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Abstract in english

Understanding the relationship between protein sequence 

and structure is one of the great challenges in biology. Since 

in the case of the ubiquitous coiled coil motif, structure and 

occurrence have been described in extensive detail, it might stand to 

reason that we have a clearly drawn picture of coiled coils. However, the 

rules for oligomeric formation, and thus the key to biological function, 

are poorly understood. 

This work investigates the oligomerization of coiled coils by means of 

a multidisciplinary approach that combines biochemistry, biophysics, 

and bioinformatics to shed new light on the formation of two- and 

three-stranded coiled coils:

Based on comprehensive peptide libraries of GCN4 and other coiled 

coil mutants, the influence of amino acid substitutions on their associa-

tion is examined. Furthermore, this work uses a machine learning ap-

proach to tackle coiled coil oligomerization and identify its underlying 

rules in the form of weighted amino acid patterns. These rules form 

the basis of the highly reliable classification tool PrOCoil, which also 

visualizes the contribution of each individual amino acid to the overall 

oligomeric tendency of a given coiled coil sequence. 

Thus, for the first time, a complete network of sequence parameters 

that influence oligomerization is established, and the underlying rules 

of coiled-coil formation are presented.

This work is rounded off by a methodical contribution. In order for a 

method to provide a basis for drawing sound conclusions, it must be 

reviewed carefully. In the case of peptide libraries, little is known about 

the cross-reactivity between peptides and detection agents. A systematic 

review and appraisal of the potential of three common read-out systems 

– 5(6)-TAMRA, FITC, and biotin/streptavidin-POD – to cross-react 

with individual amino acids in a peptide sequence is therefore presented.
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Abstract in german

Das Verständnis der Beziehung zwischen Sequenz und Struk-
tur von Proteinen ist eine der großen Herausforderungen 
der heutigen Biologie. Im Falle des weit verbreiteten Coiled-

Coil-Motivs sind speziell Struktur und Vorkommen detailliert beschrie-
ben. Es ist also naheliegend, von einer vollständig aufgeklärten Struktur 
auszugehen. Um so erstaunlicher ist aber, dass die Coiled-Coil-Oligo-
merisierung – zentrales Kriterium für die biologische Funktion dieser 
Proteine – nahezu unverstanden ist.

In dieser Arbeit wird das Phänomen der Coiled-Coil-Oligomerisierung 
anhand eines multidisziplinären Ansatzes untersucht. Erst die Kombi-
nation aus Biochemie, Biophysik und Bioinformatik erlaubt es, die For-
mation von zwei- und dreisträngigen Coiled-Coils zu erklären: 

Zu diesem Zweck wird auf Basis von umfangreichen Peptidbibliothe-
ken von GCN4 und anderen Coiled-Coil-Mutanten der Einfluss von 
Aminosäure-Substitutionen auf das Assoziationsverhalten untersucht. 
Weiterhin beschäftigt sich die vorliegende Arbeit mit der Untersuchung 
des Oligomerisierungsverhaltens von Coiled-Coils. Basierend auf einer 
neuen Theorie und unter Zuhilfenahme von Support Vector Maschi-
nen werden die der Oligomerisierung zugrundeliegenden Regeln prä-
sentiert. Diese Regeln, in Form von gewichteten Beziehungen zwischen 
Aminosäuren, bilden die Grundlage eines neuartigen Klassifikations-
Tools. "PrOCoil" ist in der Lage, die Stöchiometrie von Coiled-Coils 
mit außergewöhnlicher Genauigkeit vorherzusagen und den Beitrag 
einzelner Aminosäuren dazu zu visualisieren. In Form eines Netzwerks 
von Sequenzparametern wird hier erstmalig ein Modell eingeführt, das 
in der Lage ist, die Coiled-Coil Oligomerisierung zu erklären.

Aus methodischer Sicht feit die Anwendung einer Standard-Methode 
nicht vor kritischer Reflexion. Unabdingbar für eine zuverlässige Inter-
pretation von Peptidbibliotheken ist das Wissen um potenzielle Kreuz-
reaktivität von membrangebundenen Peptiden mit den Nachweisrea-
genzien des Analyten. Daher beinhaltet diese Arbeit als dritten Focus 
eine Begutachtung und Bewertung von drei in diesem Zusammenhang 
häufig genutzten Nachweissystemen. 5(6)-TAMRA, FITC und Biotin/
Streptavidin-POD werden auf ihre Kreuzreaktivität mit einzelnen Ami-
nosäuren in Peptidsequenzen hin untersucht.
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Coiled coils | 1.1

In 1952, L. Pauling [Pauling et al., 1953] and F. H. C. Crick 

[Crick, 1952] first described the structure of the a-helical coiled 

coil. Since then it has become a prototypical textbook example of 

a structural motif, being commonly described as consisting of between 

two and seven a-helices. Almost 6% of the proteins in the Protein 

Data Bank (PDB) [Bernstein et al., 1977] contain coiled coil regions 

[Hadley et al., 2008], of which more than 90% show dimeric or tri-

meric interactions. Due to their ability to oligomerize, coiled coils per-

form, either on their own or as part of larger protein complexes, a variety 

of important cellular functions [Burkhard et al., 2001]. Their ubiq-

uity and the stable interactions of their helices make coiled coils ideal 

building blocks for designing novel proteins. Furthermore, coiled coil 

interactions have recently attracted attention as promising drug targets  

[Strauss et al., 2008]. Their use in successful inhibition of membrane fu-

sion proteins of viruses such as HIV [Bianchi et al., 2005] and avian in-

fluenza [Russell et al., 2008] supports the concept of rational drug design 

based on coiled coil proteins [McFarlane et al., 2009].  Nowadays, coiled 

coils are used extensively and successfully to rationally design multi-

stranded structures for applications including basic research, biotechnol-

ogy, nanotechnology, material science, and medicine. The wide range of 

applications and the important functions these structures play in almost 

all biological processes highlight the need for a detailed understanding of 

the factors that control coiled-coil folding and oligomerization.

Introduction
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Structure and oligomerization | 1.1.1

Today, a plethora of information about coiled coils is available, 

including their prevalence, sequence characteristics, and struc-

tures. As illustrated in Figure 1, they have in common a peri-

odically recurrent sequence called a heptad repeat of the form  

(abcdefg)n. Usually, the positions a and d in these repeats are occupied 

by hydrophobic amino acids located at the hydrophobic core crucial for 

tertiary structure, while positions e and g typically are charged residues 

[O’Shea et al., 1993].

These obvious regularities are used to predict coiled coil segments in 

amino acid sequences [Lupas et al., 1991; Delorenzi et al., 2002; Mc-

Donnell et al., 2006]. Hence, one might expect our understanding of 

coiled coils to be complete. Most remarkably, however, the hidden and 

more complex rules for oligomeric formation, and thus the key to bi-

ological function, are poorly understood. A first but crude indicator 

of whether the oligomeric state of a coiled coil is dimeric (Figure 2) 

or trimeric (Figure 3) may be its intra- and extra-cellular prevalence 

[Lupas et al., 2005], but it clearly does not provide any information 

about the sequence features that govern oligomerization.

Figure 1 | Schematic representation and struc-
ture of the parallel dimeric coiled-coil mo-
tif. (A) Helical wheel diagram looking down 
the helical axis from the N- to the C-terminus. 
Heptad positions are labeled a–g and a'–g' res-
pectively. Positions a, d, e, and g are color-coded.
(B) In the side view, the helical backbones are 
represented by cylinders, the side chains by kn-
obs, and the path of the polypeptide chain is 
indicated by a line wrapped around the cylin-
ders. For simplicity, the supercoiling of the he-
lices is not shown. While residues at positions a 
(purple) and d (blue) make up the hydrophobic 
interface, residues at positions e (orange) and g 
(red) pack against the hydrophobic core. They 
can participate in interhelical electrostatic in-
teractions between residue i (g position) of one 
helix and residue i'+5 of the other helix (e' po-
sition in the next heptad), as indicated by the 
hatched bars. Also indicated is the core a posi-
tion (green), which is often occupied by polar 
residues mediating strand-pairing specificity.  
(Figure adapted from Mason et al. [2008])

      A

      B
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Despite extensive experimental and computational efforts such 

as mutation analysis, NMR, X-ray crystallography, and statistics  

[Lupas et al., 1991; Portwich et al., 2007; Gingras et al., 2008; 

Sheriff et al., 1994; Hu et al., 1993], our knowledge of which oligomer 

a specific coiled coil forms has, until now, been limited to describing the 

phenomenon on the basis of a small number of protein samples. 

Now, as the amount of available post-genomic sequence data is growing 

rapidly, the challenge is to explain coiled coil oligomerization by extract-

ing an actual set of rules from this data.

Figure 2 | Examples and helical wheel diagram 
of dimeric coiled coils. Displayed are both the 
complete proteins and details of the a-helices of 
(A) tropomyosin and (C) the DNA-bound c-
Jun/c-Jun AP1 dimer. Tropomyosin mediates the 
interactions between the troponin complex and 
actin so as to regulate muscle contraction [Lewis 
et al., 1980]. The c-Jun oncoprotein is a major 
component of the transcription factor complex 
AP-1, which regulates the expression of multiple 
genes essential for cell proliferation, differentiati-
on, and apoptosis [Hartl et al., 2003]. (B) Helical 
wheel diagram of a dimer looking down the he-
lical axis from the N- to the C-terminus. Heptad 
positions are labeled from a to g. Arrows repre-
sent the interhelical electrostatic interactions.

Figure 3 | Examples and helical wheel diagram 
of trimeric coiled coils. Displayed are both the 
complete proteins and details of the a-helices 
of (A) the surface transmembrane glycoprotein 
(GP2) of the ebola virus and (C) mannose-bin-
ding lectin (MBL). GP2 is responsible for bin-
ding to target cells and subsequent fusion of the 
viral and host-cell membranes [Malashkevich et 
al., 1999]. MBL is a calcium-dependent serum 
protein that plays a role in the innate immune 
response by binding to carbohydrates on the sur-
face of a wide range of pathogens [Turner, 1998]. 
All figures were created using PyMOL (http://py-
mol.sourceforge.net/) (B) Helical wheel diagram 
of a trimer looking down the helical axis from the 
N- to the C-terminus. Heptad positions are labe-
led from a to g. Arrows represent the interhelical 
electrostatic interactions.

        A                                                 B                                      C

        A                                                 B                                      C
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Pharmacological potential | 1.1.2

Due to their structural simplicity, stability, and specificity, the leucine zip-

per and other coiled coil proteins have attracted attention in the context of 

pharmacological applications. As has been shown for the example of the 

oncosuppressor p53, the structure and function of a self-associating target 

protein in the cell can be disrupted by administering a chimeric coiled coil  

[Contegno et al., 2002]. Another possible medical application of coiled 

coils is in biomaterials designed for use in the human body. For in-

stance, it has been shown that they can form a reversibly contracting 

“smart” hydrogel that consists only of polypeptides [Petka et al., 1998]. 

When adding coiled coils to a water-soluble polymer network, directed 

coiled coil formation results in contraction of the hydrogel and a vol-

ume reduction of up to 90% [Tang et al., 2001; Wang et al., 1999; 

Wang et al., 2001]. Alternatively, the specificity of coiled coil domains in 

hetero-dimerization and -oligomerization can be used in controlled drug  

delivery and release systems [Moll et al., 2001]. Both a therapeutic agent 

(e.g., a radionuclide-chelate complex [Goldenberg, 2003]) and a target-

ing component (e.g., an antibody) are attached to a hetero-dimerizing 

domain. First, the targeting component is administered to the organ-

ism to specifically recognize and mark the target site. Subsequently, the 

therapeutic agent is added, which dimerizes with the coiled coil domain 

of the targeting component and thus delivers the drug directly to its 

target site. Such two-step approaches can enhance the therapeutic effect 

of drugs and can reduce toxicity in non-affected tissue [Goodwin et al., 

2001; Knox et al., 2000]. Hetero-dimerizing leucine zipper domains 

have several advantages over other established systems. For instance, 

the disadvantages of the biotin/streptavidin system are that streptavidin 

may provoke immune response and that it may be bound by endog-

enous biotin. It has been shown repeatedly both by means of combi-

natorial approaches and in vivo experiments that proteins coupled to 

coiled coil domains can hetero-dimerize [Behncken et al., 2000; Ghosh 

et al., 2000; Katz et al., 1998]. Since infections and other causes of 

illness (e.g., of Diabetes mellitus [Hua et al., 2000]) are linked to chang-

es in a-helical coiled coil structures, there is a demand for agents that 

can easily detect these changes and/or provide a means of therapy.

introduction
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Bioinformatics | 1.2

Comparing trimeric coiled coil sequences by hand, experimentalists 

have recently discovered the first complex trimerization pattern [Kam-

merer et al., 2005]. However, experimental approaches can never be 

exhaustive, making bioinformatics the method of choice [Lupas, 2008] 

for identifying the underlying oligomerization rules embedded in the 

sequence data. Previous coiled coil research, including bioinformatics 

approaches, has been based on the notion that strategies using sequence 

homology and single amino acid distributions are adequate methods for 

explaining oligomerization.

State-of-the-art prediction | 1.2.1

The aforementioned heptad periodicity of coiled coils and the clear and 

simple appearance of their structures have made possible a large num-

ber of computational approaches to their analysis. These range from (i) 

simple sequence-based approaches, counting single and pairwise resi-

due distributions, to (ii) approaches based on Hidden Markov Models 

without scanning windows, (iii) structure-based approaches, detecting 

knobs-into-holes packing in helical bundles, and (iv) approaches based 

on matrices of residue frequencies that aim to distinguish different 

oligomeric tendencies. 

The earliest sequence-based approaches were initially used to detect  

periodicities in the basic heptad pattern [see e.g. McLachlan et al., 

1983], but subsequently also for detecting deviations from the heptad 

pattern itself [Hoiczyk et al., 2000]. Based on residue distributions at 

each of the seven heptad positions of the putative coiled coil segments 

of myosin, tropomyosin, a-keratin, and hemagglutinin, a second widely 

used sequence-based approach was implemented in the form of the pre-

diction tool Coils (www.ch.embnet.org/software/ COILS_form.html). 

It uses scanning-window-based residue frequencies to predict whether a 

sequence of unknown structure forms a coiled coil [Lupas et al., 1991]. 

A variant of this approach, using pairwise residue correlations, was  

introduction
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developed and implemented by Berger and colleagues in the program 

PairCoil (paircoil.lcs.mit.edu/cgibin/paircoil) [Berger et al., 1995]; 

LearnCoil, a further variant, can be trained iteratively on a set of target 

proteins [Berger et al., 1997].  

The most promising sequence-based approach, MARCOIL  

(www.isrec.isbsib.ch/BCF/Delorenzi/Marcoil/index.html), builds upon 

Hidden Markov models [Delorenzi et al., 2002] and operates without 

a scanning window, thus removing a limitation of Coils and PairCoil. 

The main structure-based program used for the analysis of coiled coils is 

SOCKET (www.biols.susx.ac.uk/Biochem/Woolfson/html/coiledcoils/

socket/) [Walshaw et al., 2001]. This tool was designed to detect knobs-

into-holes packing in helical bundles and represents the most direct way 

of evaluating the compatibility of a structure with the standard model. 

The program operates by representing side-chains by their centers of 

mass and classifying them as knobs if they contact four or more side-

chain centers within a specified distance cutoff (set to 7.0 Å by default). 

At the same time, the program assigns an orientation, a register, and the 

number of constituent helices for each detected coiled coil. 

In order to discriminate between two- and three-stranded coiled coils, 

matrices of residue frequencies have been used with fair success. Build-

ing upon such matrices, Woolfson and Alber [1995] developed the pro-

gram Scorer, and Wolf et al. [1997] the program MultiCoil (multicoil.

lcs.mit.edu/cgibin/multicoil). 

Support vector machines | 1.2.2
 

In recent years, SVMs have become established as a standard tool in  

machine learning, and their popularity for biosequence classification 

has increased dramatically [Schölkopf et al., 2004]. SVMs provide 

mathematically sound classifications even if the dataset is too small to 

achieve significant results with probabilistic techniques [Vapnik, 1998].  

In fact, SVMs are the method of choice both because they can be used 

to distinguish dimers from trimers and because, at the same time, they 

introduction
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also provide the rules (weighted patterns) on which their decisions are 

based and which are so valuable for protein design purposes. 

In the context of classifying biological sequences as described here, 

SVMs require a kernel that obtains two sequences as input and  

supplies a scalar value as a measure for their similarity. By extensive 

testing in cooperation with the Institute of Bioinformatics, JKU Linz, 

it was verified that the currently most popular sequence kernels (spec-

trum [Leslie et al., 2002] and mismatch kernel [Leslie et al., 2003]) are 

not the best choice for classifying coiled coils, as they measure similar-

ity by counting long, continuous substrings shared by both test and 

query sequences. Therefore, inspired by earlier approaches that make 

use of pairwise residue co-occurrences [Berger et al., 1995; Wolf et al., 

1997; Fong et al., 2004; McDonnell et al., 2006], and motivated by the 

findings in this work, a new kernel – the coiled coil kernel – was devel-

oped. In contrast to the substrings used in other sequence kernels, the 

pairs of amino acids used by the coiled coil kernel need not be adjacent  

[Berger et al., 1995]. Using the coiled coil kernel, a SVM generates rules 

by optimizing the pattern weights such that the combined rules achieve 

maximum discrimination between dimers and trimers. For a more de-

tailed description of the approach, see the Methods section of this work.

introduction
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SPOT-synthesis | 1.3

The growing demand for binding assays to study protein-protein  

interaction can be addressed by peptide array-based methods. The 

SPOT technique is a widespread peptide-array technology, which is able 

to distinguish semi-quantitatively the binding affinities of peptides to 

defined protein targets within one array. 

Introduced in 1963 by Robert Bruce Merrifield, solid phase synthesis 

[Merrifield et al., 1963] became an all-important technique for syn-

thesizing peptides and small protein domains. The potential of this  

automated method is limited only by the fact that it is not feasible 

to synthesize and screen large numbers of peptides. Motivated by the 

great demand for rapid and effective parallel synthesis of peptides, in 

1992 Ronald Frank developed and published a method for synthesizing 

peptides by spot-wise coupling of small amounts of activated amino  

acids directly on a membrane and for subsequent screening of large pep-

tide arrays on these planar cellulose supports [Frank, 1992]. 

While SPOT synthesis is a positionally addressable, highly parallel, and 

technically simple experimental procedure, it is also a very flexible and eco-

nomic technique that can be applied to a broad spectrum of biological tasks  

[Reinecke et al., 2001; Frank, 2002]. The special properties of solid 

phase membrane supports – made, for instance, of cellulose or other 

polymers – allow screening methods such as binding assays, enzymatic 

assays, and cellular assays [Wenschuh et al., 2000]. The planar mem-

brane materials must be compatible with reagents, solvent systems, and 

reaction conditions (chemical compatibility) as well as resistant to wash-

ing and cleavage operations (mechanical stability). In most cases, planar 

cellulose membrane sheets are used for the synthesis and subsequent 

screening of peptide arrays. 

The SPOT technique uses conventional Fmoc chemistry, and the gen-

eral concept for SPOT synthesis is summarized as follows: (i) membrane 

functionalization; (ii) spacer and/or linker attachment; (iii) positionally 

addressed SPOT synthesis; (iv) cleavage, i.e., side chain deprotection; 

(va) solid-phase screening of membrane-bound peptides; or (vb) cleavage 

from the membrane for solution-phase assays. For a schematic overview 

introduction
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of the coupling and deprotection cycle see Figure 4.

There are several commonly used methods for measuring protein-

protein interactions and binding affinities, such as enzyme-linked  

immunosorbent assay (ELISA) and surface plasmon resonance (SPR). 

In contrast to most of these methods, protein and peptide arrays on 

planar surfaces [Frank, 2002; Andresen et al., 2009; Tao et al., 2007; 

Stoevesandt et al., 2009] allow high-throughput measurement because 

they provide a higher density of probes, so a multitude of molecular 

interactions can be measured in parallel. Array experiments have dem-

onstrated their value for bimolecular binding assays [Pritchard et al., 

2008; Li et al., 2002], especially in the case of protein-protein interac-

tions [Stoevesandt et al., 2009; Zhu et al., 2001; Beutling et al., 2008; 

Volkmer et al., 2009].

Synthetic peptide arrays have several advantages [Volkmer et al., 2009]: 

(i) peptide synthesis is faster and cheaper than expression-related  

techniques, (ii) peptide probes are stable moieties, and (iii) peptide syn-

thesis allows incorporation of non-gene-encoded residues. A drawback of  

Figure 4 | Schematic illustration of the cou-
pling cycle in SPOT synthesis. The proces-
ses of (i) addition of protected amino acids, 
(ii) coupling, (iii) deprotection, and (iv) wa-
shing are repeated until peptides of the desired 
length are bound to the membrane. For further  
information see the Methods section.

Measuring protein-protein interactions | 1.3.1
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applying peptides instead of whole proteins as probes is information 

loss due to the missing structural context. This can be compensated for 

by adapting the task of the peptide array experiment, for example, by  

focusing on modular binding events or by resolving immunorecogni-

tion to the epitope level. Peptide arrays are usually prepared in a micro- 

or macro-array format [Reimer et al., 2002]. The latter kind of array is 

generated according to the SPOT synthesis approach [Frank, 1992], 

which is accessible even for non-specialized laboratories. The SPOT 

technology and many of its applications have been reviewed extensively 

[e.g. Frank, 2002, Beutling et al., 2008; Volkmer, 2009]. In principle, 

signal intensities – the output of this technique – can be used to roughly 

distinguish between different affinities [Weiser et al., 2005]. The most 

important application of the SPOT technique, however, is to differ-

entiate qualitatively between binding affinities of peptides to defined 

protein targets within one array, using fluorescent or chemiluminescent 

read-out systems.

Interference of screening systems | 1.3.2

The quality of an assay system used for probing peptide arrays depends 

on the well balanced combination of screening and read-out methods. 

The former address the steady state of analyte capture, while the latter 

provide the means to detect captured analyte. Usually, both screening 

and read-out are carried out directly on the peptide array and are often 

performed as separate procedures. The visualization of peptides bind-

ing the interaction partner is done in an additional step, in which the 

probed peptide array is subsequently immersed in a solution contain-

ing a label conjugate with high binding affinity to the analyte. Besides  

antibody-based immunoblotting techniques [Wilson et al., 1978; 

Harlow et al., 1988], the biotin/streptavidin-POD system has recently 

been reported as a convenient combination of a non-interfering screen-

ing strategy (biotin-conjugated analytes) with a specific affinity-based 

read-out strategy (streptavidin-conjugated reporter) for peptide arrays 

[Winkler et al., 2008; Dürauer et al., 2006]. More advantageously 

though, screening and read-out can be achieved simultaneously by 

introduction
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direct labeling of the analyte with a detectable moiety, for instance, 

with fluorescent dyes. These dyes can be incorporated synthetically  

[Toepert et al., 2003; Portwich et al., 2007] or via methods used in 

activity-based protein profiling [Uttamchandani et al., 2008]. In all 

cases, however, false positive results can occur when challenging a  

peptide array with analyte or detecting captured analyte with label con-

jugates. This is due to the diversity of mechanisms by which peptides 

may interact directly with any of the detection agents. Control incuba-

tions, using only the detection agents, for the read-out procedure are 

obligatory and standard in good laboratory practice.

introduction
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The aim of this work is to investigate which specific proper-

ties of a coiled coil domain influence its oligomerization by 

means of a multi-method approach using (a) biochemical, 

(b) biophysical, and (c) bioinformatics methods. 

Using comprehensive peptide libraries of coiled coil mutants, the influ-

ence of amino acid substitutions on association are tested, and the as-

sociation is examined further by biophysical methods. The feasibility of 

the biochemical methods to (ia) distinguish coiled coils from non-coiled 

coils and to (iia) investigate the oligomeric state is evaluated. To be able 

to draw sound conclusions, the biochemical core method, the SPOT 

synthesis, must be reviewed carefully: Despite being a general problem, 

little is known about the cross-reactivity of peptides with the detec-

tion agents, which leads to false positive results. To this end (iiia,b) three 

common agents  5-(and 6)-carboxytetramethylrhodamine (TAMRA), 

fluoresceinisothiocyanate in the form of the peptide-bound fluorescein-

substituted thiourea derivative (FITC), biotin and streptavidin-POD 

are tested for cross-reaction with individual amino acids in a peptide 

sequence.

Bioinformatics and statistics are used to expand the knowledge of coiled 

coil oligomerization beyond experimental data. 

Milestones and Objectives
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Three postulates form the starting point of this thesis that aims to shed 

new light on the theory of coiled coil oligomerization:

I.    		 Analysis of simple amino acid distributions is insufficient to dis-

	 tinguish oligomers. 

II.   		 Relationships between amino acids at different positions are im- 

	 portant.

III.   	Taken together, the relationships form a network that deter- 

	 mines structure. 

(ivc) These postulates are examined using machine learning methods 

and other statistical methods, which – if successful – lead to a revised 

theory of coiled coil oligomerization. 

Based on all known dimeric and trimeric coiled coils in the Protein 

Data Bank (PDB), pairwise feature extraction is used to (va,c) identify 

characteristic amino acid patterns that determine the rules for oligomer-

ization. These rules are used as a basis for a classification tool that makes 

it possible to (vic) visualize the contribution of each individual amino 

acid to the overall oligomeric tendency of a given coiled coil sequence. 

These results are (viib,c) verified both computationally and experimen-

tally, and used to (viiia,c) explain the hitherto puzzling behavior of the 

yeast transcriptional activator GCN4, which can, as a result of minimal 

mutations in its amino acid sequence, switch from forming a dimer to 

forming a trimer [Portwich et al., 2007].

Thus, this work tackles three central tasks:

	 •	 Analysis of three common detection agents (TAMRA, FITC 

 	 and biotin/streptavidin-POD) to reveal their ability to cross- 

	 react with cellulose-bound peptides.

	 •	 Analysis of coiled coils using peptide libraries.

	 •	 Development and testing of a new sequence-based theory to 

	 explain coiled coil oligomerization.

milestones
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Biochemical methods | 3.1

A ll reagents and solvents were ordered from Aldrich (Stein-

heim, Germany), Fluka (Buchs, Suisse), Merck (Darmstadt, 

Germany) or Sigma-Aldrich (Seelze, Germany). Other sourc-

es and companies are mentioned in the text. 

The water used was desalinated and demineralized using a Simplicity 

185 unit (Millipore, Billerica, USA).

SPOT-synthesis | 3.1.1

Cellulose-bound peptide arrays were prepared according to standard 

SPOT synthesis protocols using a SPOT synthesizer (Intavis, Köln,  

Germany) as described in detail in [Wenschuh et al., 2000]. The pep-

tides were synthesized on amino-functionalized cellulose membranes 

(Whatman, Maidstone, Great Britain) of the ester type prepared by 

modifying cellulose paper with Fmoc-b-alanine as the first spacer resi-

due. In the second coupling step, the anchor position Fmoc-b-alanine-

OPfp in dimethylsulfoxide (DMSO) was used. Residual amino func-

tions between the spots were capped by acetylation. The Fmoc group 

Methods
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was cleaved using 20% piperidine in dimethylformamide (DMF).  

The cellulose-bound peptide arrays were assembled on these membranes 

by using 0.3 M solutions of Fmoc-amino acid-OPfp in 1-Methyl-2-

pyrrolidone (NMP). Side-chain protection of the Fmoc-amino acids 

used was as follows: Glu, Asp (OtBu); Ser, Thr, Tyr (tBu); His, Lys, Trp 

(Boc); Asn, Gln, Cys (Trt); Arg (Pbf ). After the last coupling step, the 

acid-labile protection groups of the amino acid side chains were cleaved 

using 90% trifluoro-acetic acid (TFA) for 30 min and 60% TFA for 3 h. 

Peptides were cleaved from the membrane using the standard protocol 

as described in [Wenschuh et al., 2000] and dissolved in water (using 

10% acetonitrile to increase solubility if necessary).  

Analysis and purification | 3.1.2

HPLC analysis (Waters, Milford, USA) was conducted using a linear 

solvent gradient (A: 0.05% TFA in water; B: 0.05% TFA in acetoni-

trile; gradient: 5–60% B over 30 min; UV detector at 214 nm; RP-18 

column). 

a-cyanocinnamic acid was used as a matrix for MALDI-TOF (Applied 

Biosystems, Forster City, USA) MS analysis.

Peptide synthesis on resin | 3.1.3

Soluble peptides were synthesized (50 μmol scale) as amides on a mul-

tiple synthesizer according to the standard Fmoc machine protocol 

using TentaGel S RAM resin (Rapp Polymere, Tübingen, Germany) 

and PyBOP activation. Each peptide was modified N-terminally with 

5-(and 6)-carboxytetramethylrhodamine (using TBTU activation), flu-

oresceinisothiocyanate (using HOBt, DIC activation), or biotin (using 

PyBOP activation). All peptides were analyzed by reversed phase HPLC 

and MALDI-TOF. HPLC purification and analysis were conducted as 

described above.

methods
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All incubation and washing steps were carried out under gentle shaking 

and at room temperature. After washing the membrane with ethanol 

once for 10 min and three times for 10 min with Tris-buffered saline 

(TBS: 50 mM Tris-(hydroxymethyl)-aminomethane, 137 mM NaCl, 

2.7 mM KCl, adjusted to pH 8 with HCl/0.05%), the membrane-

bound peptide arrays were blocked (3 h) with blocking buffer (casein-

based blocking buffer concentrate (Sigma-Genosys, Cambridge, UK),  

1:10 in TBS containing 5% (w/v) sucrose), and then washed with TBS 

(1x10 min). Subsequently, the peptide arrays were incubated with the 

labeled analytes (c = 10 µM) for 10 min in TBS blocking buffer. After 

washing for 120 min with TBS, analysis and quantification of peptide-

bound dyes/biotin/streptavidin-POD were carried out using a Lumi-

Imager. For biotin/streptavidin-POD, a chemiluminescent substrate 

was added beforehand. For densiometric analysis, the membranes were 

scanned and read out directly by GeneSpotter (Microdiscovery, Berlin, 

Germany). 

 

For each detection system, binding events were recorded by a cooled 

CCD-camera (TAMRA-fluorescence, FITC-fluorescence, and SA-

linked chemiluminescence) using a Lumi-Imager (Roche, Indianapolis, 

USA). Additionally, TAMRA staining was also recorded by scanning 

in the visible light range using a HP Scanjet G3010 (Hewlett-Packard, 

Böblingen, Germany), resulting in a digital image file (referred to as 

densiometric analysis). The signal intensity (SI) of each spot was calcu-

lated by defining a spot radius that can be optimally applied to all spots 

in the image and taking the median value of the pixel intensity. The 

background signal was determined with a safety margin to each spot’s 

circular region, and then the global background mean was subtracted 

from each individual spot signal. This parameter is referred to as SI. 

Grid-layer and SI were calculated using dedicated image analysis soft-

ware: GeneSpotter has a fully automatic grid-finding routine resulting 

Binding studies on cellulose membranes | 3.1.4

Measurement of spot signal intensities | 3.1.5 

methods
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in reproducible signal intensities. The median value of the intraspot dis-

tribution was sufficient to avoid saturation. Results are shown as the in-

terspot global background-corrected mean value over three replica spots 

for each sequence. TAMRA was measured at 645 nm, FITC at 520 nm, 

and streptavidin-POD via chemiluminescence. The aforementioned 

wavelength was chosen to detect TAMRA at lower background noise.

methods
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Biophysical methods | 3.2

Fluorescence spectroscopy | 3.2.1

Spot autofluorescence was monitored by placing freshly prepared mem-

brane probes with peptides bound (sample) and a functionalized mem-

brane without peptides (control) in a SPEX Flourolog 212 fluorom-

eter (SPEX Industries, Edison, NJ) thermostated at 25°C. Excitation 

spectra (lx) were measured with the excitation wavelength varying from 

260 nm to 500 nm and the emission wavelength (lm) set to 520 nm. 

Intensity of fluorescence was expressed as counts/sec, and the integra-

tion time (S/R) was 1 sec.

Circular-dichroism spectroscopy | 3.2.2

Peptides were measured in TBS (154 mM NaF, 10 mM tris(hydroxy-

methyl)aminomethane, pH 8.0) at room temperature. Spectra were  

recorded on a J-720 spectropolarimeter (Jasco, Tokyo, Japan) at a  

total peptide concentration of 75 μM, and corrected by subtracting the  

buffer baseline.

Analytical ultracentrifugation | 3.2.3

Sedimentation equilibrium experiments were conducted in a  

Xl-I analytical ultracentrifuge (BeckmanCoulter, Brea, USA) at  

20 °C using the interference optics of the instrument. Peptide solu-

tions were brought to dialysis equilibrium with 50 mM Tris buffer,  

pH 8.0, containing 137 mM NaCl and 2.7 mM KCl with PD10 columns  

(Amersham Bioscience, Freiburg, Germany). Peptide stock solutions 

had a concentration of 3 mg mL–1 of total peptide. 250 µL of three 

methods
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different solutions (1:1, 1:2 and 1:10) were loaded into artificial-

boundary centerpieces and spun at 50 or 60 krpm, depending on 

the expected molecular weight. Attainment of apparent sedimenta-

tion and chemical equilibrium was ascertained by comparing con-

secutive scans using MATCH (available from ftp://rasmb.bbri.org). 

Blank-corrected scans were first analyzed by calculating point-average 

molecular weights from the slope of a plot of the natural logarithm 

of the concentration versus the squared distance from the rotor axis. 

Visual inspection of the overlay of local molecular weights versus 

concentration for the different loading concentrations was used to 

check for reversibility and suggested the existence of limiting spe-

cies at the lower and upper ends of the concentration scale. Where  

appropriate, this information was used to select distinct models to  

describe the data. These models were then fitted directly to the data using  

NONLIN [Johnson et al., 1981]. A model was judged to be an ad-

equate description of the data if the residuals were random by visual 

inspection and if no other model explained the data significantly better 

as judged by the variances of the fits [Otte et al., 2003].

The density of the buffer used and the partial specific volume (PSV) of 

the different peptides were measured using a DMA 5000 densitometer 

(Anton Paar, Graz, Austria) as described elsewhere [Kratky et al., 1993]. 

For mixtures of two peptides, the weighted average of the individual  

values of the PSV was used to calculate point-average molecular weights. 

A conversion factor of 3.29 fringes mg–1 mL–1 was used to convert values 

from fringe units to molar quantities.

methods
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Bioinformatics and statistics | 3.3

In order to create a dataset of dimeric and trimeric coiled coil sequences, 

the program SOCKET [Walshaw et al., 2001] with a packing cutoff of 

7.0 Å was used to scan the PDB for knobs-into-holes packing between 

helices. The output was first parsed for dimeric and trimeric sequences 

and then divided into parallel and anti-parallel samples. The dataset 

of parallel dimeric and trimeric coiled coils was refined by removing 

identical (sub-)sequences, as they contribute no additional sequence in-

formation. Thus, a database of 385 dimeric and 92 trimeric coiled coil 

sequences with heptad registers assigned by SOCKET was created (for 

an overview see Figure 5 and Table A2).

The dataset was augmented with coiled coil sequences that were not 

yet structurally resolved and thus not listed in the PDB. To this end, 

the complete amino acid chains containing coiled coil segments were 

retrieved from the PDB entries and the areas SOCKET had identified as 

coiled coils were masked. The coiled coil masking facility of BLAST was 

not employed, since it is based on the prediction tool Coils. Using veri-

fied 3D data to identify coiled coil segments is the more reliable choice. 

Those chains that provided at least 40 unmasked amino acids were then 

used as inputs to BLAST [Altschul et al., 1990] searches in the non-

redundant (NR) database. Subsequently, a strict selection process was 

employed to ensure that only reliable sequences were chosen from the 

hits and added to the dataset: First, BLAST output sequences that were 

less than 85% identical to the unmasked regions of the query sequences 

were removed. Then the remaining sequences were used as input for 

the program MARCOIL [Delorenzi et al., 2002] to confirm that they 

contain coiled coil segments and to assign their heptad registers. In the 

Extracting dimers and trimers from the PDB | 3.3.1

Augmenting the database with BLAST | 3.3.2

methods
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final filtering step, only sequences that reached or exceeded a coiled coil 

probability of 85% according to MARCOIL were selected and included 

in the dataset. As depicted in Figure 5, this resulted in a combined 

PDB and approved BLAST pool of 2043 dimers and 791 trimers. The 

reasoning behind this particular masking procedure was that using the 

coiled coil region itself for a BLAST search would result in cross-hits 

between dimers and trimers, since they can have highly similar amino 

acid sequences. Searching with the chain surrounding the coiled coil, on 

the other hand, is very likely to provide proteins of similar structure and 

thus also of identical oligomerization. To check whether masking helps 

to avoid cross-hits, a database of the full (unmasked) chains containing 

the dimeric or trimeric segments collected from the PDB was created, 

against which a BLAST search with the masked chains was run. After 

removing chains that contained both dimeric and trimeric regions, no 

cross-hits between the set of dimers and the set of trimers were observed, 

which proves this method for avoiding cross-hits successful.

Data preparation by clustering | 3.3.3

Ungapped, heptad-specific multiple alignments of (a) the pool of di-

meric and (b) the pool of trimeric PDB samples were performed. Each 

pool was then divided into clusters such that the maximum sequence 

identity between any two sequences from two different clusters was 

60%. Subsequently, an augmented dataset was created by adding each 

Figure 5 | Schematic overview of coiled coil 
datasets.  Almost 6% of all proteins in the PDB 
(indicated on the left, grey) contain (A) coiled 
coil regions, of which more than 90% show di-
meric (orange) or trimeric (blue) interaction.  
(B) Dataset of 385 dimeric and 92 trimeric struc-
turally resolved coiled coil sequences (see Table 
A1)that was augmented, resulting in (C) a com-
bined PDB and approved BLAST dataset of 2043  
dimeric and 791 trimeric sequences. The aug-
mented dataset was used to train the SVM,  
results were tested using only the structurally  
resolved dataset.

         A                    B                  C
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sequence from the approved BLAST pool to the cluster of the query 

sequence from which it originated. Thus, two 60%-clustered datasets 

were obtained: one based exclusively on PDB samples and one aug-

mented by BLAST. 

An identity threshold of 60% was chosen because any lower level would 

have merged about half of the dataset into a single cluster. This is due 

to the fact that coiled coils have highly similar secondary structures and 

thus also have a priori a high level of sequence similarity. 

For the clustered dataset, each cluster was considered as a single coiled 

coil sequence. This was accomplished by performing an ungapped,  

heptad-specific multiple alignment of all sequences in the cluster. Then, 

a cluster sequence was represented by the relative frequencies of amino 

acids at each of the aligned positions (analogous to the way clusters are 

treated when computing BLOSUM matrices  [Henikoff et al., 1992]). 

Finally, the overall single amino acid frequencies were computed as the 

sums of relative amino acid frequencies at all heptad positions in all 

clusters.

The statistical significance of each single amino acid position was de- 

termined by Fisher’s exact test [Fischer et al., 1922], comparing 

the numbers of occurrences of a given amino acid at a given heptad  

position in trimers and dimers against the occurrences of other residues 

in the same heptad position. The total numbers of occurrences of heptad  

positions in the sequences of the 60%-clustered dataset are approxi-

mately 210 in trimers and 800 in dimers. These sample sizes are large 

enough to have sufficient statistical power to detect even small differ-

ences in amino acid frequencies. Finally, 9 single amino acid patterns 

emerged that were significant according to Benjamini-Hochberg FDR 

correction [Benjamini et al., 1995] with an FDR threshold of 0.05.

Heptad-specific single amino acid frequencies | 3.3.4
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In order to test whether patterns of pairs of amino acids provide a gain 

of information compared to single amino acid patterns, all possible pair-

ings of amino acids at specific heptad positions were considered with at 

most 6 other residues in between. Again, Fisher’s exact test was applied, 

this time comparing joint occurrences of two residues and occurrences 

of the first residue with other residues (again separately for trimers and 

dimers). Here, the overall sample size is the number of occurrences of 

the first single amino acid pattern. Extensive power calculations showed 

that at least 60 occurrences of a single amino acid pattern are needed to 

detect statistical differences with sufficient certainty. Of the 4360 pair 

patterns fulfilling this criterion in the 60%-clustered dataset, 130 pairs 

showed a p-value of at most 0.05. After applying Benjamini-Hochberg 

FDR correction and a stringent FDR threshold of 0.05, two pair pat-

terns remained significant. Thus, a gain in information with statistical 

significance can indeed be observed. Note that many potentially valu-

able pair patterns may have been overlooked because the sample sizes 

were too small to detect a difference with sufficient significance.

SVM and kernels | 3.3.6

The non-technical reader may find these introductory tutorials [Burges, 

1977; Müller et al., 2001] or standard literature [Vapnik, 1998; Cortes 

et al., 1986; Christianini et al., 2000] helpful to become familiar with 

the topic. The functions and algorithms were developed in collaboration 

with Ulrich Bodenhofer, Ingrid Abfalter, and Sepp Hochreiter (Institute 

of Bioinformatics, JKU, Linz). 

Statistical significance of amino acid pairs | 3.3.5 
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SVM discriminant function | 3.3.6.1

Suppose one wishes to perform a binary classification of samples xi 

(in this case amino acid sequences). Each sample can belong either 

to the positive class with the label yi = 1 (trimers) or to the negative 

class with the label yi = -1 (dimers). For a given training set with  

{(xi,yi) | 1£ i £ l}, the discriminant function (i.e., the classifier) of the 

support vector machine is given by

                                                                                  ,

where b is the offset, ai are the Lagrange multipliers and k(x,xi) is the 

kernel.

Coiled coil kernel | 3.3.6.2

A pair pattern p consists of two amino acids and a fixed number of up 

to m arbitrary amino acids in between. It is indicated at which heptad 

position the first amino acid must occur: the pattern S.If, for instance, 

matches a coiled coil sequence if a Ser occurs at an f position and an Ile 

at the next a position (with an arbitrary amino acid at the g position in 

between). For a given pattern p and a sequence x, N(p,x) denotes the 

number of occurrences (i.e., matches) of pattern p in sequence x. The 

coiled coil kernel calculates the number of coiled coil patterns shared 

by two sequences, taking multiple occurrences into account. It bears 

some resemblance to the spatial sample kernel [Kuksa et al., 2008] and 

the kernel described in [Fong et al., 2004]. However, in contrast to 

the former, the coiled coil kernel has an additional position/heptad-

specific property, and in contrast to the latter, it considers pairs of resi-

dues from the same chain and is not restricted to a small set of pairs of 

f x b y k x xi
i

l

i i( ) ( , )= + × ×
=
∑a
1

k x y N p x N p y
p

( , ) ( , ) ( , )= ×∑
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positions. The kernel values were normalized to correct for variations in 

sequence length [Bodenhofer et al., 2009].

Model selection | 3.3.6.3

The classification performance depends heavily on the choice of mod-

el parameters (the coiled coil kernel parameter m, the SVM’s penalty 

parameter C, raw kernel vs. normalized kernel, unaugmented training 

set vs. BLAST-augmented training set) and SVM implementations. A 

common approach is to use cross-validation to select the best set of pa-

rameters. This strategy was used employing two well established SVM 

implementations, the C-SVM implementation of LIBSVM [Chang et 

al., 2001] and the PSVM [Hochreiter et al., 2006]. The classification 

results were ranked according to accuracy to guarantee a low misclas-

sification rate. The LIBSVM optimizes margin errors and hence delivers 

excellent classification at the boundary between the two classes. Thus, 

it not only provides good classification of new sequences, but is also 

suitable for classifying and characterizing variations of known sequenc-

es that are produced in the course of mutation analysis, as the GCN4 

examples described in this work confirm. The PSVM minimizes the 

mean squared error, which allows balancing the data set by increasing 

the weights of the labels of the smaller class. This leads, on one hand, to 

improved separation of whole clusters, but, on the other hand, to more 

margin errors.

The validity of the model selection procedure was verified by nested 

cross-validation. In the outer cross-validation loop, the whole dataset 

was split into 10 parts with a maximum sequence identity of 60% be-

tween parts. In each of 10 runs, the ten parts were grouped differently 

to form a training dataset (9 parts) and an unseen dataset (1 part). Mod-

el selection was performed by means of 9-fold inner cross-validation 

on the training dataset. The resulting best model was then tested on 

the unseen data. The average test accuracy of the 10 (outer) runs us-

ing LIBSVM was 86.9%, which shows that the model selection proce-

dure used yields excellent performance on independent test sets. Hence, 

cross-validation-based model selection can be safely applied to the  
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entire dataset. The best model in terms of accuracy obtained in this way 

resulted from LIBSVM trained with the BLAST-augmented dataset us-

ing the normalized coiled coil kernel with m = 7 and the SVM penalty 

parameter C = 8. After retraining with the complete dataset (i.e., with 

no data omitted), this became our PrOCoil model.

Pattern Extraction | 3.3.6.4

Pattern extraction was performed by rearranging the discriminant func-

tion f(x) as described in [Bodenhofer et al., 2009] to obtain the weights 

w(p) of the patterns p, given a support vector machine. yi denotes the 

class label (+1/-1).

Sequence Profiling | 3.3.6.5

The discriminant function f(x) was reformulated such that each position 

or amino acid i in the sequence x is attributed the weight si (i.e., the sum 

over half of the weight of all patterns of which it is part) it contributes 

to the discriminant function. The base line of the resulting sequence 

profiling plot is given by y = -b/L. 
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The rationale of this approach was to understand the poten-

tial cross-reactivity of three common detection systems – 

5-(and 6)-carboxy-tetramethylrhodamine (TAMRA), fluo-

resceinisothio-cyanate in the form of the peptide-bound fluorescein-

substituted thiourea derivative (FITC), biotin and streptavidin-POD 

– with cellulose membrane-bound peptides at the amino acid level. To 

investigate the potential interaction of these detection systems with in-

dividual amino acids, 20 peptides of the sequence GGG[B]5GGG were 

designed. Herein, [B]5 denotes five repeats of one of the 20 amino acids 

(for a schematic overview see Figure 6). Glycine was used to create non-

reactive regions flanking the functional core at the N- and C-termini. 

This approach generates peptides of reasonable length for the homoge-

neous display of the defined cores. The peptides were prepared via SPOT 

synthesis, with each GGG[B]5GGG sequence repeated three times in 

columns on the peptide array. Additionally, the core motif lengths were 

varied from [B]5 to [B]1, and also the peptide-specific density was varied 

in order to identify effects on interaction. 

All membrane-bound peptides were analyzed by reversed phase HPLC 

and MALDI-TOF (see appendix Table A1). All masses except those of 

cysteine-containing peptides were found, and the purity of the SPOT-

synthesized peptides was determined (by HPLC) to be in the range of  

Results and Discussion

Cross-reactivity of detection systems | 4.1
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25% to 85%, which is adequate for screening assays [Kramer et al., 

1999; Wenschuh et al., 2000]. Since the masses of the cysteine-contain-

ing peptides were incorrect, the analytical results of these peptides were 

not taken into account. 

As soluble interaction partners, peptides of the sequence Gly-Gly-Gly 

were synthesized, N-terminally modified with biotin, TAMRA, or FITC 

(label-GGG), and finally purified by HPLC. This tripeptide was used to 

better meet the assay conditions, because the aforementioned labels are 

usually chemically coupled to an analyte or a detection antibody. 

Peptide arrays containing the core-motifs were incubated in situ with 

a label-GGG and evaluated using optical, fluorescent, and chemilumi-

nescent methods. Strict conditions including short incubation periods 

and long-time washing procedures were applied to ensure stringency of 

binding. Binding experiments resulted in measurable spot signal inten-

sities signifying directly or indirectly captured label conjugate.

Figure 6 | Schematic peptide and analyte com-
position.  Non-reactive Gly-repeats (gray) flank 
repeats of core amino acids (colored). Analytes 
are also composed of non-reactive Gly-repeats 
labeled with TAMRA (red), FITC (blue), or  
Biotin (green).

results and discussion
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Figure 7 | Streptavidin-POD (purple) and 
biotin (green) cross-reaction with membrane-
bound peptides. (A) The spot signal measured 
by means of chemiluminescence is calculated 
from a circular region around the spot center 
detected in the image. All signals below an SI 
of 1000 are at the background level and should 
therefore not be considered interactions between 
the core and the detection system. Streptavidin-
POD results were set as background for the cal-
culation of biotin interactions. Due to the direct 
interaction of streptavidin-POD with positively 
charged peptides, any further information about 
the cross-reactivity of biotin with Lys and Arg 
has been lost. (B) Each spot represents a cellu-
lose membrane-bound peptide of the sequence 
GGG[B]5GGG, where [B]5 denotes five repeats 
of one of the 20 amino acids. Black spots de-
note interactions with streptavidin-POD and 
(C) with biotin-GGG/ streptavidin-POD. The 
negative control without analyte shows no sig-
nal. Error bars represent the standard deviation 
of three spots.

      A

      B

      C

Biotin and streptavidin-POD | 4.1.1

Biotin-labeled samples were used to challenge the peptide arrays and 

were subsequently detected via streptavidin-POD conjugate using 

chemiluminescence. Streptavidin-POD was also tested directly on the 

membrane-bound peptides to differentiate between streptavidin-POD 

and biotin interactions. Figure 7 shows that streptavidin-POD is prone 

to cross-reaction with the positively charged amino acids lysine and  

arginine. 

However, the observed binding is most likely related to streptavidin, 

as it has previously been shown that peroxidase does not cross-react 

[Beutling et al., 2008].  Overall, this set of interactions reveals a weak 

cross-reactive potential of biotin. The bulky aliphatic amino acids valine 

and isoleucine, and the aromatic amino acid phenylalanine show signals 

slightly above the background. The smaller amino acids alanine, serine, 

proline, and leucine show insignificant signals, scarcely visible against 

the background. Hence, it is reasonable to assume that the small biotin 

molecule cannot bind to a peptide probe when deeply buried inside the 
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complex with streptavidin. According to the law of mass action, the in-

teraction between biotin and streptavidin is favored (KD ~10–15), as the 

interaction of biotin with the peptides is not supposed to be covalent.

Membrane autofluorescence | 4.1.2

For fluorescent dye-labeled probes it was necessary to consider any spot 

autofluorescence (membrane and/or peptides). The fluorescence emis-

sion of unchallenged peptide arrays in blocking buffer was measured 

prior to incubation at wavelengths corresponding to label emission  

(645 nm and 520 nm). As expected, no background signals were detect-

ed at 645 nm (see Figure 10). The results of the fluorescence spectros-

copy (Figure 8) reveal the excitation spectra for the full set of peptides 

with the 20 different cores at 520 nm emission wavelength.

Figure 8 | Spot autofluorescence excitation 
spectra measured at 520 nm emission wave-
length. Spectra of 20 cellulose membrane-bound 
peptides of the sequence GGG[B]5GGG. The 
cellulose spectrum (orange) is plotted twice for 
reference. Excitation spectra (lx) were measured 
with the excitation wavelength varying from 260 
nm to 500 nm and the emission wavelength (lm) 
set to 520 nm. Intensity of fluorescence is ex-
pressed as counts/sec. 
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As shown in Figures 8, 9A, and 9B, common autofluorescence of the 

cellulose membrane can be observed at 520 nm. This is in accordance 

with the literature [Reinecke et al., 2005] and may result from mem-

brane impurities that accumulate during the processes of the synthe-

sis cycles, for instance, Fmoc deprotection, side-chain deprotection, or 

coupling procedures. Additionally, significant spot autofluorescence was 

measured at 520 nm for Trp-, His- and, unexpectedly, also for Thr-

containing peptides (Figure 9).  

Figure 9 | FITC cross-reaction. (A) Spot au-
tofluorescence at 520 nm. The spot signal mea-
sured at 520 nm is calculated from a circular 
region around the spot center detected in the 
image shown in B. (B) Each spot represents 
a cellulose membrane-bound peptide of the 
sequence GGG[B]5GGG, where [B]5 deno-
tes five repeats of one of the 20 amino acids.  
(C) The same array incubated with FITC-GGG, 
black spots denote interaction, except for the 
Trp-, Thr-, and Arg-containing spots. (D) The 
spot signal measured at 520 nm is calculated 
from a circular region around the spot center 
detected in the image. The signal intensities are 
background-subtracted (spot autofluorescence at 
520 nm). Error bars represent the standard devi-
ation of three spots.
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It becomes apparent that the specific spectrum of a peptide closely  

resembles the spectrum of the cellulose used. It follows that the  

emission of the cellulose is merely quenched differently by the vari-

ous peptides. These quenching effects are responsible for the peptide 

autofluorescence observed and presented in Figure 9. All spectra look 

similar except those of Trp, His, and Thr. While the fluorescence of  

tryptophan and histidine can be explained by their aromatic ring sys-

tems containing more than six valence electrons, the fluorescence  

observed for the threonine core peptide remains a challenge for inter-

pretation.

FITC | 4.1.3

Probing the peptide array with labeled GGG-peptides and comparing 

the recorded images with fluorescence records from the unchallenged 

arrays leads to additional signals. These signals are label-specific and in-

dicate, in the context of this work, sorptive effects of the amino acid core 

composition. In addition to the background effects mentioned above, 

arrays challenged with FITC-GGG samples resulted in spot signals at 

520 nm for Tyr-, Trp-, Thr-, Lys-, His-, and Arg-containing peptides 

(Figure 9C). After background-correction for membrane autofluores-

cence, significant signal intensities remained for peptides containing 

Tyr, Lys, and Arg (Figure 9D). These amino acids are therefore inter-

preted as FITC cross-reactive moieties. Due to the background correc-

tion of fluorescence signals at 520 nm, any further information about 

the cross-reactivity of Trp, His, and Thr was lost.

results and discussion
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5(6)-TAMRA | 4.1.4

The results draw a clear picture of the cross-reactivity of amino acid 

cores with the peptide TAMRA-GGG. As shown in Figure 10, signifi-

cant spot signal intensities at 645 nm were observed for Phe, Tyr, and 

Trp cores. 

The strength of cross-reactivity between these amino acids and TAMRA 

follows the order Phe < Tyr < Trp. Additionally, densitometry was used 

to read the capturing of TAMRA-GGG via staining (see Methods). As 

shown in Figure 10B and 10C, the results are in accordance with the 

fluorescence read-out approach. The aromatic TAMRA moiety interacts 

exclusively with aromatic amino acid cores (Figure 10A). Therefore, ar-

omatic stacking is most likely the common driving force for the interac-

tion between amino acid and TAMRA. Stacking is a widespread mecha-

nism for stabilizing organic moieties. It is accomplished by the favorable 

interaction of π-electrons of aromatic systems [Sygula et al., 2007]. In 

this case, the π-electron systems of TAMRA and the side group of Trp 

may interact in an energetically favorable manner via stacking interac-

tions, which the smaller aromatic systems of Tyr and Phe possibly can-

not provide to the same extent.

Figure 10 | TAMRA cross-reaction. (A) Fluo-
rescence emission of each corresponding spot 
measured at 645 nm is calculated from a circu-
lar region around the spot center detected in the 
image. All signals below an SI of 500 are at the 
background level and should therefore not be 
considered interactions between the amino acid 
core and the detection system. (B) Fluorescent 
and (C) densiometric read-out. Each spot repre-
sents a cellulose membrane-bound peptide of the 
sequence GGG[B]5GGG, where [B]5 denotes 
five repeats of one of the 20 amino acids. Con-
trast was adjusted to ensure better visibility. The 
negative control without analyte shows no signal. 
Error bars represent the standard deviation of 
three spots.
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Influential factors | 4.1.5

Peptide-specific density | 4.1.5.1

One open question is the influence of the peptide-specific density per 

spot on the binding of the label-GGG analytes. Therefore, peptide ar-

rays with various concentrations of GGG[B]5GGG were probed for 

binding with TAMRA-GGG, FITC-GGG, and Biotin-GGG. The 

amount of peptide per spot was adjusted as described in the literature  

[Kramer et al., 1999]. As an example, results for TAMRA are shown in 

Figure 11. The comparable results for FITC and Biotin/Streptavidin-

POD are presented in the appendix of this work (Figures A1 and A2). 

All detection methods show the reported behavior down to 6.25% of 

the initial concentration, where the signal breaks off due to the spot’s 

low peptide density. The results suggest that the peptide-specific density 

influences the signal level whilst not being the cause of the interaction. 

Reducing the peptide density by a factor of 10 diminishes unwanted 

side effects. However, it may also result in general binder signal loss. 

An overall reduction of the peptide load of a membrane is therefore not 

advisable and must be adapted to the object of research.

Figure 11 | Peptide-specific density analysis for 
TAMRA. Concentration library incubated with 
TAMRA-GGG. (A) The spot signal measured 
at 645 nm is calculated from a circular region 
around the spot center detected in the image. SI 
is the calculated mean of three spots. Error bars 
represent the standard deviation of three spots. 
(B) Schematic overview. (C) Densiometric ana-
lysis and (D) fluorescence at 645 nm. Each spot 
represents a cellulose membrane-bound peptide 
of the sequence GGG[B]5GGG, where [B]5 de-
notes five repeats of one of the 20 amino acids 
and is repeated three times in different concent-
rations (100%, 50%, 25%, 12,5%, and 6,25%). 
Contrast was adjusted to ensure better visibility 
of the spots.
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      B                                                                D
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Core length | 4.1.5.2

Probing the core reduction peptide arrays in which the core motif lengths 

vary from [B]5 to [B]1 reveals information about the critical length of 

the cross-reacting motif. As described above, the core reduction arrays 

were incubated with TAMRA-GGG, FITC-GGG, and Biotin-GGG. 

As an example, results for TAMRA are shown in Figure 12. The com-

parable results for FITC and Biotin/Streptavidin-POD are presented in 

the appendix of this work (Figures A3 and A4). 

A strong dependency on the quantity of aromatic amino acids can be ob-

served for TAMRA. In the case of Trp, signals can be detected even when 

the core is reduced to one amino acid. The reduction library incubated 

with FITC-GGG (Figure A3) shows signals above the background for 

all cross-reacting core reductions, the intensities of which decrease with 

the length of the core. The biotin/streptavidin-POD analysis (Figure 

A4) reveals that interactions with Val, Leu, Ile, and Phe occur only if the 

cross-reacting amino acid is repeated more than four times. Interaction 

with positively charged amino acids remains observable at the critical 

length of two (Lys) or even just one (Arg) core position.

Figure 12 | Core length analysis for TAMRA. 
Core reduction library incubated with TAMRA-
GGG. (A) The spot signal measured at 645 nm is 
calculated from a circular region around the spot 
center detected in the image. SI is the calcula-
ted mean of three spots. Error bars represent the 
standard deviation of three spots. (B) Schematic 
overview. (C) Densiometric analysis and (D) flu-
orescence at 645 nm. Each spot represents a cel-
lulose membrane-bound peptide of the sequence 
GGG[B]5GGG to GGG[B]1GGG, where [B]5–1 
denotes 5–1 repeats of one of the 20 amino acids. 
Every spot is repeated three times. Contrast was 
adjusted to ensure better visibility of the spots.

                                                                   C
      A                                                                 

                                                                   D
      B                                                                
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Design of the peptides | 4.1.5.3

The approach using model peptides leads to conclusive results. However, 

these findings have to be verified in a more realistic setting. Therefore, 

a 15-meric random peptide library of 120 peptides with physicochemi-

cally weighted cores and random flanking residues was designed.

These sequences were SPOT synthesized in triplication on a cellulose 

membrane and were probed, freshly prepared, for binding TAMRA-

GGG (Figure 13A), FITC-GGG (Figure 13B), and Biotin-GGG (Fig-

ure 13C), respectively. Interestingly, in many cases of this set-up just 

two physicochemically similar cross-reactive amino acids close to each 

other suffice to observe the above-mentioned effects that were revealed 

using model peptides. The density and frequency of the cross-reactive 

amino acids correlate with the intensity of the measured spot signals. A 

comparison shows that the signal intensity of each of the 120 spots var-

ies significantly depending on the detection method used.

Figure 13 | Random libraries for TAMRA, 
FITC, biotin/streptavidin-POD. Comparison 
of random peptide libraries incubated with dif-
ferent detection systems. All arrays (spots 1 to 
120) are repeated three times resulting in three 
identical subarrays.  (A) Top: Random peptide 
library incubated with TAMRA-GGG. Each of 
the 120 spots represents a cellulose membrane-
bound 15-meric peptide of random sequence 
with weighted cores. Contrast is adjusted to en-
sure better visibility of the spots. (A) Bottom: 
Top 40 sequences (SI sorted). The spot signal 
measured at 645 nm is calculated from a circu-
lar region around the spot center detected in the 
image. Trp, Tyr, and Phe are highlighted in red. 
SI is the calculated mean of three spots. (B) Top: 
Random peptide library incubated with FITC-
GGG. Contrast was adjusted to ensure better 
visibility of the spots. (B) Bottom: The spot 
signal measured at 520 nm is calculated from a 
circular region around the spot center detected 
in the image. Tyr, Arg, and Lys are highlighted 
in blue. SI is the background- (i.e., autofluores-
cence-) corrected calculated mean of three spots. 
(C) Top: Random peptide library incubated with 
biotin-GGG and streptavidin-POD. Each of 
the 120 spots represents a cellulose membrane-
bound 15-meric peptide of random sequence 
with weighted cores and is repeated three times. 
Contrast was adjusted to ensure better visibility 
of the spots. (C) Bottom: The spot signal measu-
red by means of chemiluminescence is calculated 
from a circular region around the spot center de-
tected in the image. Arg and Lys are highlighted 
in purple; Val, Leu, Ile, and Phe are highlighted 
in green. SI is the calculated mean of three spots.

A                                      B                                       C

results and discussion



  page 37

Contribution of the tripeptide-analyte | 4.1.5.4

The tripeptide Gly-Gly-Gly itself does not contribute to the overall 

interaction of the conjugated construct (label-GGG) with membrane-

bound peptides, as no evidence was found for experiment-spanning re-

curring signals that would indicate binding events of the Gly-Gly-Gly 

peptide (compare Figures 7, 9, and 10). Thus, measuring specifically 

the direct influence of the detection system on the 20 core positions of 

the membrane-bound peptide probes is possible.
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Single-substitution analysis | 4.2.1

Peptide arrays comprising all single point substitution variants of the 

GCN4 (Figure 14) and c-Fos leucine zippers (Figure 15) were probed 

for binding to wildtype (wt) GCN4 and wildtype c-Jun respectively. 

For visualization, both the GCN4wt and the c-Junwt sequences were la-

beled N-terminally with TAMRA. GCN4, c-Fos, and c-Jun belong to 

the family of bZip transcription factors, and dimeric coiled-coil folding 

is essential for their biological function. As shown in Figure 14, both 

homomeric and heteromeric associations are observed for the GCN4 

interaction, while only heteromeric associations are found for the  

c-Fos/c-Jun interaction (Figure 15). 

Figure 14 | Substitutional analysis of the ho-
momeric GCN4 leucine zipper. (left) Red spots 
denote interactions between cellulose membra-
ne-bound variants and a dye-labeled wildtype 
GCN4 leucine zipper sequence that was synthe-
sized by standard solid-phase peptide synthesis 
and labeled with TAMRA at the N-terminus. 
Each spot corresponds to a variant in which one 
residue of the wt sequence given at the top was 
replaced by one of the 20 gene-encoded amino 
acids as specified on the left. Spots in the first 
row represent the wt sequence. (right) All spot 
signals of the array shown on the left were mea-
sured quantitatively, and successful replacements 
(countable binding spots) were determined. The 
quantity of tolerated substitutions is plotted 
against the positions in a given heptad.

Analysis of coiled coil association | 4.2
results and discussion
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The GCN4 substitution array consists of 651 peptides (589 substitu-

tion variants and 2 ´ 31 wt-sequences). The binding experiment re-

sulted in 411 association events, corresponding to 63% of the array 

population. The 693-peptide c-Fos array (629 substitution variants and  

2 ´ 33 wt sequences) resulted in 469 c-Jun associations, which cor-

responds to 68% of the array population. The helical character of the 

GCN4 and c-Fos sequences is confirmed by the fact that substitutions 

with the helix-breaking amino acid Pro are not tolerated within the do-

main except in N- and C-terminal positions. As expected and depicted 

in the corresponding variability plots, leucine at core positions dI–dIV 

has very low variability, with the exceptions of Leu12 (dII), which can 

be replaced by Ala in the case of GCN4, and Leu19 (dIII), which can be 

replaced by Trp in the c-Fos/c-Jun dimer. In contrast, core positions 

a are predominantly of intermediate variability, with the exception of 

Figure 15 | Substitutional analysis of the he-
teromeric c-Fos/c-Jun domain. (left) Red spots 
denote interactions between cellulose memb-
rane-bound variants of c-Fos and a dye-labeled 
wildtype c-Jun domain that was synthesized by 
standard solid-phase peptide synthesis and labe-
led with TAMRA at the N-terminus. Each spot 
corresponds to a variant in which one residue of 
the c-Foswt sequence given at the top was repla-
ced by one of the 20 gene-encoded amino acids 
as specified on the left. Spots in the first row 
represent the c-Foswt sequence. (right) All spot 
signals of the array shown on the left were mea-
sured quantitatively, and successful replacements 
(countable binding spots) were determined. The 
quantity of tolerated substitutions is plotted 
against the positions inside a given heptad.
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c-Fos Ile23 (aIV), which cannot be replaced. Notably, a significant num-

ber of c-Fos a substitutions resulted in stronger c-Jun associations com-

pared to the wildtype complex. Substituting the only hydrophilic residue 

inside the core, asparagine, at position (aIII) in GCN4, with one of the 

hydrophobic branched chain amino acids leucine, isoleucine, or valine 

resulted in variants showing no association with the wildtype GCN4 

sequence. However, different substitutions, for instance, with bulky  

tyrosine, were tolerated in this position. Interestingly, replacement of 

the wildtype Lys16 in the comparable c-Fos-(aIII)-position with aspara-

gine or glutamine resulted in strong c-Jun association. The array analysis 

suggests that the c-Fos a positions play a critical role in stabilizing the 

heteromeric coiled-coil interaction with c-Jun. In both arrays, the vari-

ability of the core-flanking positions g and e depends on which heptad 

they are located in. In the case of c-Fos (Figure 15), positions g and e 

of the second heptad show low variability, whereas g in the third heptad 

of GCN4 was found to be crucial and tolerated no amino acid replace-

ment. 

To distinguish coiled coil from non-coiled-coil interaction experimen-

tally, the specific structural characteristics (i.e., the invariable hydro-

phobic core positions) of coiled coils become relevant. As demonstrated 

here, the hydrophobic core is a very selective region. Substitution of 

an amino acid, especially at the very sensitive d position, often leads to 

disruption of the coiled coil. However, exactly this separates coiled coil 

from non-coiled-coil interaction and provides a means to distinguish 

coiled-coil from other interactions in a high throughput approach. Fur-

ther coiled coil substitution analyses of the Jun homodimer (Figure 

A5), of c-Jun with c-Fos (Figure A6), and of a designed [Burkhard et 

al., 2000] 15-meric coiled coil (Figure A7) can be found in the appen-

dix of this work. The described behavior can be observed in every case.
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Double-substitution analysis | 4.2.2

As multiple substitutions can entail a switch from dimeric to trimeric or 

tetrameric structures [see, e.g., Harbury et al., 1993], the peptide array 

approach was extended to investigate double substitutions, focusing on 

residues within, or in close vicinity of, the core. Double substitutions 

at positions a/d and a/e of the GCN4 leucine zipper sequence resulted 

in a synthetic peptide array of double-substitution variants, which were 

probed for binding to the GCN4wt sequence (Figure 16A). 

Heptad I is characterized by the highest tolerance of substitution, whereas  

heptads II–IV show different substitution tolerances following the or-

der I > III > II > IV for a/d and I > III > IV > II for a/e. Given 

that double substitutions at a/e are variable, it is not surprising that 

they also resulted in the highest number of associations, implying 

that single-point substitutions at positions a and e act additively upon 

Figure 16 | Double-substitution analysis of 
GCN4. (A) Synthetic peptide arrays displaying 
the complete set of GCN4 leucine zipper sequen-
ces with double substitutions at heptad positions 
a/d and a/e in heptads I–IV using all gene-encoded 
amino acids except Cys. For practical reasons, 
each assembly comprised 26´14 synthesis sites, 
thus enabling the implementation of wt controls. 
Each colored spot represents a variant that is  
associated heterospecifically with a wildtype 
GCN4 leucine zipper domain that is marked with 
TAMRA at the N-terminus. Heat map diagrams 
depicting the quantitatively measured SIs for 
(B) a/e and (C) a/d replacements in heptads IV 
and III, respectively. The SIs corresponding to the 
colors are displayed at the bottom of each heat 
map. The dimeric GCN4V23K,K27E mutant is high-
lighted in red. The trimeric GCN4N16Y,L19T mu-
tant is highlighted in blue. 
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simultaneous exchange. Surprisingly, however, a/d substitutions were 

equally poorly tolerated, which confirms the aforementioned results 

concerning the invariability of the d position in coiled coils.

Figure 16B and 16C depicts the substitution matrix of two example 

double-substitutions. The heatmap for a/e substitutions in heptad III 

(Figure 16B) reveals that the a position tolerates substitutions with Ile, 

Lys, Leu, Arg, Val, and Tyr. The e position is highly variable in these 

combinations. However, other combinations are hardly tolerated. The 

a/d substitution heatmap for heptad IV (Figure 16C) depicts a much 

more invariable substitution pattern. At d position, the wildtype Leu 

is tolerated almost exclusively, while the partnering a position is highly 

variable. Interestingly, Tyr is one of the very few other amino acids tol-

erated in the a position. Its presence opens up the variability of the d 

position, and in addition to Leu, also Ile, Lys, Ser, The, Val, Trp, and 

Tyr are tolerated. 

As analytical ultracentrifugation revealed (Table 1 and Figures 22-24), 

several mutations lead to variants that trimerize, for example, the high-

lighted GCN4N16Y,L19T (blue), while others, such as GCN4V23K,K27E (red), 

are dimeric like the wt sequence. 

However, in this case, the SPOT technology has reached its limit. De-

spite being a high throughput method with various applications and 

possibilities for analyzing coiled coils, it cannot provide information 

about the oligomeric state of the peptides. A potential approach to solv-

ing the problem, i.e., determining the relationship between analyte con-

centration and the stoichiometry of the investigated coiled coils, was 

tested (data not shown). This approach was based on the assumption 

that varying the concentration of the analyte results in changes in signal 

intensity that correspond to its oligomeric state. However, inconclusive 

results from the concentration series experiments led to the need for an 

alternative approach that elucidates the behavior of coiled coils.

mutant K2 (M -1) K3 (M -2)

GCN4N16Y,L19T
936
765/1136

1.2·107

1.15·107/1.25·107

GCN4V23K,K27E
182
165/201

n.a.
Table 1 | Homoassociation constants of selec-
ted GCN4 mutants. GCN4N16Y,L19T  is a trimer 
and GCN4V23K,K27E  is a dimer.
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As previously demonstrated, synthetic peptide arrays are well suited to 

studying coiled-coil associations, but they do not provide information 

about the stoichiometry of the coiled coils. To uncover the factors that 

influence the oligomerization of coiled coils, biochemical and biophysi-

cal approaches must be complemented with bioinformatics methods.

Data preparation | 4.3.1

The PDB was scanned for coiled coil segments, and thus a database of 

385 dimeric and 92 trimeric sequences was created. Other oligomers 

were not considered in this work, since they account for less than 10% 

of the structurally resolved coiled coils. To augment this set by newly se-

quenced genome data, a sophisticated BLAST [Altschul et al., 1990] ap-

proach with stringent filtering was employed, which resulted in a com-

bined dataset of 2043 dimeric and 791 trimeric sequences. In contrast 

to hitherto published approaches to coiled coil analysis, the data was 

clustered to minimize statistical bias. Therefore, conclusions based on 

the dataset are representative of coiled coil sequences in general and are 

not biased by the variability of a few sequences that are in the limelight 

of scientific interest and thus more prevalent in the PDB. Both the PDB 

and the augmented dataset were used to create clustered datasets with a 

60% sequence-identity threshold, i.e., the maximum sequence identity 

between any two sequences of two different clusters is 60%.  

Analysis of coiled coil oligomerization | 4.3
results and discussion
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The first method employed in search of oligomerization rules was a 

statistical analysis of the frequency of each amino acid at each posi-

tion of the heptad register in dimers and trimers, in line with Woolfson 

& Alber’s first oligomerization predictor  [Woolfson et al., 1995]. The 

relative frequency results for the 60%-clustered dataset are shown in  

Figure 17. Using Fisher’s exact test [Fisher, 1922] p-values were cal-

culated in order to identify those amino acids at specific heptad posi-

tions whose comparatively higher frequencies in one oligomer than in 

the other were statistically significant. Correction for the false discovery 

rate resulted in 9 significant residues at specific heptad positions accord-

ing to the Benjamini-Hochberg method [Benjamini et al., 1995] (see 

Table 2). 

Figure 17 | Relative frequency of each amino 
acid at a specific heptad position. The amino 
acid distributions of dimers are displayed in red 
and those of trimers in blue. To provide a better 
overview, the charts for each position are assig-
ned to a helical wheel diagram. The frequency of  
occurrence is plotted against the amino acid at 
a given position inside a heptad. Significant p- 
values for dimers (red) and trimers (blue) accor-
ding to Benjamini-Hochberg correction are high-
lighted with asterisks.

Pattern identification by statistical analysis | 4.3.2
results and discussion
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Initially, it may seem that there is a clear preference for Ile at both  

hydrophobic core positions of trimers, as previously described in the 

literature [Harbury et al., 1993].  However, a clear and significant pref-

erence for the amino acid Ile only in a positions of the hydrophobic 

cores of trimers could be identified. This b-branched amino acid also 

frequently occupies the d positions in trimers, but false discovery rate 

correction shows that the high prevalence in d positions is, in fact, not 

statistically significant. 

As shown in Table 2, Arg, Asn, and Lys at a positions are the only ami-

no acids in a hydrophobic core position that have a statistically higher 

prevalence in dimers. Interestingly, these residues in this particular hep-

tad position are tolerated almost exclusively in dimers. 

In trimers, positions that usually form salt bridges show a comparatively 

higher prevalence of the small, uncharged amino acid Gly at e position. 

Additionally, Asn is more prevalent at this position in trimers. In di-

mers, Glu in g position, but not in e position, is statistically significant. 

In the literature [see, e.g., O’Shea et al., 1993], e and g positions are 

usually attributed the same characteristics. The results presented in this 

work, however, show that the amino acid distributions at these heptad 

positions are, in fact, different. For positions that do not participate in 

direct coiled coil interaction, statistically significant amino acids could 

only be found in trimers, namely Ala at c, and Ser at f positions.

In summary, there are obvious statistical differences in the occurrences 

of certain residues at certain heptad positions in dimers and trimers. 

However, these differences are insufficient to distinguish dimers from 

trimers, as the number of possible combinations of single amino acids 

pattern indicated
class p-value corrected

p-value (BH)
Ia trimer 3.92·10-7 5.48·10-5

Ka dimer 5.49·10-6 3.84·10-4

Eg dimer 1.01·10-4 4.71·10-3

Na dimer 2.90·10-4 1.02·10-2

Ge trimer 5.13·10-4 1.44·10-2

Sf trimer 5.48·10-4 1.28·10-2

Ac trimer 1.53·10-3 3.06·10-2

Ne trimer 1.67·10-3 2.92·10-2

Ra dimer 3.11·10-3 4.83·10-2

Table 2 | Statistically significant single amino 
acid patterns. Computed from the 60%-cluste-
red dataset. FDR correction of p-values accor-
ding to Benjamini & Hochberg (BH) resulted 
in 9 significant patterns. All other patterns were 
above the significance threshold of 0.05. Sf, for 
instance, denotes a Ser (S) at an f position in a 
heptad.
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at specific positions is too big and the set of indicators (see Table 2) too 

small. Specific residues at certain positions occur relatively infrequently, 

giving these occurrences a high specificity but low sensitivity, i.e., for 

the majority of sequences the oligomerization state cannot be predicted 

because there is a lack of reliable indicators. Moreover, since trimer in-

dicators may also be found in dimers (see Figure 17), several indicators 

in combination are required to classify a sequence. 

Against this background, approaches based on single amino acid sta-

tistics seemed too simple to capture the complexity of oligomerization. 

Hence, the focus was shifted to the dependencies between amino acids 

within and beyond a heptad. In order to verify that oligomeric ten-

dency is shifted significantly by considering an additional amino acid 

at another position, we applied Fisher’s exact test to the 60%-clustered 

dataset. We found that interactions have significant influence on oligo-

merization, even after correcting for the false discovery rate according to 

Benjamini-Hochberg (see Table 3). 

Inspired by Berger et al., who used pairwise residue correlations for pre-

dicting coiled coils [McDonnell et al., 2006; Berger et al., 1995] and made 

progress in predicting dimer and trimer formation [Wolf et al., 1997], 

this approach is based on the aforementioned hypothesis that all amino 

acids in a given sequence influence each other. Thus, a method that could 

draw on a maximum number of interactions and combine these into a 

network of rules would allow predicting and examining oligomerization. 

Support vector machines (SVMs) are ideally suited to this task and have 

previously been used in a different context to predict protein-protein in-

teractions that are mediated by the coiled coil motif [Fong et al., 2004].

single
pattern

pair
pattern

indicated
class p-value corrected

p-value (BH)
Ee E..Ie trimer 1.41·10-6 6.16·10-3

Eb E......Qb trimer 6.08·10-6 1.33·10-2

Va V....Sa trimer 4.82·10-4 7.00·10-1

Ld L...Nd dimer 4.89·10-4 5.33·10-1

Eg E...Ig trimer 4.95·10-4 4.32·10-1

Aa A..Aa trimer 5.70·10-4 4.14·10-1

Ld L.....Ad trimer 6.93·10-4 4.32·10-1

Ag AIg trimer 9.87·10-4 5.38·10-1

Ke K.....Te trimer 1.07·10-3 5.17·10-1

Ld L...Vd trimer 1.26·10-3 5.51·10-1

Table 3 | Statistically significant pairwise  
amino acid patterns. The 10 pair patterns that 
provide the most significant information gain 
compared to the single amino acid patterns at 
their first positions. The statistics were derived 
from the 60%-clustered dataset. FDR correction 
according to Benjamini & Hochberg (BH) resul-
ted in 2 statistically significant pairwise amino 
acid patterns. Note, however, that only those pair 
patterns were considered for which the number 
of samples was sufficiently high to detect a sig-
nificant difference. E..Ie, for instance, denotes a 
pattern with Glu (E) at an e position, Ile (I) at the 
next a position, and two arbitrary amino acids in 
between.
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To identify the SVM classifier (i.e., model) with the optimum SVM and 

coiled coil kernel parameters, it had to be assessed which model performs 

best on future (previously unseen) data. For this purpose, nested 10-fold 

cross-validation was applied, as is common practice. In 10-fold cross-

validation, the data pool (all structurally resolved and 60% clustered 

PDB samples) is divided into 10 parts. Each part is withheld once to 

act as an unseen test dataset, while the remaining 9 parts (PDB samples 

plus their corresponding BLAST samples) are used for selecting the best 

model. Finally, the SVM and kernel parameters were chosen for which 

the best classification results in terms of accuracy were achieved. The re-

sults in Table 4 show how the sensitivity-specificity trade-off manifests 

differently in models resulting from different SVM implementations. 

The first setting, LIBSVM’s C-SVM trained with BLAST-augmented 

data using the normalized coiled coil kernel with m = 7 and the penalty 

parameter C = 8, optimizes for (standard) accuracy. It leads to excel-

lent specificity, but sacrifices some sensitivity (thereby resulting in lower 

balanced accuracy). The second setting, PSVM trained with BLAST-

augmented data using the normalized coiled coil kernel with m = 8 and 

regularization parameters C = 2 and e = 1.3 (using balancing), achieves 

a better balance between sensitivity and specificity, thereby optimizing 

balanced accuracy, however, resulting in lower standard accuracy. It 

must be mentioned that both models have a consistently high rank-

ing performance (as can be seen from the area-under-the-curve (AUC) 

values). Finally, two SVM models were trained according to the above 

settings with the entire BLAST-augmented dataset. 

goal criterion best model sensitivity
(TPR)

specificity
(TNR) precision accuracy balanced

accuracy
area under
the curve

accuracy
LIBSVM
BLAST-augm.
m = 7, C = 8

41.13%
(17.25%)

99.49%
(1.08%)

93.81%
(13.10%)

88.59%
(4.69%)

70.31%
(8.74%)

0.8188
(0.0983)

balanced
accuracy

PSVM w. bal.
BLAST-augm.
m = 8, C = 2,
ε = 1.3

73.82%
(18.93%)

78.96%
(11.83%)

46.49%
(11.66%)

78.68%
(7.51%)

76.39%
(7.86%)

0.8202
(0.0859)

Table 4 | Overview of model selection results 
obtained by cross-validation on the entire 
dataset. Column 2 displays the best parame-
ter settings in terms of accuracy (first row) and 
balanced accuracy (second row). Columns 3–6 
display average performance measures over all 10 
test folds for the models trained using these best 
parameter settings (standard deviations in paren-
theses).

Model selection and classification results | 4.3.3
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The classification results obtained are exceptionally good: The best 

model, hereafter called PrOCoil model, classified test (i.e., unknown) 

sequences with 88.6% accuracy, even though they had only a maximum 

identity of 60% to any (known) coiled coil with which the SVM was 

trained. This is especially remarkable, since this approach was not tested 

with only a few individual samples, but with all structurally resolved 

coiled coil sequences. This model is also used by the PrOCoil web tool 

(the R-implementation of PrOCoil also provides the PSVM-based 

model for advanced users).

In accordance with the stringent state-of-the-art testing methods em-

ployed, it can thus be concluded that new coiled coil samples can be 

classified with outstanding accuracy. The excellence of the classification 

results ensures that the rules subsequently extracted from this model are 

indeed based on significant patterns. The calculations show that classifi-

cation was enhanced by training the SVM with the augmented dataset. 

By using only structurally resolved PDB sequences in the test datasets, 

it was made sure, however, that this improvement was not due to the 

optimization of an “artificial” dataset.

Pairwise patterns | 4.3.4

Based on the rules constructed by the coiled coil kernel approach, amino 

acid patterns were extracted from the augmented dataset. These patterns 

comprise pairs of amino acids at certain heptad positions that are char-

acteristic of each type of oligomer (see Figures 18 and A8). This infor-

mation was then used to implement a prediction and sequence profiling 

tool, PrOCoil, that characterizes the overall oligomeric tendency of a 

coiled coil sequence by displaying each amino acid’s contribution to the 

rules in which it participates in a specific sequence. 

Although the statistical approach identifies similar individual amino 

acids as important, the new method presented in this work is able to 

provide a much more detailed picture of the influence of each amino 

acid on the overall structure by taking its neighborhood into account. 
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An amino acid at a certain position participates in various patterns; con-

sequently, the extracted patterns are correlated. The factorization per-

formed by PrOCoil is therefore essential to decorrelate the patterns and 

to reduce a coiled-coil-spanning network to its building blocks. The 25 

most influential amino acid pairings according to the PrOCoil model 

are shown in Figure 18. 

On closer inspection, this supports general hypotheses of oligomeriza-

tion that rely on defining the hydrophobic core positions a and d [Har-

bury et al., 1993] and can be extended to the mainly GCN4-leucin-

zipper-based knowledge concerning the core positions to the whole 

heptad. I…Id, for example, is a well known trimer pattern of Ile at core 

positions d and a (with three arbitrary amino acids in between) that 

also ranks high in the shown list (as number 4). However, patterns that 

combine a core position with a non-core position seem to be at least 

as important to trimerization. For example, patterns with Leu, Ile, or 

Val at a core position and a tiny Ser at f position rank as numbers 2, 

20 (Figure 18), and 75 (Figure A8), respectively. Ile at a core position 

combined with a charged Glu at e position ranks as number 1 and with 

Glu at g position as number 6. 

The influence of the b, c, and f positions on oligomerization has long 

been underestimated because research has focused mainly on the posi-

tions in the hydrophobic core. These results, however, indicate that all 

positions inside a heptad contribute to the oligomeric tendency of a 

Figure 18 | List of the 25 strongest pairwise 
patterns. Dimer patterns are highlighted in pink, 
and trimer patterns are highlighted in blue. For 
instance, the top dimer pattern E...L, spanning 
columns g to d2, describes a pattern with Glu at 
a g position, Leu at the next d position, and three 
arbitrary amino acids in between.
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coiled coil sequence. In fact, 9 out of the 25 most influential trimer pat-

terns and 10 out of the 25 most influential dimer patterns are pairings 

with non-core positions (Figure 18). 

In dimers, the highest-ranking patterns are combinations of amino ac-

ids with the b-branched Leu in core positions a and d. Interestingly, 

high-ranking b-branched combinations with Ile in a core position also 

occur in dimers (e.g., pattern 22). The fact that a single amino acid 

approach is insufficient because individual positions must always be 

viewed in context becomes particularly obvious when comparing the 

respective patterns ranked as number 2 for dimers and 5 for trimers. 

Both patterns have a Leu at d position, but when combined with Asn 

at a position (L...Nd), it counts in favor of dimers, whereas with Val 

in a position (L…Vd) it is characteristic of trimers. The 100 most im-

portant pairwise patterns for each oligomer according to the PrOCoil 

model can be found in the appendix of this work as Figure A8. It has 

been observed [Conway et al., 1990, 1991] that a proportion of charged 

residues is absent in the hydrophobic core of three-stranded coiled coils. 

Investigation of the 100 most important patterns confirms these find-

ings: Dimeric sequences have many patterns with charged amino acids 

inside the hydrophobic core. Positively charged amino acids are absent 

from the hydrophobic core of trimers. 

While basic residues (His, Lys, Arg) in a position can be found in 16 

patterns and acidic residues (Asn and Gln) in both a and d positions 

can be found in 12 of the 100 most important pairwise patterns in 

dimers (Figure A8), they are apparently not favored in trimers: only 

3 of the top 100 trimer patterns feature acidic residues in the core, 

and none contain basic amino acids in these positions. According to  

Lupas et al. [2005], these observations can be attributed to the increased 

size and decreased solubility of the hydrophobic core in three-stranded 

structures, as well as to the acute packing orientation of core residues.
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Sequence profiling | 4.3.5

As previously mentioned, PrOCoil can be used to visualize each amino 

acid’s contribution to the oligomeric tendency of a sequence in a profil-

ing plot. The following figures depict such PrOCoil sequence profiling 

plots using the example of a typical dimer, c-Jun (Figure 19), and a 

typical trimer, hemagglutinin, (Figure 20). 

The sequences show a clear overall dimeric and trimeric tendency respec-

tively. These tendencies are indicated by the areas above and below the 

base line, which equate respectively to the positive/trimeric contribu-

tions, and the negative/dimeric contributions of the involved patterns. 

The assigned weights are based on pattern-networks as the example in 

Figure 21A on the following page shows.

Figure 19 | Sequence profiling and classi-
fication of a typical dimer. The plot shows 
the c-Jun/c-Jun AP1 dimer, based on pairwise 
patterns of the PrOCoil model and visualizes 
the contribution of each amino acid position 
to the overall oligomeric tendency. The area 
above the base line equates to the positive/
trimeric contributions, the area below corres-
ponds to the negative/dimeric contributions.  
The 3D-figure was created using PyMOL  
(http://pymol.sourceforge.net/).

Figure 20 | Sequence profiling and classifi-
cation of a typical trimer. The plot shows the 
hemagglutinin trimer of the influenza virus based 
on pairwise patterns of the PrOCoil model, visu-
alizing the contribution of each amino acid posi-
tion to the overall oligomeric tendency. The area 
above the base line equates to the positive/tri-
meric contributions, the area below corresponds 
to the negative/dimeric contributions. The 3D-
figure was created using PyMOL (http://pymol.
sourceforge.net/).
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Figure 21B depicts the same kind of plot for wildtype GCN4 – a 

dimeric coiled coil protein renowned for its ability to adopt easily a 

different oligomerization state with very few mutations of the amino 

acid sequence [Portwich et al., 2007]. The plot shows how this is pos-

sible – unlike c-Jun and hemagglutinin, GCN4 does not display a 

clear tendency towards one oligomeric state. It is impossible to assess 

at first glance whether the area above or below the base line is larg-

er. As this protein combines both dimeric and trimeric characteristics  

(Figure 21A), it takes only a few selected mutations to tip the scales in 

one direction or the other. 

GCN4 was thus the ideal candidate to demonstrate that the PrOCoil 

model can not only be used to provide excellent classification of wild-

type sequences, but can even be employed for mutation analysis, given 

that a sufficiently large set of (similar) samples is provided with which 

it can be trained.

Figure 21 | Sequence profiling and classifi-
cation of GCN4wt. The plots show the dime-
ric transcriptional activator protein GCN4wt.
(A) The top pairwise patterns (listed in the ap-
pendix of this work, see Figure A8) found in 
GCN4wt are depicted on the left side to visualize 
which patterns are part of the heptad-spanning 
network. (B) The sequence-profiling plot on 
the right side visualizes the contribution of each 
amino acid position to the overall oligomeric 
tendency, based on the pairwise patterns from 
the PrOCoil model. The area above the base line 
(blue) equates to the positive/trimeric contribu-
tions, the area below (orange) corresponds to the 
negative/dimeric contributions.

A                                                               B
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Two aforementioned mutant GCN4 sequences were chosen from the 

double-substitution analysis: GCN4N16Y,L19T and GCN4V23K,K27E. Their 

oligomeric states and that of  a sample which was mutated using the 

trimerizer pattern Arg(g)-h(a)-x-x-h(d)-Glu(e’) [Kammerer et al., 2005] 

were assessed by analytical ultra centrifugation. These mutants were not 

part of the datasets used for pattern extraction. Predicting their oligo-

merization states is challenging because the amino acid sequences of the 

dimeric wildtype GCN4 and its dimeric and trimeric mutants differ 

only at very few positions. PrOCoil classified all samples correctly, as 

visualized by the corresponding profiling plots in Figures 22–24. Ad-

ditionally, the changes caused by the mutations in the pairwise patterns 

are shown. It immediately becomes apparent that the Asn in position 

16 contributes the most weight to the dimeric tendency of GCN4wt (see 

Figure 21). This Asn participates in ten of the top 100 dimer patterns 

(see Figure A8), notably also in two of the three strongest of them all: 

L...Nd and N..La. From this follows that Asn16 represents the ideal 

target for mutation analysis to switch oligomerization (Figure 22).

  

Figure 22 | Sequence profiling and classifica-
tion of GCN4N16Y,L19T. The plots show the trime-
ric GCN4N16Y,L19T mutant. (A) The top pairwise 
patterns (listed in the appendix of this work, see 
Figure A8) found in GCN4N16Y,L19T are depic-
ted on the left side to visualize which patterns 
are part of the heptad-spanning network. The 
color coding also depicts which patterns are ad-
ded (dark color) or lost (grey) due to mutation.  
(B) The sequence-profiling plot on the right 
side visualizes the contribution of each amino 
acid position to the overall oligomeric tendency, 
based on the pairwise patterns from the PrOCoil 
model. The area above the base line (blue) equa-
tes to the positive/trimeric contributions, the 
area below (orange) corresponds to the negative/ 
dimeric contributions. Red bars mark the po-
sitions that were mutated. (C) Corresponding 
circular-dichroism analysis of the mutant. The 
mean residue ellipticity, Q, is plotted versus 
the wavelength, l. The variant shows a clear a-
helical tendency with minima at 208 and 222. 
(D) Fitting results returned by different homo-
association models of the trimeric GCN4N16Y,L19T 
mutant as reported by NONLIN. Values are gi-
ven in fringe units rather than molar quantities.  
PSV: 0.703 mL.g–1, r: 1.007 g.mL–1, 
Mw: 3748 Da, s50krpm, theoretical: 1.232. Best-fit va-
lues are shown in bold (d.o.f.: degrees of freedom, 
n.a.: not applicable).

Mutation analysis of GCN4 mutants using PrOCoil | 4.3.6

A                                                               B
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Simple deletion of core-stabilizing dimer patterns by replacing Asn16 

with Tyr and Leu19 with Thr while not adding important trimeric pat-

terns results in a correctly predicted change in oligomerization (Figure 

22). That is, the overall effect of destroying strong dimer patterns is suf-

ficient to tip the oligomeric tendency in the direction of trimerization. 

The next example (Figure 23) shows that, alternatively, trimerization 

can also be triggered without replacing Asn16 if strong trimer patterns 

are added instead. For this purpose, the trimerizer pattern [Kammerer 

et al., 2005] was inserted. 

As verified experimentally, and PrOCoil predicted correctly, oligo-

merization switches if mutations are inserted at positions that create 

strong trimer patterns. Arbitrary mutations in this sequence region do 

not change oligomerization. The substitutions must be selected care-

fully to create additional trimer patterns. To prove this point, a sequence 

was chosen in which Val23 was replaced by Lys, and Lys27 by Glu  

(Figure 24 on the following page). This resulted in the loss of three im-

portant Val23-related trimer patterns, while only two Lys-related ones 

were added. At the same time, a strong Lys- and Glu-related and four 

strong Lys-related dimeric patterns were created. This substitution with 

Figure 23 | Sequence profiling and classifica-
tion of GCN4E22R,K27E. The plots show the trime-
ric GCN4E22R,K27E mutant. (A) The top pairwise 
patterns (listed in the appendix of this work, see 
Figure A8) found in GCN4E22R,K27E are depic-
ted on the left side to visualize which patterns 
are part of the heptad-spanning network. The 
color coding also depicts which patterns are ad-
ded (dark color) or lost (grey) due to mutation.  
(B) The sequence profiling plot on the right 
side visualizes the contribution of each ami-
no acid position to the overall oligomeric ten-
dency, based on the pairwise patterns from the  
PrOCoil model. The area above the base line 
(blue) equates to the positive/trimeric contribu-
tions, the area below (orange) corresponds to the 
negative/dimeric contributions. Red bars mark 
the positions that were mutated. (C) Correspon-
ding circular-dichroism analysis of the mutant. 
The mean residue ellipticity, Q, is plotted ver-
sus the wavelength, l. The variant shows a clear 
a-helical tendency with minima at 208 and 222. 
(D) Fitting results returned by different homo-
association models of the trimeric GCN4E22R,K27E 
mutant as reported by NONLIN. Values are gi-
ven in fringe units rather than molar quantities.  
PSV: 0.704 mL.g–1, r: 1.007 g.mL–1, Mw: 3711 Da, 
s50krpm, theoretical: 1.216. Best-fit values are shown in 
bold (d.o.f.: degrees of freedom, n.a.: not appli-
cable).
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physico-chemically similar amino acids added new dimer patterns and, 

as predicted, the mutations do not affect oligomerization. 

The examples show: The influence of mutations on oligomerization de-

pends on the sequence context, i.e., on the overall effect of the change in 

the interdependent patterns caused by the mutations. Added trimer pat-

terns and/or loss of strong dimer patterns results in an overall trimeric 

structure, whereas adding strong dimer patterns maintains dimerization 

of the protein.

Figure 24 | Sequence profiling and classifica-
tion of GCN4V23K,K27E. The plots show the trime-
ric GCN4V23K,K27E mutant. (A) The top pairwise 
patterns (listed in the appendix of this work, see 
Figure A8) found in GCN4V23K,K27E are depic-
ted on the left side to visualize which patterns 
are part of the heptad-spanning network. The 
color coding also depicts which patterns are ad-
ded (dark color) or lost (grey) due to mutation.  
(B) The sequence profiling plot on the right 
side visualizes the contribution of each ami-
no acid position to the overall oligomeric ten-
dency, based on the pairwise patterns from the  
PrOCoil model. The area above the base line 
(blue) equates to the positive/trimeric contribu-
tions, the area below (orange) corresponds to the 
negative/dimeric contributions. Red bars mark 
the positions that were mutated. (C) Correspon-
ding circular-dichroism analysis of the mutant. 
The mean residue ellipticity, Q, is plotted ver-
sus the wavelength, l. The variant shows a clear 
a-helical tendency with minima at 208 and 222. 
(D) Fitting results returned by different homoas-
sociation models of the trimeric GCN4V23K,K27E 
mutant as reported by NONLIN. Values are gi-
ven in fringe units rather than molar quantities.  
PSV: 0.720 mL.g–1, r: 1.007 g.mL–1, Mw: 3741 Da, 
s50krpm, theoretical: 1.666. Best-fit values are shown in 
bold (d.o.f.: degrees of freedom, n.a.: not appli-
cable).
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A methodical contribution of this work was to demonstrate 

that several amino acids interact with TAMRA-, FITC-, or 

biotin-labeling agents and streptavidin-POD. FITC cannot 

be recommended for read-out when probing peptide arrays on cellulose 

membranes for binding, and taking these results into consideration is  

also advisable for in vivo approaches. Besides spot autofluorescence of 

several amino acids and the cellulose membrane, label-specific cross-

reactivity with positively charged amino acids was observed for FITC 

and streptavidin-POD. TAMRA, in contrast, seems to be a more suit-

able screening/read-out system for probing peptide arrays on a cellulose 

membrane. However, the influence of aromatic amino acids, especially 

tryptophan, must be taken into account. Critical examination of peptide 

sequences is essential, and a comparative approach using both TAMRA- 

and biotin-labeled analytes is recommended. Such an approach com-

pensates for effects on label-specific cross-reactive amino acids.

One has to bear in mind that a method is always limited by the effec-

tiveness and validity of the read-out system. To avoid unwanted side 

effects, the right choice of buffer solutions is advised. However, in the 

case of SPOT synthesis, even the optimal buffer composition [Beu-

tling et al., 2008; Bräuning et al., 2002] fails to prevent cross-reaction. 

This work identified several amino acids that interact with different 

detection systems. To prevent or identify false positives, factoring in 

these results is highly recommended when analyzing measurements.  

Conclusions

Analysis of three common detection 

agents to reveal their ability to cross- 

react with cellulose-bound peptides.
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Furthermore, as good experimental practice [Frank et al., 1996], testing 

the detection method of choice for its ability to cross-react before run-

ning the actual experiment is strongly advised. Taking these new results 

into consideration will, in future, strengthen the reliability of the analy-

sis of SPOT-synthesis-generated data.

I n conclusion, the results presented here demonstrate that synthetic 

peptide arrays, despite their limitations, can be used for studying 

coiled coil associations – even for distinguishing coiled-coil from other 

interactions, based on their unique substitution patterns. However, they 

do not provide information about the stoichiometry and topology of 

the coiled coils. Due to the fact that peptide array binding studies are 

limited to the analysis of peptide associations, the only way to uncov-

er coiled coil oligomerization in detail was by combining biochemi-

cal technologies (i.e., SPOT- and peptide synthesis) with quantitative 

biophysical measurements of selected candidates. This experimental ap-

proach, however, is clearly insufficient to uncover the complex hidden 

rules of oligomerization, Revealing them requires a more comprehen-

sive approach. 

A lthough science has been seeking to explain coiled coil behavior 

for decades, the majority of current approaches considered state 

of the art are based on analyzing only the influence of single amino acids 

in isolation and deliver limited or incomplete explanations.  Disregard-

ing the sequence context is – as shown in this work – a result of oversim-

plifying a complex phenomenon. Inspired by approaches that sought 

to define and predict coiled coils based on statistics, the first attempt at 

finding the rules for dimeric and trimeric oligomerization was to exam-

ine the position-specific single amino acid frequencies in each oligomer. 

In contrast to hitherto published coiled coil statistics [e.g. Lupas et al., 

1991, Gruber et al., 2006], the single amino acid statistics are based on 

clustered data. This compensates for the (artificially) high prevalence of 

certain sequences in the PDB stemming from concentrated scientific 

interest in certain types of proteins. However, the results show that a 

simple statistical analysis cannot provide an explanation or rules for a 

sequence’s preference for a certain oligomeric state. 

As demonstrated in this work, stepping up to a higher level of complex-

conclusions

Analysis of coiled coils using peptide 

libraries.

Development and testing of a new  

sequence-based theory to explain coiled 

coil oligomerization.
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ity, examining the relations between amino acids, is the key to predict-

ing and understanding oligomerization. For the first time, a complete 

network of sequence parameters that influence oligomerization has been 

established, and the underlying rules of coiled-coil formation have been 

provided. Support Vector Machines using the coiled coil kernel as the 

method of choice make it possible to classify with outstanding accuracy 

dimers and trimers from their amino acid sequences, and to obtain the 

valuable rules (weighted patterns) learned by the machine to determine 

oligomeric preference. Each individual pattern is, however, only a part 

of the whole formula that explains coiled coil oligomerization. The pat-

terns must be viewed in context, as parts of a network of interactions, to 

understand and predict oligomerization. Using the example of GCN4, 

it was demonstrated that this information can be merged to design the 

sequence analyzing tool PrOCoil and draw an overall picture that ex-

plains the behavior of a sequence that, until now, seemed unclassifi-

able. Moreover, PrOCoil can even be used to indicate which sequence 

positions contribute most to the dimeric or trimeric tendency, and it 

provides exceptionally reliable sequence-based prediction of coiled coil 

stoichiometry. To ensure that the conclusions about oligomerization are 

valid for coiled coils in general and not limited to a few representative 

cases, as has often been the case in this field of research, this approach 

is based on, and verified using, all structurally resolved coiled coils. The 

software (PrOCoil) developed in cooperation with the Institute of Bio-

informatics (Linz, Austria) in the course of this work will provide the 

scientific community with a powerful tool that both classifies and visu-

alizes the oligomeric tendency of a coiled coil sequence at single amino 

acid resolution, which is particularly useful for mutation analysis and 

de novo protein design. PrOCoil is available as a web-based tool and 

already used by selected scientists. A web version and an R package 

of the prediction and profiling software (PrOCoil) are available to the 

scientific community (see http://www.bioinf.jku.at/software/procoil/).

In summary, all initial postulates were verified and led to a refined un-

derstanding of coiled coil behavior doing justice to their complexity. 

The data collected and the tool designed in this work offer a new basis 

for coiled coil prediction and design. These findings at last elucidate the 

link between coiled coil sequence and structure. 

conclusions

http://www.bioinf.jku.at/software/procoil/
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Next generation sequencing techniques will soon provide 

us with a vast quantity of new sequence data. This is of 

great interest in the context of this work, since the BLAST 

approach described here can be used to tap this source of data for a 

wealth of new training sequences. Subsequent retraining of SVMs with 

the coiled coil kernel should further refine the pattern set, lead to new 

insights, and further improve the already excellent prediction perfor-

mance of PrOCoil. 

It was postulated in chapter 1 that coiled coil oligomerization is  poorly 

understood. This assertion must, in conclusion, be revisited and the 

question asked again whether we are now in a position to draw a clearer 

picture of coiled coil oligomerization. 

Answering this question necessitates finding a philosophical approach 

that is complementary to the natural sciences. As scientists, we seek to 

model natural phenomena, approximating reality with theory. Some-

times we succeed in making nature comprehensible, predictable, and 

even representable mathematically. However, even when the resulting 

theoretical impression of nature seems plausible, we must never lose 

sight of the fact that that we are dealing with simplified abstractions. 

We seek to interpret aspects of complex phenomena by means of experi-

ments and with the help of models. Our situation is similar to that of 

the prisoners in Plato’s cave allegory: Chained in a cave, they can watch 
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only the shadows cast on the wall by things that pass the fire behind 

them [see Platon, 370BC]. The shadows are as close as they get to per-

ceiving reality.

Hence an answer to the initial question must take into account the 

technical limitations of the state of the art: researchers can see only what 

technology (in this case fire) can make visible, and subjective reality (an 

observed shadow) is but a derivative of objective reality, perceived by 

technological means, and subsequently interpreted. This intrinsic un-

certainty can only strengthen the imperative that the technical means 

by which we explore and seek to understand nature be as reliable as 

possible.

The answer to the underlying question of what we know must therefore 

be that while, on the one hand, this work advances significantly the state 

of the art in its field, on the other hand, the future will doubtless bring 

further refinements and insights.

 

closing remarks
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Figure A1 | Peptide-specific density analysis 
for FITC and autofluorescence. Concentration 
library incubated with FITC-GGG. (A) The spot 
signal measured at 520 nm is calculated from a 
circular region around the spot center detected 
in the image. SI is the background- (i.e., auto-
fluorescence-) corrected calculated mean of three 
spots. Error bars represent the standard deviation 
of three spots. (B) Schematic overview. (C) Spot 
autofluorescence and (D) fluorescence at 520 
nm. Each spot represents a cellulose membrane-
bound peptide of the sequence GGG[B]5GGG, 
where [B]5 denotes five repeats of one of the 20 
amino acids, and is repeated three times in diffe-
rent concentrations (100%, 50%, 25%, 12,5%, 
and 6,25%). Dark spots denote interaction. 
Contrast was adjusted to ensure better visibility 
of the spots.

Figure A2 | Peptide-specific density analysis 
for biotin/streptavidin-POD. Concentration 
library incubated with biotin-GGG and detected 
with streptavidin-POD. (A) The spot signal mea-
sured by means of chemiluminescence is calcula-
ted from a circular region around the spot center 
detected in the image. SI is the background-
corrected calculated mean of three spots. Error 
bars represent the standard deviation of three 
spots. (B) Schematic overview. (C) Each spot re-
presents a cellulose membrane-bound peptide of 
the sequence GGG[B]5GGG, where [B]5 denotes 
five repeats of one of the 20 amino acids, and is 
repeated three times in different concentrations 
(100%, 50%, 25%, 12,5%, and 6,25%). Dark 
spots denote interaction. Contrast was adjusted 

to ensure better visibility of the spots.
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Figure A3 | Core length analysis for FITC 
and autofluorescence. Core reduction library 
incubated with FITC-GGG. (A) The spot si-
gnal measured at 520 nm is calculated from a 
circular region around the spot center detected 
in the image. SI is the background- (i.e., auto-
fluorescence-) corrected calculated mean of three 
spots. Error bars represent the standard deviati-
on of three spots. (B) Schematic overview. (C) 
Spot autofluorescence and (D) fluorescence at 
520 nm. Each spot represents a cellulose 
membrane-bound peptide of the sequence 
GGG[B]5GGG to GGG[B]1GGG, where [B]5–1 
denotes 5–1 repeats of one of the 20 amino acids. 
Every spot is repeated three times. Dark spots de-
note interaction. Contrast was adjusted to ensure 
better visibility of the spots.

Figure A4 | Core length analysis for biotin/
streptavidin-POD. Core reduction library incu-
bated with biotin-GGG and detected with strep-
tavidin-POD. (A) The spot signal measured by 
means of chemiluminescence is calculated from 
a circular region around the spot center detected 
in the image. SI is the background-corrected cal-
culated mean of three spots. Error bars represent 
the standard deviation of three spots. (B) Sche-
matic overview. (C) Each spot represents a cel-
lulose membrane-bound peptide of the sequence 
GGG[B]5GGG to GGG[B]1GGG, where [B]5–1 
denotes 5–1 repeats of one of the 20 amino acids. 
Every spot is repeated three times. Dark spots de-
note interaction. Contrast was adjusted to ensure 

better visibility of the spots.
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Figure A5 | Substitutional analysis of the 
homomeric c-Jun domain. (left) Red spots 
denote interactions between cellulose mem- 
brane-bound variants and a dye-labeled wildtype 
c-Jun sequence that was synthesized by standard 
solid-phase peptide synthesis and labeled with  
TAMRA at the N-terminus. Each spot corres-
ponds to a variant in which one residue of the 
wt sequence given at the top was replaced by one 
of the 20 gene-encoded amino acids as specified 
on the left. Spots in the first row represent the 
wt sequence. (right) All spot signals of the array 
shown on the left were measured quantitatively, 
and successful replacements (countable binding 
spots) were determined. The quantity of tolerated 
substitutions is plotted against the positions in a 
given heptad.
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Figure A6 | Substitutional analysis of the he-
teromeric c-Jun/c-Fos domain. (left) Red spots 
denote interactions between cellulose memb-
rane-bound variants of c-Jun and a dye-labeled 
wildtype c-Fos domain that was synthesized by 
standard solid-phase peptide synthesis and labe-
led with TAMRA at the N-terminus. Each spot 
corresponds to a variant in which one residue of 
the c-Junwt sequence given at the top was repla-
ced by one of the 20 gene-encoded amino acids 
as specified on the left. Spots in the first row re-
present the c-Jun wt sequence. (right) All spot 
signals of the array shown on the left were mea-
sured quantitatively, and successful replacements 
(countable binding spots) were determined. The 
quantity of tolerated substitutions is plotted 
against the positions inside a given heptad.
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Figure A7 | Substitutional analysis of a desi-
gned short zipper domain. (left) Red spots 
denote interactions between cellulose membra-
ne-bound variants of a dye-labeled short zipper 
domain [Burkhard et al., 2000] that was synthe-
sized by standard solid-phase peptide synthesis 
and labeled with TAMRA at the N-terminus. 
Each spot corresponds to a variant in which 
one residue of the short zipper sequence given 
at the top was replaced by one of the 20 gene-
encoded amino acids as specified on the left. 
Spots in the first row represent the initial short 
zipper sequence. (right) All spot signals of the 
array shown on left were measured quantitatively, 
and successful replacements (countable binding 
spots) were determined. The quantity of tolera-
ted substitutions is plotted against the positions 
inside a given heptad.
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Dimers Trimers
a b c d e f g a2 b2 c2 d2 e2 f2 g2 a3 rank a b c d e f g a2 b2 c2 d2 e2 f2 g2 a3
| E . . . L | 1 | E . . I |
| L . . . N | 2 | S . L |
N . . L | | 3 | E . . . . K | |
| E . E | | 4 | I . . . I |
N . . . . . E | | 5 | L . . . V |
K . . L | | 6 | I . . E | |
| L . . . K | 7 M . . . . . . V |
| K . . . . . L | 8 | N . . V |
| E . . . . . . E | 9 | E . K | |
V . . . . . . N | 10 | R . . . L |
K . . . E | | 11 | V . . . L |
| E . E | | 12 | V . . . L |
A E | | 13 | Q . E | |
| K . . . . . . . K 14 | A I | |
K . . . . N | | 15 | Q . . E | |
| E V | 16 | K . . . . E |
| E . . . . L | 17 V . . . . . . V |
| E K | | 18 | D A |
V K | | 19 I E | |
| K . . . . . . . L | 20 V . . . . S | |
| A A | | 21 | M . . . I |
| Q . . . I | 22 | L . K | |
K . . . . . E | | 23 I . I | |
| K E | | 24 | K . . . M |
V b c d e f g K b2 c2 d2 e2 f2 g2 a3 25 a b c d E f g a2 b2 A d2 e2 f2 g2 a3
| L . . K | 26 V . . . Q | |
| K . . . . Q | 27 | T . . R | |
K . . . . . . . A | 28 | L . . . . . . . Q |
| S . K | 29 | E . . . . . V |
| L . . . . . . . K | 30 | I . . . . . A |
| A A | 31 | D . . . A |
| E . . . . K | 32 | R . L |
| L . . E | | 33 | K . V |
| L . . . . Y | 34 M . . . . . K | |
| K . . . . . . . N 35 | L . . . F |
| E . . . . . K | 36 | S K | |
| S . N | 37 | E . . V |
| H . . . E | | 38 | Q . L |
| M . . . L | 39 | E . R | |
| E . . . . N | 40 L . . L | |
K Y | | 41 | E A | |
| K . . . I | 42 | E . L | |
| A . . . E | | 43 | V . . . . . . M |
K . H | | 44 | V . . . . . . . L
| E . . . . . . . L 45 | H . . . R | |
| D . . E | | 46 | L I |
| L . E | | 47 | F . . . . . A |
| E . . . . V | 48 | I . . . L |
| A . . . . . L | 49 | R . . R |
K b c d e f g V b2 c2 d2 e2 f2 g2 a3 50 a b c V e f g I b2 c2 d2 e2 f2 g2 a3
| E . . . . . E | 51 F . D | |
| I . . . . . . . L | 52 | K L |
| V . . . . . A | 53 | Q . . . L |
| K K | 54 | E . . . I |
| E . . . K | 55 | Q E | |
Q . . . Q | | 56 | E . . . . . L |
N . . . . . . V | 57 | T . N |
| E . . . . . . R | 58 | Q . . . . . . V |
| K . L | 59 | L . . K | |
| S . . . . . . . E | 60 | Y . . . . R | |
| Q . . Q | 61 | T . L | |
| Q . A | 62 | L . . . . . A |
| Q . . . Q | | 63 | N . . . . . . . E |
| E . . E | | 64 | E A | |
| F . L | | 65 M . . . E | |
| K . A | | 66 | L . . . . . . Q |
L K | | 67 | I . . . . . . K |
| D . . . . . L | 68 | T S | |
| L K | | 69 | Q . . T |
L . . . . . . . Q | 70 | N L | |
| R . . . . L | 71 | N I |
| E . . R | 72 | L . . A |
A . . . L | | 73 | R . . . . A |
| E K | | 74 | S . . Q |
a b c d e f L a2 b2 c2 d2 e2 A g2 a3 75 a b c I e S g a2 b2 c2 d2 e2 f2 g2 a3
| E . . . . R | 76 | Q . . . . L |
| L . K | | 77 | E L | |
N Y | | 78 F N | |
| I . . . . . . E | 79 | L S | |
| A . . . . S | 80 | R . . . . . R |
| L . . . . . K | 81 | A . . . . . Q |
N . H | | 82 | T . . . . . . . I
| Q . . . . . . . A | 83 | L . . W | |
| I . R | | 84 | L E | |
| V S | | 85 | L . . . . . Q |
| R I | | 86 M K | |
| R . . . M | 87 | L . . R | |
| L . . . R | 88 | Q . . V |
V . . . . . . . E | 89 | S . A |
| R . . K | 90 | E . . . . E |
| I . E | | 91 | I . . . Q |
A . . . . . . L | 92 F S | |
| Y . . . . E | | 93 | K . . . . . . K |
| E . I | | 94 | K . . . . . Q |
| Q . . . . I | 95 | L T | |
| K K | | 96 | T N | |
| E . . D | | 97 | I . . . . N |
| N . . R | | 98 M . . L | |
| D . . . . . . . E | 99 | R . E | |
a b R d e f K a2 b2 c2 d2 e2 f2 g2 a3 100 T b c d E f g a2 b2 c2 d2 e2 f2 g2 a3

Figure A8 | List of the 100 most influential pair-
wise patterns. (left) The most influential patterns for 
dimers (highlighted in pink) and (right) trimers 
(highlighted in blue) are based on the PrOCoil mo-
del. The second dimer pattern L...N spanning co-
lumns d to a2, for instance, describes a pattern with 
Leu at a d position, Asn at the next a position, and 
three arbitrary amino acids in between.
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peptide calc mass mass found purity
GGGGGGGGGGGBB 787,73 809,125 [M + Na+] 85%
GGGAAAAAGGGBB 857,86 880,278 [M + Na+] 63%
GGGPPPPPGGGBB 988,05 988,25   [M] 34%
GGGVVVVVGGGBB 998,13 998,34   [M] 30%
GGGLLLLLGGGBB 1.068,26 1092,24 [M + Na+] 75% 
GGGIIIIIGGGBB 1.068,26 1090,29 [M + Na+] 33%
GGGMMMMMGGGBB 1.158,45 1158,84 [M] 37%
GGGFFFFFGGGBB 1.238,35 1260,67 [M + Na+] 65%
GGGYYYYYGGGBB 1.318,34 1318,69 [M] 30%
GGGWWWWWGGGBB 1.433,53 1433,56 [M] 31%
GGGSSSSSGGGBB 937,86 961,07   [M + Na+] 57%
GGGTTTTTGGGBB 1.007,99 1008,08 [M] 55%
GGGCCCCCGGGBB 1.018,18 ND ND
GGGNNNNNGGGBB 1.072,99 1096,68 [M + Na+] 47%
GGGQQQQQGGGBB 1.143,12 1166,03 [M + Na+] 39%
GGGKKKKKGGGBB 1.143,34 1167,11 [M + Na+] 52%
GGGHHHHHGGGBB 1.188,17 1211,35 [M + Na+] 66%
GGGRRRRRGGGBB 1.283,40 1282,7   [M] 45%
GGGDDDDDGGGBB 1.077,91 1077,99 [M] 25%
GGGEEEEEGGGBB 1.148,04 1171,63 [M + Na+] 67%

Table A1 | MALDI-TOF and HPLC analysis 
of peptides synthesized on cellulose membra-
nes. Peptides are linked to a b-alanine spacer (B). 
HPLC analysis was conducted using a linear sol-
vent gradient (a: 0.05% TFA in water; b: 0.05% 
TFA in acetonitrile; gradient: 5–60% b over 30 
min; UV detector at 214 nm; RP-18 column). 
a-cyanocinnamic acid was used as a matrix for 
MALDI-TOF MS analysis.
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1c1g 1joc 1dip 1pyi 2ov9 2pjw 1hx8 2e7z 1wt6 2jgo 1swi
2fxm 1wu9 1ft9 1r8j 2pmr 2qg7 1i7x 2gif 2b9b 2fxp 1zku
2fxo 1kd8 1lr1 1t3z 1ny5 1at3 1iq1 2idx 2ba2 1l4a 2chc

1d7m 1kd9 1pzr 1tmz 1wz8 1jyo 1iwp 2ijp 2fyz 1afa 2e2a
2dfs 1kdd 1qo0 1u5u 2g04 1knz 1jmu 2j91 1qce 1pw9 2f0c
1ic2 1ce9 1ukl 2hkx 2gzd 1o8u 1js4 2jdq 1jcd 1wp7 2fvh
1nkn 1dh3 1zre 2j5u 2pif 1s1c 1ks8 2nyf 2ieq 1y4m 4std
1uix 1ihq 2fmy 2lig 1a0r 1tpz 1luj 2nyn 2q7c 1zvb 1aow
1pl5 1tu3 2hv8 2opz 1bt4 1xa3 1n4k 2o6y 1g2c 1lwu 1w7b
2v71 1x79 1a93 2pqq 1dty 2ddz 1oxj 2oa7 2oyi 1g5g 10
1gk6 2c9l 1nlw 1ayx 1e2a 2h6b 1qdb 2odu 1ce0 2gtl
1ik9 2d3e 1unu 1b47 1elq 2j80 1t06 2of3 1ij0 1wcr
1uii 2e7s 1uo5 1gg2 1fc4 2qc0 1t11 2ot8 1ij1 1ca9
1cz7 2gd7 2cce 1gn9 1l1y 3kin 1u2u 2pex 1qu1 1sed
1gk4 2ocy 2ewf 1ls4 1m1j 1a0a 1u5p 2pmv 1ztm 1slq
1j1d 1t2k 1lj2 1m5n 1phz 1a9u 1u6g 2pno 1aq5 2cmz
1wlq 2aze 1n86 1u0i 1r5i 1bk5 1vsg 2rd9 1ebo 2gum
1kql 1am9 1nkp 1u4q 1tdw 1bk6 1wlx 2z1d 1f23 1jy2
1deb 1nwq 1hw5 1unv 1un0 1bkd 1yis 2z5j 1zim 1oah
1jun 1r05 1omi 1yke 1w23 1dio 1z3h 1zv8 1ru7 20
1no4 1llm 1qp9 2b2f 1xrs 1dms 1z8l 2akf 1ruz
2oqq 1zik 1zme 2bbj 1yt1 1ee5 1z9c 2cmr 2fk0
1ci6 1zil 2hg4 2bku 2cly 1ejy 1zav 2o7h 1el6
1fos 2b9c 1gvn 2c2x 2dkj 1few 1zy7 1bb1 1hqj
1jcc 1c94 1unt 2ehg 2dr1 1fn9 2a61 1fze 2bbj
1ytz 1fmh 1unx 2f22 2f18 1got 2b39 1n73 2ed6
2o1k 1l4a 1uny 2fup 2iak 1h0h 2bap 1gcm 2poh
1go4 2ipz 2nwb 2iae 2nr7 1hf8 2bb6 1ij2 2dd4
1jnm 2iw5 1p5h 2j7a 2o7t 1hlo 2c1m 1ij3 1pmm
1gd2 2oex 1pt7 2nq2 2ool 1hww 2d0t 2gr7 1ruy 30

1 1

229

69

Table A2 | PDB identifier of the initial data-
set of 385 dimeric and 92 trimeric structurally 
resolved coiled coil sequences. The program 
SOCKET [Walshaw et al., 2001] with a packing 
cutoff of 7.0 Å was used to scan the PDB for 
knobs-into-holes packing between helices. After 
further filtering steps,  229 dimeric (orange) and 
69 trimeric (blue) entries were obtained. Note 
that entries may contain more than one coiled 
coil sequence due to hetero-oligomerization, 
discontinuous coiled coil regions (according to  
SOCKET), or multiple coiled coil regions within 
one sequence.
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	Figure 1 | Schematic representation and structure of the parallel dimeric coiled-coil motif. (A) Helical wheel diagram looking down the helical axis from the N- to the C-terminus. Heptad positions are labeled a–g and a'–g' respectively. Positions a, d, e,
	Figure 2 | Examples and helical wheel diagram of dimeric coiled coils. Displayed are both the complete proteins and details of the a-helices of (A) tropomyosin and (C) the DNA-bound c-Jun – c-Jun AP1 dimer. Tropomyosin mediates the interactions between th
	Figure 3 | Examples and helical wheel diagram of trimeric coiled coils. Displayed are both the complete proteins and details of the a-helices of (A) the surface transmembrane glycoprotein (GP2) of the ebola virus and (C) the mannose-binding lectin (MBL). 
	Figure 4 | Schematic illustration of the coupling cycle in SPOT synthesis. The processes of (i) addition of protected amino acids, (ii) coupling, (iii) deprotection, and (iv) washing are repeated until peptides of the desired length are bound to the membr
	Figure 5 | Schmatic overview of coiled coil datasets.  Almost 6% of all proteins in the PDB (indicated on the left, grey) contain (A) coiled coil regions, of which more than 90% show dimeric (orange) or trimeric (blue) interaction. (B) Dataset of 385 dime
	Figure 6 | Schematic peptide and analyte composition.  Non-reactive Gly-repeats (gray) flank repeats of core amino acids (colored). Analytes are also composed of non-reactive Gly-repeats labeled with TAMRA (red), FITC (blue), and Biotin (green).
	Figure 7 | Streptavidin-POD (purple) and biotin (green) cross-reaction with membrane-bound peptides. (A) The spot signal measured by means of chemiluminescence is calculated from a circular region around the spot center detected in the image. All signals 
	Figure 8 | Spot autofluorescence excitation spectra measured at 520 nm emission wavelength. Spectra of 20 cellulose membrane-bound peptides of the sequence GGG[B]5GGG. The cellulose spectrum (orange) is plotted twice for reference. Excitation spectra (lx)
	Figure 9 | FITC cross-reaction. (A) Spot autofluorescence at 520 nm. The spot signal measured at 520 nm is calculated from a circular region around the spot center detected in the image shown in B. (B) Each spot represents a cellulose membrane-bound pepti
	Figure 10 | TAMRA cross-reaction. (A) Fluorescence emission of each corresponding spot measured at 645 nm is calculated from a circular region around the spot center detected in the image. All signals below an SI of 500 are at the background level and sho
	Figure 11 | Peptide-specific density analysis for TAMRA. Concentration library incubated with TAMRA-GGG. (A) The spot signal measured at 645 nm is calculated from a circular region around the spot center detected in the image. SI is the calculated mean of
	Figure 12 | Core length analysis for TAMRA. Core reduction library incubated with TAMRA-GGG. (A) The spot signal measured at 645 nm is calculated from a circular region around the spot center detected in the image. SI is the calculated mean of three spots
	Figure 13 | Random libraries for TAMRA, FITC, biotin/streptavidin-POD. Comparison of random peptide libraries incubated with different detection systems. All arrays (spots 1 to 120) are repeated three times resulting in three identical subarrays.  (A) Top
	Figure 14 | Substitutional analysis of the homomeric GCN4 leucine zipper. (left) Red spots denote interactions between cellulose membrane-bound variants and a dye-labeled wildtype GCN4 leucine zipper sequence that was synthesized by standard solid-phase p
	Figure 15 | Substitutional analysis of the heteromeric c-Fos/c-Jun domain. (left) Red spots denote interactions between cellulose membrane-bound variants of c-Fos and a dye-labeled wildtype c-Jun domain that was synthesized by standard solid-phase peptide
	Figure 16 | Double-substitution analysis of GCN4. (A) Synthetic peptide arrays displaying the complete set of GCN4 leucine zipper sequences with double substitutions at heptad positions a/d and a/e in heptads I–IV using all gene-encoded amino acids except
	Figure 17 | Relative frequency of each amino acid at a specific heptad position. The amino acid distributions of dimers are displayed in red and those of trimers in blue. To provide a better overview, the charts for each position are assigned to a helical
	Figure 18 | List of the 25 strongest pairwise patterns. Dimer patterns are highlighted in pink, and trimer patterns are highlighted in blue. For instance, the top dimer pattern E...L, spanning columns g to d2, describes a pattern with Glu at a g position,
	Figure 19 | Sequence profiling and classification of a typical dimer. The plot shows the c-Jun/c-Jun AP1 dimer based on pairwise patterns of the PrOCoil model, visualizing the contribution of each amino acid position to the overall oligomeric tendency. Th
	Figure 20 | Sequence profiling and classification of a typical trimer. The plot shows the 
hemagglutinin trimer of the influenza virus based on pairwise patterns of the PrOCoil model, visualizing the contribution of each amino acid position to the overall
	Figure 21 | Sequence profiling and classification of GCN4wt. The plots show the dimeric transcriptional activator protein GCN4wt.
(A) The top pairwise patterns (listed in the appendix of this work, see Figure A8) found in GCN4wt are depicted on the left s
	Figure 22 | Sequence profiling and classification of GCN4N16Y,L19T. The plots show the trimeric GCN4N16Y,L19T mutant. (A) The top pairwise patterns (listed in the appendix of this work, see Figure A8) found in GCN4N16Y,L19T are depicted on the left side t
	Figure 23 | Sequence profiling and classification of GCN4E22R,K27E. The plots show the trimeric GCN4E22R,K27E mutant. (A) The top pairwise patterns (listed in the appendix of this work, see Figure A8) found in GCN4E22R,K27E are depicted on the left side t
	Figure 24 | Sequence profiling and classification of GCN4V23K,K27E. The plots show the trimeric GCN4V23K,K27E mutant. (A) The top pairwise patterns (listed in the appendix of this work, see Figure A8) found in GCN4V23K,K27E are depicted on the left side t
	Figure A1 | Peptide-specific density analysis for FITC and autofluorescence. Concentration 
library incubated with FITC-GGG. (A) The spot signal measured at 520 nm is calculated from a circular region around the spot center detected in the image. SI is th
	Figure A2 | Peptide-specific density analysis for biotin/streptavidin-POD. Concentration library incubated with biotin-GGG and detected with streptavidin-POD. (A) The spot signal measured by means of chemiluminescence is calculated from a circular region 
	Figure A3 | Core length analysis for FITC and autofluorescence. Core reduction library incubated with FITC-GGG. (A) The spot signal measured at 520 nm is calculated from a circular region around the spot center detected in the image. SI is the background-
	Figure A4 | Core length analysis for biotin/streptavidin-POD. Core reduction library incubated with biotin-GGG and detected with streptavidin-POD. (A) The spot signal measured by means of chemiluminescence is calculated from a circular region around the s
	Figure A5 | Substitutional analysis of the homomeric c-Jun domain. (left) Red spots denote interactions between cellulose mem-
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