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Preamble

This cumulative thesis is the sum of my researctkwegarding the structural analysis of proteincu

tionality. The focus lies on the similarity of peih structures to each other. This thesis is bagetthe
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1 INTRODUCTION

Most cellular processes of life are regulated armbmplished by proteins. The production of proteins
itself is such a process, which is initiated in theleus. The nucleus encapsulates the DNA (demoyri
nucleic acid), which is a linear chain molecule sisting of a sequence of four different bases, tyame
Adenine (A), Cytosine (C), Guanine (G) and Thym(iig¢ Their sequence encodes a cell's genes (ge-
nome) as a four letter code. The genes themsehreberegarded as instructions for the construatfon
proteins or other molecules, which are post-praadss do directly fulfill a certain regulatory fuimn.
Figure 1.1 shows a schematic illustration of thgomavents in the generation of biologically active
proteins. Initially, a DNA segment (gene) encodagolypeptide chain is transcribed and spliced to
MRNA (messenger ribonucleic acid). The mRNA is dtated by the ribosomes at the endoplasmatic
reticulum into a polypeptide chain. Due to enexggtieferences i.e. hydrophobicity the polypeptide

chain folds to a biologically active protein. Innse cases, additional post-processing might be redjui
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Figure 1.1 lllustration of the major processes and ingredieéntthe generation of protein folds. A gene of [ieA is tran-
scribed to mMRNA (messenger RNA), which is transldtea polypeptide chain by the ribosomes withukage of tRNAs

and amino acids. Finally, the polypeptide chainl$dio the active protein structure, due to enecgetferences.



to activate the protein i.e. placement of cofagtorgprovement and alteration of fold i.e. by Chamer
(Buchner 2002). The genetic regions, which encadeems are called “coding regions”. In this corfex
“non-coding” DNA sequences may refer to sites webulatory functions for the expression of “cod-
ing” genes. Despite this, recent research cleldstrated that certain fractions of the “non-cafise-
quences encode not proteins, but pRNAs (He and ¢#a@2004), which directly fulfill very important
regulatory functions. In case of proteins eachdtipf DNA bases, encodes one out of 20 amino acids
These are organic compounds. To form a proteinathmo acids are arranged in a linear chain and
joined together by peptide bonds between the catbamd amino groups of adjacent amino acid resi-
dues. All amino acids share structural propertesitaining ami-carbon, an amino group, a carboxyl
group and a variable side chain. Only proline féedent, due to a ring formed with the N-end amine
group. The side chains have different physico-cbahgroperties, which affect the 3D dimensionalpro
tein structure and thereby the functionality oftaier protein sites. Each protein has a final neghti
charged carboxyl-group at its C-terminus and a fesatively charged amino-group at its N-terminus.
Proteins are involved in cell signaling, immunepasse, cell adhesion, proliferation and many other
processes. There are numerous proteins, whichyzathlochemical processes and are vital to the-meta
bolism in a living cell. Also structural or mecheai functions are fulfilled with proteins i.e. actand
myosin in muscles or other proteins stabilizing tiygskeleton. In 1838, the Swedish chemist Jons Ja
kob Berzelius appeared to be the first to desqoilmeeins (Hartley 1951). The term protein is dedive
from the Greek word “proteios”, which means “priytarHowever, their importance and impact has not
been noticed until 1926 when it was found thatutease is a protein (JB 1926). In 1958, Perutz (Mui
head and Perutz 1963) and Kendrew (Kendrew eBaB)lwere the first to apply the x-ray crystallegra
phy to resolve the atomic details of whole proteihgday, the protein database (PDB) (Berman et al.

2000) contains the heavy atom coordinates of abo@0O0 protein structures.
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The specific biochemical abilities of a proteinukdrom its three-dimensional (3D) native struetur
Hereby, four different structural levels are digtilshed. The primary structure is defined by thénam
acid sequence. The secondary structure level inetkeby structural units i.e-helix, B-sheet, $-helix

and others, stabilized by hydrogen bonds betweempthtein backbone atoms. The third level is the
tertiary structure, which defines the complete folda single polypeptide chain. Proteins can alsokw
together to achieve a particular function, and tbi#gn associate to form stable complexes (quatgrna
structure). For enzymes the structure optimizegghmmetric arrangement of catalytically active amin
acid side chains and cofactors and simultaneouklyws efficient access and removal of educts and
products. For proteins where one of the functien®iform specific complexes with other proteis t
shape of the contact surface and the residue pi@ractions in the contact surface are also retevan
(Shulman-Peleg et al. 2007). Consequently, proteitis the same function often have the same struc-
ture and key residues involved in the various aspefcfunction are conserved among different spgecie
However, there are exceptions where nature usesnatively designed protein 3D structures with
equivalent or different key residues and cofactongerform the same function in different species.
Under physiological conditions the native 3D stanetof a protein is determined solely by the priynar
sequence (Anfinsen et al. 1961). On the other hlaachative 3D structure does not belong to a unique
primary sequence. Mutational studies demonstrdtat dften only a small fraction of amino acids is
crucial to define and stabilize the 3D structuréproteins (Guo et al. 2004; Russ et al. 2006).een
quently, only structurally and functionally relevaesidues of a protein are conserved among diftere
species. This fact is used to assess the unknomatidm of proteins by sequence comparisons, which
may falil if the sequence homology is too low. Ise&adahe protein 3D structure is available, structure
comparison can be more useful to assess the pfotgition, since the universe of protein structuges

much smaller than the universe of protein sequendes number of different protein folds is estintate



to be about only 1000 (Wang 1998), but there ase Bss optimistic views on the number of distinct
protein folds (Grant et al. 2004).

Polypeptide sequence comparison is now routine wbdequence similarity is sufficiently high ag fo
instance more than 40% identity. However, it becomereasingly uncertain with lower sequence iden-
tity (Guerler and Knapp 2007). Since not only sexeaebut also structure similarity of proteins cerre
lates with their function, structure comparisorpadteins is most useful to characterize a protéiped
unknown function, if its 3D structure is availablhis approach can be particularly successful,esatc
present the Protein Data Bank (PDB) (Berman, 2@@d)ains already a considerable fraction of the
universe of folds to predict the structures of bt#iproteins (Kolodny et al. 2005).

Protein 3D structure comparison is still a challaggask and depends heavily on the alignment algo-
rithm, the similarity measure used and on the imast of the protein structures considered for the-p
wise structure alignment (Kolodny, 2005). An actoal still incomplete listing of available methdds
protein structure alignment can be found on the pagb
http: //en.wikipedia.org/wiki/Sructural_alignment_software containing more than 40 different programs.
To identify a structural similarity between protestructures, the considered protein structure rbast
aligned to all representative protein structureshef PDB. Suitable databases of representativeiprot
structures are the ASTRAL databases provided byS(handonia et al. 2004). These databases con-
tain subsets of the PDB with domain structures wrsegquence similarity is below a threshold value of
say 40% or 70% sequence identity. In the pastttinetare alignment methods used to identify theesam
fold in a database were often restricted or bidgednly considering protein structures, which pssse
the same connectivity of secondary structure el¢sngSSES) (i.ea-helices ang3-strands), as defined

by the polypeptide chain.
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Only few methods are available that allow for nexgential protein structure alignments that can be
combined with a database of protein structurescfiéis 1996; Yuan, 2005; Shih, 2006). But, most of
these methods offer only to scan a database ofglcedated protein structure alignments and do not
allow aligning a yet unknown protein structure tdadabase of protein structures. Recently the progr
GANGSTA (Kolbeck et al. 2006) appeared, which igrsothe loops connecting different SSEs and
therefore allows unbiased non-sequential proteurcgire alignment. In addition, it offers alignmenit

yet unknown protein structures against a databbs®re than 3,000 domains of protein structure$ wit
less than 40% sequence identity. Since GANGST &laively slow, we have redesigned it completely.
GANGSTA+ is more than a factor of ten faster, yseldignments of higher quality and offers align-
ments of arbitrary protein structures against tI&RAL40 (Chandonia et al. 2004) (1.71) database
containing more than 7,000 domains of protein stmes with less than 40% sequence identity to each
other. Similar to the former GANGSTA algorithm, GA$TA+ initially maximizes the contact map
overlap of an SSE alignment (first phase), befafening the result on residue-level (second phase).
However, the algorithms to achieve a high contaap raverlap and a fast refinement on residue level
are entirely different. In contrast to a stochadlycgenetic algorithm and a greedy search, GANGSTA
uses a deterministic combinatorial approach (filrgise), and a physical point matching approachrfGue
ler et al. 2008b) for the refinement on residueslehe point matching approach optionally allows t
detection of SSEs aligned in reverse sequencetidneGANGSTA+ has two essential parameters re-
garding the search depth of the two phases (sg#esnpnt of (Guerler and Knapp 2008) for details). |
is found, that the refinement phase (second phas&xy important for the robustness of GANGSTA+.
Hence, we took advantage of the fast point matchpgoach and increased the number of refined SSE
alignments from 10 to 200 with regard to GANGSTAANBGSTA+ still remained fast (~1s per struc-

ture alignment on an ATHLON 1.6 GHz). Beyond tha&N&sSTA+ has a third phase where the align-
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ment is enlarged to coiled regions. We analyzedual&® million protein structure pairs with

GANGSTA+ and made the results available onlintg(//agknapp.chemie.fu-berlin.de/gplus).
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2 PUBLICATIONS
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2.1 Novel protein folds and their non-sequential struatiral analogs

Authors Guerler AKnapp EW

Bibliography Protein Science 17:8, 1374-82, 2008

Contribution
- Development of the research question
- Development of the required software
- Generation and analysis of the results

- Manuscript preparation

http://dx.doi.org/10.1110/ps.035469.108
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In this publication GANGSTA+ is described in detarld has been applied to align newly determined
protein folds with no known homologues and the ABTRO (SCOP version 1.71) database (Murzin et
al. 1995). It is demonstrated that protein fold$jch are considered to be new, appear to be known
folds, if one considers only the topological arramgnt of the SSEs and disregards the connectitiity o
the polypeptide chain defined by the loops conngdiie SSEs. GANGSTA+ is capable to perform also
structure alignments where the SSEs can be alignegl/erse orientation, i.e. aligned SSE pairsadre
the same type, but oriented such that the C-tetraimé of one SSE is superimposed on the N-terminal
end of the other SSE. This can be used to enhdéweckkeability to find similar structures for a gn
protein structure. To contrast non-sequential wéhuential alignment results, we applied DaliLiig-

ure 2.1 illustrates the results for 2ES9 (Benadil.2005). A search with DaliLite for structuremsar

to 2ES9, yielded a sequential structure alignméstgmificant similarity (Z-score > 2.0) to the stture

of 1SZA (Meinhart and Cramer 2004). DaliLite aligh# residues at RMSD = 2.5 A for this protein
pair. However, the generated alignment is inswdfitito describe the fold of 2ES9 in sufficient deta
since only the four-helix bundle, which is a commmative (Mehl et al. 2003), was aligned, while the
fifth lateral a-helix was skipped. The structure alignment withNB2STA+ for 2ES9 with respect to the
ASTRAL40 database took 40 min (~0.3 s per proteiin)@nd revealed a non-sequential alignment with
1SXJ, involving all five SSEs of 2ES9 (see Fig.) 2vith 69 aligned residues at 1.8 A RMSD. Given the
protein pair 2ES9 and 1SXJ, DaliLite aligned 57dess at 2.5 A RMSD with a Z-score of 3.2 > 2.0. It
succeeded in aligning the four-helix bundle, buaiagkipped the lateral-helix (see Fig. 2.1). This
demonstrates that GANGSTA+ is able to detect ngusetial similarities for protein chains stated to
possess new folds. Although the question whetheeva protein structure contains a new fold or not
remains difficult to judge, the results illustrakeat the application of non-sequential structurgrathent
tools can yield additional insight to understandt@in structures and fold characteristics, presgnti

new starting points for protein function analysigl grotein structure comparison. GANGSTA+ is not

14



bound to a sequential connectivity of SSEs in thlypeptide chains of proteins. Thus, it can detect
structure similarities of different proteins thave common ancestors, but whose SSE connectivisy wa

reshuffled by genetic operations (Cooper et al.7199

GANGSTA+

A B DaliLite

Figure 2.1. (A) Protein structure alignment with GANGSTA+. NewddES9 (Benach et al. 2005) aligned drsXJ
(Bowman et al. 2004) yielding the RMSD = 1.8 A wif aligned residues and 5 aligned SSEs. The a@li§8Es 0RES9
(1SXJ) are represented in dark (light) orange, not &ijparts (SSEs and loops) are in dark (light) biBg Protein struc-
ture alignment with DaliLite. New fol@ES9 (Benach et al. 2005) aligned d'$XJ (Bowman et al. 2004) yielding the
RMSD = 2.5 A with 57 aligned residues and 4 aligi®8Es. The aligned SSEs 2ES9 (1SXJ) are represented in dark
(light) orange, not aligned parts (SSEs and lo@ws)in dark (light) blue. The fifth lateral-helix of 2ES9 has not been

aligned.
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2.2 Superimposé: A 3D structural superposition server

Authors

Bibliography

Contribution

Bauer R, Bouri®E, Formella A, Frommel C, Gille C, Goede A, GeieA,

Hoppe A, Knapp, EW, Poschel T, Wittig B, ZieglerRfeissner R

Nucleic Acids Research 36, W47-W3d08

- Supply of the non-sequential structure alignmeftivsoe
- Visualization of the results of the provided softeva

- Technical support in application and server embsgldi
- Generation and analysis of results

- Contribution to manuscript preparation

http://dx.doi.org/10.1093/nar/gkn285
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In this publication, the 3D structure alignmentveerSuperimposé is described. The server comprises
several algorithms for the structural alignmenspfall and large molecules against several commonly
used databases as for instance ASTRAL (Murzin.et395). We provided Gangstalite (Bauer et al.
2008), which is the only non-sequential structuignanent method of the server. For Superimposé, it
has been decided to provide a wizard style apprtd@athguides the user through different possibiti
offered. For all algorithms a fixed set of parameis defined, allowing a generalized executiok.téds
typical search workflow begins with the selectidraadtask the user wants to execute. Figure 2.2-illu
trates the online visualization of the results raétkgning a protein structure against the ASTRAL40
(SCOP version 1.69) database.

The Superimposé server will be useful for bioinfatitians who have specialized on structures, ma-
cromolecular biologists and the systems biology momity by providing possibilities to identify sirail
patches (binding sites/surface patches) in knowteprs. By reducing the complexity of installinged
rithms, databases and defining suitable parametsr&uperimposeé allows researchers to instantly dea
with the task without the administrative problemmewand it. In the near future, additional featurel an

appropriate server extensions will be made availabl

RESULTS

Click table haader to sort table.

Scoret RMSD Target Superposition  Output of algarithm
0.7724%0 dltwe_ent [Mal] download
0.806571 digkra_ent [Mal] dewnload
0814532 dlera_.ent [Mof Mot} download
0 825609 d1/ma? ant (11 [Mal) download
0.947622 difwxaz.ent (1 [Mal] dowrload
1.031072 1 dlriga_ent [Jmal] download
1.034050 £ dinroal ent [ [al] download
1.104707 dlkgke_ant (M (il download
1220134 1 dlpguaz.ent () [Miet) dowrilgad
1.397794 dlpgual ent [mal) download

14 “ i 2 3 4 5 ’ 3 ¥

Figure 2.2 Superimposé results (left) and non-sequentiatstral alignment generated by GangstalLite (right).
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2.3 Evaluation of sequence alignments of distantly retad sequence pairs with respect to struc-

tural similarity

Authors Guerler AKnapp EW

Bibliography Genome Informatics 18, 183-91, 2007

Contribution

- Development of the research question

- Development of the required software

- Generation and analysis of the results

- Manuscript preparation

The full article is attached to the end of this document.
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In this publication, the performance of common s$itlitson matrices of sequence alignment methods
(Henikoff and Henikoff 1992) in detecting structusamilarities is evaluated with the ASTRAL40
(SCOP version 1.69) database (Murzin et al. 19B5¢. database consists of 7290 protein chains, which
share less than 40% sequence identity. Initiallstracture alignment database (SD) has been sey up
evaluation of all ASTRAL40 pairs, which leads tooab 26 million structural alignments. Only the
highest scoring alignment of each pair with a dtmad score (SC = 100 — 200 * RMSD Aihed above

30 and at least 50% of the secondary structureezitsmn the smaller of both proteins aligned anat.ke
This amounts to about 18.6 million protein painri them, about 450.000 pairs have a structuraksco
above 90 SC. Thus on average, each ASTRAL40 ehames very high structural similarities with about
60 other proteins. About 7.15 million pairs scolewe 80 SC, which indicates significant structural
similarities between each ASTRAL40 entry and 98Beotproteins on average (about 13% of the
ASTRALA4O0 set).

Then, the sequences of each ASTRAL40 entry is eflgnn the complete sequence set with FASTA.
The list of the 100 highest ranked protein pairsefach entry (as SCOP 1.69 codes) is used to determ
the corresponding structural scores of the strectlignment database. This procedure is applied in
combination with BLOSUM50, BLOSUM62 and PAM120. Addnally, the 100 highest structural

scores for each ASTRAL40 entry are selected from structure alignment database and plotted as

Pairwise sequence

; List of similar
alignment

pairs

Plot pair related
ASTRAL40 structural scores

dataset > P

Structure
Pairwise structure Alignment )
alignment Database (SD) Plot highest Plot highest structural
structural scores scores available (for in
available sequence entries only)
> -+

Figure 2.3. This figure illustrates the data acquisition psxéy usage of sequence (dark) and structure )(lgigihments.
As result the structural score distributions, adogg to the structural alignment database (SD)potted. Additionally, the

sequential structure alignment entries are plattgzhrately.
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reference or as upper performance limit. Since structure alignment method is able to detect non-
sequential similarities between two protein struesy we additionally plotted the sequential strrestu
alignments separately (see figure 2.3). The resgulitructural scores are plotted in figure 2.4 and
illustrate the difficulties of sequence alignmeppeoaches in cases of low sequence similarityreadly
known protein structures. The sequence alignmerthadeis able to reproduce the structurally most
similar protein pairs, but in 25% of all high rangi FASTA results only very little structural sinmiky
could be detected. This is related to the simgltian of the model, since the sequence alignment
method only incorporates the primary structure. ifiddally, the sequence alignment method employs
substitution matrices, which are biased towardseored sequence segments. The structural alignment
does not incorporate amino acid identities andAB&RAL40 consists of distantly related sequences
only.

The fraction of sequential with respect to the sequential entries is at only about 7%. Therefore,

further investigations must be done to accuratebBasure the advantage of non-sequential versus

FASTA34/BLOSUM50
Structure alignment database

18 Structure alignment database (in sequence)

16 1
14 1
12 |

Fraction of pairs (in %)

o N £ (-] 0
L L L L

TN

30 40 50 60 70 80 20 100

Structural score (SC)

Figure 2.4. Structural score distribution for similar protgairs with respect to sequence (dark) and strudtigiet). The
dashed line is related to the sequential strualighments, in which the secondary structure elemeftwo proteins are
aligned in sequence direction.
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sequential structure alignments. However, the tesudlicate a qualitative and quantitative gaimtigh

the non-sequential structure alignment approacheason for this can be the biochemical process of
splicing. Furthermore, other genetic operations rder sequence segments. Hence, our database
incorporates relations between proteins and protemilies, which are less constrained by these
processes. Evaluating these relations can be usefilgtect alternative structures and thereby suippo
and improve protein structure prediction methodstHer, the database can be applied as reference fo

other sequence based approaches.
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3 DISCUSSION

The presented protein structure alignment tool GAY&+ solves alignment problems in a three phase
hierarchical approach starting with an alignmenttw secondary structure level where omihelices
andf3-strands are considered. In the second phase sltieepair assignment is performed on the basis
of the results from the first phase. In a subseglaesh phase a refinement of the residue pair assgt

is performed to complete the SSE assignment fraefitst phase, to find possible reassignments of
SSEs and to extend the residue pair assignmenhtiéle SSE boundaries.

The four key features of GANGSTA+ are: (i) it cagrform sequential but also non-sequential structure
alignments disregarding the polypeptide connegtivit) it assigns SSE pairs only if they are o&th
same typed-helix, B-strand) (iii) it is capable to align SSEs haviagne or reverse mutual orientations;
(iv) it is capable to enforce complete SSE aligntee@®@ANGSTA+ manages to find non-sequential
structure alignments, since it ignores the loopsneating the SSEs in the first SSE alignment phase.
Considering the loops in the first phase alreadyoduces a bias toward sequential SSE alignment.
GANGSTA+ has the option to align SSEs in the samepposite orientations and to enforce complete
SSE alignment. Nevertheless, GANGSTA+ also aligesdues not belonging to SSEs in the third
phase, if these additional residue assignmentca@msistent with the residue assignments within the
aligned SSEs.

GANGSTA+ provides non-sequential protein structalignments in the same time range as the fastest
commonly used sequential structure alignment methath less than a second per protein pair on aver-
age on an AMD/OPTERON with 1600MHz. Furthermoresoaparison with TM-align and the TM-
score illustrates that GANGSTA+ is able to solv@alequential protein structure alignments accgrdin
to the TM-score with comparable quality. We demmatst that GANGSTA+ is able to detect non-

sequential homologues for protein chains statgmbgsess new folds considering three examples.
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In future investigations, we aim to unravel funofb relationships of proteins with yet unknown func
tions using GANGSTA+ to detect non-sequential $tmecsimilarity. Furthermore, we aim to improve
protein structure prediction approaches on theshafshon-sequential structural relations. In tluatext,
multiple structure alignments with GANGSTA+ thatnche used to define new sequence similarity
measures for sequence alignment methods couldobenasing direction (Schwartz and Dayhoff 1978;
Pearson and Lipman. 1988; Henikoff and HenikoffZ9®tschul et al. 1997; Pearson and Sierk 2005).
Further investigations will focus on structurallyngar proteins with SSE pairs aligned in reversem
tation. In contrast to the inversion of3astrand orientation the inversion of arhelix axis goes along
with the inversion of the large helix dipole (Chalxarti 1994). The helix dipole can have a stroffigin
ence on protein stability, its intrinsic functio@hou et al. 1988; Fairman et al. 1989; Agvist etLl8b1;
Ben-Tal and Honig 1996; D. Sengupta 2005) andtgtoh complex formation with other proteins (Mi-
ura et al. 1999)pB-strands in proteins can be organized in alterpatiientations (parallel or anti-
parallel), which indicates functional robustnesspofteins toward inverse orientations [dfstrands.
Therefore, we would expect to observe significamren-strand inversions thaa-helix inversions.
GANGSTA+ enables us to analyze the functional ehee of thex-helices dipole orientation and its
impact on SSE arrangements in common structuraifsrfor large databases. We are able to discrimi-
nate between singke-helix inversions or arbitrary many inversions atk SSE type e.g. to count paral-
lel and anti-paralleB-strands within a certain protein family. These gioiities underline the wide

range of GANGSTA+ applicability to analyze the miatfold space and its properties.
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4 ADDITIONAL PUBLICATIONS

In the following, two published research paperstarefly discussed. They illustrate the researculte

on molecular interference of protein structureswither proteins, respectively small molecules.
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4.1 Sampling geometries of protein-protein complexes

Authors Guerler ALorenzen S, Krull F, Knapp EW

Bibliography Genome Informatics 20, 260-9, 2008

Contribution
- Development of the research question
- Development of the required software
- Generation and analysis of results

- Manuscript preparation

The full article is attached to the end of this document.
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Another strategy to analyze a protein’s functiotoigvaluate molecular interferences with othetgn
structures (Guerler et al. 2008a). As mentioneth@introduction, proteins are important regulaiirs
biochemical processes in living cells. They areifigtance used to catalyze chemical reactionsatst
port substrates through membranes and to stal#ithelar structures. Interactions with other molesu
can affect a protein’s macromolecular structure amtttionality. Therefore, many approaches have
been developed to determine the native binding niet@een two protein structures. In general, geo-
metries of protein pairs are sampled by generatogked conformations, analyzing them with scoring
functions and selecting appropriate structuredudher refinement. In the following publicationfast
real space algorithm to sample geometries of prqeairs is described. Initially uniformly distritad
points on the surfaces of the two protein strusttioebe docked, and a set of uniformly distributad-
tions are determined. To generate structures deprgairs one protein of the protein pair is retat
according to a selected rotation and translatedgaéoline connecting two surface points belonging t

different proteins such that these surface poioisoide. The resulting protein pair geometries ana-

Figure 4.1. lllustration of the docking results for the f@im complex 1ACB. a) Surface of the receptor wlith centers of
masses of 8000 decoys (dots) with the highest quargiven rotational transformation. About 10%atifdecoys have an
interface RMSD below 10 A. b) Surface illustratiof the receptor and cartoon illustration of theatig molecule's

secondary structure elements. The conserved resafube receptor are highlighted in dark on thatgin’s surface.
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lyzed and selected using an amino acid and an pénioased contact energy function.

This is illustrated by the sampling results obtdifer the first enzyme-inhibitor complex of the ZD®&

1.0 benchmark set (see figure 4.1). 1ACB is a sepiotease-inhibitor complex (Frigerio et al. 1992)
We applied the algorithm (described in detail ii$ fpublication) on separately crystallized protsimc-
tures. The surface of the serine-protease has t@esred with 55 surface points and the inhibitor’s
structure with 23. Given the uniform set of 800€ations, more than 1@lecoys have been generated.
Less than 5% (387047 in total) of these decoydlkdfthe geometrical quality requirements, defirgd
the fraction of overlapping atoms and the normaktmedeviation of assigned surface points. We calcu
lated the interface RMSD of these decoys to thév@akeference complex, which was generated by
aligning the separately crystallized protein swwoes on the co-crystallized complex structure. Abou
10% of them had an interface RMSD below 10 A to tkerence complex. The decoys have been
scored and the highest ranked geometries perantképt. In 186 out of 8000 cases the protein-prote
decoys exhibit a RMS deviation less than 5 A.

In total 22 enzyme-inhibitor complexes were evadaand the results show that an efficient sampling
and scoring of unbound receptor-ligand geometrieseial space is computationally feasible. The
method provides decoy sets with near-native geoesetor all of the considered 22 enzyme-inhibitor
complexes, taking less than 30 min in total [AMDt&pn/2.2 GHz].

In future studies, we plan to utilize our method tfee evaluation of a variety of other all atonspec-
tively heavy atom, or residue-based scoring fumsticAdditionally, research on new scoring schemes
will be carried out. Thereby, the preliminary arsadyof potential interface residues can be of palidr

interest.
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4.2 Selection and flexible optimization of binding mode from conformation ensembles
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In this publication an approach is presented toigaie the interaction of proteins with small moles
(Guerler et al. 2008b). Although this project wagiated as my Master’'s research project, it was re
fined, edited and published during the first yezfreny PhD research work and became relevant fer thi
research work. The target in protein-ligand dockstp determine the binding mode of small molesule
(ligands) with regard to a known protein’s bindsite. The protein’s binding pocket describes a geom
trical and physico-chemical environment. A smalhhd with properties complementary to the binding
pocket has a high affinity for binding. This keyckoprinciple is energetically driven by free eneogn-
tributions and affects the macromolecular structirtihne protein, which is highly linked to the pgot's
functionality. To determine the binding mode, werdareated the program FADO that analyzes the
protein binding pocket and determines a set ofgatgally favorable atom coordinates (pharmasike).
model the ligand flexibility, we initially generatean ensemble of ligand conformations (Meyer et al.
2006). Then all conformations are simultaneousignald to the coordinates of the pharmasite by a
physical point matching approach. Note, that alainmioint matching approach is used in the refinrgme

phase of GANGSTA+ to transfer the SSE-level alignmi® the residue-level (Guerler and Knapp

Figure 4.2.lllustration of the semi-flexible docking resuttrfa fatty acid (green) and a transporter protdmsling pocket
(gray) (2IFB, (Sacchettini et al. 1989)). The cayseference structure is shown in blue to guideeyre and has a RMSD of
1.72 A to the predicted binding mode.
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2008). In FADO, the point matching approach, regdathe calculation of long range interactions, such
as electrostatic and van-der-Waals interactions&heng range interactions are the most time consum
ing calculations in molecular docking. Additionaliteric repulsion with the protein is ignoredpasy

the pharmasite is needed for point matching. Thisaaces the flexibility of the ligand, not beingheo
strained by steric repulsion during docking.

Figure 4.2 illustrates the semi-flexible dockingutk for a fatty acid protein complex (2IFB). Thesult

for a benchmark dataset of 28 protein-ligand corgdeis illustrated in figure 4.3. FADO reproduced
78% of the main dataset below 2A RMSD, which iseaywgood performance compared to currently
available docking methods. However, this takestawdil 40 seconds of full flexible ligand optimiza-
tion with the MMFF force field on average for eaxdmplex. Further, this only holds under the assump-
tion that we will be able to develop an additiosabring function, which reliably selects the cotrec
binding mode out of the 20 proposed modes currgmtbduced by FADO. Unfortunately, the pure

MMFF force field energy is not able to reliably éett the correct binding modes. Further investigegtio
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Figure 4.3.Results of flexible docking (28 complexes) with[B@ compared with results of commonly used dockows.
FADO reproduced 78% of all complexes below th@hRMSD (Guerler et al. 2008b).
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must be done to develop a reliable and accuratengcecheme. Alternatively, a set of common scoring
functions (B6hm, 1994; Muegge, 1999; Gohlke, 208(Qvailable as additional Amira plugin upon re-

quest by the authors.
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5 AVAILABILITY

All of the mentioned methods were written in ANSHand have been tested on different platforms i.e.
Linux i.e Gentoo and Ubuntu, and Windows i.e. Cygwnd MingW. GANGSTA+ is available at
http: //agknapp.chemie.fu-berlin.de/gplus, in the JAVA application STRAP
(http:/mww.charite.de/bioinf/strap) maintained by Christoph Gille at the Charité UWmsitdtsmedizin
Berlin. Gangstalite is available at the 3D strugkursuperposition server Superimposé
(http://farnsworth.charite.de/superimpose-web) maintained by Raphael Bauer and Dr. Robert Rreiss
at the Charité Universitatsmedizin Berlin. FADQaigailable as plug-in for the molecular modeling en-
vironment AMIRA (ttp://www.amiravis.com) and is a property of the Konrad-Zuse-Institut |Ber

(http:/mww.zib.de). The presented protein docking approach is availan request by the authors
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6 SUMMARY IN ENGLISH

In this work, the developments and results of then-sequential structure alignment method
GANGSTA+ are presented. The method solves thetsnei@alignment problem hierarchically. Initially
the secondary structure elements of two proteircgire pairs are assigned. This is achieved witb-a
terministic algorithm, which solves the so calleshtact-map-overlap problem with a combinatorial ap-
proach. After the assignment of secondary struckliements between a protein structure pair,
GANGSTA+ translates the assignment to the residuetlwith a point matching approach, which is
described in detail in this work. On the basistef tesidue-level assignment a transformation magrix
determined, which aligns the two protein structut@seach other. Contrary to most other methods
GANGSTA+ is able to ignore the sequential ordethaf assigned secondary structure elements and is
even able to align secondary structure elementequence reversed direction. Despite the enlarged
solution space, the method is approximately asadashe fastest available sequential structureiemnt
methods. GANGSTA+ has been applied on severalanilbirotein structure pairs and the results have
been made available to the public by online sesvittecould be shown that GANGSTA+ is able to find
non-sequential structural analogs for protein $tmes stated to be novel folds. The whole functibna

of GANGSTA+ is available to the public at severalioe services and applications.
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7 ZUSAMMENFASSUNG AUF DEUTSCH

In dieser Arbeit werden die Entwicklung und die &vgisse der nicht-sequentiellen Proteinstrukturiiber
lagerungsmethode GANGSTA+ vorgestellt. Die Methdist das Strukturiberlagerungsproblem stu-
fenweise und bestimmt zu Anfang eine Zuordnung Sekundéarstrukturelementen zwischen einem ge-
gebenen Proteinstrukturpaar. Dies geschieht méneideterministischen Algorithmus, der das soge-
nannte ,contact-map-overlap” Problem kombinatorisgtimiert. Auf die Zuordnung der Sekundar-
strukturelemente folgt dann die Bestimmung einedeitigen Zuordnung der Residuen beider Protein-
strukturen. Dies wird mithilfe einer PunktUberlagggsmethode erreicht, welche detailliert in dieser
Arbeit erlautert wird. Ist die eindeutige Zuordnuggf Residuenebene bestimmt wird eine Transforma-
tionsmatrix ermittelt, welche die beiden Proteinkturen tberlagert. Im Gegensatz zu den meisten an-
deren Methoden ist GANGSTA+ in der Lage die segabatAnordnung der Sekundarstrukturelemente
zu ignorieren und sogar sequenzinvertierte strekeuAhnlichkeiten zu ermitteln. Trotz des gréReren
Losungsraumes ist die Methode in etwa so schnelldig schnellsten bisher entwickelten sequentiellen
Strukturiiberlagerungsmethoden. GANGSTA+ wurde aehmare Millionen Proteinpaare angewendet
und die Ergebnisse sind offentlich zuganglich gemasorden. Es konnte gezeigt werden das
GANGSTA+ in der Lage ist fur Proteinstrukturen, ore¢ als neu gelten, nicht-sequentielle Strukturana-
loga zu finden. Die gesamte Funktionalitat von GAN® steht der Offentlichkeit tiber mehrere Inter-

netseiten und Softwareanwendungen zur Verfligung.
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