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ﬁ';_c_)tein—Protein and Protein—-DNA !nteraction

"Learning Objectives  Virtually all biological processes rely heavily
on protein—protein interactions. Most of these interactions are
mediated by protein domains, of which the human genome alone
codes for about 750. While all domains are assumed to have de-
fined interaction partners, these are known for only a small num-
ber of domains. Protein interactions are often organized in stable
complexes. On the average, a single interaction involves 20 amino
dcids; this corresponds to a surface area of about 800 A. The most
important forces involved are hydrophobic interactions, hydrogen
bonds, and ionic bonds. The mass action law con describe protein
interactions as bimolecular reactions; an average energy in the
agnitude of 10 keal is needed to break 1 mol of dimers. Essen-
tial techniques for the examination of interactions are protein
purification and characterization of complexes with mass spec-
troscopy, but the two-hybrid method, FRET and in vitro binding
assays are equally important. Regulatory mechanisms use the ex-
ression of proteins, but also their localization, stability, and pos-
ible covafent modifications (and noncovalent madifications like
ound ligands). Protein interactions can sometimes be predicted
heoretically by, e.g., the Rosetta Stone method, molecular dock-
ng; or phylogenetic profiles.
rotein-DNA interactions play essential roles in all aspects of
ene regulation, specific recognition of gene sequences being of
:tmf importance. So far, it is impossible to predict the sequence
pecificity of a given DNA-binding protein. However, protein—
INA interactions can be examined with a number of methods
mining from biophysics and molecular biology, Just like with
otein-protein interactions, x-ray structure analysis is the only
method capable of exploring interactions in atomic detail. Nature
esonly a limited number of domains or motifs for DNA bind-
“dand many of these domains are understood down to their
“dimensional structure. Based on their structure and func-
tion; DNA-binding proteins can be classified into groups and fam-

ction to Molecular Biotechnology. Bdited by M. Wink
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Protein interactions and protein-DNA interactions are objects
of manifold efforts in medicine and biotechnology, e.g., when de-
veloping cancer therapeutics, which block protein interactions, or
ligands that prevent certain protein-DNA interactions.

231
Protein—Protein interactions

Almost all cellular processes feature protein—protein interactions in pr
roles. For instance, all structuring elements like actin filaments or microts
consist of protein complexes held together by protein interactions, Ma
zymes are also composed of subunits that develop their full activity oty
compounded. RNA polymerases are an arbitrary example for this, taken

. o . . protein domains of the Src onco- proteins, but also with sequences within Src:
hundreds of protein complexes within a cell. Their subunits need toe we Sec protein has three major SH3 binds a proline-rich sequence between
merous protein interactions among themselves, but also with DNA an & SH3, SH2 and SHY, the latter of SH2 and the kinase domain; the SH2 domain
their enzymatic substrate and product. Proteins further interact with 1o s the kinase domain. All three enter binds to a phosphorylated tyrosine at position
ular weight substances like sugars, fats, or salts. However, due to limited ell-defined interactions. The smaller 527, close to the C‘te‘rminal {pY527). This

G v do not simply interact with other figure aiso appears with the color plates.

these aspects will not be covered in this chapter. They should still Fe
mind since they are of considerable importance to cell metabolism. -

equences, SH2-domains bind peptide sequences that contain phosphotyro-
id so on, The two mentioned domains have been named after their
Jogy to the oncoprotein Src, which causes sarcomas. All Src-related pro-
%ave such Src homology (SH) domains; the SH1 domain represents a ki-
omain. However, there are still numerous examples from the about 750
omains in the human proteome, whose binding qualities are barely, if
known. Even when a domain’s principle qualities have been discovered
inding proline-rich sequences), it is still impossible to exactly predict its
1 partners as numerous proline-rich proteins are encoded by most
es. Predicting such interactions remains an important chalienge to struc-
iologists and bicinformaticists.

23.1.
Classification and Specificity: Protein Domains

Because of their great variety, it is almost impossible to clagsify protein
tions in a meaningful way. Arbitrarily, interactions can be divided i '
(stable) and weak (transient) interactions, but there is no clear-cut b
tween the two types. Many protein complexes are assernbled quite
their integrity is essential to their functions; ribosomes, for example, ar
stable as protein-RNA complexes. On the other hand, even form-giving
tures like actin filaments are constantly being assembled and disassen

Although protein interactions need to be extremely specific {e.g.,
of a peptide hormone like insulin to its receptor), many weal intet
pear to be relatively unspecific and thus without immediate meaning
tolerated without consequences, however, a3 long as they do not se th
ism at a disadvantage. Unspecific interactions should not be con
chance collisions caused by Brownian motion, as the latter do not
sion. Weak interactions might have played an important part in

etworks and Complexes

tic cells are estimated to contain a hundreds of different discrete protein
es. Many of these complexes contain dozens if not hundreds of differ-
eins (ribosomes, splicosomes, sarcorer elements in muscles, RNA poly-
they can be enhanced through mutation and selection and thus be see Fig.23.2). But even well-defined complexes interact with other,

Biologically, it makes more sense to classify interactions by protei v tly- associated proteins, c.g., translation factors and ribosomes. Proteins
involved. Domains are the structural and functional units of proteif 1t o celi can thus be thought of as nodes within a glant protein network,
They fold independently of other protein areas and tend to be globi ks most of a cell's proteins (see Fig. 23.3). Indeed, estimates say that
length between 40 and 150 amine acids {Fig. 23.1). Many domains et Otein interacts with three other proteins on average. Although systematic
uted with certain interaction qualities; for example, SH3-domains bi teraction analyses have been performed for only a few organisms (like
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Gy

Fig. 23.3 Protein interaction network of a membrane fusion are blue, chromatin

yeast cell. This map was reconstructed from proteins are grey, structure proteins are
published interaction data and contains green, lipid metabolism proteins yellow and
1548 proteins linked by 2358 interactions, mitotic proteins are red [2]. This figure also
The proteins are colored according to their appears with the color plates.

biological function: prateins involved in

Fig. 23.2 RNA polymerase II: a multimeric lines cerresponds to the size of the conta :

protein complex. (A} Diagram of yeast RNA area between the individual subunits. - be 231 Datab

polymerase 1I. (B} Schematic diagram The cotors correspond to those in {A) [1]: @231 Databases.

showing the interactions between the 10 This figure also appears with the color : Batabase Web Address

subunits. The thickness of the connecting plates.

Database of Interacting Proteins (DIP) http://dip.doe-mbiucla.edu/

IND hitp:/ fwww.bind.ca/

MAZE http:/ fwww.amaze.ulb.ac.bef
MINT http:/{cbm.bio.uniromaZ.it/m int/
PBB 3D-structures) http:/ fwww.resh.org/

NDB (Nucleic acids and proteins) hitp://ndbserver.rutgers.edu/
otein Domains bitp:/fsmart.embl-heidelberg.def

several viruses, few bacteria, yeast, and a few other model organisms), it is st
mated that the 30000 or more proteins of the human body interact with:eac
other in more than 100000 ways. So far, only several thousand of these intera
tions have been experimentally proven and catalogued in data bases (Tabl
23.1). However, modern high-throughput methods will quickly increase
knowledge of such interactions. '
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23.1.4
“yhich Forces Mediate Protein—Protein Interactions?

23.1.3
Structural Properties of Interacting Proteins

Several hundred protein complexes have already been examined by x-ray struc
wre analysis and other methods; their structural data is available from the pro
tein data bank (PDB, hitp:/fwww.rcsb.orgf}. The following statements regarding
the geometry and energetics of protein interaction have been derived from th
analysis of several dozens to about 100 crystallized protein pairs. _
The contact area between two proteins is almost always greater than 1100°A
with each interaction partner contributing at least 550 A” to the entire surfac
On the average, every partner loses about 800 A? of solvent contact surface are
per interaction, which corresponds to about 20 amino acids per partner.”
other words; Every amino acid residue involved in an interaction covers aboy
40 A% .
On an average, dimers contribute 12% of their surface to an interaction; i
mers contribute 17.4%, and tetramers contribute 21%. There are considerib
differences between individual complexes, however; the entire contact sutfs
ranges from 6% for dimers of inorganic pyrophosphatase up to 29% for Trp:
pressor homodimers. This also conciudes that protein surfaces almost alway
low for interactions with several proteins at a time. B
Eighty-three o eighty-four percent of contact surfaces are more or less,
With a few exceptions, contact surfaces are almost round areas on the surfa
of stable or transient complexes. Contact surfaces in stable interactions ten
be larger, less plane, more strongly segmented (on a sequential Jevel) and 1o
densely packed than contact surfaces of unstable interactions. e
Concerning secondary structure, one investigation showed that loop inter
tions on the average constitute about 40% of the contact area. Another study
78 homodimers showed 53% of contact surfaces to be e-helical, 22% to°]
sheets, 12% to be aff, and the remaining 11% to be coils. i’
Complementarity can be defined as fitting suiface shape. Contact are
homodimers, enzyme-inhibitor complexes, and stable heterodimers tend.
the most complementary. Antigen-antibody complexes and unstable het
mers appear to possess the weakest complementarity.

nterestingly, the average contact area of two interacting proteins is hardly any
_pore polar or hydrophobic than the rest of the protein that is in contact with
‘the solvent. Transient complexes, however, tend to have more hydrophilic
-_contad arcas, whick makes sense, as both components need to exist separately
‘in the cell's aqueous environment. Water is usually exciuded from the contact
ite.
- gome authors have proposed that hydrophobic interactions provide the ener-
getic basis for the interaction while hydrogen and salt bridges ensure specificity.
Although van der Waals forces affect all neighboring atoms, these forces are
by no means stronger between two proteins than between a protein and the sol-
vent. Still, they contribute to protein interaction energetically, because they are
more frequent on the densely packed contact sites than on the solvent interface.
- Hydrogen bonds between proteins are often energeticaily favored over those
_jvlth water. Stable protein complexes often feature fewer hydrogen bonds than
_t;ansbient complexes. The number of hydrogen bonds roughly equals 1 per
170 A% of sﬂurface area. The average interaction area (ca. 1600 A% thus contains
about 900 A? of unpolar surface, 700 A* of polar surface, and about 10 (5) hy-
ogen bonds. A random sample of relatively stable dimers featured 0.9 to 1.4
hydrogen bonds per 100 A? on the average (with entire contact surfaces usually
£1000 A%). However, the spread from zero (e.g., uteroglobin) to up to 46 {vari-
t surface glycoprotein) was considerable. The amino acid side chains are in-
lved in about 76 to 78% of hydrogen bonds.
'iny 56% of homodimers even possess salt bridges; those that do can have
1ip to five.

4.1 Thermodynamics

rotein interactions can be described as simple chemical reactions of the follow-
ig-form:

Concerning amino acid composition, contact surfaces between proteins +B a AR
to be more hydrophobic than their outsides, but less hydrophobic than the ke

tein interior. One study showed 47% of interacting amino acid residues
hydrophobic, 31% to be polar and 22% to be charged. Siahle complexes
contact surfaces with hydrophobic residues while unstable complexes 1€
prefer polar residues. Mutagenesis experiments have shown that ofte
than half of a contact surface’s amino acids can be changed to aianine with
significantly altering the affinity constant (Kq). This concludes that the
tional epitope is only a fraction of the structural epitope. :

and B represent two proteins that form the complex AB. Even multi protein
plexes are assumed to form through successive binding of subunits.

rQEein—protein interactions can be very weak and shortlived as well as
trong and permanent. The former are referred to as transient, the latter as
lﬂ.ef although all numbers of intermediate grades exist. For example, an en-
h;l]e.ac;l; bind its substrate, phosphorylate it, and dissociate afterwards in less
han'a microsecond. On the other end of the scale, some protein complexes like

.Oliagen_triple helix stably persist in bones or other tissues for weeks or
Years without dissociating,
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The interaction between two proteins can be described quantitatively with th
mass action law:

23.1.5
methods to Examine Protein—Protein Interactions

W1

AB] Kk (232

Chapters 8 and 28 (recombinant antibodies and phage display). One of the
dominant methods is the purification of proteins that have been fused to a for-
eign protein such as glutathione S-transferase (GST). The fusion proteins and
associated proteins can then be isclated on a glutathionelinked matrix and
jdentified with mass spectrometric methods (see Chapter §). Ideally, the struc-
tures of the interacting proteins can be determined both individually and in the
‘compiex. The methods used are nuclear magnelic resonance spectroscopy
(NMR, for smaller proteins) or - especiaily for laxger complexes - x-ray crystal-
Tography. Another possible technique is selecting interacting proteins with
_phages (phage display, see Chapter 28).

~ In vivo methods involve expressing genes in such a manner that their interac-
‘ion activates a so-called reporter gene (e.g., the two-hybrid system; see
Fig. 23.4). Today, screenings are performed systematically by using robotic aid to
“simply test all possible protein pairs. Alternatively, light signals can also serve
‘as reporter systems (e.g., FRET, fluorescence resonance energy transfer). This
“method observes two fluorescent proteins in regards to their spatial proximity.
“One of the proteins to be examined is fused with the cyan fluorescent protein
(CFP), a possible partner protein with yellow fluorescent protein {Y¥P). When
_:Cthese protﬂeins i{xteract or otherwise come into close proximity of each other (at
east 100 A, 30 A at best), the colocalization can be detected by irradiation with

with k, being the reaction constant of second degree for the biomolecular asso
ciation, kg equalling the reaction constant of first degree for the unimoleculy
dissociation, Kq=kq/k, being the reaction constant of the dissociation (K, f
assoctation). :

K4 depends on the concentrations of A, B, and AB at thermodynamic equiliy
riurn; K4 has the dimension of a concentration (mol L7 or M). K, and K; valua
for protein—protein interactions vary extremely and range over 12 orders of nﬁag
pitudes from 107 to 107" M. '

Interactions with Ky values in the mM range are considered weak, values'i
the nM range and below quite strong. The interaction between trypsin and i
creas trypsin inhibitor, for example, has a dissociation constant in the range
10" M, the binding is thus very strong and stable. Biological interactiq
strength can also depend on other factors, however, for example cooperativ
Several weak interactions between the subunits of a complex can form a v
stable complex.

23.1.4.2 Energetics :
Values of K, between 107" and 107 M correspond to free enthalpies AGy'o
to 19 keal mol™, i.e., 19 keal are required to dissociate one mol of the comple;
Dehydration of the nonpolar groups on the contact surface is definitely de
for stable association. Real Ky values for protein—protein interaction ca
looked up in special databases, e.g., the database of interacting proteins,
(see Table 23.1).

Interactions between single amino acids can contribute up to 6 kcal mol:
a single protein interaction. The greatest energy gain, however, is provided
salt bridges and hydrogen bonds between charged amino acids. The strengt
neutral hydrogen bonds lies in the range of 0--3 keal mol™. This amoun
nificantly below a normal hydrogen bond's energy and means that the e
tion between two amino acid residues within a complex is hardly strongerz:l
interaction with the surrounding water of a soluble protein. In complexe:
known three-dimensional structure, the peptide bonds form at least half s
hydrogen bonds between interacting proteins. Bonds between side chain
primary chain are especially common, although bonds between both:pr
chains are also observed at times. :

Estimates say that the nonpolar contact areas of hydrophobic interactions.

Fig-23.4 Working principle of the two-hybrid second protein, ORF (for open reading

tem. The two-hybrid system is based on frame}. If the proteins inserted in the B and
expression of two fusion proteins within ORF positions interact, a transcription factor
ell. One of the proteins contains 2 DNA- is formed and the reporter gene is activated.
ng domain (DBD), which can bind to In this case, that means that the cell can
romoter of a reporter gene (here: grow on histidine-free medium. A yeast

- : . stimesg protell : )
Vl(lie 'an cner‘gy gain of about 25 to ?0 Cal(?rles per A%, Sometimes p i 53): and 2 second protein B, the bait. The colony growing on such medium thus indi-
tein interactions can be so strong (ie., with a K, value lower than cond fusion protein consists of a trans- cates an interaction of the two inserted pro-
that the components can only be separated by denaturing them. iptitn-activation domain (AD) and a teins.

Several methods of examining protein—protein interactions are described in
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blue light with a wavelength of 434 nm. This wavelength is absotbed by CF
which immediately transfers the absorbed energy to YFP; YFP then emits jts
characteristic yellow light with a wavelength of 527 nm. A yellow signal in the
fluorescence microscope thus indicates protein interaction (or close proximjty)'

Protein interactions can also be measured quantitatively. Dissociation o
stants are determined on a micromolar scale through equilibrium centrifugaﬁ
or microcalorimetry. More accurate measurement on a nanomolar scale requif
radioactive markers or antibody reactions. These methods are not frequently
employed, however, and will therefore not be covered in this book. :

signals (e.g., TNF)

cell membrane

2316
Regulation of Protein-Protein interactions

degradation by
the proteasome

Protein interactions are subjected to strong regulation; if this regulation is.d
turbed or gets out of control, diseases like cancer may be the tesult.
The most important regulator of protein-protein interactions is expressio
control, because, naturally, proteins can only interact if they are expresse
the same place at the same time. The central control mechanisms are thos':
transcription and translation (see Chapter 4). For example, most growth facto
like some fibroblast growth factors (FGF), are expressed only in certain tissues
like limbs, brain or kidneys. Some FGFs are given off into the bleod stream
from where they can reach and bind to receptors that are expressed only in-ce
tain tissues. FGFs are also strongly regulated in a temporal dimension; fo
ample, FGF4 and FGF$ are only expressed in the embryo, while the other FG
are primarily found in adult animals. The same is truc for the respective rec
tors. Protein localization within a cell is also of great importance. Some:tr
scription factors like NF-xB (composed of two subunits: relA and p50) are 1
mally found as inactive protein complexes in the cytoplasm (Fig. 23.5}. NFx

nucleus

ig. 23.5 The NF-«B signalling pathway as there. It functions as a transcription factor
n example far protein-protein and protein- that activates several target genes, amaong
NA interactions. Several signals influence them the gene for 1xB. The now newly

bound to its inhibitor IxB that dissociates after phosphorylation and is the activity of the lcB-kinase complex (IKK),  expressed I8 in turn binds the NF-«B
: ; i - ey £, coming from the TNF receptor (tumor complex at the promoter and deactivates the
graded. The liberated NF-«cB protein then enters the nucleus where it regl gtrosis factor), When induced, KK phos- gene once more. Many other target genes
the activity of targel proteins. Protein stability is similarly important as €X horylates IxB. This phosphorylation triggers  and interaction partners of NF-«B exist
sion, as the final concentration is determined by the equilibrium between e recognition of 1B by ubiquitination beyond 1i8. This example illustrates how
thesis and degradation. Numerous proteins are regulated at this aspect._._Cyd nzymes, which modify it, so that it is recog-  complex regulatory networks can be and
ed and degraded by the proteasorne. The how many layers of regulation they are

for example, are specifically degraded during certain phases of the cell cycle
thus can no longer interact with their partners, the cycline-dependent ki
(CDK). :
Covalent modifications are substantial regulators for protein-protein i
tions. An important example beyond the above mentioned phosphorylation
acetylation of histone proteins, that allows for the association of bromo doma
(see Chapter 4). These protein domains can bind oply to acetylated histong
Ligands are another important form of regulation. GTP, as a promine
ample, binds to the a-subunit of trimeric G-proteins and causes the dissoc
of the ffy-subunit (see Chapter 2). The unbound subunits bind other prote
turn and regulate their activity, Exchanging GTP for GDP triggers the reas

tion of the subunits.

émoval of 1B exposes a previously covered composed of (here: transcription,

Uclear Iocalization signal on the NF-iB localization, modification by phosphoryla-
omplex, which can now migrate into the tion, and ubiquitination). Also see Fig. 23.15.
leus and bind to specific DNA sequences

éoretical Prediction of Protein-Protein Interactions

ven when the three-dimensional structures of two interacting proteins are un-
estood, predicting their contact sites is by no means trivial. Interaction sites

often located at sites with hydrophobic properties. In one study of protein
Ctactions, 25 out of 29 interactions could be correctly predicted based on this
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feature. Other parameters suitable for prediction are solvation potential, the resi.
due interface propensity of a given amino acid, planarity, protrusion, and the
available surface. In a sample of 28 homodimers, the contact site was often pla.
nar, well exposed and thus accessible, and the area with the highest residue in:
terface propensity. Still, one of the prediction algorithms employed (PATCH),
which utilizes several of the parameters mentioned above, predicted the contagt
sites correctly in only 66% of the examined structures, E

succinyl CoA transferase
acetyl CoA transferase o

acetyl CoA transferase B

Predicting !nteracting Proteins by their Genome Sequence Several attempts have
been made to predict protein—protein interactions de nove. One of these
approaches is the Rosetta Stone method (Fig. 23.6): It uses the observation that
parts of some proteins that form a single entity in one organism are distributed
over two proleins in another. From this, it was concluded that the respective prg.
tein halves must interact, since they interact similarly in the fusion protein. Thegé
fusion proteins are hence called Rosetta Stone proteins after the famous Roseisy
Stone found in Egypt in 1799, engraved with the same text in Greek, Demoti
{an early Egyptian common writing), and Hieroglyphs. The stone marked a break
through in the translation of hieroglyphs. One example of a Rosetta Stone protein
is human succinyl CoA transferase, that is found split in two halves in E. cbli;
namely the ¢ and S-subunits of acetyl CoA transferase (Fig. 23.6). i

Phylogenetic Profiles Some gene combinations are retained stably over
course of evolution, which means that these genes apparently cannot exis
isolation. It is concluded that these genes code for components of metabiolic
pathways or protein complexes that require all respective subunits or otherwise
lose their function. Although such phylogenetic profiles do not necessarily allow.
for conclusions regarding physical interactions, a functional cohesion of the Te-
spective gene groups has been found in many cases. Good examples are i ;
somal proteins or the yeast proteins Hogl and Fus3, two kinases in the yeas'
MAP-kinase signalling pathway.

ig. 23.6 The Rosetta Stone method. {A) Some proteins, like
uman succinyl CoA transferase, are distributed over two
“proteins in other organisms. In E. coli, the protein's function
s fulfilied by the - and fisubunits of the enzyme acetate CoA
ransterase, (B) The historical Rosetta Stone from Egypt.
urther details in the text.

231.8
Biotechnological and Medical Applications of Protein—Protein Interactions

Substantial fields of biotechnological research are concerned with the produ
tion of interacting proteins such as antibodies or peptide hormones. One the
peutically used antibody for instance, is Herceptin, which binds to the cancer
protein HER2 that is overexpressed in 25 to 30% of all cases of breast caticet
Erythropoietin is an example of a peptide hormone that stimulates the for
tion and maturation of red blood cells {erythrocytes) in the bone marrow. Tth
been produced biotechnologically for several years now and has become 1
mous for its involvement in doping cases in professional sports. With exac
knowledge of protein-protein interactions, substances that specifically blocs
those interactions can be identified. For example, it is desirable to block

binding of HIV to its latpet receptors CD4, CCRS, and CXCR4 Meanwhi

hete is also a number of substances available that develop their effect within
ells by blocking specific protein interaction. The immunosuppressant FK506,
or instance, binds the FK506-binding protein (FKBP). The resulting complex in
urn blocks the activity of the phosphatase calcineurin through direct interac.
ion, which then triggers the actual immunosuppressant effect.

Occasionally protein—protein interactions prove disadvantageous, like with in-
ulin, which tends to form dimers or hexamers that show less activity than
monomers. This tendency toward oligomerizalion can be suppressed via genetic
! Odlﬁcanon and thus insulin of higher activity can be produced.
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23.2
Protein—-DNA Interactions

ponds, hydrophobic interactions are also important: Although van der Waals
contacts tend to be less specific than hydrogen bonds, certain preferences could
still be observed. Arginine shows a preference for guanine while threonine pre-
_ fers methyl-methyl van der Waals interaction with thymine. Phenylalanine, Vpro-
line and histidine form hydrophobic stacks with the planar bases, especially in
© those structures in which the DNA is sufficiently deformed (e.g., in TATA box-
binding proteins, see below). A third possibility for interaction is indirect con-
tact mediated by water molecules. The importance of these interactions has
“ pewly become apparent in recent years with the growing number of high-reso-
*jution x-ray structures {with resolutions better than 2 A). Unfortunately, the re-
- sulting binding patterns are still too complex to formulate general rules.

Protein-DNA interactions play a major role in all fields of genetics from regul
tion and transcription of individual genes to repair of damaged sequences, even:
to the stabilization of DNA in chromatin and the replication of enlire genomeé.
Presently, two to three percent of prokaryotic and six to seven percent of Eukary
otic genes are estimated to code for DNA-binding proteins. Additionally, thess
proteins do not merely bind DNA, but also interact with other proteins and
somelimes, as is shown in the example of RNA polymerase, only display the"
fuil activity when organized in multimeric complexes.

23.2.1
Sequence-specific DNA-binding

23.2.2
Thermodynamic Considerations Regarding Protein—-DNA Complexes

Protein recognition of specific sequences on the DNA double helix is of critical
importance to fundamenta} genetic processes like gene regulation and transcrip'
tion {see Chapter 4). The specific binding occurs on an atomic level via an inte
action of certain side chains of the protein with nucleotides of the DNA.:
spite of numerous attempts to formulate them, no simple or general rules to
plain or predict sequence specificity exist to date. Instead, the same basic int
actiong known from protein-protein or protein-ligand interactions are also
found in protein-DNA complexes. The sequence-specific binding results frof
an individual combination of the different possible interactions. The first aspe
of this specificity are the different hydrogen bond patterns of the base pairs ade-
nine-thymine (A-T} and guanosine—cytosine (G-C), that are presented in the
minor or major groove of the DNA double helix (Fig. 23.7).

Statistic analyses of known protein~DNA complex x-ray structures could show
that the positively charged side chains of arginine and lysine preferably form
hydrogen bonds with guanine; asparagine and glutamine mainly form hydrog
bonds with adenine. Not quite as specific, the shorter side chains of serine an
threonine have been shown to bind to the sugar-phosphate chain and are prot
ably concerned with overall stability rather than specificity. Aside from hydroge:

" Although only a small number of protein-DNA complexes has been character-
jzed thermodynamically (much less than are structurally known}, some impor-
tant and basic considerations can be made and a few conclusions be drawn. Se-
quence-specific proteins generally have a high DNA affinity with association
_'constants of K,>107" M. In contrast to this, the respective values for unspecific
binding are lower by up to three orders of magnitude, to ensure sufficient dis-
crimination. The upper limit for K, is estimated to be in the range of 107" M,
because at higher values complex formation would not be reversible under
physiological conditions and would react too sensitively to minor concentration
fluctuations within the cell. Furthermore, it could be shown that the association
constants {and thus the free binding enthalpies AG") of several protein-DNA
complexes tended to be quite similar, while the individual contributions of AFY
and TAS® varied greatly. Stabilizing enthalpy contributions result from the for-
‘mation of hydrophitic and hydrophobic interactions, whereas the loss of hydro-
‘gen bonds to solvent molecules has a destabilizing effect. Still, the liberation of
water molecules constitutes the most important contribution to TASY; the actual
complex formation lowers entropy. Further destabilizing enthalpy contributions
result when complex formation forces one of the partners into a disadvanta-
geous conformation. In many protein-DNA compiexes the DNA double helix is
“bent from its canonical B-conformation in this manner.

A minor groove/ B minor groove/
N N 223
i 0>—.\% & r\=< " 0>—‘N% ‘Methods to Study Protein~-DNA Interactions
N A T N € e <) |
SSY T—e Say Qo N The methods used to examine protein-DNA interactions are similar te those
\ \ k \ that have already been described in the first part of this chapter (Fig. 23.8). The
major groove major groove special methods used in addition to these are sumwmarized in Fig. 23.8 and Ta-

ble 23,2,

“~The only method capable of exploring protein-DNA complexes in atomic de-
g ajl is x-ray crystallography.

Fig. 23.7 Watson-Crick hydrogen bonds of the base pairs A-T
and G-C. The arrows indicate potential hydrogen donors or
acceptors.
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Table 23.2 Important methods to examing protein-DNA interactions.

23.2 Protein—DNA Interactions

Flg 23.8 DNA band shift assay'
and DNAse | protection assay of
the ferric uptake regulater (Fur
{A) DNA band shifts are based
on the fact that free DNA and"
free proteins migrate through-
gel faster than a DNA-protein
complex. (B) DNAse | footprinit.
ing involves digesting DNA is:
completely (with or without *
bound protein), resulting in’frag
ments of different length, DNA.
binding proteins protect DNA::
from digestion. if the (radio-
actively marked) fragments ara:
loaded onto a gel, a gap
between the bands cor-
responding to the binding site
can be seen (with kind perii
sion from M. L. Vasil).

structural Classification of Protein-DNA Complexes DNA-binding proteins can
pe divided into eight groups based on their structure and function; each of
these groups uses similar motifs to recognize and bind DNA (see Fi,g. 239 to
Fig. 23.16). Note that this classification is merely based on the several hun'(:lrea
: complex crystal structures solved so far. The introduced groups can be further
~ qubdivided into 54 families according to their structure. To document the vari-

Fig. 23.9 Helix-turn-helix proteins. This motif is
characterized by two almost orthogonal a-he-

Description

Ifces linked by a turn. The second helix usually
lies in the major groove, One example is the 2

DNAse 1 footprinting

tected by the protein (Fig. 23
In this case, unprotecled DN
radicals that are produced in

Hydroxyl radical footprinting

iron. Since OH radicals are much smaller than, e.g., DN
I, the interaction can be characterized in greater resoil

Band shift assays

properties (Fig. 23.8A).
Fluorescence spectroscopy

constants.

Isothermal tilration calorime- This method involves pipeiti
try {ITC)
ply be measured.

Electron microscopy

and shape. 1t is mostly used

A (e.g.. radioactively) marked DNA fragment is incubted
with a protein and digested with DNAse I The following ge
clectraphoresis provides information on the DNA area

With this method, radioactively or chemically marked D
fragments are incubated with the protein and
nondenaturing polyacrylamide gel electrophoresis (PAGE
The difference in the migration speed of the individual
ponents and the complex can help detesmine the COMPIE

This method measures changes
of DNA and determines stoichiometry and equilibriutil

protein golution at constant temperature; AH? can the

Electror: microscopy can be used

ot repressor. This figure zlso appears with the
color plates.

SB).
A areas are damaged by hy
sitw via a reaction of HyQ;

analyzed’

Fig. 23.10 Zinc-coordinating proteins.
This greatest group so far contains
many eukaryotic transcription factors
that can already be identified by their
sequence patterns. The characteristic
feature is one or two zing atoms coor-
dinated by conserved cysteins or histi-
dines. One example is the so-called
zinc finger of the mouse transcription
factor Zif268. DNA-binding in this
group also occurs via a helix in the
major groove. This figure also appears
with the color plates.

in the intrinsic fluores
ng small amounts of DNA

lo roughly determine
for large multiprotein o1
i

381



382 | 23 Protein-Protein and Protein—DINA lnteraction

23.2 Protein—-DNA Interactions

Fig. 23.11 Zipper-type proteins
This group name is derived fram
the groups’ mode of dimerizatior
that resembles a zipper. This fig.
ure shows the yeast transcription
factor GCN4; one end of the loi
a-helices rests in the DNA's maj
groove. This figure also apped
with the colior plates.

Fig. 23.14 f-Hairpin/ribbon group.
Representatives of this group use short
f-sheets or coil motifs in the DNA's
minor or major groove. One example
is the Met repressor. This figure alse
appears with the color plates.

Fig. 23.15 Other protein—DNA
interactions. This group
contains two families so far,
both of which show some-
what complicated protein—
DNA interactions that utilize
several structural elements.
The example shown here is
taken from the so-calted Rel
homology region family of the
eurkaryotic transcription fac-
tor NF-xB. Also compare

Fig. 23.5. This figure also
appears with the color plates.

Fig. 23.12 o-Helix group. Thi
summarizes alt other familie
use an a-helix as DNA-binding
ment. The most prominent efamp!
are the histones, which formt
cleosome care particle. Thisfi
also appears with the cotor plate

Fig. 23.13 f-Sheet group:
this group contains ohly
family, the TATA box-binding
teins (TBP), that are ah:

component of the mult_i'p‘r_o’k
transcription initiation ¢
A prominent feature of the
tures is a bending of the.D
almost 90°. This figuré
appears with the color plate

Eig. 23.16 Enzymes, This group
defines families based on their
members' enzymatic function in-
stead of their structure. One ex-
ample shown is the methyl trans-
ferase. This figure also appears
with the color plates.
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DNA and RNA-bindingDNA and RNA-binding",4,1> proteins in the hu-
me as well as in the genomes of fully sequenced model organisms.
fication is based on sequence. RNA indicates RNA-binding domains, all

wains are DNA-binding.

Further Reading | 385

in the protein can lead to a sex change of affected embryos. Quite a number of
hormone receptors like the glucocorticoid or oestrogen receptor are zinc finger
proteins, which play an important part in the hormone-controlled metabolism.
- Finally, cancer can also be caused by mutated transcription factors. The proteins

Jur and Fos are well examined leucine zipper proteins that do not simply have

Human Drosophila Caenorhabditis  Saccharomyces  Arabidopsis )
; o bind the correct promoter sequences, but can only fulfili this physiological
ore domain 75 {81) 5 7173 3 48 ~ function as a fun/Fos protein complex.
helix DNA- 60 (61) 44 24 4 39
domain S35
% domain 160 (178} 100 {103) 2 (84) 6 66 - . - . _
jotechnological Applications of P ~
g o % (o) 0 . 243 (401} B g pp s of Protein—-DNA Interactions
oper domain 114 o 1% 16 134 ‘The dctailgd i(llowledge of protein-protein and protein-DNA interactions allows
\binding 7 5 " 1 0 us to specifically manipulate them for different purposes. In some cases, DNA-
‘Iinding proteins can be manipulated in such a manner, that they recognize spe-
ding protein, 24 4 (8) 2 (4) 12 2 {4) ¢ific DNA sequences. One aim is, for example, the creation of DNA-binding
. proteins that specifically recognize and bind to defined target genes to activate
¢ finger 77 (100) 34 (37) 50 (72) 19 21 87 {102) or deactivate them. If specific promoters were lo be placed before such genes
g . . . . . . !
e o400 234 (7 & (155) 34 56 2 4 __ti‘ley cm.lld .be mampulat?d in a tissue-specific manner. Another aim is the spe-
e 135 07) o 48 (89] 1 298 (304): cific a-ctwatlon of DNA binding through added substances. One example for the
fgen Jatter is the Tet repressor that binds to the Tet operator DNA sequence as well
VA binding 46 (47) 26 (27) 19 6 7 “as 1o the antibiotic tetracycline. This system: can be modified in such a manner
s . “that the addition of tetracycline or related substances can induce or inhibit the
ox helicase 63 (66) 48 (50) 55 (57) 50 (52) 84 (87) NA binding. It is possible to insert the Tet repressor gene and a target gene
. nder the Tet operator into mammali il itch f ;
- . o 7 s 4 _— e e pVia oo 1 rr;a ian ccil.t; and then switch the target gene
) on 224 (329 127 (1om 92 (145 g 232 (369) [ simply v e addition o t:etrelxcyc ine (Tet systern). Many laboratories
N _ work on the manipulation of DNA-binding domains that recognize specific se-
uences {evern unnatural sequences when required). In the case of restriction

 in parentheses ceunt the number of domains, e.g., 28 (67), in the KH do-
¢ means, that the human genome cantains 28 proteins with a total of 67 do-
everal proteins thus contain more than one KH domain, Other DNA-binding
contain the so-called ARID and forkhead domain. The REX domain is an un-
helix-turn-helix motif and thus related to the homeobox proteins. The helix-
« DHA-binding domain resembles the leucin zipper group as well as the
nain (modified from [3]).

ety, one representative of each group is briefly intreduced above. Table:
gives an overview over the classes’ respective frequency in the human genoim

23,24
Medical Relevance of Protein-DNA Interactions

Numerous diseases are caused by incorrect protein-DNA interactions. The
importance of these interactions stems from the fact that DNA-binding:
scription factors are central switches of a cell's regulatory ne

twork. The

nzymes, proteins could be created which cleave DNA on predefined sites. With
an increase of detailed knowledge, numerous applications are imaginable that
ot only allow for the manipulation of bacteria, animals, and plants, but also
wake alterations of the human genome possible. While therapeutic applications
ré desired, it will be a great challenge to avoid unintentional side effects and
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Bioinformatics

Learning Objectives  Bioinformatic methods hold the key to the
analysis and understanding of large amounts of data gathered
from genomics, functional genomics, proteomics, and molecular
diagnostics to name but a few. This chapter will introduce you to
different methods and problems of bicinformatics.

Introduction

Bioinformatics as a discipline arose from the necessity to process and analyze
sequencing data. The availability of large amounts of data provided by molecu-
‘lar biological techniques consequently led to the development of computer pro-
cesses to store and compare this data. The process repeated itself about two de-
cades later with the development of DNA chips, which promised insights into
the transcriptome (after the genome had already been investigated). ironically,
ioinformatics was not meant to be more than an auxiliary discipline at first.
owever, it quickly rose to a full discipline in its own right (especially in the
eld of sequence analysis) and has significantly contributed to biclogical knowl-
‘edge since. For instance, the investigation of evolutionary processes, which are
1ot accessible to conventional experiments, has only become possible through
the help of mathematical methods and statistical analysis of sequence data. In
tact, today's arrangement of the tree of life is based on molecular similarity in-
ead of morphological criteria {Fig. 1.1}.

‘Bioinformatics can be subdivided based on fields of application or methods
mployed. Selected applications of bioinformatic methods (in temporal order)
would be sequence alignment, database search, motif recognition, phylogenetic
nalysis, structure prediction of RNA and proteins, gene prediction, promoter
nalysis, transcriptome analysis, proteome analysis, and modelling of complex
‘biological systems. These methods contain algorithms to determine similarities
| series of characters (including addition, deletion and alteration of letters),
ethods from graph theory, statistical procedures {e.g., maximum likelihood es-
timation), methods of machine learning (e.g., artificial neural networks, hidden
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