mallik et al. 2005b] are not reproduced using all-atom, explicit solvent (reviewed in
[Brooks et al. 2009]) [Jorgensen et al. 1983, Neria et al. 1996] molecular dynamics
simulations
The difficulty of the previous implicit-solvent model [Dominy and Brooks 1999] to validate
the information depicted by the NMR spectra prompted us to use a more rigorous model for
the peptide-peptide and peptide-solvent interactions [Tamamis et al. 2007]. In our study,
described in detail in Chapter 8, we conducted multi-ns MD simulations of three compstatin
analogs, (i) the Ac-Compstatin (NAT), (ii) the Ac-Compstatin-V4W/H9A (W4A9), and (iii)
the Ac-Compstatin Q5G (G5); the first two acquire a 15- and 45-fold higher activity than
the parent compstatin peptide, whereas the last one acquires an approximately 150-fold less
activity (and thus, is described as inactive) [Tamamis et al. 2007]. Our simulations were in
good agreement and extended the NMR data. In addition, the frequency of β-hairpin or αhelix formation was much smaller with respect to the earlier GB / polar-hydrogen studies
and the Trp4-Trp7 or Asp6-Arg11 sidechain interactions of the GB / polar simulations were
not reproduced by our, explicit-water runs [Tamamis et al. 2007]. Furthermore, our
simulations predicted important features regarding the compstatin-C3 complex structure
such as the critical role the hydrophobicity of residues Val3 and (the bulkiness of) Trp4 in
the binding; nevertheless, they underestimated the type I 5-8 β-turn population which is
equal to 42-63% according to the experimental NMR estimate [Morikis et al. 1998,
Tamamis et al. 2007].
More recent, unpublished MD studies by us showed that the inclusion of a CMAP
backbone torsional correction in the all-atom energy function improved the accuracy of the
explicit-solvent simulations; the results are presented in detail in Chapter 9 [Tamamis et al.
2008]. The average rms difference between the simulation and NMR backbone
conformations of native compstatin is, respectively, 2.32 Å with the CMAP correction
[Tamamis et al. 2008] and 2.58 Å without the correction [Tamamis et al. 2007]. The 5-8
αR-αR type I β-turn probability (55.6%) is within the NMR estimate (42-63%). In the
simulations without CMAP, the 5-8 αR-αR type I probability was 21.0% - 21.7% and the
total αR-αR turn probability was 36.3 - 33.5% [Tamamis et al. 2007].
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7.6 Towards therapeutic applications and clinical development
Compstatin has proved to be an attractive candidate for therapeutic use in a variety of
clinical setups owing to its capacity to block a central step of the complement activation
(reviewed in [Ricklin and Lambris 2007]). Complement activation is a major complication
and may influence the clinical outcome during cardiopulmonary bypass (CBP) surgery or
haemodialysis; Nilson et al. in 1998 showed that the insertion of compstatin in PVC in
blood circulating tubes resulted in reduced C3a generation and C3b deposition compared to
the results drawn for the linear control peptide [Nilsson et al. 1998 ]. Supplementary studies
using the PVC tube model confirmed the anti-inflammatory effect of compstatin in this
model [Lappegard et al. 2007 and references therein]. The complement activation during a
CBP surgery is not only triggered by blood contact with artificial surfaces, but also by the
postoperative administration of protamine to neutralize heparin and restore blood
coagulation [Cavarocchi et al. 1985]. A. M. Soulika et al. in 2000 [Soulika et al. 2009]
demonstrated that a combined injection and infusion of compstatin effectively inhibited the
generation of C3 activation products in a primate model of protamine/heparin-induced
complement activation, without influencing heart rate, blood pressure or hematological
parameters; this study was the pioneer to confirm both the efficacy and safety of compstatin
as a complement inhibitor drug in an in vivo animal model [Soulika et al. 2009]. Schmidt et
al. in 2003 [Schmidt et al. 2003] further confirmed the above statement by observing a
reduced activation of neutrophils when added the peptide into polymer-exposed blood.
The use of compstatin as a therapeutic peptide for an ex vivo model of xenotransplantation
proved to be beneficial. A.E. Fiane et al. compared in two independent studies [Fiane et al.
1999b, Fiane et al. 1999b] the survival time of pig kidneys perfused with human blood in
the presence or absence of compstatin. This study showed that compstatin prolonged the
survival time; additionally, the studies showed that compstatin had an effect on the C3 level
in vivo, since only the concentrations of C3 fragments but not C1 and C4 were decreased in
the compstatin group. U.O. Solvik et al. [Solvik et al. 2001] used another transplantation
model and showed that compstatin helped to elucidate the role of complement in delayed
xenograft rejection.
So far, there are no clinical data available for compstatin; nevertheless, in vitro, ex vivo and
in vivo studies show that compstatin acquires a high degree of drug-likeliness. Now,
compstatin is already under investigation in clinical trials for the treatment of neovascular
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age-related macular degeneration (AMD) by intravitreal application of a compstatin analog
by Potentia (Louisville, KY, USA) [Ricklin and Lambris 2007].
A. Sahu et al.

in 2000 proposed that the cyclic structure of compstatin is largely

responsible for a rather low degree of biotransformation in serum, in contrast with
previously investigated peptides for complement inhibition [Sahu et al. 2000]. The
considerably high stability of compstatin has been confirmed both in human and baboon
plasma [Sahu et al. 2000, Soulika et al. 2009]. The preclinical development in animal
models was so far limited due to the high species specificity of compstatin. Complement
inhibition has only been achieved in human and primate systems (e.g. baboon or rhesus
monkey) but not for rodents (mouse, rat, guinea pig, rabbit) or pigs [Sahu et al. 2003].
Despite the fact that a residual activity has been observed in dog blood, the activity of
compstatin in dog’s serum was reduced by two orders of magnitude [Furlong et al. 2000];
in the same study by S.T. Furlong et al. in 2000, the peptide was found to be highly
specific for human C3 and did not affect blood clotting or the activity of serine proteases
such as thrombin, trypsin, or elastase [Furlong et al. 2000]. No adverse effects on heart rate
or hematological parameters have been detected during in vivo experiments with baboons
[Soulika et al. 2009]. In addition, S.T. Furlong et al. [Furlong et al. 2000] provided
evidence that compstatin did not show any cytotoxicity towards polymorphonuclear cells.

7.7 The binding site and mode of interaction of compstatin onto C3c
Undoubtedly, one of the most important breakthroughs in compstatin development was
reached with the recent publication in 2007 by B.J.C. Janssen et al. of a co-crystal structure
of the compstatin analog W4A9 in complex with the C3c protein (PDB code 2QKI;
[Jannsen et al. 2007]). This structure offered an atomic-detail picture of the binding site and
mode of interaction between the peptide and the protein.
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Figure 7.6: The bound structure of compstatin in complex with C3c. The C3c and compstatin backbone is
shown in thin and bold tube representation, respectively. Compstatin is shown in yellow, and chains A, B, C
of C3c are shown in blue, red and black, respectively (PDB code 2QKI; [Jannsen et al. 2007]).

The crystal structure of the C3c-compstatin complex reveals that compstatin binds between
domains MG4 and MG5 of the C3c β-chain (figures 7.6 and 7.8). Compstatin undergoes a
large conformational change upon binding to C3c; instead the 5-8 β-turn observed in
solution, a new β-turn is formed by residues 8-11 and an intramolecular β-bridge is formed
among residues Val3 and Arg11(see figure 7.7) [Jannsen et al. 2007]. In contrast, C3c does
not undergo large changes upon complex formation and, the conformation of the
compstatin-binding site in C3c is structurally very similar to that observed in the structure
of uncomplexed C3 and C3b and C3c [Jannsen et al. 2007].

Figure 7.7: Left: A cartoon representation model of compstatin (W4A9) bound structure (to C3c) as derived
by X-ray crystal experiments [Jannsen et al. 2007, Ricklin and Lambris 2008]. Right: The bound structure of
compstatin. The backbone is shown in tube representation and heavy atoms are shown in licorice [Jannsen et
al. 2007].
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The lack of conformational changes on the C3c structure upon compstatin binding
disqualifies the scenario presented in figure 7.4b, according to which a possible mechanism
of inhibitory activity could have been the conformational changes of C3 structures induced
by the binding [Jannsen et al. 2007]. As a consequence, the most likely explanation of the
inhibitory activity is a steric hindrance mechanism of the C3 substrate binding to
convertase-based C3b (figure 7.4c) [Jannsen et al. 2007, Ricklin and Lambris 2008]. The
latter scenario can additionally be confirmed by the presence of a C3b-C3b crystallographic
symmetry-related contact area, in the crystal structure of C3b, that includes the compstatin
binding site [Jannsen et al. 2006]. Therefore, this area may be involved in C3b-dimerization
or C3-C3b binding, and as a result, compstatin may interfere with these interactions
[Jannsen et al. 2007].
The MG4/5 binding pocket encloses 40% of the molecular surface of compstatin with
residues Ile1,Val3, Trp4, Gln5, Trp7, Ala9 and His10 pointing towards the C3c surface and
making hydrogen bonds and hydrophobic contacts through both main and side chain atoms,
whereas, the polar or charged amino residues Asp6, Asp11, and Thr13 are pointing away
from C3c towards the solvent (figure 7.8) [Jannsen et al. 2007].

Figure 7.8: The compstatin (W4A9) – C3c complex structure. Compstatin main chain and side chain atoms
are shown in ribbon and stick representation, respectively. Compstatin residues Ile1, Cys2, Val3, Trp4, Gln5,
Trp7, Ala 9, His10 make contacts and interactions with C3c residues that form a shallow groove between
domains MG4 and MG5 (surface representation), while the charged/polar amino acids Asp-6, Arg-11, and
Thr-13 point out into the solvent. The Gln5 – Asp491 interaction is water mediated in the X-ray crystal
structure. [Jannsen et al. 2007, Ricklin and Lambris 2008].
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A series of intermolecular side chain van der Waals contacts and hydrogen bonding
interactions contribute to the binding and stabilization of compstatin onto C3c [Jannsen et
al. 2007]. All residues except from residues Arg11 and Thr13 form intermolecular sidechain contacts. Specifically, residue Ile1 interacts with C3c binding pocket formed by
residues Met346, Pro347, Ser388 and Asn390. The hydrophobic residues Val3 and Trp4 are
inserted into the side chain pockets formed by residues Met346, Pro347, Leu454, Arg456,
and, His392, Pro393, of C3c, respectively. Residue Gln5 interacts with residue Leu455,
Arg456 and Asp491. Trp7 is inserted into a pocket formed by residues Leu455, Arg459,
Glu462, Gly489 and Asp491. Residues Ala9 and His10 interact with the side chains of
residues Asp491, and Asp491 and Leu492, respectively. An additional side-chain contact is
formed by the Cys2 – Cys 12 disulfide bridge and residue Asn390. Hydrogen-bonding
interactions observed in the X-ray structure, involve the atom pairs Ile1 OY – Asn390 OD1,
Ile1N – Asn390 OD1, Cys2 N – 390OD1, Cys2O – Asn390 ND2, Trp4 N – Gly345 O,
Trp4 O – Arg456 NE/NH1/NH2, Gln5 OE1 – Met457 N, Gln5 NE2 – Leu455 O, Gln5 NE2
– Asp491 OD1/OD2, Trp7 NE1 – Met457 O, Ala9 N – Asp491 OD1/OD2, His10 N –
Asp491 OD1/OD2.
T.L. Chiu et al., in 2008, employed all the work conducted on compstatin until then to built
an in silico pharmacophore model, using a distinct approach described in reference [Chiu et
al. 2008]. The constructed model demonstrated good performance in a separate test set of
82 compstatin analogs, in that it accurately identified 70% of the analogs acquiring medium
or high inhibitory activities and misclassified just 8.5% of the analogs of low or no
inhibitory activities. As a result, this pharmacophore model proved to be an efficient filter
of sensitivity and specificity [Chiu et al. 2008]. The pharmacophore model consists of six
critical features: (1) The aromatic ring of Trp4, (2) the carbonyl-oxygen hydrogen-bond
acceptor capacity of the Gln5 side chain, (3) the amide-nitrogen hydrogen-bond donor
capacity of the Gln5 side chain, (4) the carbonyl-oxygen hydrogen-bond acceptor capacity
of the Asp6 side chain, (5) the indole-nitrogen hydrogen-bond donor capacity of the Trp7
side chain, and, (6) the hydrophobic character of the Cys2-Cys12 disulfide bridge [Chiu et
al. 2008]. In addition, T.L. Chiu et al. showed that the [Chiu et al. 2008] removal of either
the first and the last pharmacophore features resulted in the largest false positive rates of
74% and 66%, respectively, and therefore, the aromatic ring on the fourth residue and the
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hydrophobe on the disulfide bond were determined as the most critical pharmacophore
features predicted by the model [Chiu et al. 2008].
P. Magotti et al., in 2009, used functional assays, surface plasmon resonance (SPR), and
isothermal titration calorimetry (ITC) to assess the effect of modifications at three key
residues (Trp4, Asp6, Ala9) on the affinity and activity of compstatin [Magotti et al. 2010].
According to the results drawn in that study, 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. In addition, induction of a βturn shift by an A9P modification resulted in a more favorable entropy but a loss of binding
specificity and stability.
In our most recent work, we investigated the compstatin (W4A9 analog) in complex with
human and rat C3c by MD simulations. Our studies, presented in Chapter 10, preserved the
human complex crystallographic structure, quantified the important protein-ligand
interactions in the human complex, and elucidated the lack of inhibition of the rat C3
protein [Tamamis et al. 2010a]. Specifically, in the rat simulations, the protein underwent
reproducible conformational changes, mainly in the sectors 388-393 and 488-493, which
are in direct contact with the ligand, These changes eliminated or weakened specific
interactions, resulting in the reduction of the compstatin affinity. These simulation insights
are currently used to design improved compstatin-based inhibitors for human and lower
mammals C3 by computational and experimental methods.
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Chapter 8: Conformational Analysis of Compstatin Analogs with
Molecular Dynamics Simulations in Explicit Water
In the current study, we performed a conformational analysis of three compstatin analogs,
(i) the native compound Ac-Compstatin (NAT), (ii) the most active natural analog, double
mutant Ac-V4W/H9A (W4A9), and (iii) the inactive single-mutant Ac-Q5G (G5). We
employed molecular dynamics simulations in explicit water [Tamamis et al. 2007].
Former molecular dynamics simulations of native compstatin and its analogs [Mallik et al.
2003, Mallik et al. 2005a, Mallik et al. 2005b] employed a polar-hydrogen energy function
for the peptide interactions [Brooks et al. 2009] and a compatible generalized-Born
representation for the solvent [Dominy and Brooks 1999]. These studies predicted
structural features not confirmed by NMR [Morikis et al. 1998, Morikis et al. 2002], such
as the formation of β-hairpins, α-helical elements, persistent electrostatic interactions
among residues Asp6-Arg11, and, a strong π-π interaction among residues Trp4-Trp7 in the
W4A9 analog.
Our simulations reproduced the dominant conformer in water (random coil with a 5-8 turn)
[Morikis et al. 1998, Morikis et al. 2002, Mallik et al. 2005a]. They also depicted in detail
structural features partly or not accessible by the NMR data due to conformational
averaging, such as the occurrence of fused or transient β-turns and the interactions of
various sidechains with the peptide backbone.
The analysis performed in this work also revealed structural differences among the analogs,
which enabled us to draw conclusions on the importance of the 5–8 β-turn for peptide
activity. Our simulations predicted some of the structural features observed in the
compstatin-C3c complex, prior to its structural determination. Specifically, our results
showed that the probability of the 5-8 turn formation did not correlate with the analog
inhibitory activity (the turn was less frequent in the most-active analog). This was in line
with the fact that in the complex the 5-8 turn is not retained. Val3 made reduced
intramolecular interactions in the more active W4A9 analog, suggesting that the higher
W4A9 activity was partly due to increased intermolecular Val3-C3 in the W4A9:C3
complex (e.g., via a hydrophobic cluster involving Val3).
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All work carried out in this study is described in detail in a paper published in the Journal
of Molecular Graphics and Modelling is attached below [Tamamis et al. 2007].
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Chapter 9: Accurate Conformational Studies of Compstatin Analogs with
Molecular Dynamics Simulations in Explicit and Implicit Water
In the current study, we investigated the same analogs of the previous Chapter [Tamamis et
al. 2007] by explicit- and implicit-solvent simulations (with the continuum-electrostatics
GBSW model). The goal of these calculations was twofold: (i) to assess the accuracy of the
employed implicit-solvent model in treating the conformational properties of compstatin;
(ii) to compare the conformational properties of compstatin in solution with the bound
conformation of compstatin, as seen in a recently determined crystallographic structure of
the complex between human C3 and the compstatin analog Val4Trp/His9Ala (W4A9)
[Jannsen et al. 2007]. In contrast to the previous MD study of Chapter 8, the all-atom
CHARMM force-field of the explicit-solvent simulations contained a CMAP correction
(reviewed in [Brooks et al. 2009]), which improved the accuracy.
A comparison between the explicit- and implicit solvent results showed that the two solvent
models were in excellent agreement. Thus, the present study suggests that the GBSW
model can be used to compare the conformational properties of compstatin analogs in
solution.
The average rms difference between the simulation and NMR backbone conformations of
native compstatin is, respectively, 2.32 Å with the CMAP correction and 2.58 Å without
the correction. The 5-8 αR-αR type I β-turn probability (55.6%) is within the NMR estimate
(42–63%) [Tamamis et al. 2008, Morikis et al. 1998]. In the simulations without CMAP
(Chapter 8), the αR-αR type-I probability was 21.0%-21.7% and the total αR-αR turn
probability was 36.3–33.5%;
While carrying out the second study, the X-ray crystallographic bound structure of the
W4A9 compstatin analog was published by B.J.C. Janssen et al. [Jannsen et al. 2007]. Our
simulations showed that the similarity between the solution conformations and the bound
conformation increased from the inactive analog (G5) to the highest-activity analog
(W4A9). This is in line with a hypothesis of ref. [Jannsen et al. 2007], according to which
mutations that stabilize the bound conformation may yield C3 inhibitors with higher
activity.
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All work carried out in this study is described in detail in an unpublished paper and is
attached below [Tamamis et al. 2008].
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Accurate Conformational Studies of Complement Inhibitors based on
Compstatin, by MD Simulations with Implicit- and Explicit-Water
Representations
Phanourios Tamamis and Georgios Archontis
Department of Physics, University of Cyprus, PO20537, CY1678, Nicosia, Cyprus.

Abstract
The 13-residue peptide compstatin prevents the cleavage of the complement system
component C3 by C3 convertase, and is a potential therapeutic agent against the
unregulated complement activation. In this work we employ implicit- (GB) and explicitsolvent simulations with recently optimized force fields, to study the solution properties of
three compstatin derivatives; a native analog that is acetylated (Ac) at the N-terminal, the
more active double mutant Ac-V4W/H9A-NH2 (W4A9) and the inactive single mutant AcQ5G-NH2. The simulations have a total duration of 400 ns and 172.8 ns in implicit and
explicit solvent. The results from the two solvent models are mutually consistent and
predict accurately the thermodynamically dominant experimental (NMR) conformation in
solution, a random coil with a 5-8 β-turn. Recent X-ray studies have shown that W4A9
binds to C3c (a proteolytic fragment of C3) in a different conformation, supporting the
hypothesis that mutations, which stabilize the observed bound conformation, may yield C3
inhibitors with higher activity. For the three analogs studied here, the similarity between the
simulation conformations (modeling the solution structure) and the bound conformation
increases with activity, in line with the above hypothesis. The success of the implicitsolvent model suggests that it can be used to study systematically a range of analogs in
solution and in the complex, in place of more costly, explicit-water simulations.
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1. Introduction
The complement system provides the first line of defence against foreign pathogens [1].
Inappropriate activation of the complement system may cause or aggravate several
pathological conditions, such as asthma, adult respiratory distress syndrome, hemolytic
anemia, rheumatoid arthritis, rejection of xenotransplantation, stroke and heart attack [2, 3].
Therefore, the development of drugs which can control the activation of complement is of
profound interest.
The 13-residue cyclic peptide compstatin prevents the proteolytic activation of complement
component C3 by binding to the C3 β-chain [3, 4, 5], and constitutes a promising candidate
for the therapeutic treatment of unregulated complement activation. Compstatin has the
sequence

Ile1-Cys2-Val3-Val4-Gln5-Asp6-Trp7-Gly8-His9-His10-Arg11-Cys12-Thr13-

NH2, and is maintained in a cyclic conformation via the disulfide bridge Cys2-Cys12.
Structural (NMR) and mutational studies have examined systematically the properties of
compstatin and several mutant derivatives in solution [6, 7, 8, 9, 10, 11, 12]. These studies
have shown that the dominant peptide conformation in solution corresponds to a random
coil, with the backbone segment 5-8 in a type-I β-turn conformation and the terminal
residues 1-3 and 12-13 in a hydrophobic cluster [8]. Residues of the 5-8 β-turn and the
hydrophobic cluster have been deemed critical for activity [6, 8], even though certain point
mutations can be tolerated, provided they preserve the chemical properties at the
corresponding sites (V3L, Q5N) [8].
Recent X-ray crystallography studies have determined the structure of the complex between
the complement component C3c (a major proteolytic fragment of C3) and the compstatin
double mutant V4W/H9A (W4A9) at a 2.4 Å resolution [3]. W4A9 is more active than
native compstatin by 45-fold (15-fold, compared to a native variant, acetylated at the Nterminal end [7, 8, 9]). W4A9 has similar structural features with native compstatin in
solution [8], but its conformation in the C3c complex is significantly different from the
solution structure. The 5-8 β-turn does not exist in the bound conformation of W4A9 and a
new β-turn is formed by residues 8-11. The average backbone Cα atom root-mean-square
(rms) difference between the solution and bound conformations is 3.7 Å [3].
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The activity of the various compstatin analogs depends partly on specific inter- and
intramolecular interactions, formed in the complex. In the case of W4A9, the critical for
activity residues Val3 and Trp7 are buried in hydrophobic pockets and participate in
hydrophobic interactions with C3c [3]. The Gln5 and Trp7 side chains form specific
hydrogen-bonding interactions with nearby residues; Trp4 is involved in intramolecular
CH-π and sulfur-aromatic interactions with Cys12. In addition to these interactions, the
stability of the novel conformation (relative to the solution structure may depend on the
sequence of the analog. In ref. [3] it was suggested that mutations which stabilize the ligand
conformation observed in the C3c complex may yield C3 inhibitors with higher activity.
Detailed computational studies of compstatin analogs can be used to check this hypothesis
and provide guiding information for the design of new inhibitors.
In this work, we take a step toward this direction. We study the conformational properties
of three compstatin derivatives (two active and one inactive) in solution; i) A native analog,
that is acetylated at the N-terminal end (NAT) and has 3-fold higher activity than unacetylated compstatin [7, 8, 9, 10]; ii) The double mutant W4A9 [12], which is 15-fold
more active than NAT; iii) the inactive single mutant N5G (G5) [7]. We employ extensive
MD simulations with implicit and explicit modeling of solvent effects, in conjunction with
high-quality force fields. The implicit-solvent simulations have a total length of 400 ns and
are based on the GBSW formulation of ref. [13]), with the optimized parameters and
backbone (CMAP) φ/ψ energy correction of [14]. The explicit solvent simulations have a
total duration of 172.8 ns, and employ the all-atom CHARMM22/CMAP force field [15,
16, 17, 18] with recent modifications of the indole parameters [19].
The two solvent treatments yield mutually consistent results. The dominant conformation is
a coil with a 5-8 β-turn, in accordance with the NMR experiments [6, 8]. The 5-8 αR-αR
type-I β-turn probability (55.6% and 52.7%, respectively, in explicit and implicit solvent)
falls within the NMR estimate (42%-63%) [6]. Importantly, the similarity between the
bound conformation and the simulation conformations increases with activity for the
analogs studied here, both in implicit and explicit solvent. This finding is consistent with
the above hypothesis [3] and suggests that the bound structure may constitute a target for
the development of improved inhibitors. The success of the optimized implicit-solvent
model that is employed here [13, 14] suggests that it can be used to study systematically a
range of analogs in solution and possibly in the C3c complex, in place of more costly,
144

explicit-water simulations.
Simulation studies of compstatin and analogs have been performed earlier, in implicit [12,
20, 21, 22] and explicit solvent [23]. As we analyze in detail in the discussion and
conclusions section, the present simulations employ more accurate force fields, have a
considerable longer duration and yield conformations and intramolecular interactions in
closer agreement with experiment.

2. Methods
Model: 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.The Nand C-termini of the three analogs were blocked, respectively, by −COCH3 (Ac) and −NΗ2
groups, as in [12, 22, 23]. All simulations were conducted with the molecular mechanics
program CHARMM, version c33a1 [24].
Explicit-water simulations: The peptide atomic charges, van der Waals and
stereochemical parameters were taken from the CHARMM22 all-atom force field [15],
including a grid-based (CMAP) backbone φ/ψ energy correction [16, 17, 18] and a set of
recent, slightly revised indole parameters [19]. The water was represented by a modified
TIP3P water model [25, 26].
Earlier NMR studies determined a family of 21 compstatin structures (PDB entry 1A1P
[6]). In structures 6 and 14 the disulfide dihedral angle 2Cβ - 2Sγ - 12Sγ - 12Cβ was set to 90° and +90°, respectively; in the remaining 19 conformations, the disulfide dihedral was
set to 180°. This averaged disulfide bridge conformation differs from the theoretical
minima of ±90° and reflects the absence of NOEs in the surrounding region (residues Ile1,
Cys2, Arg11, Cys12, Thr13) due to flexibility [6]. In the conditions of the simulations (a
temperature of 300 K and duration of 2-5 ns), the disulfide dihedral fluctuates around one
of the two minima. We thus performed several separate simulations, in which the initial
conformation was selected from the NMR family of 21 structures, and the angle 2Cβ - 2Sγ 12Sγ - 12Cβ fluctuated around +90° or -90°. The initial conformations are listed in table 1.
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For the NAT peptide we conducted two simulations (one around the +90° and one around
the -90° Cys2-Cys12 disulfide torsion minimum), starting from all 21 different NMR
structures, with the exception of structures 6 and 14, for which the disulfide dihedral angle
was retained near the value of the NMR conformation, respectively -90° and +90°. For G5
and W4A9 we conducted 10 simulations around the +90° minimum and 10 simulations
around the -90° (see table 1 for the starting conformations).
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 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 one peptide and 7921 water molecules (23975 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 side chains
in analogs G5 and W4A9 were constructed from the default internal coordinate values in
the CHARMM all-atom parameter and topology database files [15]. In all simulations, the
same initial water setup was used. For each initial conformation a 2.16 ns simulation was
conducted; snapshots were extracted at 5-ps segments from the last 2 ns and were used in
the analysis. The total duration of all 80 simulations (table 1) was 172.8 ns.
Cubic periodic boundary conditions were employed. Electrostatic interactions were
calculated without truncation by the particle-mesh Ewald method [27], with a parameter κ
= 0.33333 for the charge screening, and 6th-order splines for the mesh inter-polations. The
Lennard-Jones interactions between atom pairs were shifted to zero at a cutoff distance of
14 Å The temperature was kept at T=300 K by a Nose-Hoover thermostat [28, 29] using a
mass of 1000 kcal/ps2 for the thermostat. The pressure was maintained at P = 1 Atm with a
Langevin piston [30], using a piston mass of 500 amu, a piston collision frequency of 5 ps-1
and 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 [31].
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Implicit-solvent simulations: These simulations employed the GBSW implicit solvation
model of ref. [13], with the all-atom force field param22 and the optimized parameters and
CMAP backbone torsional corrections of ref. [14]. The default GBSW parameters were
used. The nonpolar solvation energy was approximated by the solvent- exposed surface
2

area, using a surface tension coefficient of 0.005 kcal/mol/Å . The simulations employed a
2-fs time step; Bond lengths to hydrogen atoms and the internal geometry of the water
molecules were constrained with the SHAKE algorithm to standard values [31].
For each analog we conducted the same number of simulations as in explicit solvent and
with the same disulfide-dihedral conditions (table 1). In each simulation, the initial peptide
conformation corresponded to the 100-ps snapshot in the production phase of the
corresponding explicit-water trajectory. Each GB simulation had a length of 5 ns, yielding a
total duration of 400 ns for all 80 simulations. Snapshots were extracted at 5-ps intervals
and used in the analysis.
Secondary structure and hydrogen bond analysis: To determine the secondary structure
content of the three systems, we analyzed snapshots extracted at 5-ps intervals with the
algorithm STRIDE [32] as implemented in VMD [33]. We investigated the hydrogen-bond
frequencies using CHARMM subroutines, a donor (D)-acceptor (A) hydrogen distance
cutof of 2.7 Å and a D-H-A angle cutoff of 90°.
Turn analysis: We classified the observed β-turns using the definitions of Wilmot and
Thornton [34]. The ideal internal backbone dihedral values of the various β-turn types are
summarized in footnote (a) of table 2 (see also table I of ref. [23] and [20, 35]). A segment i
− i + 3 forms a β-turn if; (1) the distance Ciα − Ci+3α ≤ 7 Å, (2) residues i + 1, i + 2 are not
helical, and (3) the φ and ψ angles of residues i + 1, i + 2 fall within 30° of the ideal values,
with one dihedral allowed to deviate by 45° [20].
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3. Results
Secondary Structure Analysis. Fig. 1 shows secondary-structure probability profiles for
the three analogs. The two solvent models are mutually consistent and agree with the NMR
structures [6]. The major conformational feature in all peptides is the 5-8 β-turn, as in the
NMR experiments [6]. The formation of α-helical and β-sheet elements is infrequent, in
agreement with the lack of corresponding NOEs in the NMR spectra. Residues outside the
5-8 region are disordered, or participate in less populated β-turns. The formation of such
turns is not precluded from the NMR experiments. In fact, several fused turns are observed
in the NMR data (see fig. 9 in [8]). In the W4A9 spectrum, HNα (i+1) – HNα (i+2) and
HNα (i+2) – HNα (i+3) NOE cross peaks suggest the formation of a 5-8/6-9 fused turn (the
definitive Hα(i) – HNα (i+2) NOE is missing due to conformational averaging).
The two active analogs NAT and W4A9 have very similar profiles. In the case of the
inactive analog G5, the profile is different in the region 9-12, where the residue turn
propensity is higher compared to the coil propensity. This may imply that G5 is less flexible
and has a reduced capacity to undergo the conformational transition observed in the C3c
complex. We show below that the average root-mean-square difference (rmsd) between the
conformations in solution and in the complex is larger for G5, compared to the two active
analogs.
The frequencies of the observed 5-8 β-turn types are listed in table 2. The most important
category is αR-αR, which includes types I and III [20, 34, 35]. In the case of NAT, the αR-αR
type-I turn is observed with probability 52.7% and 55.6%, respectively, in implicit and
explicit solvent; both values fall in the NMR range (42%-63%) [6]. The αR-αR 5-8 turn
frequency correlates with activity, ie. it is somewhat higher (63.5%-69.0%) in the more
active compound W4A9 and lower (45.4%-46.7%) in the inactive compound G5. A small
number of α-β turns are also observed. The category "other" includes turns which satisfy
the first two criteria listed in the methods section. A small fraction of these conformations
(with probability less than 0.6%) satisfy also the third criterion and belong to one of the
categories αL-γ, αL-αL, β-γ, ε-αR) [20, 34]; the remaining turns do not belong to any of the
standard categories. The population of these turns is somewhat more elevated in explicit
solvent.
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The root-mean-square differences (rmsd) between the simulation and experimental
conformations of the backbone segment 1-13 are listed in table 3. For each analog, they are
averaged over the simulation snapshots and the 21 NMR structures. The smallest rmsd
values correspond to the native analog, and the largest to G5. The explicit-solvent
conformations are in somewhat closer agreement with the NMR structures, (the rmsd is 2.32.9 Å in explicit solvent, compared to 2.8-3.3 Å in GB). Nevertheless, the GB simulations
capture conformations in very close agreement with the experimental structures. An
example of such a conformation from the NAT GB simulations is shown in fig. 2,
overlayed along the 12-th NMR conformation; the backbone rmsd of two conformations is
0.97Å.
The good agreement of the 5-8 β-turn frequencies (table 2) and the secondary-structure
profiles (fig. 1) suggest that the implicit and explicit-solvent treatments yield mutually
consistent results for a range of compstatin analogs with variable activity. Furthermore, the
prediction of a random coil/β-turn as the main conformation in solution (fig. 1) in accord
with the NMR structures [6], and the quantitative agreement with the NMR-estimate for the
5-8 β-turn frequency suggest that both solvent models capture the main conformational
properties of the free peptides in solution.
Hydrogen-Bond Analysis. The observed hydrogen bonds (hb) were classified into main
chain-main chain (mc-mc), side chain-main chain (sc-mc) and side chain-side chain (sc-sc).
The criteria employed to determine the presence of hydrogen bonds have been presented in
the methods section.
The mc-mc hb occupancies are shown in fig. 3. The observed hb motifs are similar in the
GB and explicit-solvent maps, except that the hb probability distribution is somewhat
narrower and more sharply peaked in explicit solvent. The highest-frequency mc-mc
hydrogen bonds correspond to residue pairs 5(CO)-8(NH) (all analogs) and 6(CO)-9(NH)
(NAT, W4A9). The hb 5(CO)-8(NH) is indicated in the simulation structure of fig. 2).
Some hb peaks are suppressed in the explicit-solvent map of W4A9 (upper right plot in fig.
3). This could imply that W4A9 is more flexible, in accord with earlier NMR studies of the
same compound and the single mutant H9A [8].
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The sc-mc hb occupancy maps are shown in fig. 4. The side chains of residues Trp4 (W4A9
analog), Gln5 (NAT, W4A9), His9 (NAT, G5) and Asp6, Trp7, His10, Arg11 and Thr13
(all three analogs) have hydrogen-bonding capacity. The most important interactions are
formed by Gln5 (in analogs NAT, W4A9) and His9 (NAT, G5). The Gln5 sidechain
interacts mainly with the Gly8 NH group. In implicit solvent, the Gln5 interactions are
somewhat weaker and less localized. His9 interacts with the entire backbone and especially
with the Gln5 and Asp6 moieties. Trp4 (in W4A9) and Trp7 stay exposed to the solvent and
do not interact with the backbone. Asp6 forms some interactions with the backbone in
peptides W4A9 and G5. In the native compound, the His9 side chain is frequently
positioned toward the peptide interior, preventing the Asp6 sidechain from approaching the
backbone. The side chain-side chain interactions are infrequent in both solvent models. The
corresponding maps are shown in the accompanying Supplementary Material.

Comparison with the compstatin conformation in the complex with C3c.
NMR studies of the free analog W4A9 in solution suggest that it is somewhat more flexible
than native compstatin, but maintains its basic structural features (a 5-8 β-turn with the rest
of the peptide in random coil) [8]. The conformation of W4A9 in the complex with the
complement component C3c was recently determined by X-ray crystallography [3]. This
conformation is overlayed over the 12-th NMR structure of native compstatin (of fig. 2) in
the upper plot of fig. 5. The 5-8 β-turn does not exist in the complex, whereas a new β-turn
is formed by residues 8-11. The Cα atom rmsd of the two backbones is 3.34 Å.
The peptide conformation in the C3c complex may constitute a novel target for the design
of improved complement inhibitors. As suggested in ref. [3], it may be possible to increase
the potency of compstatin analogs by mutations, which stabilize the bound conformation
relative to the conformation in solution. Since the three analogs studied here have variable
activity (W4A9 is 15-fold more active than NAT and G5 is inactive), a step toward testing
the above hypothesis is to check whether the similarity betwen the solution conformations
of the three analogs and the bound conformation increases with activity.
The rms differences between the bound and simulation conformations are listed in table 3.
The values for the entire backbone (entry 1-13) range between 3.5-4.1Å, i.e. they are
comparable with the average 3.7 Å rms difference between the NMR (solution)
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conformation and the bound structure. If we use the backbone segment 5-11 to align the
simulation conformations along the bound conformation, and compute separately the rmsd
values for segments 5-8 and 8-11 (entries 5-8 and 8-11 in table 3), we obtain larger values
for the latter. The same holds, if we align the NMR conformations along the bound
conformation (the corresponding rmsd values are enclosed in parentheses). Thus, the
difference between the simulation (or NMR) and bound conformations is larger in the
region 8-11.
The rmsd values for the total backbone (1-13) and for segment 5-11 decrease from G5 to
W4A9, implying that the similarity between the solution conformations of each analog and
the ligand conformation in the W4A9:C3c complex increases with activity. This is better
established in fig. 6, which shows rmsd probability distributions for the entire backbone. In
both solvent models, the most active compound (W4A9) has a larger fraction of small-rmsd
conformations, followed by NAT and the inactive compound G5. This order is reversed in
the high-rmsd region of the histograms. The lower plot of fig. 5 shows a comparison
between the conformation of W4A9 in the complex and a representative, low-rmsd (1.72 Å)
W4A9 conformation from the implicit-solvent simulations. The two structures are notably
similar in the region 5-11, and differ mostly at the two termini and at the internal residue
Trp4. In the complex, the conformation of the Trp4 backbone moiety is stabilized by two
intermolecular interactions, with the backbone CO group of Gly345 and the side chain NE
atom of Arg 456 [3].
The three peptides explore a more diverse set of conformations in the implicit-solvent
simulations. Indeed the GB probability distribution (fig. 6) is consistently broader than the
corresponding explicit-solvent histogram for each peptide. Nevertheless, the averages of the
distributions are similar (3.73/3.78 Å for NAT; 3.54/3.47 Å for W4A9 and 4.06/4.03 Å for
G5, as reported in table 3). For NAT and W4A9, these averages are mainly determined by
large peaks, which occur at the same regions in the explicit and implicit-solvent histograms
(3-4 Å for NAT and 3-3.5 Å for W4A9). For G5, the implicit-solvent histogram has an
additional large peak at an rmsd of 5 Å; thus, the agreement is more fortuitous for this
peptide.
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4. Discussion and conclusions
The activity of the various compstatin analogs may depend partly on specific inter- and
intramolecular interactions, formed in the complex. In particular, the Val3 side chain makes
extensive hydrophobic contacts with Met346, Pro347, Leu454, Arg456 [3]. The main chain
of the same residue forms intramolecular interactions with the Gln5, His10 and Cys12 main
chain (see supplementary table II of ref. [3]). The Gln5 side chain hydrogen bonds to the
Leu455 main chain and the Asp491 side chain. Trp7 forms a hydrogen bond with the main
chain of Met457 and makes extensive hydrophobic contacts with Leu455, Arg459, Glu462.
All these residues are critical for activity [6, 8], even though some certain propertypreserving point mutations are tolerated (V3L, Q5N) [8].
The conformation of W4A9 in the complex with C3c [3] is significantly different from the
conformation of native compstatin [6] and analogs [8] in solution. In addition to the above
interactions, the stability of the novel conformation (relative to the solution structure)
depends possibly on the sequence of the analog. Our simulations show that the similarity
between the solution conformations and the bound conformation increases from the inactive
analog (G5) to the highest-activity analog (W4A9). This supports a hypothesis introduced
in ref. [3], that mutations which stabilize the peptide conformation observed in the
W4A9:C3c complex may yield inhibitors of higher potency.
Simulation studies of compstatin and some of its analogs have been performed earlier. The
implicit-solvent simulations of [12, 20, 21, 22] employed a polar-hydrogen energy function
for the peptide interactions [24] and a compatible generalized-Born representation for the
solvent [36]. The simulations did predict a random coil/5-8 β-turn, in agreement with the
NMR structures [20]. However, they also suggested the formation of β-hairpin and αhelical elements (respectively with 34.1 % and 6.1 % probability), which were not
supported by corresponding NOEs in the NMR spectra. These motifs are rarely observed in
our current simulations. The implicit-solvent simulations of [22] also indicated the
formation of a strong π-stacking Trp4-Trp7 interaction in the double-mutant W4A9, and a
persistent electrostatic Asp6-Arg11 electrostatic interaction in various analogs. The NMR
data did not depict these interactions because the NOE effect measures inter-proton
distances up to 5-6 Å. In the current simulations, these interactions are sparse (see fig. 1 in
the Supplementary Material).
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Our earlier explicit-water simulations of ref. [23] did not employ the CMAP grid correction
[16, 17, 18] or the improved indole parameters [19], and used a smaller set of starting
structures (49 resulting in a total simulation length of 98 ns, compared to 80 structures and
a simulation length of 172.8 ns in this work; see methods). The CMAP correction improves
the accuracy of the explicit-solvent simulations. The average rms difference between the
simulation and NMR backbone conformations of native compstatin is, respectively, 2.32 Å
with the CMAP correction (table 3) and 2.58 Å without the correction [23]. The 5-8 αR-αR
type I β-turn probability (55.6%) is within the NMR estimate (41-62%). In the simulations
without CMAP, the αR-αR type-I probability was 21.0%-21.7% and the total αR-αR turn
probability was 36.3-33.5% [23]. The simulations without the CMAP correction predicted
that the turn probability increased from the active toward the inactive analog [23]; here, it
increases with activity (table 2). Interestingly, the CMAP correction decreases the rms
difference between the simulation (solution) conformations and the bound conformation.
This is discussed further in the Supplementary Material.
In summary, in this work, we studied by simulations the solution properties of native
compstatin, acetylated at the terminal end (NAT), the inactive single mutant N5G (G5) and
the double mutant V4W/H9 (W4A9), which is by 15-fold more active than NAT. For all
three peptides we conducted extensive simulations with high-quality implicit (GBSW) [13,
14] and explicit-solvent force fields [15, 16, 17, 18, 19]. The simulation structures obtained
with both solvent models are mutually consistent and agree quantitatively with the
thermodynamically dominant conformation predicted by NMR [6, 8]. The success of the
implicit-solvent model suggests that it may be used in systematic studies of a range of
analogs, in place of more expensive explicit-water simulations. In future work, we plan to
extend our study to several analogs in the C3c complex and in solution, with this implicit
solvent model. This will provide insights on the structural and energetic differences of the
peptides in the complex, and may assist in the design of better inhibitors.
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Table 1: NMR structures used as initial peptide conformations in the simulations
Peptide

Structuresa

NAT+b

1,2,3,4,5,7,8,9,10,11,12,13,14,15,16,17,18,19.20,21

NAT-

1,2,3,4,5,6,7,8,9,10,11,12,13,15,16,17,18,19.20,21

G5+

11,12,13,14,15,16,17,18,19.20

G5-

1,2,3,4,5,6,7,8,9,10

W4A9+

11,12,13,14,15,16,17,18,19.20

W4A9-

1,2,3,4,5,6,7,8,9,10

a

The numbers refer to the 21 NMR low-energy structures (entry 1A1P [6]) of the native unacetylated peptide.

The initial atomic coordinates of the N-terminal blocking group (all analogs) and the mutated side chains (G5
and W4A9) were constructed from the default internal coordinate values in the CHARMM all-atom parameter
b

and topology database files [15]. Signs "+/−" denote trajectories with the disulfide dihedral 2Cβ - 2Sγ - 12Sγ
- 12Cβ in the +90°/− 90° minimum (see text).
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Table 2: Frequencies of turn formation in the MD simulations of the three peptidesa.
Turn type

NAT

NAT

W4A9

W4A9

G5

G5

Implicit

Explicit

Implicit

Explicit

Implicit

Explicit

60.7(26.8)

59.9(28.8)

63.5(22.6)

69.0(20.2)

45.4(28.3)

46.7(27.7)

αR-αR, type I

52.7(24.2)

55.6(27.3)

56.3(22.0)

61.0(21.7)

39.8(24.3)

40.5(25.4)

αR-β

1.0 (2.5)

0.6(2.6)

1.0(3.2)

0.0(0.0)

1.9(4.5)

0.9(3.3)

Other

3.8(3.5)

11.9(18.8)

14.0(17.4)

23.9(27.7)

4.7(3.9)

5.8(7.6)

Total turn

65.5(26.0)

72.4(29.5)

69.2(23.4)

74.8(21.5)

61.3(31.9)

71.5(29.2)

αR-αR

b

a

The turn formation criteria are included in the Methods section. The standard deviations of the results from
b

the 2-ns (explicit) and 5-ns (implicit solvent) trajectory segments are included in parentheses. The x-y
nomenclature employed in the table was introduced by Thornton [34], with the first and second component
denoting, respectively, the (φ, ψ) region in the Ramachandran map of internal residues i + 1 and i + 2. The
four regions of the Ramachandran map are: 1) β-region, with φ ≤ 0°, ψ > 60° or ψ <−120°, 2) αR region with

φ≤ 0°,−120°≤ ψ≤ 60°, 3) αL/γ region with φ > 0°, ψ < 110° or ψ >−70° and 4) ε−region with φ > 0°, ψ ≥ 110°
or ψ≤ −70°. The αR-αR category includes type-I and type-III turns. The ideal turn values are: αR-αR type-I turn,

φi+1= −60°, ψi+1= −30°, φi+2= −90°, ψi+2= 0°; αR-αR type-III turn, φi+1= −60°, ψi+1= −30°, φi+2= −60°, ψi+2=
−30°; αR-β turn, φi+1= −60°, ψi+1= −30°, φi+2= −120°, ψi+2= 120°; αL-γ turn, φi+1= 60°, ψi+1= 30°, φi+2= 90°,

ψi+2= 0°; αL-αL turn, φi+1= 60°, ψi+1= 30°, φi+2= 60°, ψi+2= 30°; β-γ turn, φi+1= −60°, ψi+1= 120°, φi+2= 80°,
ψi+2= 0°; ε-αR turn, φi+1= 60°, ψi+1= −120°, φi+2= −80°, ψi+2= 0° [20,34].
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Table 3: Root mean square difference (rmsd) between the simulation conformations and the
experimental conformation of the ligand backbone in solution (NMR) [6], or in the C3c
complex (X-ray) [3].
NAT
Implicit

W4A9
Explicit

Implicit

Explicit

G5
Implicit

Explicit

3.26

2.92

RMSD from the solution structure [6]a
1-13 b

2.78

2.32

2.89

2.40

RMSD from the structure in the C3c complex [3]
1-13 b

3.73

3.78

5-11 b

2.41

c

8-11 c

5-11

3.54

3.47

4.06

4.03

2.52 (2.62) d

2.32

2.47

2.64

2.92

1.91

1.77 (1.73)

d

1.89

1.83

2.22

2.29

2.66

2.99 (3.18)d

2.55

2.86

2.83

3.31

a

All values in Å. The rms differences are averaged over simulation snapshots (extracted at 5-ps intervals) and
b

all 21 NMR structures [6]. The simulation and bound ligand conformations were aligned using the entire
c

backbone moiety 1-13. The simulation and bound ligand conformations were aligned using the backbone
moiety 5-11. dFor comparison, we list in parentheses the average rmsd between the NMR conformations [6]
and the bound conformation of the ligand in the C3c complex [3]. As in (c), the NMR and bound
conformations were aligned using the backbone moiety 5-11.
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Figure 1: Secondary-structure profiles for W4A9 (upper plot), NAT (middle plot) and G5
(lower plot). The profiles were computed from the simulation trajectories with the program
Stride [32], as implemented in VMD [33]. The "helical" motifs observed in our simulations
are 310(mainly) and α−helices; the observed "beta" motifs are isolated β-bridges, involving
mainly residue pairs 4-8 (W4A9) and 4-10 (NAT, G5).
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Figure 2:

Cross-eye stereo picture, comparing the 12-th NMR structure of native

compstatin (PDB entry 1A1P [6]) (colored by atom type) with a low-rmsd (0.97 Å)
conformation from the GB simulations (in cyan). The first and last residues are indicated.
Side-chain atoms are omitted.
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Figure 3: Main chain-main chain hb occupancy maps. Upper panel: W4A9 map; middle
panel: NAT map; lower panel: G5 map. The left and right column correspond,
respectively, to implicit- and explicit-solvent simulations.
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Figure 4: Main chain-side chain hb occupancy maps. The numbers in the x− and y−axis
correspond, respectively, to main-chain and side-chain moieties. Upper panel: W4A9 map;
middle panel: NAT map; lower panel: G5 map. The left and right column correspond,
respectively, to implicit- and explicit-solvent simulations.
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Figure 5: Upper plot: Cross-eye stereo picture, comparing the W4A9 conformation in the
C3c complex [3] (colored by atom type) with the conformation of native compstatin in
solution (in cyan). The solution conformation corresponds to the 12-th structure in the
family of 21 NMR structures (PDB entry 1A1P) of ref. [6]. The rms difference between the
shown structures is 3.34Å. Lower plot: Cross-eye stereo picture, comparing the W4A9
conformation in the complex (colored by atom type) with the lowest-rmsd W4A9
conformation from the GB simulations (in pink). The rms difference between the two
structures is 1.72 Å. The first and last residues are indicated. Side chain atoms are omitted.
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Figure 6: Probability-density distributions of the rms differences between the ligand
conformation in the C3c complex and in the simulations. The entire backbone (residues 113) is included in the structural alignment and the rmsd calculation. "TIP3P" and "GBSW"
denote, respectively, the explicit and implicit-solvent distributions.
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Supplementary Material
Side chain - side chain hydrogen bonds, observed in the MD simulations.
The sc-sc hb occupancy maps are shown in fig. 1. The maps have smaller occupancies with
respect to the mc-mc and mc-sc maps (see figs. 3-4 in the main text), suggesting that the
interactions between side chains are infrequent. The implicit and explicit solvent maps are
fairly similar, especially for analog G5. In explicit solvent, the most important interactions
correspond to pairs Gln5-His10 (NAT, W4A9) and His9-Arg11 (NAT). These interactions are
weaker in implicit solvent. Notably, the persistent Asp6-Arg11 and Trp4-Trp7 interactions
suggested by the implicit-solvent simulations of ref [1] are not seen here.
Comparison between the explicit-solvent simulations with the backbone CMAP (current
work) and without the CMAP correction (ref. [2]).
As discussed in the main text, the inclusion of the backbone CMAP correction [3, 4, 5] in the
explicit-solvent simulations yields conformations in closer agreement with the NMR
conformation (the rmsd from the solution conformations is decreased, and the estimate for the
5-8 αR-αR type-I turn probability is improved). Interestingly, the inclusion of CMAP improves
also the agreement between the simulation conformations and the ligand conformation in the
C3c complex. Fig. 2 shows histograms of the backbone rmsd differences between the bound
conformation and the explicit-solvent simulations of the current work (with the CMAP
correction), or the simulations of ref. [2] (without the CMAP correction). With the CMAP
correction, there is a larger fraction of conformations with smaller rms difference from the
bound structure.
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Figure 1: Side chain-side chain hb occupancy maps. Upper panel: W4A9 map; midde panel:
NAT map; lower panel: G5 map. The left and right column correspond, respectively, to the
implicit- and explicit-solvent simulations.
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Figure 2: Probability-density distributions of the rms differences between the ligand
conformations in the complex and in the explicit-solvent simulations with the CMAP correction
(current work) or without the CMAP correction (ref. [2]). The entire backbone (residues 1-13)
is included in the structural alignment and the rmsd calculation.
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Chapter 10: Species Specificity of the Complement Inhibitor Compstatin
by All-Atom Molecular Dynamics Simulations
In the current study, we conduct MD simulations of complexes involving the compstatin
double mutant analog Val4Trp/His9Ala (W4A9) and the human or rat C3 protein [Tamamis
et al. 2010a]. The simulations are based on a recently determined X-ray crystallographic
structure of the complex between C3c (a fragment of C3) and W4A9 [Jannsen et al. 2007].
Despite the insights gained from the crystallographic structure, several questions still
remain. In particular, experimental studies have demonstrated that compstatin is active
against human and other primate C3 proteins, but fails to inhibit C3 activation in nonprimate mammals [Sahu et al. 2003]. The goals of our simulations are: (i) to gain insights
on the activity of W4A9 for the human C3 protein; these insights may be used to design
improved inhibitors of the human protein. (ii) To understand the lack of compstatin activity
against the C3 protein from non-primate species; this understanding could be used to design
active inhibitors, which may be used in models of human disease.
Our simulations of the human complex are in agreement with the recently determined
crystallographic structure and interactions [Jannsen et al. 2007]. According to our results,
residues Trp7, Trp4, His10, Gln5, Val3, Ile1, Cys2 and Ala9 contribute significantly (in
decreasing order) to the stability of the complex. On the contrary, the simulations
demonstrate that the rat C3 protein undergoes local conformational changes, involving
mainly the sectors 388-393 and 488-493, which disrupt polar and non-polar interactions
with compstatin and reduce the stability of the complex. In the rat complex simulations,
almost all intermolecular hydrogen bonds and side chain contacts have consistently smaller
occupancies compared to the human simulations.
Moreover, our simulations provide insights towards the design of active inhibitors against
rat (or other non-primate) C3 proteins, which may have potential interest in in vivo clinical
trials by pharmaceutical companies on rats. Introduction of a charged or polar side-chain in
compstatin position 1 may replace the lost Ile1-Asn390 and Cys2-Asn390 hydrogenbonding interactions in the rat complex with interactions involving other proximal residues,
such as Asp349, Ser387 and Ser436. Similarly, introduction of a positively charged residue
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to position 9 or 10 (e.g., a move of the Arg side-chain from position 11) may restore some
of the lost interactions in the rat complex, between Ala9/His10 and the Asp491 side-chain.
All work carried out in this study is described in detail in a manuscript being submitted for
publication. An extended version of the manuscript is attached below [Tamamis et al.
2010a].
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Abstract
The development of compounds to regulate the activation of the complement system in
non-primate species is of profound interest, because it can provide models for human
diseases. The peptide compstatin inhibits protein C3 in primate mammals and is a potential
therapeutic agent against unregulated activation of complement in humans, but is inactive
against non-primate species. Here, we elucidate this species specificity of compstatin by
molecular dynamics simulations of complexes between the most potent compstatin analog
and human or rat C3. The results are compared against an experimental conformation of the
human complex, determined recently by X-ray diffraction at 2-9 Å resolution. The humancomplex simulations provide quantitative information on the relative contributions to
stability from specific C3 and compstatin residues. In the rat simulations, the protein
undergoes reproducible conformational changes, which eliminate or weaken specific
interactions and reduce the complex stability. The simulation insights can be used to design
improved compstatin-based inhibitors for human C3 and active inhibitors against lower
mammals.
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1. Introduction
The complement system provides the first line of defence against foreign pathogens [1].
The role of the component system in host defence involves opsonization, inflammation and
lysis and includes autoimmunity, clearance of immune complexes, debris removal and
response to tissue injury. Activation of the complement system proceeds through the
convergence of three independently activated, but related pathways (classical, alternative
and lectin) to a common pathway. The convergence point is the cleavage of protein C3 to
C3b and C3a. Inappropriate activation of the complement system may cause or aggravate
several pathological conditions, such as asthma, adult respiratory distress syndrome,
hemolytic anemia, rheumatoid arthritis, rejection of xenotransplantation, stroke and heart
attack [2,3]. Therefore, the development of drugs that can control the activation of
complement is of profound interest. Protein C3 is essential in all pathways and represents a
good target for complement inhibition.
The 13-residue cyclic peptide compstatin prevents the proteolytic activation of complement
component C3 by binding to the C3 β-chain [3, 4, 5], and constitutes a promising candidate
for the therapeutic treatment of unregulated complement activation. Compstatin has the
sequence

Ile1-Cys2-Val3-Val4-Gln5-Asp6-Trp7-Gly8-His9-His10-Arg11-Cys12-Thr13-

NH2 and is maintained in a cyclic conformation via the disulfide bridge Cys2-Cys12. It was
first discovered using a phage-displayed random peptide library for binding against C3b
[6]. Structural (NMR), mutational and computational studies have examined systematically
the properties of compstatin and several mutant derivatives in solution [4, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20]. These studies have shown that native compstatin is
highly flexible in solution, and possesses a thermodynamically dominant conformer, with
residues 5-8 in a type I β-turn (probability 42-63%) [7],and the terminal residues 1-4 and
12-13 in a hydrophobic cluster [10].
Recent X-ray crystallography studies have determined a 2.4 Å resolution structure of the
complex between the complement component C3c (the major proteolytic fragment of C3)
and the N-terminal acetylated (Ac) double mutant Ac-Val4Trp/His9Ala (W4A9) [3]. W4A9
is more active than native compstatin by 45-fold (15-fold, compared to a native variant,
acetylated at the N-terminal end [4, 9, 10, 12, 16, 21, 22]. Its conformation in the C3c
complex is significantly different from the thermodynamically dominant conformer of
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native compstatin in solution; the 5-8 β-turn becomes extended, and a new β-turn is formed
by residues 8-11. The average backbone Cα-atom root-mean-square difference between the
conformation of W4A9 in the complex and the thermodynamically dominant conformation
of native compstatin in solution is 3.7 Å [3].
Mutational studies have shown that residues 5-8 and portion of the N-terminal hydrophobic
cluster (residues 2,3, and 12 out of 1-4) are critical for activity [7, 10], even though certain
point mutations can be tolerated, provided they preserve the chemical properties at the
corresponding sites (Val3Leu, Gln5Asn) [10]. The activity of the various compstatin
analogs depends partly on specific inter- and intramolecular interactions, formed in the
complex. In the case of W4A9, the critical for activity residues Val3 and Trp7 are buried in
hydrophobic pockets and participate in hydrophobic interactions with C3c [3]. The Gln5
and Trp7 side chains form specific hydrogen-bonding interactions with nearby residues.
Despite the insights gained from the crystallographic structure, several questions still
remain. The development of higher-activity compstatin-based inhibitors against human C3
is an area of active research [4, 10, 12, 13, 14, 15, 16, 23, 24, 25]. Furthermore,
experimental studies have demonstrated that compstatin is active against other primate C3
proteins, but fails to inhibit the activation of proteins from lower mammalian species [6,
26]. This is an important question, because the development of effective inhibitors against
non-primate species can be used to test disease models in non-primate animals. A sequence
alignment of primate and non-primate C3 proteins is shown in SI Fig. SF1. Experiments of
compstatin analogs with a large number of non-primate mammalian species have shown
that the lack of compstatin activity against these proteins is not due to steric or electrostatic
repulsion between the ligand and the protein [26]. It is thus plausible that the lack of
compstatin binding is due to the loss of specific interactions and/or due to structural
rearrangements of the non-primate proteins.
Molecular dynamics (MD) simulations provide detailed information on the structural
properties and stabilizing interactions of biomolecular systems [27, 28]. In the present
work, we employ multi-ns MD simulations to compare complexes of the double-mutant
W4A9 with the human C3c protein and the rat C3c protein from rattus norvegicus. The
simulations of the human C3c:W4A9 complex are in agreement with the corresponding,
recently determined crystallographic structure [3] and reproduce well the interactions
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observed in the crystal complex. An analysis identifies important intermolecular
interactions contributing to the stability of the complex, and provides an interpretation of
the above mutational results in terms of specific interactions.
The simulations of the rat C3c complex provide significant insights on the lack of
compstatin activity against the C3 protein from rat and other non-primate mammals. The rat
C3 protein undergoes local conformational changes, which disrupt the interactions with the
ligand and reduce the stability of the complex. These changes are reproducible in several
independent runs. Furthermore, the behavior of the systems provides insights for the
development of higher-activity compstatin analogs against human C3c and active analogs
against lower mammalian species.

2. Results
The simulations are summarized in Table ST1 of the SI. In the human system, we
conducted two runs of the complex (H1 and H2 in Table ST1) and one of the free protein
(FH1). In the rat system, we performed three runs with the complex (R1-R3) and one run
with the free protein (FR1). Details of the simulation protocols are presented in the Methods
section.

Human C3c:W4A9 Complex

Crystallographic Structure:
Native compstatin is highly flexible in solution, and possesses a thermodynamically
dominant conformer, with residues 5-8 in a type I β-turn (probability 42 – 63 %) [7] and the
terminal residues 1-4 and 12-13 in a hydrophobic cluster [10]. NMR and computational
studies suggest that analog W4A9 has a similar conformation with native compstatin in
solution [16, 18]. The same analog W4A9 binds to human C3c in a different conformation,
shown in Fig. 1 [3]. Region 5-8 is extended, enabling the ligand to contact four protein
sectors; the N-terminal residues 1-5 are parallel to C3c main-chain segments 345-349 and
388-393, Trp7 is intercalated between main-chain segments 455 - 458 and 488 – 491 and
residues 9-10 interact with residues 488-492 (fig. 1 and ref [3]). The W4A9 main-chain
forms a new β-turn in the region 8-11, enabling the segments 10-12 and 1-4 to interact via
two intramolecular hydrogen bonds (Val3 NH – His10 CO and Val3 CO – Cys12 NH).
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Simulation Conformations:
The simulations and interactions of the complex preserve faithfully the crystallographic
structure (PDB Code 2QKI) [3]. Root-mean-square differences (RMSD) between the
simulation and crystallographic conformations are reported in SI Table ST2. The RMSD
values in the last one ns are 0.71-0.94 Å for the C3c main-chain heavy atoms and less than
1.15 Å for the four proximal to W4A9 sectors. In the free C3c simulation, sectors 344-349
and 454-462 have somewhat larger RMSD values (respectively 1.33 Å and 1.47 Å).
However, when compared against the experimental structure of free C3c (PDB code: 2A74)
[29], the corresponding RMSD values become 1.16 Å. Thus, the ligand interactions
probably assist these two sectors to retain their observed position in the C3c:W4A9
complex.
The RMSD values for the ligand backbone are 1.73-1.80 Å, demonstrating that W4A9 stays
very near the experimental docking conformation throughout the runs. After alignment with
the crystallographic conformation of the ligand backbone, the corresponding RMSD values
are 1.0-1.2 Å. Thus the bound conformation is very well preserved; the turn 8-11 and the
intramolecular β-bridge Val3-His10 are always present. This is illustrated in SI video 1,
which displays a trajectory corresponding to human run H1.

C3c – W4A9 interactions
Mutational studies have shown that residues Val3, Gln5 and Trp7 are critical for compstatin
activity [10, 12, 13, 14, 16], also, the substitutions Val4Trp and His9Ala increase the
W4A9 activity by 45 times, compared to native compstatin [16]. Our simulations show that
these residues make several strong polar and non-polar contacts with the protein. The lower
panel of Fig. 2 displays intermolecular interaction energies for W4A9 and C3c residues,
computed with eq. (S3) of SI Methods. Table ST3 of the SI lists the statistics of
intermolecular and intramolecular (W4A9) hydrogen-bonding pairs. SI Fig. SF2 contains
contact maps for selected protein-ligand side-chain pairs.
Inspection of the lower panel of Fig. 2 shows that W4A9 residues 1 - 5 and 7 - 10 interact
strongly with residues in the proximal sectors 345 - 349, 388 - 393, 454 - 462 and 488 492. Fig. 3a shows a representative simulation conformation of the binding site, illustrating
the important hydrogen-bonding interactions. The N-terminal residues Ile1 and Cys2 form
hydrogen bonds with the side-chain of Asn390. The Trp4 main-chain makes a very stable
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hydrogen bond with Gly345 CO and a somewhat weaker interaction with the side-chain of
Arg456. The Gln5 side-chain makes two intermolecular hydrogen bonds with main-chain
groups of Leu455 and Met457 and an additional intramolecular hydrogen bond with the
Trp7 main-chain. These bonds participate in a cluster of interactions, involving the groups
Trp7 NE1, Met457 CO, Met457 NH, Gln5 OE1, Gln5 NE2 and Trp7 CO (Fig. 3a). The
Trp7 side-chain intercalates between sectors 455 - 458 and 488 - 491, making a stable
hydrogen bond with Met457 CO and a more distant interaction with Gln5 OE1. The mainchain NH groups of Ala9 and His10 form very stable hydrogen bonds with the Asp491
side-chain. The side-chain of His10 makes an additional, less stable interaction with the
Asp491 side-chain.
Fig. 3b illustrates important non-polar contacts, contributing to the affinity of the complex.
The Val3 side-chain forms a stable hydrophobic cluster with Met346, Pro347 and Leu454.
The Trp4 side-chain packs between the Cys2 - Cys12 disulfide-bridge and Pro393. The
Trp7 side-chain makes contacts with the non-polar parts of Gln5, Met457, Arg459 and
Glu462. The His10 side-chain is also near a hydrophobic nucleus formed by Leu454 and
Leu492. Possibly, the His9 side-chain interferes with the interactions of His10 in the nativecompstatin:C3 complex. The remaining residues (Asp6, Arg11 and Thr13) are exposed to
the solvent and contribute little to the stability of the complex.

Rat C3c:W4A9 complex
The total RMSD of the protein main-chain heavy atoms from the starting (crystallographic)
structure were 0.89-1.12 Å in the various runs (see SI Table ST2), comparable to the
corresponding values for the human C3c simulations. Specific sectors of the protein tend to
be more flexible. This is illustrated in SI Fig. SF4, which displays the crystal structure
colored according to the average residue-RMSD values of the final conformations in runs
R1-R3 (blue regions indicate low and white-to-red high RMSD values). The conformations
at the end of the three runs R1-R3 are also included in the figure. Interestingly, in all rat
C3c runs the protein main-chain moiety 388-393 has a noticeably larger RMSD (1.51-2.13
Å), compared to the human complex (see SI Fig. SF4 and SI Table ST2). Sector 388-393
contains four mutations, including the displacement of a proline residue from position 393
in human C3c to position 392 in rat (see alignment in SI Fig. SF1). In the human complex it
packs against the C3c main-chain segment 345-349 and the W4A9 N-terminal moiety 1-4
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on one side, but is relatively exposed to solvent on the other side. In the rat simulations, this
sector is displaced in the same direction, away from the ligand. This is shown in SI Fig.
SF4 and SI Video 2 which displays a trajectory corresponding to run R3). This behavior is
also observed in independent simulations of seven other complexes of rat C3c with a series
of compstatin analogs (M.L. Bellows, Y. Wei, P. Tamamis, G. Archontis, D. Morikis, C.A.
Floudas in preparation). Sector 488-492 has also a larger deviation from its initial
conformation in two of the rat runs. The RMSD values of the other two sectors proximal to
the ligand (344-349, 454-462) are closer to the corresponding values in the human
simulations.
The RMSD values of the W4A9 main-chain heavy atoms are 2.15-2.98 Å, suggesting that
the ligand is less tightly bound to rat complex. This will be also confirmed below, with an
analysis of the interactions and binding energies. In runs R1 and R3, the 8-11 turn is
maintained, but the ligand conformation tends to become somewhat more open and the
intramolecular hydrogen bonds Val3 NH – His10 CO and Val3 CO – Cys12 NH disappear.

Rat C3c – W4A9 interactions
The difference (human-rat) intermolecular interaction energies, decomposed in protein and
ligand residue contributions, are displayed in the upper panel of Fig. 2. The interaction
energies are consistently less negative in the rat complex, reflecting the smaller affinity of
W4A9 for the rat C3c protein. In accord with this, the average W4A9 – rat C3c hydrogenbonding occupancies (column 11 of Table ST3 in SI) are consistently smaller than the
corresponding average occupancies in the human runs (column 7 of Table ST3) and most
protein-ligand side-chain contacts are reduced (SI Fig. SF2). Figs. 3c-d show the remaining
intermolecular hydrogen-bonding and non-polar interactions at the end of run R3. A similar
behavior is observed in the other runs.
The displacement of protein segment 388-393 disrupts the hydrogen-bonding interactions
of Ile1 and Cys2 main-chain moieties with the Asn390 side-chain and of the Trp4 sidechain with Thr391 (see Table ST3 and Fig. 3c).
The mutation Leu454His disrupts the hydrophobic cluster of residues Val3, Met346,
Pro347 and Leu454 of the human complex (Figs. 3b, 3d) and weakens the non-polar
interactions of the Val3 side-chain with the protein (Fig. 2). In runs R2 and R3 the contact
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between Val3 and Met346 is lost. As a result, the Val3 side-chain is not maintained in a
stable orientation. In runs R1 and R2, the side-chain of His454 is distanced from Val3 and
explores several conformations, occasionally interacting with His10. Dial plots with the
time evolution of selected ligand and protein torsional angles are shown in SI Fig. SF3.
The substitutions His392Pro and Pro393Asn disrupt the non-polar contacts of the Trp4
side-chain with His392 and Pro393 in the human complex (compare Figs. 3b and 3d). As
the sector 388-393 moves away from the ligand, the Trp4 side-chain explores alternative
conformations.
The Gln5 side-chain makes weaker polar interactions with rat C3c, due to the partial loss of
hydrogen bonds with residues Leu455, Thr457, Asp491, and suboptimal interactions with
the side-chain of His454. Trp7 makes weaker polar and non-polar interactions with the rat
protein (Fig. 2). Its side-chain remains intercalated between the sectors 455-458 and 488491, but loses its contact with the side-chain of residue Arg459, which is converted to Ala
in the rat protein. His10 has the largest reduction in interaction energy, mainly due to the
partial loss of its hydrogen bonds with the Asp491 side-chain. The non-polar contacts of the
His10 side-chain with Leu492 (invariant) and Leu454 (converted to histidine) are also
weaker in the rat runs.

Stability comparison of the human and rat complexes:
The loss of several hydrogen-bonding and non-polar interactions in the rat simulations
suggests that compstatin has a smaller affinity for rat C3c, in accord with its lack of
inhibitory function against rat C3c. The association free energies of the human and rat
complexes, computed by SI Eqs. (S1-S2) are reported in Table 1.
The formation of the human complex is associated with a free-energy decrease of -48
kcal/mol; -55 kcal/mol correspond to the formation of intermolecular interactions, and +7
kcal/mol (the difference) to conformational changes in the protein and ligand upon
association. In the rat complex, the association free energy is -29 kcal/mol, with -46
kcal/mol contributed by intermolecular interactions and +17 kcal/mol by conformational
changes in protein and ligand. Thus, the human complex is more stable, both due to
stronger intermolecular interactions and due to less strain of the protein and ligand upon
association.

Further decomposition shows that the more negative intermolecular
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contribution in the human complex is due to improved non-polar interactions. This is
clearly seen in SI Fig. SF5, which plots the non-polar interaction energy of W4A9 with the
four C3c proximal sectors 344-349, 388-393, 454-462 and 488-492. The polar
intermolecular component opposes the formation of both complexes to the same extent (+6
kcal/mol). Note that the polar interactions between C3c and W4A9 [evaluated with SI Eq.
(S3) and listed in the last column of Table 1] are stronger by 11 kcal/mol in the human
complex, in accord with the higher hydrogen-bond occupancies reported above; however,
the burial of polar groups upon association raises more the free-energy in the human
complex, yielding a similar total polar association component in both complexes.

3. Discussion
Studies based on NMR experiments, rational design, experimental combinatorial design
and computational combinatorial design have examined systematically the properties of
compstatin and several mutant derivatives in solution and have produced a number of
compstatin analogs of variable activity [4, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 19, 20, 23].
The recent structural determination of the human C3c:W4A9 complex elucidated the
binding mode of W4A9 on C3c. Despite the insights gained from the crystallographic
structure, several questions still remain. In particular, experimental studies have
demonstrated that compstatin is active against human and other primate C3 proteins, but
fails to inhibit C3 activation in non-primate mammals [26]. In order to gain some insight on
the high activity of W4A9 for the human C3 protein and the lack of activity for the nonprimate species, in the present work we have compared by molecular dynamics simulations
the structural and thermodynamic properties of complexes, involving analog W4A9 and the
human or rat C3c protein.
Our simulations of the human complex are in agreement with the recently determined
crystallographic structure and interactions [3]. Residues Trp7, Trp4, His10, Gln5, Val3,
Ile1, Cys2 and Ala9 contribute significantly (in decreasing order) to the stability of the
complex (see Fig. 2). In agreement with this, a large body of mutational studies have shown
that residues Trp7, Gln5, and Val3 are critical for compstatin activity [10, 12, 13, 14, 16]
and that the double substitution of Val4Trp and His9Ala increases activity by 45 times,
compared to native compstatin [16]. Computational design studies suggest that the
placement of an aromatic residue at position 4 increases the ligand activity [13, 23].
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Furthermore, a recent pharmacophore model has suggested that the aromatic ring on the
fourth residue and the hydrophobic character of the Cys2-Cys12 disulfide bond are
important properties of active inhibitors [25]. Analysis of the simulation trajectories
provides an interpretation of these results. Trp7 is inserted between sectors 455-459 and
488-491 and makes a stable hydrogen bond with Met457 CO and non-polar contacts with
Met457, Arg459 and Glu462 (see Figs. 3a-b). Trp4 packs against the Cys2-Cys12 disulfidebridge on one side and makes non-polar contacts with Pro393 and the Cα atom of Gly345
on the other side. It also makes a very stable hydrogen bond with Gly345 CO. His10 forms
stable hydrogen bonds with the Asp491 and contacts Leu454 and Leu492. Gln5 forms
hydrogen bonds with Leu455 and Met457. Ile1 and Cys2 make main-chain hydrogen bonds
with Asn390 and the Val3 side-chain participates in a hydrophobic cluster with Met346,
Pro347 and Leu454.
The simulations of the rat C3c complex provide significant insights on the lack of
compstatin activity against the C3 protein from rat and other non-primate mammals. The
simulations demonstrate that the rat C3 protein undergoes local conformational changes,
which disrupt polar and non-polar interactions with compstatin and reduce the stability of
the complex. These changes involve mainly the sectors 388-393 and 488-493, which are in
direct contact with the protein. The conformational changes are reproducible, as they are
observed in all simulations conducted here (see SI Fig. SF4), and in independent
simulations of seven additional complexes of rat C3c with various compstatin analogs
(M.L. Bellows, Y. Wei, P. Tamamis, G. Archontis, D. Morikis, C.A. Floudas in
preparation).
In the rat complex, all intermolecular hydrogen bonds have consistently smaller
occupancies (Table ST3), most protein-ligand side-chain contacts are reduced (SI Fig. SF2)
and the intermolecular interactions of all W4A9 residues (with the exception of Arg11) are
consistently weaker, compared to the human complex (Fig. 2). The strongest residue
interaction energy differences correspond to residues His10, Cys2, Trp4, Gln5, Trp7, Ile1
and Val3, in decreasing order. As discussed above, these differences are partly due to
protein and ligand structural rearrangements, and partly due to differences in the human and
rat C3 primary sequences. The displacement of sector 488-492 causes residue His10 to lose
a hydrogen bond with the Asp491 side-chain and a non-polar contact with Leu492. The
displacement of sector 388-393 and the residue substitutions His392Pro and Pro393Ala
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disrupt hydrogen-bonding and non-polar interactions with Cys2, Trp4 and Ile1 (Figs. 3c-d).
Trp7 loses contacts with the side-chain of residue 459, which is converted from Arg to Ala.
The rat C3c mutations His392Pro and Pro393Asn are also observed in many non-primate
mammals. Key residue Asp491 is mutated to alanine and valine in guinea pig and sus
scrofa, respectively; Arg459 is converted to proline in most non-primate mammals (see SI
Fig. SF1). Presumably, these mutations also contribute to the loss of compstatin affinity for
C3c in these non-primate mammals.
The quantitative analysis showed that residues Asp6, Gly8, Ala9, Arg11 and Thr13 make
weak interactions with the protein. Among these, residues Asp6 and Gly8 have been
deemed indispensable for activity by earlier alanine-scanning studies; the alaninesubstitution effect of Gly8 was detrimental on activity, whereas that of Asp6 significantly
reduced activity [7]. Substitutions of the weakly-interacting residues Ala9, Arg11 and
Thr13, His10 (whose interactions with C3 are affected by the amino-acid type at position 9)
and the N-terminal residue Ile1 may improve inhibition. In a recent de novo computational
design study, we examined systematically the affinity for human C3 of a large number of
compstatin variants with substitutions at these positions [23]. Positions 4 and 13 were found
to favor Trp, while positions 1, 9 and 10 were dominated by Asn and position 11 by Gln.
Experimental binding studies with three of the designed sequences showed improved C3
binding, compared to native compstatin.
Our simulations provide also insights on the design of active inhibitors against rat (or other
non-primate) C3 proteins. Introduction of a charged or polar side-chain in position 1 may
compensate for the loss of Ile1-Asn390 and Cys2-Asn390 hydrogen-bonding interactions,
with proximal residues, such as Asp349, Ser387 and Ser436. Similarly, introduction of a
positively charged residue to position 9 or 10 (e.g., a move of the Arg side-chain from
position 11) may restore some of the lost interactions between Ala9/His10 and the Asp491
side-chain. Position 13 can also be improved; the present residue (Thr) does not interact
strongly with the protein in the rat or human complex; finally, some of the native
compstatin residues of segment 5-8, which were considered critical for activity against the
human complex, may be tolerant for mutations in the non-primate mammal proteins. We
are currently investigating new compstatin analogs by computational and experimental
methods.
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4. Methods

Simulation systems:
Compstatin: We simulated the double mutant Val4Trp/His9Ala (W4A9). The
crystallographic structure of W4A9 in complex with human C3c was recently determined in
ref. [3]. The disulfide bond Cys2-Cys12 was maintained by a disulfide patch of the
CHARMM topology file. Titratable residues were assigned their most common ionization
state at physiological pH (charged Asp6 and Arg10, neutral His9, His10). All simulations
were conducted with the molecular mechanics program CHARMM, version c35a1 [30].
C3c: The C3c:W4A9 complex is too large to be entirely included in the simulation system
(eg., the first monomer in the asymmetric crystallographic unit of PDB entry 2QKI has
1120 residues [3]). We employed a truncated C3c model, containing: (i) The entire two
domains MG4 (residues 329 - 424) and MG5 (residues 425 - 534) of the compstatin binding
site and (ii) segment 607-620, which is proximal to MG4 and MG5. The resulting
protein:ligand complex (Fig. 1) had dimensions 40x53x56 Å. Compstatin bound on one
side of the truncated model facing the solvent, and was at least 21 Å away from any protein
atom omitted in the simulation. The nearest charged residue in the omitted region (Asp26)
was approximately 27 Å away from compstatin Asp6. Poisson calculations with an
extended 60-Å protein sphere (centered on compstatin) confirmed that the electrostatic
interactions between compstatin and any charged residues, present in the extended sphere
and omitted in the simulation system, were small. For each of these residues we computed
its solution and vacuum electrostatic potential on compstatin, using the UHBD program
[31], a zero ionic strength and protein/ligand dielectric constants ε=1/80 (solution) and 1/1
(vacuum). The resulting solution potentials were smaller by a factor of ~80, compared to
the vacuum potentials.
The complexes were immersed in a water box in the shape of a 89-Å truncated octahedron
and overlapping water molecules were omitted; five chloride anions were added (seven ions
in the rat system), to neutralize the total charge. The resulting human complex had 35751
atoms (3679 protein/ligand atoms); the rat complex had 35763 atoms (3641 protein/ligand
atoms).
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Force Field Specifications:
The peptide atomic charges, van der Waals and stereochemical parameters were taken from
the CHARMM22 all-atom force field [32], including a CMAP backbone φ/ψ energy
correction [33] and revised indole parameters [34].
Additional details on the Force field specifications, the initial coordinates, the simulation
protocols and the computation of association free energies (Table 1) are given in the SI.
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Figure 1: The C3c-compstatin simulation system. Protein and ligand side-chains and water
are omitted, for clarity. Compstatin is shown in red, segment MG4 (residues 329-424) in
yellow, MG5 (residues 425-534) in magenta, and segment 607-620 is in blue. Four protein
sectors in direct contact with compstatin (344-349, 388-393, 454-462 and 488-492) are
shown in green.
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Figure 2: Residue intermolecular interaction free energies for compstatin (left panel) and
C3c (right panel). For each complex, the energies are computed by eq. (3) and are averaged
over all runs. Lower panel: Human C3c complex; Upper panel: Energy differences
(human – rat). Polar, non-polar and total free energies are shown in blue, red and green
colors, respectively.
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Figure 3: Upper panel: Typical simulation structure of the human C3c:W4A9 complex,
showing important (a) hydrogen bonds and (b) non-polar contacts. Lower panel:
Conformation at the end of run R3 of the rat C3c:W4A9 complex, showing the retained (c)
hydrogen-bonds and (d) non-polar contacts.
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Table 1: Average association free energies of the human and rat C3c: compstatin
complexes, computed from the MD simulations (all values in kcal/mol).
Run

Intermolecular contributions to ∆G b

Total
∆G a

Total

a

Polar

Non-polar

Polar

Component

Component

Interactionc

H1

-43 (10)

-55 (4)

7 (5)

-62 (3)

-48 (9)

H2

-53 (10)

-54 (4)

5 (4)

-59 (3)

-47 (7)

Average

-48 (7)

-55 (3)

6 (3)

-61 (2)

-47 (5)

R1

-25 (10)

-47 (5)

4 (5)

-51 (5)

-38 (10)

R2

-36 (10)

-45 (4)

10 (4)

-55 (3)

-35 (8)

R3

-24 (10)

-45 (8)

4 (4)

-49 (10)

-36 (8)

Average

-29 (6)

-46 (3)

6 (3)

-52 (4)

-36 (5)

∆∆G

-19 (9)

-9 (4)

0 (5)

-9 (4)

-11 (7)

X1

-54

10

-64

-42

X2

-57

2

-59

-46

The association free energies were computed by application of eqs. (1-2) for the complex,

free protein and free ligand (see Methods). Values were averaged over 700 snapshots,
spanning the 7-ns runs (standard deviations in parentheses). X1 and X2 are the two
independent complexes of the asymmetric crystallographic unit [3].

b

Intermolecular

components were computed by application of eqs. (1-2), assuming that the free protein and
free ligand had the same conformation as in the complex. Polar and non-polar components
are defined in eq. (2). dThe polar interaction components measure the strength of
intermolecular polar interactions (Coulomb + GB) in the complex. They are evaluated by
eq. (3) (see Methods).
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Methods

Simulation systems:
Compstatin: We simulated the double mutant Val4Trp/His9Ala (W4A9), with sequence

COCH3-Ile1-Cys2-Val3-Trp4-Gln5-Asp6-Trp7-Gly8-Ala9-His10-Arg11-Cys12-Thr13
NH2. The crystallographic structure of W4A9 in complex with human C3c was recently
determined in [ref. 3 of main text]. The disulfide bond Cys2-Cys12 was maintained by a
disulfide patch of the CHARMM topology file. Titratable residues were assigned their most
common ionization state at physiological pH (charged Asp6 and Arg10, neutral His9,
His10). All simulations were conducted with the molecular mechanics program CHARMM,
version c35a1 [1].
C3c: The C3c:W4A9 complex is too large to be entirely included in the simulation system

(eg., the first monomer in the asymmetric crystallographic unit of PDB entry 2QKI has
1120 residues [ref. 3 of main text]). We employed a truncated C3c model, containing: (i)
The entire two domains MG4 (residues 329 - 424) and MG5 (residues 425 - 534) of the
compstatin binding site and (ii) segment 607-620, which is proximal to MG4 and MG5.
The resulting protein:ligand complex (Fig. 1a in main text) had dimensions 40x53x56 Å.
Compstatin bound on one side of the truncated model facing the solvent, and was at least 21
Å away from any protein atom omitted in the simulation. The nearest charged residue in the
omitted region (Asp26) was approximately 27 Å away from compstatin Asp6. Poisson
calculations with an extended 60-Å protein sphere (centered on compstatin) confirmed that
the electrostatic interactions between compstatin and any charged residues, present in the
extended sphere and omitted in the simulation system, were small. For each of these
residues we computed its solution and vacuum electrostatic potential on compstatin, using
the UHBD program [2], a zero ionic strength and protein/ligand dielectric constants ε=1/80
(solution) and 1/1 (vacuum). The resulting solution potentials were smaller by a factor of
~80, compared to the vacuum potentials.
The complexes were immersed in a water box in the shape of a 89-Å truncated octahedron
and overlapping water molecules were omitted; five chloride anions were added (seven ions
in the rat system), to neutralize the total charge. The resulting human complex had 35751
atoms (3679 protein/ligand atoms); the rat complex had 35763 atoms (3641 protein/ligand
atoms).
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Initial Coordinates:
In the human complex, the initial coordinates of the protein and peptide heavy atoms were
taken from the crystallographic structure (PDB entry 2QKI [ref. 3 of main text]). In the rat
complex, the initial positions of backbone heavy atoms were taken from the
crystallographic structure, with the exception of loop 369-378, which contains a deletion in
the rat protein (see Fig. SF1 for an alignment of primate and non-primate C3 proteins). The
initial conformation of this loop was constructed with the program Modeller [3] and had a
root-mean-square difference (RMSD) of 1.39 Å from the corresponding conformation in
the human C3c. The heavy atoms of invariant sidechains were initially placed on the
corresponding coordinates of the human complex. The initial positions of mutated
sidechains were modeled with the SCWRL4 program [4]. Hydrogens were positioned by
the HBUILD algorithm of the CHARMM program.

Force Field Specifications:
The peptide atomic charges, van der Waals and stereochemical parameters were taken from
the CHARMM22 all-atom force field [5], including a CMAP backbone φ/ψ energy
correction [6] and revised indole parameters [7]. The water was represented by a modified
TIP3P water model [8, 9]. Electrostatic interactions were calculated without truncation by
the particle-mesh Ewald method [10], with a parameter κ=0.33333 for the charge screening,
and 6th-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=300 Κ by a Nosé-Hoover thermostat [11, 12] using a mass of 1000 kcal/ps2 for the
thermostat. The pressure was maintained at P=1 Atm with a Langevin piston [13], using a
500 amu mass and a 5 ps-1 collision frequency for the piston. 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 water geometry were constrained to standard values
with the SHAKE algorithm [14], implemented into CHARMM.

Simulation protocols:
To avoid structural deformations at the protein boundary due to the truncation, the mainchain heavy atoms of an external protein shell, with atoms at least 20 Å away from any
atom of compstatin, were harmonically restrained to their initial crystallographic positions.
Segments 373-377 of the reconstructed loop (373-376 in rat) were also harmonically
restrained. The structure was initially optimized by 150 energy minimization steps with the
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steepest-descent and adopted-basis Newton-Raphson (ABNR) algorithms. This was
followed by an equilibration run, consisting of: (i) 30 ps of dynamics, with all protein and
ligand heavy atoms harmonically restrained by a force constant of 10 Kcal/mol/Å2; (ii) five
50-ps segments, in which the harmonic force constants were gradually lowered to 1.5
kcal/mol/Å2 in the external shell, and to 0 kcal/mol/Å2 elsewhere. The systems were then
simulated for 7 ns, retaining the harmonic restraints at the end of equilibration.

Side-chain contacts analysis:
Probability-density maps of intermolecular side-chain contacts were computed with the
WORDOM package [15]. Two side-chains were considered in contact if the distance of
their geometric centers was smaller than 6.0 Å.

Computation of association free energies:
The association free energies (second column in Table 3) were computed by the relation
(1)

∆G = GPL − GP − GL

where PL, P and L denote, respectively, the complex, the protein and the ligand. The
individual free energies were computed by removing all water molecules and ions from the
simulation trajectories and applying the relation
(2)

G X = E Xbonded + E XCoul + E XGB + E XvW + σ S X
14243 14243
= G Xpolar

= G Xnon

polar

where X corresponds to PL, P or L. The first four terms on the right-hand side of eq. (2)
are, respectively, the bonded, Coulomb, generalized-Born and van der Waals energy and Sx
is the solvent-accessible surface area of state X. The GBSW generalized-Born model was
used [16, 17]. The coefficient σ was set to 0.005 Kcal/mol/Å2, for consistency with the
GBSW parameterization.
The interaction energies between two groups of atoms (R and R’) (Fig. 2 in main text) were
computed by the relation
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(

)

int e
Coul
∆GRR
+ EijGB + ∑ ∑ EijvW + σ ∑ S i
' = ∑ ∑ Eij
i∈R j∈R '
i∈R j∈R '
i∈R , R '
1
4442444
3 1
444244
43
polar
∆GRR
'

non
∆GRR
'

(3)

polar

The generalized-Born energies and the atomic accessible-surface areas depend on the
environment surrounding the groups R and R’. To apply eq. (3), we considered that all
protein and ligand atoms were present and set the charges of atoms outside the two groups
R and R’ to zero. In our calculations, R corresponded to a compstatin residue and R’ to the
entire C3c model; alternatively, R was a C3c residue and R’ was the entire ligand.
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Table ST1: Summary of simulations conducted in the present work.
Runs

System

Starting

Duration†

conformation*
H1

Human complex

1st molecule

7 ns

H2

Human complex

2nd molecule

7 ns

R1

Rat complex

1st molecule

7 ns

nd

R2

Rat complex

2 molecule

7 ns

R3

Rat complex

2nd molecule

7 ns

FH1

Free human protein

1st molecule

7 ns

FR1

Free rat protein

1st molecule

7 ns

*

The starting conformations corresponded to the first or second molecule in the asymmetric

unit of the human C3c:W4A9 crystallographic structure (PDB entry 2QKI); details are
presented in the Methods section. Run R3 was started after extending for 50 ps the
equilibration phase of run R2. †All runs had an additional equilibration phase of 280 ps.
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Table ST2. Root mean square difference (RMSD) between the simulation coordinates of
main-chain heavy atoms (N, Cα, C) and their corresponding coordinates in the
crystallographic structure [reference 3 of main text]. All values are reported in Å.
Runa

C3c b

344-349c

388-393c

454-462 c

488-492 c

Moiety

Moiety

Moiety

Moiety

Compstatin

Compstatind

H1

0.90 (0.90)

0.93 (0.95)

1.04(0.90)

1.15 (1.09)

1.09 (1.23)

1.73 (1.57)

1.01 (0.85)

H2

0.71(0.70)

0.86 (0.77)

0.99(0.97)

0.80 (0.87)

0.64 (0.72)

1.80 (1.60)

1.20 (0.90)

R1

0.93 (0.85)

0.82 (0.75)

1.51(1.42)

1.14 (1.00)

2.03 (1.59)

2.15 (2.12)

1.63 (1.46)

R2

0.89 (0.88)

1.28 (1.21)

2.11 (1.81)

0.84 (0.90)

0.73 (0.73)

2.66 (2.33)

0.84 (0.80)
1.20 (1.19)

R3

1.12 (1.04)

1.00 (0.91)

2.13 (1.88)

0.94 (1.08)

1.72 (1.58)

2.98 (2.23)

FH1

0.94 (0.84)

1.33 (0.97)

1.03(0.88)

1.47 (1.17)

1.02 (0.98)

--

--

FH1c

1.09 (1.05)

1.16 (1.04)

1.04 (1.08)

1.16 (1.02)

1.11 (1.09)

--

--

FR1

0.89 (0.86)

1.12 (1.14)

1.21 (1.50)

1.42 (1.14)

1.43 (1.05)

--

--

All values are computed without rotation/translation and are averaged over the last 1 ns of
the runs. In parentheses are the corresponding average RMSD values over the entire length
of each run (7 ns). aH1-H2 and R1-R3 denote, respectively, the simulations of the human
and rat C3c:W4A9 complexes; FH1 and FR1 denote the simulations of the free human and
free rat C3c proteins. Details of the runs are in table 1 of the main text. bAll C3c main-chain
heavy atoms, excluding the external, harmonically restrained protein shell (see Methods).
c

Residues in these sectors contain atoms within 7 Å from compstatin. dRMSD values after

alignment of the compstatin main-chain atoms N, Cα, C with respect to the experimental
conformation of bound compstatin. cRMSD values with respect to the experimental
coordinates of the free C3c protein (PDB code 2A74; reference 29 of main text).
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Table ST3: Average distances and corresponding occupancies of important intermolecular
and intramolecular (ligand) hydrogen-bonding atom pairs.
Atom Pair

Hydrogen-bond occupancy (%)
Human

Compstatin

C3c

X1

X2

H1

Rat

H2

Average

R1

R2

R3

Average

Ile1 OY

Asn390 OD1

2.9

3.0

5.1 (7)

7.6 (<1)

4

4.4 (18)

6.2 (1)

8.2 (4)

8

Ile1 N

Asn390 OD1

2.9

2.5

3.8 (57)

6.0 (6)

32

4.6 (30)

5.0 (5)

6.7 (16)

17

Cys2 N

Asn390 OD1

3.4

3.9

3.3 (79)

4.0 (66)

73

5.8 (9)

4.3 (40)

6.4 (1)

17

Cys2 O

Asn390 ND2

5.0

3.5

4.4 (37)

3.4 (74)

56

5.0 (27)

5.5 (24)

7.2 (1)

17

Trp4 N

Gly345 CO

3.1

3.0

3.0 (97)

2.9(100)

99

3.3 (80)

3.1 (93)

4.5 (40)

71

Trp4 NE1

Thr391 CO

3.4

3.3

3.7 (35)

3.7 (29)

32

7.4 (1)

5.8 (9)

7.7 (<1)

3

Trp4 O

Arg456 NE

3.5

3.1

3.7 (33)

2.9 (98)

66

4.0 (4)

3.0 (95)

4.2 (41)

47

Trp4 O

Arg456 NH*

3.0

3.6

3.7 (38)

3.5 (47)

43

3.0 (86)

3.1 (88)

4.3 (33)

69

Gln5 OE1

Met/Thr457 N

3.6

2.9

3.3 (77)

3.0 (98)

88

6.5 (5)

3.2 (86)

3.6 (60)

50

Gln5 NE2

Leu455 CO

3.6

2.7

3.6 (47)

3.2 (89)

68

5.4 (5)

4.0 (25)

3.9 (35)

22

Gln5 NE2

Asp491 OD*

2.7

3.3

5.5 (<1)

4.8 (<1)

<1

4.1 (43)

5.1 (<1)

4.8 (1)

15

Trp7 NE1

Met/Thr457 CO

2.6

2.6

2.9 (100)

2.9(100)

100

3.1 (84)

2.9 (100)

3.0 (97)

94

Ala9 N

Asp491 OD*

3.2

3.0

2.9 (100)

3.0 (99)

100

2.9 (98)

3.2 (83)

2.9 (99)

93

His10 N

Asp491 OD*

2.8

2.6

3.0 (97)

2.9 (99)

98

3.0 (88)

3.7 (46)

3.1 (89)

78

His10ND1

Asp491 OD*

5.6

5.3

3.6 (61)

3.7 (60)

61

5.7 (<1)

6.0 (1)

3.0 (92)

31

Intramolecular Pairs
Val3 N

His10 CO

3.0

3.0

2.8 (100)

2.9 (99)

100

5.0 (11)

3.0 (97)

4.5 (20)

43

Val3 CO

Cys12 N

3.4

3.0

3.0 (95)

3.0 (98)

97

5.0 (3)

2.9 (96)

3.0 (91)

63

Val3 CO

Gln5 N

2.9

3.0

3.0 (98)

3.0 (98)

98

3.4 (65)

3.2 (93)

3.7 (31)

63

Gln5 NE2

Trp7 CO

3.3

4.5

3.4 (58)

4.0 (0.3)

32

3.0 (93)

3.4 (60)

3.5 (53)

69

All distances are in Å; hydrogen-bond occupancies (%) are in parentheses. All values have
been computed by analysis of 700 snapshots (per run), extracted from the 7-ns simulations
at 10-ps intervals. A hydrogen bond was present if the donor (D) – acceptor (A) distance
was less than 3.5 Å and the corresponding angle (D-H…A) was larger than 90o. Columns
X1 and X2 report the corresponding distances, respectively in the first and second complex
of the asymmetric crystallographic unit [ref. 3 of main text].
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Figure SF1. Alignment of C3 primary sequences from primate and non-primate species.
The alignment was prepared with the program CLUSTALW v. 2.0.12 [18]. The color code
used is: red - hydrophobic, green - polar, blue – negatively charged and purple – positively
charged aminoacids. An asterisk (*) denotes invariant amino acids, a colon (:) strongly
similar, and a period (.) weakly similar amino acids. The regions interacting with
compstatin are enclosed in black boxes.
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Figure SF2. Probability density maps (%) of side-chain contacts for selected protein-ligand
side-chain pairs. Two side-chains were considered in contact if the distance between their
geometric centers was less than 6 Å. The plots from top to bottom display the human, rat
and difference (human-rat) maps. The human and rat maps are averaged, respectively, over
the human (H1-H2) and rat (R1-R3) complex simulations. The difference map shows that
most protein-ligand side-chain contacts are less frequent in the rat complex.
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Figure SF3. Dial plots of the time evolution of selected compstatin and C3c side-chain
torsional angles, during the human and rat C3c:compstatin simulations.
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Figure SF4. Conformations of the rat complex at the end of the runs R1-R3 (C3c in green,
compstatin in yellow). The crystal structure of the human complex is also shown as thick,
multi-colored tube; its residues are colored, based on the average residue-RMSD values of
the final conformations in the rat simulations (blue indicates small and red/white large
values). Restrained segment 607-620 is omitted for clarity. Sector 388-393 moves
consistently toward the same direction in all three runs, away from the ligand. Compstatin
has high RMSD values due to net displacements, which maintain though the shape of the
bound conformation (see main text).
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Figure SF5. Non-polar interaction energies between compstatin and proximal protein
sectors in the human and rat complexes, plotted as a function of the simulation time. The
plots from top to bottom correspond to sectors 344-349, 388-393, 454-462 and 488-492;
residues in these sectors were located within 7 Å from compstatin.

Supplementary Figure SF4 contains plots of the non-polar interaction energy of W4A9 with
the four C3c proximal sectors 344-349, 388-393, 454-462 and 488-492. The ligand-C3c
interactions with sectors 388-393 and 454-462 are significantly stronger in the human
simulations. In run R1, the ligand loses contacts with the last three sectors and optimizes its
interaction with the segment 344-349. In run R3, the ligand loses contacts with the first
three sectors and improves its interactions with the last sector.
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Supplementary Video 1 (H1.avi)
(Supplementary videos will be presented in the presentation and will be uploaded in our
website)
Supplementary Video 1 presents a trajectory (0.1 ns-7 ns) corresponding to run H1 of the
human C3c:W4A9 complex; snapshots are spaced apart by 100 ps. The compstatin mainchain is shown as a red tube. Proximal protein sectors 388-393, 344-349, 454-457 and 488492 are shown from right to left as magenta tubes (initial conformation) and green tubes
(instantaneous conformation). Selected compstatin and protein side-chains are shown in
licorice. The following distances are displayed: Cys2 N-Thr390 Oδ1, Trp4 Nε1-Thr391 O,
Trp4 N-Gly345 O, Gln5 Oε1-Met457 N. The corresponding hydrogen bonds are much
better maintained in the human runs (the hydrogen-bond occupancies for the human and rat
complexes are compared in Table 2 of the main text). The structure and interactions of the
complex are well preserved in the simulation.

(Supplementary Video 1: Still Image)
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Supplementary Video 2 (R3.avi)
(Supplementary videos will be presented in the presentation and will be uploaded in our
website)
Supplementary Video 2 presents a trajectory (0.1ns-7ns) corresponding to run R3 of the rat
C3c:W4A9 complex; snapshots are spaced apart by 100 ps. The compstatin and protein
representation are as in Supplementary Video 1. The following distances are displayed:
Cys2 N-Thr390 Oδ1, Trp4 Nε1-Thr391 O, Trp4 N-Gly345 O, Gln5 Oε1-Thr457 N. The
first two hydrogen bonds are lost in run R3 and the other two are less frequent (see also
Table 2 in main text). The displacement of sector 388-393 (lower right) away from
compstatin during the course of the simulation is clearly seen.

(Supplementary Video 2: Still Image)
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Chapter 11: Future Perspectives
11.1 Peptide Self-assembly

In future, we intend to study by MD simulations the self-association of a series of peptide
sequences derived from the naturally occurring fiber shafts of the adenovirus and avian
reovirus. In reovirus, the fiber shaft contains a triple-β domain, as is the case for the
adenovirus fiber shaft, but also an α-helical and a hinge domain.

The goals of the future simulations are: (i) To determine the self-assembly properties of
short peptide sequences taken from the adenovirus and reovirus shaft. We plan to use a
combination of explicit-, implicit-solvent and coarse-grained models, which will enable the
simulation of a larger number of peptides. The insights offered by these simulations may
enable the targeted modification of these or similar sequences, so as to obtain the
fabrication of materials with novel advanced technological and/or biomedical applications
(ii) To study the conformational properties and interactions, which stabilize the β-spiral
conformation of the shaft. It has been shown that the triple β-spiral fold (residues 318 –
392) requires the C-terminal domain (residues 396 – 582), or some other agent, such as the
trimerization domain of the bacteriophage T4 fibritin [Papanikolopoulou et al. 2004a,
Papanikolopoulou et al. 2004b]. We plan to test this assumption by simulations of the entire
isolated shaft, and a chimeric molecule, consisting of the shaft (residues 318 – 392) and the
trimerization domain of the bacteriophage T4 fibritin; as shown in ref. [Papanikolopoulou
et al. 2004a, Papanikolopoulou et al. 2004b], the shaft retains its triple β-spiral fold in this

system.

11.2 Molecular recognition of Complement Component protein C3 by Compstatin

The insights provided by our simulation can give impetus towards the design of active
inhibitors against rat (or other non-primate) C3 proteins. Our current and future work will
investigate a series of human and rat complexes with modified compstatin analogs, based
on insights from the past simulations and protein/ligand design studies by our collaborators
(D. Morikis, University of California, Riverside and C. Floudas, Princeton University).
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