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1 Introduction

For biotechnological applications, it is very
important to determine which type of specific
structural information is necessary to under-
stand or to modify the protein function in the
desired manner. In this review, we will give
an overview on protein structural features
classified with increasing complexity and con-
sider appropriate methodological approaches
and theoretical concepts for their investiga-
tion. Special emphasis will be given to tech-
niques applicable to predicting protein struc-
tural properties by relying only on the protein
sequence (EISENHABER et al,, 1995b). It is
expected that the reader is familiar with basic
knowledge on protein biochemistry and bio-
physics as given in standard university text-
books.

2 Hierarchical Description
of Protein Structure

Whereas nucleic acids fulfill mainly the
tasks of storage and transfer of genetic infor-
mation in living organisms, the proteins form
a complicated cellular machinery for realiza-
tion of this genetic program dependent on
and in response to changing environmental
conditions. Some proteins are catalysts and
enable chemical reactions which would other-
wise not oceur at temperatures (e.g., 37°C)
and pH (e.g., pH 7) values typical for living
organisms. Others are involved in storage and
transport of particles ranging from electrons
to macromolecules, Proteins mediate signal
transmission between cells, tissues, and or-
ganisms; they control the passage of mole-
cules through membranes surrounding cellu-
lar compartments. Yet other proteins are in-
volved in the mechanochemistry of motion as
in muscles or serve a structural purpose in the
filamentous architecture of cells and tissues.

The functionality of different protein mole-
cules is tightly connected with their structural
and dynamic properties. Amino acid se-
quences for linear polypeptides forming pro-

tein molecules are directly encoded in genes.
At the same time, the three-dimensional pro-
tein architecture represents the ultimate in
molecular information, and from it springs a
variety of significant scientific results: the un-
derstanding of protein folding and structural
stability, interactions between subunits, re-
ceptors, ligands, substrates, and the like, en-
zymatic catalysis, the understanding of molec-
ular evolution, the ability to engineer and de-
sign proteins through synthesis and mutation,
the creation of drugs and the utilization of
protein-based processes to confront human
disecase and suffering. Inspite of many years
of intensive research, the complete descrip-
tion of structure and dynamics of a protein
molecule based on fundamental physical and
chemical principles is still an unsolved scien-
tific task. Therefore, theoretical protein
science must settle for lesser goals as well as
for the quest, which is described in this arti-
cle.

The main vehicle to organize the current
knowledge of protein structure is the so-
called hierarchical description (Fig. 1). A pro-
tein molecule in solution is a very complex
system with a huge number of degrees of
freedom, albeit many of them are of little im-
portance for biological function. Traditional-
ly, primary, secondary, tertiary, and quarter-
nary structural levels are considered which
correspond to biochemical events of coding,
synthesis, and function of proteins as well as
to physico-chemical properties of isolated po-
lypeptides in solution. Supersecondary struc-
tare, protein fold, topology, and structural
domain are historically younger terms. Short
definitions are given below:

1. The lowest level of structural organization,
the primary structure, is identical with the
amino acid sequence. The order of amino
acids as genetically encoded may be
changed posttranscriptionally  through
splicing, during translation as a result of
recoding mechanisms, and posttranslation-
ally due to chemical modifications (back-
bone scission, side chain modifications).
Generally, the chemical identity of a resi-
due is of critical importance only for a few
sequence positions. At most sequence po-
sitions, many amino acid exchanges have
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dimeric protein
with two substrates. .

secondaryl '

structure . 0 -

. supersecondary
structure

,:;f "protéih fold

protein subunit . protein domain

protein topology

Fig. 1. Hierarchy of structural description
of proteins. The flowchart presents the
structural analysis of a dimeric B-sheet
protein (at the upper left) with 2 ligands
(squares) up to the level of secondary
structural elements (S-strands represented
as arrows, at the Tower left). Successively,
subunit, domain, topology, fold, and su-
persecondary structure are illustrated.

only a slight effect on three-dimensional
structure and function.

2. The terms of secondary structure are used
to describe preferred relative backbone lo-
calions of sequentially near residues main-
ly due to local interactions.

3. Supersecondary structural motifs are typ-
ical ways of packing between secondary
structural units. A profein fold is common-
ly defined as the scaffold of secondary
structural elements with repetitive back-
bone structure; i.e., a-helices and B-sheets.
The term “protein topology”™ is more gen-
eral and includes the spatial arrangement
of all secondary structural elements includ-
ing loop segments. The fertiary structure of
a protein is described with the relative po-
sition of atoms in all residues of a polypep-
tide chain, both in regular secondary struc-
tural elements as well as in loops connect-
ing them. The protein tertiary structure
may also be represented in terms of pair-
wise distances between atoms of various
residues. A particular feature of globular
proteins is the existence of contacts be-
tween residues with large sequence separa-
tion (non-loca] interactions). As a rule, a
tertiary structure has a typical densely
packed hydrophobic core shielded from in-
teraction with a solvent. A tertiary struc-
ture can comprise several domains which
are distinguished structurally due to auton-
omous hydrophobic cores and, possibly

thermodynamically as melting independ-
ently. A domain is often considered an au-
tonomous folding unit. At the same time, a
structural domain does not need to be con-
tiguous in amino acid sequence.

4, The quarternary strucfure is composed of
several subunils, each being a polypeptide
with its own tertiary structure. The sifua-
tion is similar as with domains but the
chemical (peptide) link between subunits
is missing.

Protein structural features are greatly in-
fluenced not only by the type of the cellular
compartment or the solution conditions (e.g.,
temperature, water content, ionic strength, in-
clusion into membranes of organelles or cells,
extracellular space), but also by binding of co-
factors and other ligands.

3 Primary Structure of
Proteins

The primary structural level, the lowest in
the hierarchical description of protein struc-
ture, corresponds essentially to the chemical
structure. After consideration of the known
chemical possibilities of protein diversity, we



discuss modern aspects of protein sequence
analysis.

3.1 Chemical Structure of Proteins

Proteins are biomacromolecules. Their
main constituents are linear polypeptide
chains. The monomeric units are a-L-amino
acids or -imino acids, interconnected by pep-
tide bonds. The succession of monomer types
in the linear polypeptide is called the protein
sequence. How do proteins achieve the im-
pressing functional diversity?

1. No other biomacromolecule has such a va-
riety of monomer types. In addition to the
20 traditional amino acid types with differ-
ent side chains (plus selenocysteine, see
Sect. 3.2), monomers already included into
the polypeptide chain may also be chemi-
cally modified after translation (posttrans-
lational modification). Both amino acid
composition and the order of amino acid
types in the sequence characterize an indi-
vidual protein.

2. Proteins can contain small organic (pro-
sthetic groups) or inorganic compounds as
an integral part of their structure. For ex-
ample, the type of cofactor can influence
the reaction specificity of an enzyme.

3. The main source of functional diversity of
proteins is the variety of three-dimensional
domain structures each of which is pre-
ferred by a certain class of amino acid se-
quences. A crude classification distin-
guishes between globular and fibrillar do-
mains, the latter being mainly in structural
molecules.

4. Proteins vary widely in size. The range in
the number of monomers is from a few
dozen amino acids for small proteins like
crambin up to the enormous value of
27,000 residues in the muscle protein titin.
An eukaryotic domain consists typically of
~125 amino acid residues (~150 for pro-
karyota) as seen from sequence length dis-
tributions and the occurrence of leading
methionines (BERMAN et al., 1994; KoLk-
ER and TRIFONOvV, 1995). Larger proteins
are normally composed of many domains
(Bork et al., 1996).
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The experimental techniques for determin-
ing the sizes and the amino acid sequences of
proteins have reached a very high level of ma-
turity. As a result of standardization and au-
tomation, the productivity in genomic and
protein sequencing has steadily increased.
The size of sequence databases exploded dur-
ing the last years. The number of entries in
TREMBL (protein sequences obtained from
translation of nucleotide sequences in the
EMBL database, ftp://embl -ebi.ac.uk/pub/da-
tabases/trembl/) is larger than 200,000 and
SWISS-PROT (http://expasy.hcuge.ch/) con-
tains more than 60,000 annotated sequences.
Even whole genomes become available
(FLEISCHMANN et al., 1995).

3.2 Protein Primary Structure as a
Result of Transcription and
Translation of Genetic Information

The relation of genetic information and
protein primary structure is very complex.
Primarily, the succession of residue types in
the polypeptide is genetically encoded in the
triplet sequence of genes. The transcriptional
events which may include synthesis of a tran-
script from one or several DNA segments and
splicing (removal of intron segments and liga-
tion of extrons) result in a messenger RNA
(mRNA). Depending on cellular conditions,
RNA splicing may even follow alternative
pathways (“alternative splicing”). In the 1i-
bosomal machinery, this triplet code is trans-
lated into a polypeptide sequence. In depend-
ence on the organism and the organelle type,
different standard genetic translation tables
apply. Additionally, probably in all organ-
isms, a minority of genes relies on recoding of
the canonical genetic table (RNA editing) for
translation of their mRNAs (BORNER and
PAABO, 1996; GESTELAND and ATKINS,
1996; STADTMAN, 1996):

e Frameshifting at a particular site allows the
expression of a protein from overlapping
reading frames (possibly with several trans-
lation products in the case of non-100%
frameshift efficiency).
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e The meaning of code triplets may be al-
tered. Stop codons can be redirected as
tryptophane, glutamine, or even selenocys-
teine, the 21st translationally incorporated
type of amino acid. The existence of UGA
translation into a cysteine-type amino acid
has already been predicted from symmetry
considerations of the genetic code
(SHCHERBAK, 1988, 1989). Also the editing
of glycine codons into asparagine has been
observed.

e Ribosomes may translate over coding gaps

"in mRNAs if the stop codon is hidden in
some mRNA secondary structure (transla-
tional bypassing). If a stop codon is mis-
sing, the ribosome may use a piece of ribo-
somal RNA for completing the polypeptide
(transtranslation).

RNA editing is one aspect of a more gener-
al phenomenon, namely the continuing evolu-
tion of the genetic code (OsAwA et al,
1992).

Finally, the polypeptide is subject to post-
translational modifications, necessary for a
wide variety of reasons, e.g., protection
against proteolysis, direction of transport, ge-
netic regulation, membrane anchoring, and
regulation of enzymatic activation or of de-
gradation {CREIGHTON, 1992; HaN and
MARTINAGE, 1992; RESH, 1994). In the sim-
plest case, single amino acids are chemically
altered. The modifications can be N-terminal
(e.g., acetylation, myristoylation and pyroglut-
aminylation), C-terminal (e.g., amidation,
isoprenylation and farnesylation), or affect
the side chains (e.g., glycosylation, phospho-
rylation, hydroxylation, and disulphide bond
formation). Another type of posttranslational
chemical modification consists in cuts of pep-
tide bonds with or without dissociation of the
two resulting chains. The latter is the activa-
tion mechanism of trypsinogen and chymo-
trypsinogen. In the case of a-lytic protease, a
segment of the precursor polypeptide chain
acts as catalyst for achieving the native fold
(BAKER et al., 1992a). Polypeptide chain scis-
sion may occur during functioning of a pro-
tein. For example, serpins are efficient inhibi-
tors of plasma proteases. In the unbound
state, serpins are in a metastable kinetically
trapped state with a 5-stranded B-sheet and a

largely unstructured reactive loop (MortToy.
EN et al., 1992). Upon tight binding with ser-
ine proteases, the conformation rearranges tq
the 6-stranded latent form. During dissocia-
tion of the serpin molecules from the com.
plex, they are slowly cleaved and inactivateq
as inhibitors (GOLDSMITH and MOTTONEN
1994; HUANG et al., 1994; CARREL et al.,
1994). ’

Multiple polypeptide chain scissions oceyr
during the so-called protein splicing, the mogt
recently discovered variant of posttranslation.
al modification (CooreER and STEVENS,
1995). It involves the precise and autocatalyt-
ic excision of one or several intervening pro-
tein sequences from a precursor protein, cou-
pled to the ligation {peptide bond formation)
of the remaining sequence domains, which re-
sults in a spliced protein product. In full ana-
logy to RNA splicing, the two types of seg-
ments of the precursor protein are named ex-
teins (expressed part) and inteins (interven-
ing part). In several cases, it was difficult to
isolate the full-length precursor since inteins
can actually splice while the C-terminal extein
is still being translated (COOPER and STEv-
ENS, 1995). Intein assignment was an impor-
tant step in the genome analysis of Methano-
coceus jannaschii (BuLr et al., 1996),

The consideration of RNA recoding and
posttranslational chemical modification in an
automatic manner is currently impossible (or,
at least, very unreliable), and this adds an-
other moment of uncertainty to the correct-
ness of amino acid sequences derived from
nucleotide sequence data canonically trans-
lated by computer programs.

3.3 Investigation of Primary
Structural Features — Protein
Sequence Analysis

Whereas in the early times of molecular
biology, protein research concentrated mainly
on the physico-chemical and functional char-
acterization of selected proteins and only a
few protein sequences were available, the sit-
uation has now reversed. In a typical case, the
researcher has the protein sequence (mainly
derived from corresponding cDNA se-



quences), but does know only little about its
structure and function. The 28th of July, 1995,
marks the beginning of a new era. The com-
plete genome of Haemophilus influenzae, a
bacterium, has been obtained as a result of
world wide cooperation in large-scale se-
quencing projects (FLEISCHMANN et al.,
1995). Other genomes followed (several eu-
bacteria and archebacteria as well as bakers’
yeast) or will be available in a foreseeable fu-
ture (for nematode Caenorhabditis elegans, it

Fubacteria

purple
bacteria
bacteria

1

cyanobacteria

Navobacteria

Thermotoga

extreme halophiles

Gram-paositive
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will be available in 1998 and, for the human
genome, it is expected in 2003, see Fig. 2).
The genetic make-up (the complete DNA of
an organism) should contain all information
necessary for cells to mature, to reproduce
and to interact with the environment as open,
homeostatic system until their preprogramed
death. Thus, knowledge about virtually ail
proteins in a living organism is available, al-
beit, at the moment, the experimental facts
are primarily limited to the nucleotide se-

Eukaryotes

fungi
4

ciliales

plants

green flagellales

non-sulfur

bacleria /
microsporida

methanogens extreme hermophiles

Archaebacteria

Fig. 2. Phylogeny of specics and the size of genomes. A phylogenetic tree based on RNA. data containing

groups of organisms from all major phyla is shown.

Genome Size [Mb]

Number of Genes (Proteins)

Species

1 M. genitalium 0.6
2 Eoooli 4.7
3 M. jannaschii 1.7
4 Yeast 135
5 C. elegans 100
6 Human 3000

470
4000
1760
6000

13000
70000
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Environmenk Dynamies

quence of their genes (Fig. 3). The decoding
of this enormous amount of data is an impor-
tant goal and biological science is only start-
ing to approach it, having in mind revolulion-
ary applications in biotechnology, drug devel-
opment, and in the treatment of diseases.
The main source of hypothetical informa-
tion about such unknown proteins is amino
acid sequence analysis and comparison (Fig,
4). This approach is knowledge-based and in-
ductive. The query sequence or significant
parts of it are compared with sequences or se-
quence motifs in databases, The annotated in-
formation (source organism, structural and
functional data) of proteins or protein do-
mains with similar sequences and the bio-
chemical and molecular-biological context of

Mitochondricn

BRCAL is presented (a few hundred
bages). For comparison, the human ge-
nome comprises about 3+10° bases. The
genetic information is sufficient to code
for all cellular functions (lower part), It
should be emphasized that living organ-
isms composed ol cells are not static de-
vices but have different levels of onto-
genetic development, exchange informa-
tion, energy, and melabolic products
with their environment, and finally react
on impulses from outside.

the query protein are used to extrapolate pos-
sible structural and functional features (sec,
e.g., TATUSOV et al.,, 1996). To obtain finally
scientific data, experimental verification of
these conclusions need to follow.

Protein function (Tab. 1) requires also a
multilevel description similar to protein struc-
ture (see Sect. 2). Primarily, a protein has a
molecular function. It may catalyze a specific
reaction or transmit a signal. A set of many
co-operating proteins can fulfill a physiologi-
cal function. In the simplest case, this is a me-
tabolic pathway. At the next level, protein
function determines phenotypic properties
(phenotypic function or disfunction). Protein
activity might be limited to certain cellular
compartments, the extracellular space, and



 Initial BLAST search with o |
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Variation of similarity matrices
Change of gap penalty

Amino acid compositional filter
Variation of query segment (domains)

Variation of pattern/profile description
Weighting of similar sequences
Analysts of conserved sequence positions

Fig. 4. Flowchart for iterative database searches. The sequence hits found at the initial searches are used
for oblaining multiple alignments. They are analyzed and sequence molifs and/or profiles arc extracted.
With their help, a more sensilive database search is restarted,

types of cells (localization), to periods of the
development (time restriction) or may de-
pend on posttranslational modifications. Oft-
en, the corresponding genes are only ex-
pressed in a few phases of the ontogenesis
and in some tissues (expression pattern).

In Sects. 3.3.1 and 3.3.2, we will consider
both the issue of sequence databases and
methods for knowledge-based sequence anal-
ysis. Protein property predictions relying on
structural databases will be considered in
SEEE. 8.

3.3.1 Quality of Sequence
Databases

The large amount of data on protein se-
quences calls for automation; also in se-
quence handling and analysis. Accurate stor-
age and updating mechanisms as well as user-

friendly retrieval software are required. Al-
though database teams are aware of such de-
mands and continuously improve the quality
of data entries and computer software, data-
bases have grown historically and are far
from perfect. Thus, working with sequence
databases requires knowledge about their pit-
falls which can have a considerable influence
on the interpretation of the data, We have al-
ready discussed in Sect. 3.2 possible modifica-
tions of translational decoding of mRNA se-
quences (organelle specific translation tables,
RNA editing) and pre- (RNA splicing) and
posttranslational changes, both resulting in a
chemically altered polypeptide compared
with the original DNA sequence. But there
are also other, much more profane circum-
stances that result in uncertainty of sequence
data. Errors can occur at each step of the
multilevel procedure the result of which are
protein sequences.
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Tab. 1. What is Protein Function?

Molecular function

glycerol kinase

contains an ATP-binding site

Physiological function

responsible for wing development

nuclear transport

Phenotypic function

suppressor of SPT3 mutations

involved in nucleotide metabolism

Dysfunction

deletion causes diabelis

knockout lethal

Cellular localization

N-terminal myristilation

transmembrane prolein

Expression pattern

only in brain during embryogenesis

activated by Gal4

Posttranslational modification

phosphotyrosine
glycosylation

Many levels of protein function. Protein function is determined in the context
of activity of other constituents of an organism. The primary molecular }‘upcn
tion of a protein may consist in catalyzing a specific reaction or ip transmitting
a signal. A set of many co-operating proteins accomplish a physiological func-
tion, e.g., a metabolic pathway. At the next level, proteins cletermu}e ph(_an‘o-
type properties (phenotypic function or dysfunction). As a rule, protein activity
is limited in space and time. The protein can be confined in certain cellular
compartments, types of cells, or be located in the extracellular space. Posttrans-
lational modifications often regulate protein activily. The genes coding pro-
teins may be expressed in a few phases of the ontogenese and in some tissues

only (expression pattern).

At the beginning, pieces of genomes are se-
quenced. Experimentally, the DNA se-
quences are obtained by reading-out electro-
phorese gels. Errors influence apparently
0.1% of all nucleotides (FLEISCHMANN et al.,
1995) if DNA segments between 300 and 600
bases long are sequenced with 3-10 fold re-
dundancy. This might affect 5-6% of all pro-
tein sequences (BIRNEY et al,, 1996; TATU-
sovV et al,, 1996). The rate is several orders of
magnitude higher for so-called ESTs (ex-
pressed sequence tags), single gel reads of
random cDNA. The comparison of 3,000 hu-
man proteins in SWISS-PROT that have been
published more than once revealed differ-
ences in 0.3% of all amino acids (BORK and
BAIrROCH, 1996). This error rate seems to be
a lower limit since sequences in different pub-
lications are often not independent, and many
corrections have already been made. Any-
way, mostly only erroneous stop codons and
frameshift errors can be detected unambi-
giously. Single residue exchanges are hard to
verify as strain differences or other types of
natural polymorphism cannot be excluded.

The rate appears small but the error may ac-
cumulate in the sequence considered. This
can lead to functional misinterpretations
(BORk, 1996). Another serious problem is the
contamination of cDNA libraries with materi-
al from hosts (usually fungal, bacterial, or vi-
ral DNA). A prominent example is the “hu-
man” EST library of Genethon having a sur-
prisingly high rate of matches with the yeast
genome. Gene sequences of annexin I and in-
sulin from a sponge (their “existence” in low-
er eukaryotes is very unlikely) were closely
related to mammalian homologs (Bork and
BAIROCH, 1996). It turned out that the bio-
logical sample had been contaminated by
DNA of a rodent species.

As a next step, the processing of raw DNA
data includes identification of genes, open
reading frames (ORFs), and the exon-intron
structure. In addition to sequence signals for
exon-intron junctions, recent exon recogni-
tion algorithms integrate similarity searches
in existing sequence databases since homolo-
gy hits are a strong indicator for a coding se-
quence. Other properties used for exon-in-



tron classification are: (1) codon usage, (2)
hexanucleotide frequencies, (3) local com-
plexity (information content), (4) poly(A)
ranges, regulatory sequences such as ribo-
some-binding segments (Shine-Delgarno seg-
ments) or promoters, The challenge is to im-
prove the corresponding identification algo-
rithms further since widely used programs for
gene (exon) prediction in eukaryotes have an
accuracy below 50% (BURSET and GUIGO,
1996). This rate drops further if the DNA se-
quences considered contain wrong nucleotide
positions, The gene identification problem is
avoided if mature mRNA is sequenced.

Finally, sequences are annotated by human
beings or by their computer programs (Bork
and BAIROCH, 1996). Hence, errors ranging
from simple spelling ambiguities to semantic
mistakes are common. For example, SCD25,
the supressor gene of CDC25 in yeast, was s0
often misquoted as SDC25 that it has become
an accepted synonym. Database queries are
hindered by differences between spelling var-
iants [e.g., hemoglobin (US) and haemoglo-
bin (UK), upper and lower case in /1 (Hair-
less) and 4 (hairy) in the Drosophila genetic
nomenclature], representation of non-English
characters (e.g., ‘U’ in Kriippel, Krueppel, or
Kruppel). The same gene may have several
synonymes (e.g., TUP1, AER2, SFL2, CYC9,
UMR1, AARL, AAMI1, and FLKI1 are the
same gene in yeast and hns, bnsA, drdX,
osmZ, bglY, msyA, cur, pilG, and fopS are
the same gene in Escherichia coli). Similar
multiplicity exists on the level of protein
names (e.g., annexin V was also called lipo-
cortin V, endonexin II, calphobindin I, pla-
cental anticoagulant protein I, thromboplas-
tin inhibitor, vascular anticoagulant «, and
anchorin CII). The opposite is also frequent —
different genes or proteins having the same
name (e.g., cyclin is the name for a variety of
cell cycle components or MRF1 is the gene
name in mitochondria of yeast both for the
peptide chain releasing factor 1 and for the
respiratory function protein 1).

A major problem is the functional descrip-
tion of genes and proteins (BORK and BAI-
ROCH, 1996). For example, the ORGanelle
division in the EMBL, Genebank nomencla-
ture should be used only for sequences in the
genome of mitochondria and plastids, Often
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entries with nuclear-encoded genes for pro-
teins targeted at organelles are wrongly en-
tered in the same division, Since the number
of sequences is large, functionalities are as-
signed automatically by the computer soft-
ware based on sequence similarities. In this
way, a single erroneous entry will lead to a
whole sequence family with artificial func-
tions [e.g., whether nift3 has a role in nitro-
gen fixation, remains unclear, but it has alrea-
dy been assigned to several previously unan-
notated proteins (CASARI et al., 1994)].

Yet another layer of uncertainty consists of
scope-related problems. Often, the retrieval
system does not access all known sequence
data but only a subset (due to license reasons
or software limitations); sometimes even just
a single sequence representative for a family.
Many communities study particular classes of
proteins and the information in such special-
ized databases is not pointed to from the gen-
eral genetic databases but there is hope that
links will appear in a near future (such as
pointers between SWISS-PROT and the two
databases FlyBase and yeast YPD within the
SRS retrieval system, see Tab. 2, for WWW-
links).

3.3.2 Knowledge-Based Prediction
of Protein Structure and Function
Using Protein Sequence Analysis

Generally, any property of the sequence
representing an unknown protein can be com-
pared with other sequences or families of se-
quences in databases. In cases of coincidence,
the query protein is considered similar and
the information on proteins which gave the
hit is considered relevant also for the un-
known protein. From the logical point of
view, the discriminative power of this ap-
proach should be limited since it is not a pri-
ori clear whether a given sequence property is
characteristic also for the sequence under
consideration. But in practice, this way of
thinking is unexpectedly often successful. The
structure and function of an unknown protein
can be tested experimentally if it is supposed
to be related to a protein family with well-
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Tab. 2. WWW Pointers for Important Programs and Dalabases for Similarity Searches ig Protein Se.

quences are Presented

The list it not complete but the links here have been tested by the authors. A more detailed and updated
list is available from http://iwww.embl-heidelberg.de/ ~bork/pattern.himl

FTP Sites for Software Resources

Barton’s flexible patterns
Propat (property pattern)
SOM (neutral network)
SearchWise

PROFILE

MoST (motif search tool)
CAP (BLAST output parser)

Searchable Motif Databases

fip://geofi.biop.ox.ac.uk
ftp:/iftp.mde.berlinde/pub/makpat
[tp://ftp.mde-berlin.de/pub/ncural
http:/iwww.ocms.ox.ac.uk/ ~ birney/wise/lopwise.litml
ftp://ftp.ebi.ac.uk/pub/software/unix
ftp://nchinlm.ni.gov/pub/koonin/most
ftp://ncbi.nlm.nih.gov/pub/koonin/cap

PROSITE

Motil search (ICR)
Profile Scan (ISREC)
BLOCKS

PRINTS

PIMA

PRODOM

WWW Servers for Motif and Profile Searches

http:/expasy.heuge.ch/sprot/prosite, html
http://genome.ad.jp/SIT/MOTIF.html
http:/fulrec3,unil.ch/software/PFSCAN form.html
http:/iwww.blocks.fhere.org

http:/iwww.biochem,ucl.ac.uk/ ~ attwood/PRINTS/PRINTS. html
http://dot.imgen.bem.tme.edu:9331/seg-search/protein-search,him]
http://protein.toulouse.inra. [r/prodom.html

Regular expressions
PROFILE
PATSCAN
PatternFind (ISREC)
Pmotif

HMM

Discover

http://ibe.wustl.edu/lpat/

hitp:/fsgbed weizmann.ac.il/Bic/ExecAppl.himd
hppt:/Awww,mes.anl gov/home/papka/R OSS/patscam,html
http/fulrec3.unil.chisoftware/PATFND mailform.html
http:/falees.med.umn,edu/pmotif.htm]
http:/genome.wustl.edu/eddy/hmm, himl
http:/ihertz.njit.cdu/ ~ jason/help,himl

studied members. At present, sequence anal-
ysis alone cannot give final knowledge.

Ist, the meaning of terms denoting se-
quence properties needs to be clarified, Oft-
en, similarities are more obvious if only a rel-
evant part of the sequence information js
used for comparison.

e Sequence composition is traditionally the
proportion of amino acid residues in the se-
quence. About 40% of all sequences in the
SWISS-PROT database have a pronounced
compositional bias (WooTTON, 1994), The
dipeptide composition is a much stronger
criterion for sequence comparison (VAN
HEEL, 1992). Already the frequent occur-
rence or absence of certain amino acid
types in a protein is sometimes indicative

for structure or function. Many transmem-
brane regions contain almost exclusively
hydrophobic residues. A similar reduction
of the amino acid alphabet is accompanied
in coiled-coil regions with a position-de-
pendent frequency of leucine and similar
residue types (LUPAS et al., 1991; Lupas,
1996). A glycine content of one third and a
frequent occurrence of (hydroxy-)prolines
with glycines mostly at every third se-
quence position are characteristic for a tro-
pocollagen structure.

A motif is a small conserved sequence re-
gion within larger entities. Sometimes, mo-
tifs are characteristic for structural and
functional features (such as postiransla-
tional glycosylation sites or SH3-binding
sites) that develop independently from the



surrounding sequence. For these (relatively
rare) motifs, the concept of sequence ho-
mology is irrelevant.

o The terms “alignment block” and “pat-
tern” are more technical compared with
«motif” and are used to deal with difficul-
ties associated with gaps (insertions or de-
Jetions) in sequence comparisons. The
alignment block refers to conserved parts
of multiple alignments containing no gaps.
A pattern consists of one or several align-
ment blocks and can also contain gaps.

o A profile implies a description of a se-
quence or an alignment in other terms than
just the letters denoting amino acids.
Usually, conserved physical properties
among different residues are used to char-
acterize an alignment posilion and to de-
rive position-dependent weights and penal-
ties for all amino acid types or a gap.

There is no contradiction between “pro-
file” and “motif” since profiles may be re-
stricted to smaller regions and patterns can be
also described in amino acid property terms.

Thus, given a single query sequence, data-
base-aided protein sequence analysis can be
based on

(1) comparison of general sequence proper-
ties such as amino acid composition,

(2) motif searches (sequence pieces), or

(3) full sequence comparison.

All three variants have been attempted
both as restricted to analysis of strings com-
posed of letters denoting amino acids (“lin-
guistic” analysis) or as profile-based. Ap-
proaches (1) and (2) are in some contrast to
techniques of type (3). Whereas the latter
make an effort to utilize the complete se-
quence information to maximize the overall
signal, the former generalize from the noise in
variable regions and concentrate on key fea-
tures. The applicability of any of the ap-
proaches depends solely on the specific se-
quence studied and the resources, Generally,
compositional and motif analysis are more
suitable for large database searches since they
are harnessed to fast word look-up algorithms
which require only little computational re-
sources, whereas full sequence comparisons,
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especially in profile representations, rely on
exhaustive but slow dynamic programming al-
gorithms and are applicable preferably to
smaller subsets of sequences (Bork et al.,
1995). Examples for motif and profile data-
bases and searching software are lsted in
Tab, 2. BOrk and G1BSON (1996) have evalu-
ated different search algorithms in great de-
tail,

3.3.2.1 Standard Procedure of
Database-Aided Homology Search
for a Query Sequence

The standard method in sequence analysis
is to find distantly related proteins (grey zone
homologies). Usually the only attempts un-
dertaken are fast homology searches with one
of the BLAST programs via World Wide
Web (WWW) servers (ALTSCHUL et al,
1994), albeit FASTA or BLITZ are also in
use., However, these techniques do not reveal
many weakly homologous sequences. They
omit proteins which are similar only in parts
of their sequences (due to their multidomain
structure) and, on the other hand, may find
numerous similar proteins with very different
functions if the sequence families are large.
Sometimes, the application of special amino
acid substitution matrices as offered in stand-
ard programs is an alternative if no significant
hits are found (Bork and GIBSON, 1996).
The probability to get a BLAST hit for a que-
ry sequence depends on the species: It is 70-
90% for bacterial or yeast sequences but only
~50% for human sequeunces since the corre-
sponding subset of the sequence databases is
much less annotated. In the case of the ge-
nome analysis of Haemophilus influenzae and
its comparison with the genome of Esche-
richia coli (TaTUsOV et al, 1996), database
homologies were found for about 90% of the
genes. For about 80%, functional characteri-
zation of BLAST hits were available, but
structural information was found only for
15%.

Given the concerns raised in Sect. 3.3.1, re-
sults of similarity searches in databases
should be always considered with caution,
Given the pressure on sequencing groups not
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to overlook interesting homologies, the meth-
odology is stretched and, with small thresh-
olds, spurious hits are taken as real; conse-
quently, misinterpretations  cannot  be
avoided. Sometimes, sequence homology i1s
just a result of structural constraints (in
coiled-coil regions of muscle and other struc-
tural proteins) or the similarity is limited to a
single domain. Therefore, regions with com-
positional bias should be identified in ad-
vance and removed from the query sequence
before the BLAST search. Biological diversi-
ty appears unlimited and simple schemata do
not work in all cases.

The BLAST results provide usually only a
starting point for motif and profile searches.
The next step is the extraction of patterns or
profiles characterizing the alignment of simi-
lar sequences. A weighting scheme is useful if
some type of sequences is overrepresented in
the multiple alignment (HIGGINS et al., 1996).
Local, conserved motifs are often the only ob-
servable markers of structural or functional
regions. Iterative searches with such motifs
and profiles in the sequence databases are
often successful and increase the original
BLAST success rate by an additional 10-
20%. Sensitive searches including many cy-
cles of analysis take several weeks and are
possible only for a few sequences (Fig. 4).
The analysis of thousands of sequences from
large-scale sequencing projects within a few
days requires automated evaluation of data-
base searches such as with the GENEQUIZ

program for gene function prediction (CAS-
ARI et al., 1994).

'3.3.2.2 Significance of Weak
Homologies

In assessing the significance of weak homo-
logies, purely statistical methods are currently
only of little help (Bork and GIBSON, 1996).
At the beginning, formal propertics of the
alignment should be checked: possibility of
frameshift errors, sequence weighting in mul-
tiple alignments for motif extraction, appro-
priate handling of gaps and amino acid substi-
tutions given the protein family and sequence
length, as well as completeness of database

searches including novel sequences. The sec.
ond level of checks includes structural cop.
straints which must apply between sequences
as a consequence of homology between then,
Such conclusions are often possible evep
without knowing the three-dimensional strug.
ture of a single protein in the multiple align.
ment, For example, Cys patterns are expected
to match in Cys-rich proteins (conservation of
disulphide bonds). Gly and Pro are unlikely
at positions where all other sequences have
different amino acids. Insertions/deletions in
highly conserved regions are suspicious. Simj-
lar logics proved successful in retrieving
GAL4 and SH, domains (BOork and GIsson,
1996).

The knowledge of complete genomes op-
ens new indirect ways for functional predic-
tions. If the enzymes belonging to a metabolic
pathway are well known and a few members
are found in the given organism, there is a
chance to find also the others or to draw con-
clusions on a pathway modification (Koo
et al., 1996). The order of genes in the ge-
nome also gives information about common
regulatory Dblocks such as operons which
might help in functional assignments (TATU-
sov et al,, 1996).

3.3.2.3 Search for Internal Repeats

In addition to this standard way of se-
quence analysis, special techniques have been
developed for specific applications. A major
concern are infrinsic sequence repeats that in-
dicate duplication of structural elements and,
possibly, a preceding gene duplication. Fou-
rier spectral analysis and autocorrelation
techniques have proven successful only for
special classes of sequences (MCLACHLAN,
1983; MAKEEV and TUMANYAN, 1996) since
insertions between repeats can be of greatly
different length. Direct alignments of se-
quences with themselves combined with
graph-theoretical methods are a more general

and very efficient approach (FERINGA and
ARGOS, 1993),



33.2.4 Complex Regression of
protein Sequence-Structure
Relationships

The utilization of neural network tech-
niques (FRISHMAN and  ARGOS, 1992
HANKE et al., 1996} or hidden Markov mod-
els (KrOGH et al., 1994: BAIROCH and BUCH-
ER, 1994) was attempted for the derivation of
a complex regression function between pairs
of protein sequence-structure relationships
since the underlying physics between se-
quence and threc-dimensional  structural
properties are not well known. Due to the
heuristic nature of these approaches, the real
impact is difficult to assess and, probably, cur-
rently overestimated, Not only the whole se-
quence but also typical sequence propertics
have been taken as input information. For ex-
ample, DUBCHAK ¢t al. (1993) use the amino
acid composition as input for ncural networks
trained to recognize 4 helix bundles, parallel
(aB)s barrels, nucleotide binding folds, and
immunoglobulin folds. The matrix of size
20-20 containing dipeptide [requencies in a
query sequence was uscd as input for neural
networks for checking the relatedness to 43
folding classes and 4 folding types (RECZKO
et al.,, 1994; REczko and BONR, 1994),

4 Secondary Structural
Features of Proteins

After a detailed consideration of different
secondary structural elements, we consider
the problem of an objective definition which
could be the basis for a computer program Lo
assign secondary struclural states in protein
tertiary structures resolved with X-ray crystal-
lography or NMR techniques. The concept of
secondary structural class, based mainly on
secondary structural content, was the [irst at-
tempt of a structural classification of proteins.
Finally, we analyze methods for prediction of

secondary structure from protein sequence
alone.
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4.1 Types of Secondary Structures

The primary structure, the sequence of
amino acids in the polypeptide, is the basis
for the formation of complex spatial struc-
tures of proteins. Historically, regularities in
the spatial location of sequentially near resi-
dues are named sccondary structure. More
traditionally, the term secondary structure is
even confined to repetitive local conforma-
tions along the polypeptide chain and in-
cludes mainly e-helices and B-sheets. In con-
frast, tertiary structural description puts em-
phasis on residue-residue contacts which are
distant in sequence. Before entering the typo-
logy of secondary structural features, the phy-
sical framework of the description of protein
structure needs clarification.

In the molecular-mechanical approxima-
lion, protein atoms are considered mass
points and centers of spherical potential func-
tions. A conformation is detined as a set of all
relative positions of atomic centers. Whereas
bond lengths and valence angles allow only
moderate changes, rotations around single
bonds have relatively small energetic thresh-
olds and constitute the main source of confor-
mational variability of polypeptides (Fig. 5).
A torsional angle is defined‘as the angle be-
tween the 2 planes spanned by the first 3
atoms and the last 3 atoms regpectively of a
quadruple of chemically connected atoms.
The cis position (all 4 atoms in one plane and
both marginal atoms in the same halfplane
with respect to the bond between the 2nd and
the 3rd atom) is defined as zero degrees.
Among the 3 backbone torsional angles ¢ (di-
hedral angle C{_ \NiCa;C{), ¢ (dihedral an-
pel NiCeC{ Niyy), and o (dihedral angle
Cey, ., C{ _1NiCa), the last one is constrained
to values near 180° or 0° due to the resonance
effects in an almost planar peptide group for
trans and cis peptide bonds respectively. The
results of studying possible atomic clashes in
a monomer surrounded by peptide-groups
can be summarized in a Ramachandran ¢ vs.
yrplot (see, e.g., CREIGHTON, 1992, p. 183).
There are generally 2 accessible rcgions: a
large area with  —180°<p<0° and
100° < < 190° (region B) as well as a smaller
region a (or ag) with —100°<e< ~50° and
—70° < < —30°. For residues with small side



60 2 Sequence and Structure of Proteins
H R 0
.0 v ool Fia. 5. The polyoentide
N c ¢f<'c N e, ig. 5. The polypeptide backbone.
o \(lja/ \N “6(: AN lC;’/ . The division of the polypeptide
} [ | backbone into peptide units is a sujt.
R H 0 R able methodological approach for
Amr Peptide bonds Cmgm def":f-'i"lbllflg t{w COII_'(I;ormational prop-
termtinus terminus  CTUES OF polypeptides.

chains, @/yf-values near 60°/40° are also possi-
ble (region o). In the case of proline, the ¢ is
fixed to discrete values as a result of the ring
structure including the backbone N-Cea bond.
The conformational limitations described
above restrict the possible forms of repetitive
backbone structures. Repeated ¢/y~combina-
tions from region B result in extended chains,
whereas many monomers with ¢/y-values in
the e-region form helical structures.

The analysis of local backbone conforma-
tions in crystallographic protein structure is in
agreement with the molecular-mechanical
treatment. Most of the residues belong to the
allowed regions of the Ramachandran plot,
although a few outsiders exist even in protein
structures resolved with high resolution
(KARPLUS, 1996). These residues are a sign of
localized strain in the global protein structure
which is compensated by other interactions
and may indicate the non-optimality of the
amino acid sequence for the given structure.
In some cases, this strain has a functional
role. Strain has also been observed in side

Tab. 3. Types of Repetitive Secondary Structures

chain conformations (SCHRAUBER et al,
1993).

Secondary structures observed in exper-
mentally determined protein structures are
characterized by two properties: (1) whether
they are composed of conformationally (near-
ly) identical monomer units and (2) whether
direct interactions between sequentially near
residues exist. The first property distinguishes
between dilferent types of helices (including
extended structures, see Tab. 3) and segments
changing the direction of the polypeptide
chain (loops and turns). With the second clas-
sification, ee-helices and 3,,-helices are united
with most tight turns as they include back-
bone hydrogen bonds between residues with
small sequence separation. The extended
structures [B-strands (both in parallel and an-
tiparallel sheets or the poly-Gly-I helix), PPI-
helix, PPIl-helix (e-helix)] and larger loops
form the other group.

Generally, the secondary structural prefer-
ences of oligopeptide fragments describe only
the ease or difficulty with which a specific se-

Hydrogen bonds are denoted relative to a residue with sequence position i if applicable, Whereas most
helices consist of repetitive trans-peptide bonds, poly-Pro-1 is a polypeptide conformation with cis-peptide

bonds

Type of Helix Torsion Angle Hydrogen Twist Pitch
A ] Bond [°] [A]

0 W @

a—HeIi)g - 57 —47 180 i.i+4 100 1.50

3,0-Helix - 49 20 180 Lo i+3 120 2.00

p-Strand (parallel sheet) -119 13 180 1.4, 180 32

B-Strand (antiparallel) ~139 135 182 n.a. 180 3.4

Poly-Gly-II - 80 150 180 n.a. 120 51

Poly-Pro-I - 8 158 0 n.a. 108 1.9

Poly-Proll — T8 149 180 n.a. 120 3.12




quence adopts the confornmtipu in a given
tertiary structure. Possible strain at this level
can also be sacrificed for a tertiary topology
to be achieved. The lability of preferences for
secondary structural types by some amino
acid sequence is obviously demonstrated by
the ease of large-scale conformalional
changes of serpins and prion proteins. In the
" case of serpins, a metastable kinetically trap-
ped S-stranded B-sheet conformation and a
largely unstructured reactive loop were ob-
served which only slowly rearrange to the na-
tive 6-stranded sheet (MOTTONEN et al., 1992;
GorLpsmITH and MOTTONEN, 1994, HUANG
et al., 1994; CARREL et al., 1994). Prion pro-
teins may trigger into a completely different
a-structure followed by massive aggregation
of such conformationally changed proteinsg
(RIEK et al., 1994; CERPA ct al., 1996).

4.1.1 The a-Helix and the
3,0-Helix

The right-handed a-helix is the most widely
studied form of secondary structures. The de-
tailed geometry may deviate from that given
in Tab, 2 with respect to amino acid Lypes
constituting the helix and the helix environ-
ment in the tertiary structure. Helices have a
specific sequence pattern of hydrophaobic and
hydrophilic residues depending on their envi-
ronment (BLUNDELL and Zuu, 1995); for ex-
ample, helices at the surface to solvent are
amphiphatic with hydrophilic residues clus-
tered at the side contacting solvent and hy-
drophobic residues directed to the center of
the protein. Often, the carbonyl groups tend
to point outwards for interaction with solvent
or other donors. Only a fraction of the helices
is truely linear, most exhibit some type of cur-
vature or are even kinked (BARLOW and
THORNTON, 1988).

The ends of a-helices are special regions
since the corresponding clusters of NH and
CO groups are not saturated by helical hy-
drogen bonds. In context also with the helix
dipole originating from the dipoles of peptide
bonds and accumulated with helix length, o-
helix ends are a perfect place for specific sub-
strate and ligand binding [see, for example,
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DORAN and CAREY (1996)]. At the termini,
an o-helix may change into a 3;,-helix. Iso-
lated 3,p-helices are rare in proteins but may
be observed for small peptides (MILLHAUS-
ER, 1995). Probably, 3,,-helices have a role in
e-helix folding, The amino acid types have
different propensities whether they are lo-
cated in an e-helix or not and also depending
on the specific locations, in the central region
or at the N~ or C-termini, the so-called cap-
ping boxes (PRESTA and ROSE, 1988; SERRA-
NO et al, 1992, Do1G and BALDWIN, 1995;
GONG et al., 1995; Qran and CHAN, 1996).
Generally, propensities vary among peptide
host systems and are also different from those
calculated from protein tertiary structures
(BRYSON et al., 1995). Many helical segments
observed in crystal structures of proteins are
much less helical in the form of isolated pep-
tides in solution.

4.1.2 Extended Structures in
Protein Structures

The B-sheet is the second well character-
ized type of secondary structure. It consists of
B-strands, a repetitive extended helical poly-
peptide conformation (Tab. 3). Poly-glycine I
is essentially the same conformation. The po-
lar NH and CO groups of the backbone are
saturated with hydrogen bonds formed with
peptide groups of neighboring strands. The
helical parameters and the ¢/y~values depend
on the relative directionality of the strands in-
side the sheet, the amino acid composition,
and the tertiary context in the protein struc-
ture. Peptides forming stable B-strands out-
side the protein context are difficult to design
(MAvo et al.,, 1996).

The original models of B-sheets were pla-
nar and flat, but the structures observed in
real proteins have a right-handed twist. Large
sheets may even form a barrel, This is a con-
sequence of tight packing of side chains on
the surface of a sheet (MURZIN et al., 1994a;
1994b; VTYURIN, 1993; VTYURIN and PA-
NOV, 1995). Few residues (generally 2) may
not fit into the general B-sheet pattern, puck-
er out from an extended substructure be-
tween consecutive B-type hydrogen bonds
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joining adjacent strands and form bulges
(CHAN et al., 1993). Bending of S-strands is
another structural distortion (DAFFNER et al.,
1994). As a rule, paralle] S-sheets are buried
inside the protein and hydrophobic residues
dominate. Antiparallel sheets have often one
side exposed to solvent, resulting in alterna-
tion of hydrophobic and hydrophilic residues.
This strict periodicity may be broken by a 8-
bulge where an extra residue is accomodated
in edge B-strands. Sheets may contain also
both parallel and antiparallel strands.

The left-handed  poly-proline-II-helix
(PPII-helix, form of poly-proline in water,
acetic acid or benzyl alcohel) or ghelix is es-
sentially also an extended structure as in 8-
strands but without grouping in sheets and
the formation of hydrogen bond networks. It
was demonstrated that this type of secondary
structure is common in globular proteins
(ADZHUBEI and STERNBERG, 1993) and con-
served in homologous structures (ADZHUBEI
and STERNBERG, 1994). It is an important
feature in structural motifs such as the HMG
boxes for DNA-binding (ADZHUBEI et al,,
1995).

4.1.3 Loop Segments

Polypeptide segments without a repetitive
backbone structure are called loops or turns

Tab. 4. Types of Tight 4 Residue Turns (8-Turns)

(short loops) and have been long considereg
together with PPII-helical fragmerits as *yap.
dom coil” structures. They connect helical
and extended segments and make changes ip
backbone directionality possible. Long loo
regions are the most flexible parts in protein
structures for the accommodation of inger-
tions and deletions (PASCARELLA and Ag.
GOos, 1992).

A sharp reversal in chain direction of about
180° within only 4 residues is possible with 3
B-turn. Typically, they occur in B-hairping
and, generally, antiparallel sheets. B-turns as
observed in crystallographic protein struc-
tures cluster in discrete regions with respect
to the backbone torsion angles of the central
residues i+ 1 and i+2 (Tab. 4). Most of the
tight turns are characterized by a main-chain
hydrogen bond CO-NH;,3  Sometimes,
main-chain side~chain hydrogen bonds are
observed in the case of serine or aspartate re-
sidues. These interactions give rise to amino
acid type prelerences, so that hydrogen bond
acceptors such as aspartate, serine, or aspara-
gine are usually the first residues in type I -
turns, where they can hydrogen bond to the
NH group of the central peptide group (WiL-
MOT and THORNTON, 1990; SIBANDA and
THORNTON, 1993).

The complete classification of loops is an
unsolved scientific task since the role of loaps
in protein folding and the energetic contribu-

The conformational characteristics of residues i+1 and i+2 are listed. The classitication is given in accor-
dance wjth WILMOT and THORNTON (1990). “Y” denotes the existence of the hydrogen bond CO-NH,, 5.
The regions ag and ay, are the right- and left-handed e-region respectively, B stands lor B-tegions. The
reglons v, and ¢ are located on the Ramachandran plot for glycine-like residues for positive @ angles, . is
similar to ey and ¢ s the part for highly negative iangles. 4

Type of Positon i+1 Positon i+ 1 Hydrogen
B-Turn B(})'nli |
i Region ® s Region
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= - 60 120 B 80 0 Y. Y
V'Ia gg — 120 £ - 80 0 (447 Y
Vi - 120 B - 90 0 aR Y
b ~120 120 8 - 60 0 ap Y
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tion to their stabilization are not known and
purely geometric principles work the less, the
longer the loops are. There arc also examples
that the identity of loops is not important for
folding of a small protein at all (BRUNET et
al., 1993). 5-Membered m-turns (RAJASHAN-
«AR and RAMAKUMAR, 1996) and loops con-
sisting of 3-8 residues (KWASIGROCH et al,,
1996) have been exhaustively studied, Long
loops (= 10 residues) have been found to con-
nect also mainly locally adjacent secondary
structural elements (“long-closed loops™).
Only 5% of the long loops (MARTIN et al,
1995) are between distant secondary structur-
al units (“long-open loops™). Since they con-
tain a larger percentage of proline residues
the long-open loops probably contain some
part of the PPII-helix.

42 Automatic Assignment of
Secondary Structural Types in
Three-Dimensional Structures

The definitions of secondary structural ele-
ments as described above are visual as de-
rived [rom geometric models and are not
quantitative, The secondary structure assign-
ments given in the Brookhaven Protein Data-
bank entries (ABOLA et al,, 1987) by crystal-
lographers and NMR speclroscopists are of-
ten subjective; therefore, a computer algo-
rithm is necessary. The most widely used pro-
gram is DSSP (KABscH and SANDER, 1983),
probably, since the corresponding software is
widely available. DEFINE (RICHARDS and
KUNDROT, 1988) or P-CURVES (SKLENAR
et al., 1989) can also be utilized for objectifi-
cation.

All 3 methods have been critically reviewed
(CoLLocH et al., 1993). It was found that the
assignments coincide only in 63% of the resi-
dues. This can be explained by the particular-
ities of each method., The DSSP approach
considers hydrogen bond patterns, while the
P-CURVE algorithm finds regularities along
the helicoidal axis and the DEFINE tech-
nique measures distances between Ce atoms,
Therefore, when evaluating predictions, the
“standard-of-truth” might vary depending on
which property was used for the secondary
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structure assignment, In addition, the most
widely used DSSP algorithm produces many
ce-helices comprising 4 or fewer residues and
B-strands consisting of 2 or even only one
monomer. STRIDE (FrRISHMAN and ARGOS,
1995) is a recent modification of DSSP re-
ported (o give secondary structure assign-
ments somewhat more coinciding with subjec-
tive assignments of crystallographers than
DSSP, but not much.

An interesting alternative for finding regul-
arities in backbone structures is the algorithm
of ADZHUBE! and STERNBERG (1993) relying
only on Ca coordinates.

4.3 The Concept of Secondary
Structural Class

Early in 1976, when only about 40 crystallo-
graphic structures of proteins were known,
LeviTT and CHOTHIA (1976) studied the suc-
cession of secondary structural elements
along the amino acid sequence. Intuitively,
they grouped the proteins into 4 structural
classes (or folding types):

e all-« proteins having only a-helix second-
ary structural elements (more than 60% of
the residues adopt helical conformation, no
residues in B-strands);

e all-B proteins consisting mainly of (often
antiparallel) B-strands;

e o+ 3 proteins having independent clusters
of a-helices and (often antiparallel) g-
strands in the sequence; and

e «o/f proteins with mixed (often alternating)
segments of e-helix and (mostly parallel)
B-strands.

Many more protein structures are known
today, and, for an increasing number, it is not
easy to classify them in accordance with the
definitions of LEVITT and CHOTHIA (1976).
A variety of class definitions in terms of sec-
ondary structural content has been presented
(Fig. 6). At the same time, there are no clear
clusters any more in the a-content vs. 8-con-
tent plot for large sets of protein structures as
available in the PDB. Also the notion of a+
and o/B proteins is not longer applicable. For
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Definitions of Folding Type
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example, both the acylphosphatase, PDB en-
try 1APS (PASTORE el al., 1992), and the B-
chain of the regulatory domain of the aspar-
tate carbamoyltransferase, PDB entry 8ATC
(STEVENS et al., 1990), have a 2-layered struc-
ture consisting of an antiparallel g-sheet and
two parallel e-helices. The exis:te‘nce of an an-
tiparallel sheet is characteristic lor «-pf
structures. Bul a more detailed investigation
of the structures reveals a high degree of sec-
ondary structural alternation and BeBBafS
and a doublet of the BaB motif, both observa-
tions pointing to class &/B. It was argued by
BISENHABER et al. (1996b) that the term
“secondary structural class™ may be applied
today, if at all, only as a classification in «, B,
mixed and irregular proteins. The best defini-
tion in thresholds of secondary structural con-
tent is that of NAKASHIMA et al. (1986)
since

(1) it is applicable to all proteins,

(2) it is compatible with intuitive definitions
of irregular and mixed proteins, and

(3) the secondary structural content thresh-
olds are at minima of the occurrence vs,
secondary structure contents plot for
large selections of PDB structures (Ei-
SENHABER et al., 1996b).

Nevertheless, the concept of structural
class, based on the secondary structural con-
tent of the protein and the directionality of -
strands, is useful from the experimental as
well as the theoretical point of view. The fold-
ing type of a protein can be directly deter-
mined by relatively simple spectroscopic
methods. With a sufficient quantity of the
protein available, circular dichroism (CD)
spectroscopy in the UV absorption range can
be used to obtain reliable measures of sec-
ondary structure content, especially for a-he-
lices, but also for parallel and antiparallel 8-
strands (JOHNSON, Jr., 1990; PERCZEL et al.,
1991; SREERAMA and WooDy, 1994),

Secondary structural class restrictions have
a high impact for secondary and tertiary
structure prediction (EISENHABER et al.,
1995b). The accuracy of secondary structure
prediction from the amino acid sequence with
methods designed for all-« proteins is larger
than 80% compared with maximally ~70%
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in the general case (KNELLER et al,, 1990
MUGGLETON et al., 1992, 1993). The effect of
knowledge of structural class alone in improv-
ing secondary structure prediction is compar-
able with the use of the extra information
contained in multiple alignments of homolo-
gous sequences (LEVIN et al., 1993; RosT and
SANDER, 1993b). The secondary structural
class is related to various properties of a pro-
tein such as its location in extra- or intracellu-
lar compartments, biological function (being
an enzyme or not), or the existence of disul-
fide bonds (NisHIKAWA and Ool, 1982; Ni-
SHIKAWA et al., 1983a, b).

4.4 Prediction of Secondary
Structural Features

All secondary structure prediction methods
currently in use are knowledge-based. A
learning set of protein structures from the
PDB is utilized to derive a prediction rule;
e.g., for the calculation of propensities (the
relation of the frequency of a given amino
acid type in a certain secondary structure with
the frequency of any residue to be observed
in the same secondary structural state). The
prediction rule is applied to protein se-
quences from a test set of PDB structures to
estimate the expected rate of successful pre-
diction.

Such an approach has two types of prob-
lems. Difficulties of the first type are of tech-
nical nature. Researchers often invent predic-
tion functions with such a large number of pa-
rameters that the number of structurally non-
homologous proteins in the learning set is not
sufficient to determine all parameters unam-
biguously. Also, the protein structure in the
test set should not be contained in the learn-
ing set to exclude the information to be pre-
dicted from the rule. The latter difficulty can
be avoided with the so-called “jackknife”-
scheme: learning is done on N-1 proteins of a
set and prediction is obtained for the Nth pro-
tein. This procedure is repeated for all pro-
teins in the data set (EISENHABER et al,
1996a).

The second class of difficulties has its roots
in the current state of the protein Data Bank.
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Generally, these prediction techn.iques will
work only for sequences representing g}qbu-
lar proteins. All sequences with composition-
al bias constituting about 40% of SWISS-
PROT (WOOTTON, 1994) cannot be well con-
sidered since an insufficient number of the
structures of such proteins is known. Addi-
tionally, it is not clear whether the learning
sets of proteins used now explore the availa-
ble sequence and structure space for proteins
comprehensively. Therefore, protein struc-
tures available in the PDB in future years will
probably result in a decrease of the prediction
power of today’s algorithms and the success
rates discussed in this work should be consid-
ered upper estimates.

4.4.1 Secondary Structural Class
and Content Prediction

In the hierarchy of prediction methods, sec-
ondary structural class prediction [secondary
structure above or below a threshold with
classification into folding types all-a, all-3,
mixed types (sometimes subclassified in ¢+ 8
of/B) and irregular forms] corresponds to a
lower level and appears a simpler task com-
pared with secondary structural content pre-
diction (fraction of residues in the 3 states he-
lix, sheet, and coil) or even traditional sec-
ondary structure prediction (state of every re-
sidue among the 3 alternatives helix, sheet,
and coil), Since the discovery of NISHIKAWA
and Oor (1982) that the amino acid composi-
tion is tightly related to secondary structural
class, both analytical distance criteria in the
amino acid composition space and neural net-
work methods have been applied for the jury
decision between 3-5 folding types. A dle-
tailed review has been given by EISENHABER
et al. (1995b, 1996b). Especially after 3 recent
publications (CHOU, 1995: ZHANG and
CHou, 1995; CHOU and ZHANG, 1995), the
paradoxical situation emerged that folding
type prediction appears solved (reported pre-
diction accuracies up to 100%) whereas sec-
ondary structure prediction even with mulgi-
ple alignments approaches only about 70%
accuracy, and the success rate of its class pre-
diction is only near 75% (RosT and SANDER,

1993a; LEVIN et al,, 1993; RoOsT and SANDER
1994b). This paradox has now beep solved
(EISENHARER et al., 1996D). It was shown (1)
that certain structural class definitions leaye
many proteins with intermediate secondary
structural content without assignment to any
class (predictions are made only for proteins
with extreme contents); (2) that various ana.
lytical distance-based jury decision methods
yield only prediction accuracies up to 55% for
representative test sets even of extreme pro-
teing; and (3) that the real impact of aming
acid composition on secondary structura]
class is only about 60%. The amino acid com-
position determines the secondaty structural
content with an error of about 13% (EL-
SENHABER et al., 1996a). Secondary structur-
al content and class prediction based on the
knowledge of only amino acid composition
of the query protein is available on the
WWW  (program SSCP with the URL
http/fwww.embl-heidelberg.de/ ~ eisenhaby),

4.4.2 Traditional Secondary
Structure Prediction

The prediction whether a residue in a pro-
tein sequence is in helix, sheet, or coil state is
a classical problem in protein structure pre-
diction. It was found early that different ami-
no acid types have various preponderance for
particular secondary structural environment.
Consequently, methods of the first generation
were propensity-based. The principal achiev-
ments are represented by the Chou-Fasman
(CHOU and FASMAN, 1974a, b; YANG, 1996),
GORIII (GARNIER et al,, 1978) and COMBI
(GIBRAT et al,, 1987) methods [for detailed
review see EISENHABER et al. (1995b) pp. 10
18]. The GORIII method relies not only on
single residue propensities but also on statisti-
cally significant pairwise residue interactions.
The prediction accuracy achieved was 60-
63% (GIBRAT et al., 1987; GARNIER and LE-
VIN, 1991). A further improvement of about
4% (Blou et al., 1988) was atlained by com-
bining the GORIII method with 2 other pre-
diction schemes: one based on hydrophobici-
Ly patterns which are often observed in regul-
ar secondary structures (bit pattern method),



and the other using structural sumilarity be-
iween short, sequentially homologous pep-
tides (LEVIN and GARNIER, 1988). As was
shown by GIBRAT et al. (1991), the predictive
power of methods relying only on sequential-
ly local structure information is limited to
about 65%. With today’s databases, the esti-
mate would be even lower. The inability to
find properly helical and strand segments is
an even more important deficiency of the
classical methods (ZHU, 1995).

Further development in secondary struc-
ture prediction occurred in two directions
(EISENHABER et al., 1995b):

(1) It led to the involvement of multiple
alignments of database sequences with
the query sequence giving information
about the mutability of sequence posi-
tions. The prediction accuracy increased
to values of about 70% (LEVIN et al,
1993; MEHTA et al,, 1995). Combined use
of evolutionary information and capping
rules was described by WAKo and BLUN-
DELL (1994a).

(2) Neural networks were applied to find a
complex regression between diverse types
of input information (e.g., data from se-
quence windows with respect to single se-
quences and multiple alignments, amino
acid compositions and sequence length of
the query sequence, etc.) and the second-
ary structural state of a residue in the
center of the sequence window. The most
prominent algorithm of this type is
PHDIII (RosT and SANDER, 1994b).

Direct inclusion of non-local interactions
proved to increase the prediction success sig-
nificantly even for single sequence predic-
tions. FRISHMAN and ARGOS (1996) used the
statistics of hydrogen bonds for pairs of ami-
no acid types in a-helices and S-strands and
achieved correct predictions of about 68%.

Several engines for secondary structure
prediction are available at http://www.embl-
heidelberg.de [among which are PHD (RosT
and SANDER, 1994b), SSPRED (MEHTA et
al., 1995), PREDATOR (FrRISHMAN and AR-
GOs, 1996)]. The server at http://www.gene-
bee.msu.su provides a modification of the
GOR algorithm implemented by BRODSKY
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and coworkers. Secondary structure predic-
tion service is also provided by the servers
at

e hitp:/kiwiimgen.bem.tme.edu [nearest
neighbor method of SALAMOV et al,
1995),

e http://www.ibcp.fr/predict.html [SOPM
method of GEOURJION and DELEAGE
(1994}], and

e httpi//www.cmpharm.ucsf.edu [a neural
network technique of KNELLER et al.
(1990)].

4.4.3 Prediction of
Transmembrane Regions,
Coiled-Coil Segments, and
Antigenic Sites

Until recently, transmembrane segments
were known only as a-helices consisting of
stretches of 21 hydrophobic residues. A se-
quence database analysis of putative trans-
membrane segments without any assumption
of secondary structure has indeed shown that
maximal sequence correlation is observed at a
periodicity of 3.6 residues characteristic for a-
helices (SAMATEY et al.,, 1995). Other types
of transmembrane segments have been found
only recently. The porins (WEISS and
ScHuLz, 1992) have a build-up consisting of
16 B-sheets arranged as a complete trans-
membrane barrel giving rise to a big central
hole. Recent three-dimensional structures
also show further variants. The helices can be
tilted against the perpendicular plane, like the
case in a light harvesting complex (KUML-
BRANDT et al., 1994). Presence of helices par-
allel to the membrane plane has also been
shown (KUJHLBRANDT et al,, 1994; PicoT et
al., 1994). There are also indications that the
membrane-spanning segments can consist of
single extended B-strand like structures, thus
making it possible to span the membrane with
fewer residues than in the case of an a-helix
(Hucro et al., 1994). All this implies that
prediction of membrane-spanning regions
might be a more difficult task than has hither-
to been anticipated.
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Nevertheless, recent prediction algorithms
are still tuned to find only e-helical trans-
membrane segments. The algorithm§ rely on
hydrophobicity scales and information from
multiple alignments (EISENHABER ¢t al.,
1995b). The prediction function is sometiunes
found in form of a neural network (DOMBI
and LAWRENCE, 1994; RosT et al,, 19951. In
other cases, explicit expressions are optimized
for a given learning set (PERSSON and AR-
Gos, 1994), Profile techniques have also been
employed (EFREMOV and VERGOTEN, 1996a,
b). The topology prediction, the derivation of
the intra- and extracellular sides of the helices
(PErssoN and ARGOS, 1996; Rost et al,
1996), is based on the so-called “positive-in-
side rule” of voN HEDNE (1986, 1995). It was
found that internal loops between transmem-
brane segments are richer in positively
charged residues, Although the authors
usually claim very high success rates for pre-
diction with their technique, the results
should be considered with caution given the
small number of known transmembrane seg-
ments. WWW servers for the prediction of
transmembrane rtegions are available from
http://www.embl-heidelberg.de [TMAP and
TTOP (PeErssoN and ARGOs, 1994, 1996),
PredictProtein (RoST et al., 1995, 1996)).

Coiled-coils are intertwined a-helices. Due
to their docking under a small angle, the resi-
dues at the docking side need to be large and
hydrophobic; for example, such as leucine
(WALTHER et al., 1996). It is this position-de-
pendent pattern which is analyzed and
searched for by the algorithm of Lupas et al.
(1991, 1996).

Transmembrane and coiled-coil regions are
special examples of compositional bias, Gen-
eral software is available to diagnose se-
quence segments with low complexity and in-
formation content (WootTon, 1994). The
analysis of compositional bias is an important
initial step in protein sequence analysis.

An important step in the biochemical char-
acterization of a protein is the detection of
antigenic sites, responsible for specific antibo-
dy binding. Since epitopes are usually located
in loop structures, this issue is discussed here
as a secondary structural feature. Prediction
glgorithms attempt to locate antigenic sites
ndirectly as hydrophilic and malleable loops

at the protein surface. Antigenic epitopes are
also known as mutation hotspots, All thesa
properties have been employed in sophist.
cated prediction algorithms, albeit with Jig,.
ited success. A delailed review has been given
elsewhere (see pp. 8-9 of EISENHARER et al.
1995h). ’

5 Tertiary Protein
Structures

This section is dedicated to the principles
of tertiary structure construction and methods
for prediction and modeling of tertiary strue-
tural features. The analysis and classification
of known tertiary structures have helped in
the derivation of rules [ollowed by nature in
the design ol proteins. At the same time, we
do not understand the structure formation
sufficiently well as demonstrated by the small
success of tertiary structure prediction just
from amino acid sequence.

5.1 Phenomenology of Tertiary
Protein Structures

Today, the three-dimensional structures of
several thousand proteiny are known from X-
ray crystallographic or NMR studies, albeit
many of the proteins have similar amino acid
sequences [e.g., the PDB contains about 250
mutants of T4 lysozyme (ABoLA et al,
1987)]. Analysis and comparison of this struc-
tural information is and will continue to be
our main source on protein tertiary structures
since they are very complex. This view on ter-
tiary structures has also its drawbacks: The
protein is mainly seen as static entity with a
fixed structure whereas other experimental
techniques but with lower resolution (as well
as the comparative analysis of the same pro-
tein in different crystallographic environ-
ments) deliver much information on small
and large scale conformational fluctuations
and transitions.



51.1 Construction Principle
No. 1 — Close Packing

As known from statistical physics, hetero-
polymers with primarily attractive forces be-
tween monomers form globular structures
with locally confined conformational fluctua-
tions. This is the case also for tertiary struc-
tures of small proteins. Their main character-
istic is the close packing of atoms (RICHARDS
and LM, 1994) inside a volume ol generally
spherical shape with an irregular surface. The
dense packing is achieved by contacts be-
tween residues with large sequence separa-
tion. Larger proteins appear to consist of sev-
eral domains, each having its own densely
packed core. Most likely, domains are con-
nected with a single segment of the polypep-
tide chain and each domain consists of a sin-
gle stretch. In some cases, protein domains
are not so heavily segregated. For cxample, in
pyruvat kinase, phosphofructokinase, and
arabinose-binding protein, there are 2 or 3
links between domains. Much effort has been
concentrated on elaborating objective criteria
and automatic algorithms for domain recogni-
tion in large proteins (HowLm and SANDER,
1994a; NicHOLS et al.,, 1995; IsLAM et al,
1995; SWINDELLS, 1995a; SOWDHAMINI and
BLUNDELL, 1995; Sipproul and BARTON,
1995).

Valuable information can be obtained from
studying the close packing of secondary struc-
tural elements in so-called supersecondary
structures. Just the condition of packing op-
timization was sufficient to obtain a rigorous
mathematical model and to derive equations
for the paramelers describing a-helix-a-helix
docking (WALTHER ct al., 1996). The authors
showed:

(1) the existence of 3 different packing cell
systems resulting in 5 types of docking
angles,

(2) the dependence of the packing cells on
helix radius and, therefore, on amino acid
composition of the helix, and

(3) the hierarchy of optimal and suboptimal
“knobs-into-holes” and “knobs-onto-
knobs” packing schemes.
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Similar studies obtained global conforma-
tional constraints for B-sheets (MURZIN et al.,
1994a, b; VTYURIN, 1993; VTYURIN and Pa-
NoV, 1995). Typical supersecondary struc-
tures with S-strands are the greek key and the
meander. The Bap-motif is a common mixed
supersecondary structure where an a-helix is
packed against 2 B-strands forming a parallel
sheet (CREIGHTON, 1992).

The search of dense clusters of residues in a
protein tertiary structure is yet another per-
spective for studying close packing. HERINGA
and ARGOS (1993) have developed a strategy
for locating such groups of residues. This con-
dition has also been used to identify core re-
gions in proteins (SWINDELLS, 1995b). Close
packing is often only possible if some sub-
structures accept strained conformation; for
example, side chains may adopt non-rotame-
ric torsion angle combinations (SCHRAUBER
et al., 1993).

Often, packing is not optimal and does not
exhaust the internal space of a protein, Cavi-
ties are wide-spread in protein structures.
They are usually more readily tolerated than
actively favored and can sometimes, be con-
sidered as a type of conformational strain
since many cavities destabilize proteins
(HUBBARD et al,, 1994; HUBBARD and AR-
GOs, 1995).

The compactization of a protein is thought
to proceed co-translationally; i.e., some part
of the polypeptide folds whereas the remain-
ing chain is still synthesized. Therefore, it is
difficult for topological knots to appear in ler-
tiary structures. Nevertheless, knots do hap-
pen. In the case of carbonic anhydrase
(MANSFIELD, 1994), a C-terminal knot exists.
(S)-adenosylmethionine synthetase has a real
N-terminal knot (TAKUSAGAWA and KAMI-
TORI, 1996). LIANG and MISLOW (1994a, b)
and Mao (1993) have described topological
chiralities formed through disulfide bonds,
hydrogen bonds and coordination bonds.
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5.1.2 Construction Principle
No. 2 — Hydrophobic Interior
and Hydrophilic Exterior

The uneven distribution of hydrophilic and
hydrophobic residues between the interior
and the surface is the second basic property
of globular proteins. This is the result of in-
teraction with water and ions of the solvent
(hydrophobic effect). As a result, a protein
core region with low dielectric permissiveness
is embedded in an environment with high di-
electric permittivity, Special restraints apply
to atomic groups capable of hydrogen bond-
ing. At the protein surface, they can have
contact with water molecules. All hydrogen
bond donors and acceptors buried inside
must also have a hydrogen partner supplied
by the protein itself. Unsatisfied hydrogen
bonding abilities in the protein core are ex-
tremely destabilizing for fertiary structures.

For the analysis of surface properties of
proteins, specialized and fast software tools
are required. Traditionally, the van der
Waals, the solvent-accessible (LEE and Ricli-
ARDS, 1971), and the molecular (CONNOLLY,

1983) surface are studied (Fig. 7). Recently
efficient techniques for computing both vaﬂ
der Waals and solvent-accessible surfaces of
proteins have been published (EiSENHABER
and ARGOS, 1993; EISENMABER et g
1995a). Programm ASC and NSC are availy.
ble vian WWW (http:;’/www.embl—heide]berg.de/
~eisenhab/).

Repgions of the protein surface formed by
hydrophobic atoms are unable to interact
with surrounding water molecules in a simj-
larly strong manner as polar atomic groups,
Therefore, exposed hydrophobic surface
patches are generally destabilizing for the
protein and are often sites of binding subunits
or other ligands. Hence, it is desirable to have
objective criterin for localing hydrophobic
surface patches. But paradoxically, the sol-
vent-accessible surface as defined by LEE and
RictarDps (1971) which is traditionally used
for the analysis of solvation properties of pro-
teins is not informative for the determination
ol hydrophobic surface clusters. The hydro-
phobic part of the solvent-accessible surface
of a typical monomeric globular protein con-
sists of a single and large interconnected re-
gion formed from faces of apolar atoms and
constituting about 60% of the solvent-accessi-

contact surface

solvent
. accessible surface

vdW-surface

reentrant surface

Fig. 7. Protein surfaces. The van der Wa
of pieces of spheres centred at atomic
case, the radii are the so-called van de

als surface (-~-) and the solvent-accessible surface (——--) consist
positions that are not oceluded by neighboring spheres, In the first
1 Waals radii, in the second case, they are ineremented by the radius

of a probe sphere modeling the solvent (usnally the probe radius is 1.4 A for waler), The molecular surlace

is only in part id'enti.cal with the van der Waals surface; the reentrant sutf:
spheres at invaginations which are too small for all

rounds the solvent-excluded volume,

ace (———-) is formed by probe

owing the probe to enler. The molecular surface sur-



ble surface area. Therefore, the direct deli-
neation of hydrophobic surface patches on an
atom-wise basis is impossible. Experimental
data indicate that, in a 2-stale hydration mod-
el, a protein can be considered as unified with
its first hydration shell in its interaction with
bulk water, It has been shown (EISENHABER
and ARGOS, 1996) that, if the surface area oc-
cupied by water molecules bound at polar
protein atoms is removed, only about two
thirds of the hydrophobic part of the protein
surface remain accessible to bulk solvent.
Moreover, the organization of the hydro-
phobic part of the solvent-accessible surface
experiences a drastic change such that the sin-
gle interconnected hydrophobic region disin-
tegrates into many smaller patches; ie., the
physical definition of a hydrophobic surface
region as non-occupied by 1st hydration shell
water molecules distinguishes between hydro-
phobic surface clusters and small intercon-
necting channels. The formation of hydro-
phobic surface regions owing to the structure
of the first hydration shell can be computa-
tionally simulated by a small radial increment
of solvent-accessible polar atoms (0.35-(.5
A), followed by calculation of the remaining
exposed hydrophobic patches.

Based on the area distribution of hydro-
phobic surface regions, a surface energy value
of 182 cal mol ™! A ~? was obtained which
compares favorably with the parameters for
carbon obtained by other authors who use the
crystal geometry of succinic acid or energies
of transfer from hydrophobic solvent to water
for small organic compounds (BISENHABER,
1996). Thus, the transferability of atomic sol-
vation parameters for hydrophobic atoms to
macromolecules has been directly demon-
strated.

The solvation energy of a protein in an
aqueous environment includes several com-
ponents:

o the hydrogen bond formation with polar
groups of the macromolecule,

o the entropy change of water molecules due
to binding with polar groups or their re-
lease into bulk water,

e the cavity formation due to the solute ex-
cluded volume,
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e non-valent interaction of non-hydrogen
bonded water molecules with protein
atoms at the surface, and

e the polarization of bulk water (and of the
volume inside the macromolecule) and the
changes of salt density.

Whereas the first 4 components can, in a
first approximation, be linearly related to sur-
face properties of the protein (short-range
part}, the last contribution is of electrostatic
nature (leng-range part) and requires, in prin-
ciple, an integration over the whole volume of
solute and solvent which is the equivalent so-
lution of the Poisson-Boltzmann differential
equation (PBE). It is not possible to reduce
the whole solvation energy to a simple sur-
face term (JUFFER et al., 1995, 1996).

5.1.3 Protein Structure
Comparison and Structural
Families

Protein tertiary structure comparison is
necessary to elucidate topologically equival-
ent regions, to determine structural differ-
ences in space and to find insertions/deletions
in one structure relative to others. To date,
superimposing 3D protein structures provide
the most sensitive technique for recognizing
very distant relationships between amino acid
sequences with low residue identities up to
only 2% (HorLm and SANDER, 1996). It was
one of the surprising news after a larger num-
ber of protein structures has been resolved
with X-ray crystallography that many protein
domains were visually similar above the regu-
larities due to secondary structural con-
straints. The need for objective clarification
of this similarity was felt by many researchers,
and a variety of definitions of structural simi-
larity and algorithms for protein structure
comparison was proposed. The methods dif-
fer in the following:

1. Is the main emphasis put on global, overall
coincidence or on the search of only local
structural similarities?

2. Does the algorithm require that all struc-
tural elements occur in the same sequential
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order or is it sensitive to sequential inter-
changes? .

3. Are the structures compared up to atomic
detail or is the algorithm oriented on a
comparison of higher order structural
blocks?

As shown by Gopzik (1996), the quantita-
tive results of structural comparisons depend
highly on the criterion applied. Indeed, tf}e
three best known classifications of protein
structures

o SCOP (http://scop.mre-lmb.cam.ac.uk/scop/
index.html),

e CATH (http://www.biochem.ucl.ac.uk/bsm/
_cath/CATHintro.html), and

o FSSP (http:/fswift.embl-heidelberg.de/lssp/)

differ drastically even at higher hierarchical
levels, This is just a reflection of the fact that
the principles of tertiary structure formation
are not well understood, and subjective
choices such as mutual Ce distance metrics or
scaffolds of secondary structural elements are
used as basis of the classifications. The situa-
tion is similar to that of Linné when he
started to introduce systematics into botany
based on the number of anthers in flowers.
Comparison techniques have been re-
viewed in detail by EISENHABER et al.
(1995b). Here, we give a short outline of the
varjety of algorithms. The classical measure
of distance between two structures is the glo-
bal r.m.s.d. of the distance between equival-
ent Ca atoms after spatial superposition. Ear-
Iy comparison techniques involve rigid body
superpositions with the subjective assignment
of initial equivalences. For largely divergent
structures, window comparison techniques
relying on successive oligopeptide superposi-
tions along the sequence have been applied to
locate similar substructures. Structure align-
ment methods based on dynamic programing
have been developed to handle rigorously
variable length gaps in the alignment (TAy-
LOR and ORENGO, 1989; ZUKER and SOMOR-
TAY, 1989; SA1r and BLUNDELL, 1990). The
sensitivity of the technique has been en-
hanced by including hydrogen bonding, sol-
vent -exposure, torsional angles, secondary

structural assignments and the like in additiop
to e-carbon distances, Dynamic programin
cannot directly incorporate sequentially nop-
local effects, consequently, multiple [eyels of
dynamic programing (TAYLOR and ORENGo,
1989; ORENGO and TAYLOR, 1990), self-cop.
sistency tests for suboptimal alignments (Luo
et al., 1993), or stochastic optimization via ge-
netie algorithms (May and Jounson, 1994)
have been used.

Algorithms relying on  two-dimensiona]
plots of pairwise Ca distances (or hydrogen
bonds or main chain dihedral angle malches)
do not depend on the sequential order of
structural blocks. Parts of these plots can be
compared to search for similar substructures
or patterns (BARTON and STERNBERG, 1988;
RictARDS and KUNDROT, 1988; VRIEND
and SANDER, 1991; Hotm and SANDER,
1993). The direct comparison of substructures
(e.g., hexapeptides) and the search for the
langest common homologous domain is a var-
iant of this approach (BACHAR et al., 1993;
ALEXANDROV and Go, [994),

On the other hand, emphasis can be put on
overall topalogical equivalence of secondary
structural Dblocks rather than on detailed
atomic correspondence (EISENHMABER et al.,
1995b). Characleristic patterns of secondary
structure are much more robust to structural
changes than individual amino acid positions,
and even mutalions often do not destroy the
overall topology of (he main chain. Simplified
representations of building blocks in the form
of veclors, e.g., along the axes of secondary
structural clements, can be compared. In
graph theoretic approaches, protein structural
elements and their relations are coded in the
form of nodes and edpes.

Analyses of both known three-dimensional
protein structures and amino acid sequences
revealed that proteins are clustered into fami-
lies whose members may have evolved from a
common ancestor, share a characteristic fold
and, sometimes, have a similar function (PAs-
CARELLA and ARGOS, 1992; HoLwm et al,
1992, YEE and DiLL, 1993; QORENGO et al,,
1993; HoLM and SANDER, 1994b: LESSEL and
SCHOMBURG, 1994; SowWDHAMINI el al,
1996). Some authors even think that the total
number of different folds may be in the range
of a few thousand (for critical review, see EI-



SENHABER et al., 1995b). It must be empha-
sized that the number of structural families
depends critically on t‘he value O‘E_the homolq-
gy threshold applied in the routine compari-
son of protein structures, anc'l structural simi-
Jarity is not structural identity. For pairs of
distantly related proteins (residue identity
~20%), the regions with the same general
fold comprise less than half of each molecule
and the r.m.s. deviation between equivalent
main chain atoms is 1.8-2.5 A (CHOTHIA and
LESK, 1986). The distance error can be in the
range of up to 5 A for Ca atoms of proteins
with about 25% residue identity (CHELVA-
NAYAGAM et al.,, 1994), The equivalent sec-
ondary structural units may be shifted relative
to each other by as much as 7 A with rota-
tions up to 30° (LESkK and CHOTHIA, 1980)
CHELVANAYAGAM et al., 1994), Pairwise re-
sidue-residue contacts may be conserved to
only 12%, solvent accessibilities and second-
ary structures can be maintained to less than
40% (RuUSSEL and BARTON, [994), Thus,
even if the scaffold of secondary structures is
similar, the physical nature of stabilizing
forces can be entirely different.

5.2. Prediction and Modeling of
Tertiary Structure

Theoretical approaches to tertiary structure
modeling are classified into 3 main streams.

(1) Attempts to predict the protein topolagy
directly from sequence data alone based
on the knowledge of intramolecular inter-
actions are unified under the name ab ini-
tio approach. Since these techniques have
not yet proven successful, other methods
involving additional structural data on
similar proteins have been developed.

(2) Threading tries to identify a suitable fold
for the query sequence among those al-
ready known,

(3) Homology modeling includes techniques
for fitting a new sequence into the known
structure of another protein.

Solvent accessibility of residues is an im-
portant characteristic for the location of resi-
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dues in the tertiary structure, Methods devel-
oped for secondary structure prediction have
also found application for this purpose.

5.2.1 Computation of Protein
Structures Based on Fundamental
Physical Principles (ab initio
Approach)

The fundamental physical approach to the
protein folding problem (predicting the ter-
tiary fold from the amino acid sequence
alone) relies on the hypothesis on the native
protein structure as a minimum of free ener-
gy: ie., the native protein structure corre-
sponds to a system at thermodynamic equili-
brium with a minimum of free energy. In vitro
renaturation experiments strongly support
this view (ANFINSEN, 1973; CREIGHTON,
1992) since they imply that the complete in-
formation necessary for protein folding is
comprised in the amino acid sequence. Thus,
it would be sufficient to compute an ensemble
of conformations representative for the state
of lowest free energy. The conformational in-
variants of this ensemble {e.g., the densely
packed protein core) are the characteristics of
the native structure. In a more simplified ap-
proach, a unique conformation with the low-
est sum of intramolecular polential energy,
conformational entropy term and solvation
free energy is considered to represent the na-
tive state. This view is not unchallenged.

The computational problem of finding the
lowest energy conformation of a polypeptide
chain from an energy function containing
pairwise terms and possibly other expressions
is NP-complete (NGo and MARKS, 1992; Un-
GER and MouLT, 1994; FRAENKEL, 1993).
The contention of LEVINTHAL (1968) that
proteins search only a tiny fraction of the con-
formational space and move into the lowest
kinetically accessible free energy minimum
appears much more likely in this context.
First experimental evidence in support of this
view has been provided recently. The a-lytic
protease was shown to exist in two forms: an
inactive, metastable intermediate and an ac-
tive native structure. Both conformations are
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separated by a barrier with activation energy
of about 27 kcal mol™!. A catalyst which is
normally covalently attached to the protein is
necessary to complete folding of the interme-
diate “molten globule™, a less compact state
compared with the native conformation
(BAKER et al.,, 1992a, b). In the case of ser-
pins, a metastable kinetically trapped 35-
stranded [-sheet conformation was found
which only slowly rearranges to the native 6-
stranded form (MOTTONEN et al., 1992). Dur-
ing the last years, the role of biological factors
such as the peptidyl-prolyl-isomerase, disul-
fide isomerase and molecular chaperonins in
controlling the kinetics of protein folding and
subunit assembly has been discovered
(GETHING and SAMBROOK, 1992; HARTL,
1994). Often, the protein tertiary structure is
incorporated into a system of a higher organi-
zational level, and requirements of the latter
may shift the conformation from a low-energy
state.

In the “weak thermodynamic” hypothesis
of UNGER and MouLT (1994), evolutionary
arguments are taken into consideration. An
originally functional structure of a protein
corresponding to a local minimum will drift
towards the global free energy minimum due
to the combined effect of random mutations
and the constant selective pressure of evolu-
tion. Hiding the native structure behind a
large energy barrier may also be a sophisti-
cated variant of enzyme activity regulation,
Probably, only those sequences fold into
unique conformations, fold fast and fold vig
the all-or-none transition (with the release of
substantial latent heat) that have a pro-
nounced energy minimam which is sufficient-
ly distinguished from all other conformational
states in the energy spectrum (SALI et al.,
1994). ‘

Hence, the search for low-energy confor-
mations of polypeptides is still a promising
plan for prediction of 3D structure and func-

tion. Two prerequisites for this approach are
necessary:

e an energy function for discriminating the
weight of different conformations in the
native ensemble and

e a procedure for efficient searching of the
conformational space.

A detailed review of both aspects has begy
given by EISENHABER et al. (1995h).

Although 3 decades of enormous scientif
efforts have been concentrated on the g) inj-
tio folding problem, a solution to compute the
structure from sequence has not yet been de-
veloped. The hardest problem waiting for so-
lution is an appropriate energy function for
the discrimination of native and non-native
conformations. Electrostatic interactions in
aqueous solutions, the solvation energy, hy-
drogen bonding, and entropic effects are not
sufficiently well described. The identification
of low-energy conformations in the highly di-
mensional conformation space is also not g
trivial task, although different techniques for
conformational searches such as Monte Car-
lo, genetic algorithms, and molecular dynam-
ics have achieved a high level of maturity.

The main applications of the ab initio ap-
proach are conformational searches in combi-
nation with experimental restraints. Packing
requirements and covalent strain are suffi-
ciently well modeled by existing energy func-
tions, Together with experimental data about
pairwise distances (from NMR, cross-linking
studies, and the like) or with X-ray diffraction
data, the search techniques are applied for
structure refinement and the generation of
conformations satisfying restraints.

5.2.2 Threading Amino Acid

Sequences Through Structural
Motifs

The “threading” approach makes the far-
reaching assumption that the query sequences
under study might accept one of the protein
folds already studied by X-ray crystallogra-
phy or NMR. The structure prediction prob-
lem is thus greatly simplified since the allowa-
ble conformational space is reduced to about
100-300 unique protein topologies presently
known, The primary goal of a “threading”
method is to establish relationships between
amino acid sequences and folding patterns,
Le, to select the most probable fold for a giv-
€n sequence or to recognize suitable se-
quences that might fold into a given structure,



This approach has been stimulated by 3 ob-
servations:

(1) The number of different folds in the PDB
grows Mmore slowly than the number of
new protein structures (notion of struc-
tural families). ‘

(2) Distant relationships between sequences
may be found by alignment to property
profiles (see Sect. 33.2). .

(3) Empirical potential functions for estimat-
ing solvation can distinguish incorrect
folds.

As introduced by BRYANT and LAWRENCE
(1993), “threading” a sequence through a fold
implies a specific alignment between the ami-
no acids of the sequence under consideration
and the residue positions of the folding motif.
The known structure establishes a set of pos-
sible amino acid positions in the three-dimen-
sional space (the tertiary template) character-
ized physically by solvent accessibility, types
and number of residue-residue contacts,
backbone conformation and the like. The
query sequence is made similar to the struc-
ture by placing its amino acids into their al-
igned positions and by taking into account the
propensity of different amino acid types, ol-
igopeptide fragments or residue pairs lor a
given physical environment. The recagnition
of sequence and structure is mediated by a
suitable score or potential function for the
evaluation of each alignment. The methods
described in the literature vary

(1) in the derivation of the score function
and
(2) in the alignment procedure for a single
sequence with a single structure,
The technical details have been reviewed
(EISENHABER et al., 19950).

Threading has seen only a few real cases of
competent application. Its efficiency in recog-
nizing new distantly related homologues is
low, Standard multiple sequence alignment
methods or profile analysis are computation-
ally cheaper and most often have the same
predictive power. Threading methods will
probably fail if the evolutionary divergence
has removed most of the sequence similarity,
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if parts of the backbone have significantly
moved and if secondary structural elements
are inserted or deleted despite preservation
of a similar basic fold pattern. This happens
even within protein families (RUSSEL and
BarTonN, 1994), Such relative ineffectiveness
is unexpected since the consideration of addi-
tional structural information should favor
threading compared with a simple sequence
pattern search. The crude formulation of the
potential function compared even with that
used in ab initio techniques and the NP-com-
pleteness of the alignment procedure appear
responsible for this result. If threading is con-
siclered a problem of statistical hypothesis
testing, it can be shown that the parameters
currently used for structure description such
as pairwise potentials differ if the learning set
of tertiary structures is varied (S, SUNYAEV
and F. EISENHABER, unpublished results),

5.2.3 Homology Modeling

The so-called modeling by homology can
be applied if a protein with a given amino
acid sequence is known (or supposed) to have
a three-dimensional structure vetry similar to
that of other proteins from the structural da-
tabase. The unknown tertiary structure is pro-
duced by copying conserved parts of the
structure (usually secondary structural ele-
ments) and fitting loop regions relying on the
construction principles of close packing and
hydrophobic-hydrephilic  discrimination  at
the protein surface, The algorithm of homolo-
gy modeling involves the following principal
steps:

(1) Structurally conserved regions (SCR, the
“tertiary template”) are found on the ba-
sis of 3D structural comparisons and/or
multiple sequence alignments within the
protein family.

(2) The tertiary template (set of spatial posi-
tions of residues) must be aligned with
the amino acid sequence that is a putative
member of the same family. This step
represents usually a multiple alignment
with other sequences of the family or a
profile analysis.
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(3) Given the 3D-1D alignment, the new
backbone of the protein being modeled is
constructed. Ab initio modeling tech-
niques are applied for constructing the
loops which are usually the structurally
variable regions (SVR). .

(4) The conformations of the side chains an-
chored at the new backbone are placed
with ab initio or knowledge-based meth-
ods. ~

(5) The structure proposal is finally subjected
to several cycles of energy refinement
and the check of verification criteria
(control of strain, packing, and solvation
energy based on stereochemical knowl-
edge and tertiary structure database sta-
tistics).

The simple procedures in the early years
requiring repeated human intervention have
been gradually replaced by more sophisti-
cated and generally automated techniques. In
fact, there is not so much to predict. Since the
fold is known, only local structural details
need be tuned to comply with energetic and/
or database criteria.

Another, conceptionally different approach
is based on distance geometry and related al-
gorithms. In this perspective, the tertiary tem-
plate restrictions are translated into distance
restraints which are used as input for distance
geometry programs (HAVEL and Snow, 1991:
TAYLOR, 1993; SALI and BLUNDELL, 1993),
This technique allows to integrate a variety of
experimental information that can be used to
formulate conformational restraints (SALL,
1995). The number of distance restraints suffi-
cient for reproducing the protein structure
correctly was also studied thoroughly (Ycas,
1990; OsHIRO et al., 1991; SIBBALD, 1995),

Technical details of homology modeling
have been reviewed in great detail by JoHN-
SON et al. (1994) and EISENHABER et al.
(1995b). The modeling error depends largely
on the sequence identity between the query
sequence and the known protein, If it is 40%
or more, about 90% of the backbone atoms
can be expected at a root-meansquare devia-
tion of =1 A. Side chain placement is usually
worse. Below 40% sequence identity, misa-
lignments with the target sequence become a
major problem as well as the positioning of

large stracturally variable regions, As a resu]t
the error rate increases drastically, ’

Site directed mutagenesis aimed at chang-
ing physical and chemical properties of prO-
teins (e.g., engineering enhanced thermosta-
bility) is a specific application for homology
modeling methods since, as a rule, only a few
amino acids are changed. The conformationa]
space to be searched is, therefore, not very
large and enumeration techniques can be ap-
plied. With a well refined, closely homolo-
gous structure as a starting point, the mode]
can achieve accuracies in the range of 1 A
(VRIEND and EuSINK, 1993; DE FiLLIPS et
al., 1994).

5.2.4 Prediction of Solvent
Accessibility

The solvent accessibility of residues is a
major tertiary property. The knowledge
which residues form the protein core and
which residues are located al the surface sig-
nificantly reduces the possible conformations
accessible for a query sequence. Ycas (1990)
has estimated the distance of an amino acid
residue from the protein midpoint from its
hydrophobicity.

Methods similar to those developed for sec-
ondary structure prediction and based on
multiple sequence alignments have been ap-
plied to this problem. Neural network ap-
proaches to the prediction of amino acid ac-
cessibility have been described (HoLBROOK
et al, 1990; RosT and SANDER, 1994a). An-
other method is based on environment specif-
ic amino acid substitution tables (WAKO and
BLUNDELL, 1994b). Because of the lower
conservation ol accessibility within protein
families (RUSSEL and BARTON, 1994), the im-
provement in prediction accuracy from the
use of multiply aligned sequences is not as
large as in the case of secondary structure
prediction, and the correlation between the
predicted and observed accessibilities is only
in the range of 0,36-0.77 for different sets of
sequences (ROST and SANDER, 1994a),




6 Quarternary Structures
of Proteins

6.1 Phenomenology of
Quarternary Structural Features

Many proteins exist in form ol complexes
of several polypeptide chains (called subunits
or protomers), since the regulation of their
function probably requires many types of in-
teractions and binding sites. The subunits
may be identical or diﬂ‘crcnt. in sequence. The
protein may be dimeric, trlmcr!c or ¢ven a
higher order aggregate, though dimers and te-
tramers are the most frequent combinations
(Jongs and THORNTON, 1996). Generally,
each subunit is expected to Told into an ap-
parently independent tertiary structure and (o
have its own hydrophobic core, This is not al-
ways the case; ¢.g., two polypeptide chaing are
intimately intertwined in the dimeric trp-re-
pressor and in the mei-aporepressor. The
quarternary structure as a higher organiza-
tional level introduces its own requirements
on the tertiary structures which may again re-
sult in conformational strain, For example,
metabolic energy was found to be neeessary
for accurate folding, for corrcet disulphide
bond formation and for maintaining influenza
hemagglutinin in its oligomerization-compe-
tent state (BRAAKMAN et al., [992). Some-
times, the quarternary structure is not even
unique and depends on pH and salt concen-
tration (HUANG et al., 1996).

It is known that a significant part of the
subunit surface in multimeric proteins and
complexes is shielded from contact with the
solvent (ARGOS, 1988: JANIN et al.,, 1988:
MILLER, 1989; JANIN and CHoriiia, 1990).
The typical surface buried by one partner in a
subunit contact is about G00-1000 A? with
55-70% mnon-polar (JANIN and CHOTHIA,
1990). The interfaces are gencrally more simi-
lar to the interior of proteins than to waler-
exposed surfaces and involve often large hy-
drophobic surface regions.

Contacting surfaces between subunits show
ahigh degree of geometrical complementarity
(on the level of van der Waals or molecular
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surfaces) and arc closely packed, although in-
tersubunit (and interdomain) cavities (pack-
ing defects) are commonly larger than inside
single-domain proteins (HUBBARD and ARr-
GOS, 1994). In some cases, these packing de-
fects have a functional role and allow relative
motions of domains and, probably, also sub-
units (HusBarDp and ARrGos, 1996). The
types ol interactions al protein—protein inter-
laces have been a subject of detailed investi-
gations (JONES and THORNTON, 1996), and a
database of protein interfaces is also available
(TsAl et al,, 1996). Complementarity between
docking partners has also been observed with
respect to the electrostatic potential energy
(HoNIG and YANG, 1995).

The hydration shell structure changes dur-
ing ligand association. Bound water mole-
cules have to be removed from the interface
before the macromolecular contact can hap-
pen, This effect is responsible for repulsion at
o distance of about 10 A between the docking
partners (LECKBAND et al., 1994),

6.2 Prediction of Protein—-Protein
Docking

The prediction of protein—protein docking
is one aspect of the general problem of ligand
binding by proteins. The various docking al-
porithms proposed in the literature try to uti-
lize the properties of docking complexes de-
scribed in the previous section and can be
classified as follows:

(1) shape complementarity based techniques,

(2) approaches using solvation properties of
interfaces, and

(3) methods developed for ab initio structure
simulation.

The first group of algorithms puts major
emphasis on close packing at the subunit in-
terface. Both molecules are considered as ri-
gid bodies and the level of complementarity
at different mutual orientations is computed
in a systematic or heuristic manner (LAs-
KOWSKI et al,, 1996; SOBOLEV et al., 1996).
Alternatively, sections of the surface with
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pronounced shape complementarity can be
searched (CONNOLLY, 1992).

Since the hydrophobic effect may be con-
sidered a driving force in protein association
(DiLL, 1990), it is desirable to elaborate tech-
niques for the consideration of solvation in
protein aggregation (KORN and BURNETT,
1991: YOUuNG et al, 1994; COVELL et al,
1994; TACKSON and STERNBERG, 1995). Be-
sides purely surface oriented algorithms aim-
ing at burying as many hydrophobic patches
as possible and making polar groups accessi-
ble to solvent (NAUCHITEL et al., 1995), elec-
trostatic energy calculations have been ap-
plied (JacksoN and STERNBERG, 1995;
WENG et al., 1996). Since the evaluation of
the Poisson-Boltzmann equation is computa-
tionally time-consuming, effective charges for
each of the macromolecules are proposed.
The volume of the docking partner having
also a low dielectric permittivity is ignored at
the initial calculation (GABDOULLINE and
WADE, 1996).

Whereas ab initio simulation techniques
with full atomic detail and variable side chain
conformations are extremely computer-time
consuming if applied to docking problems
(ToTrROV and ABAGYAN, 1994), low-resolu-
tion studies relying even only on Ca-atom po-
sitions are already sufficient to predict the
correct side of contact between subunits
(VAKSER, 1996a, b).

The crystal structure of the complex of
TEM-1 B-lactamase (262 residues) with one
of its inhibitors (BLIP, 165 residues) was used
as a large-scale test for various docking algo-
rithms (STRYNADKA et al., 1996). The struc-
tures of both individual moleciles were made
known to the researchers, It is remarkable
that all algorithms produced a solution with
the correct overall mode of BLIP binding to
the TEM-1 B-lactamase (association at the ac-
tive site of the enzyme). At the same time,
even a search with full atomic detail and an
energy function of ab initio techniques as at-
tempted by TOTROV and ABAGYAN (1994)
as well as more simple approaches were not
able to predict details of the interface like
side chain rearrangements, correct residue—
residue contacts or hydrogen bonds. Thus,
the gross matching of molecular shapes is suf-
ficient to yield an approximate docking solu-

tion. Further details are outside the scope of
recently developed methods mainly due g
the weakness of the energy function whic,
has to diseriminate between correct apg
wrong types of docking complexes.

7 Concluding Remark

The field of protein structure analysis and
prediction has received an exciting develop.
ment during the last three decades. The major
challenge, cracking the protein folding puzzle,
is still unsolved. Nevertheless, a wealth of val.
uable information in form of sequences and
structures of proteins has been accumulated
in databases and many algorithms able to pre-
dict structural and functional features of pro-
teins have been developed. The necessity to
rely on prediction techniques will even grow
in the future with the successful realization of
genome projects since many proteins will be
known only in form of amino acid sequences.
A wide field of activity has opened for ap-
plied research of practitioners who attempt
the selection and modification of proteins for
medical or biotechnological applications,
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