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Preface

This book is based on lectures on regulation and signal transduction that are offered to
students of biochemistry, biology and chemistry at the University of Bayreuth. During
the preparation of these lectures I realized that it is extremely difficult to achieve an
overview of the area of signal transduction and regulation. Our knowledge of signal
transduction processes has exploded in the past ten years and this fast progress has
been reflected only slowly in the major textbooks. Furthermore, our progress in under-
standing signal transduction processes has increased to a point where — in contrast to
the situation a decade ago — the basic priciples of intra- and intercellular signaling are
quite well established. Importantly, signaling processes can be described nowadays
more and more on a molecular level. The great increase in structural and biochemical
information on signaling processes provides us now the rational chemical and bioche-
mical basis that is required for understanding the interplay between signaling molecu-
les and the biological function of signaling pathways.

It is the aim of the present book to describe the structural and biochemical proper-
ties of signaling molecules and their regulation, the interaction of signaling proteins at
the various levels of signal transduction and to work out the basic principles of cellular
communication. As far as possible molecular aspects have been included. Starting
from regulation at the level of genes and of enzymes the book concentrates on the
major intracellular signaling molecules and signaling pathways and then describes the
interplay and cooperation of various signaling pathways in central cellular processes
like cell cycle regulation, tumorigensis and apoptosis.

Signaling and regulation processes influence all aspects of cellular function and a
book on this topic necessarily must confine on the exemplary aspects. Numerous stu-
dies in very diverse systems have revealed that the basic principles of signaling and
regulation are similar in all higher organims. Therefore the book concentrates on the
best studied reactions and components of selected signaling pathways and does not try
to describe distinct signaling pathways (e.g. the vision process) in a complete way. Fur-
thermore results from very different eucaryotic organisms and tissues have been inclu-
ded. Due to the huge number of publications on the topic, the references cited had to
be highly selected for and it may be forgiven that mostly reviews are cited and that ori-
ginal articles have been selected on a more or less subjective basis.

Cellular signaling in higher organisms is a major topic in modern medical and phar-
macological research and is of central importance in biomolecular sciences. Accor-
dingly, the book concentrates on signaling and regulation in animal systems and in
man. Plant systems could not be considered and results from lower eucaryotes and
procaryotes are only cited if they are of exemplary character.

The present book is based on a german edition which appeared in 1997. Where
necessary the book has been updated citing data from up to 1998. The rapid progress
in some areas made it necessary to rewrite some chapters as e.g. on apoptosis comple-
tely.



VIII Preface

I am grateful to all people who have encouraged me to write the book and who have
supported me with many helpful comments and corrections. In first place I want to
thank my colleague Mathias Sprinzl and my former coworkers Carl Christian Gallert
and Oliver Hobert. I am also grateful to Ralph Schubert, Joachim Reischl and Hannes
Krauss for the figures and structure presentations.

Bayreuth, October 1999 Gerhard Krauss
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Chapter 1

The Regulation of Gene Expression

1.1 Regulation of Gene Expression: How and Where?
A Schematic Overview

The transfer of genetic information from the level of the nucleic acid sequence of a
gene to the level of the amino acid sequence of a protein or to the nucleotide sequence
of RNA is termed gene expression. The entire process of gene expression in eucaryo-
tes includes the following steps:

e transcription: formation of a primary transcript,
the pre-mRNA
e conversion of the pre-mRNA Processing, splicing,
into the mature mRNA transport from the nucleus to the cytosol
which includes:
o translation: synthesis of the protein on the ribosome.

The expression of genes follows a tissue and cell-specific pattern, which determines the
function and morphology of a cell. In addition, all development and differentiation
events are also characterized by a variable pattern of gene expression. The regulation
of gene expression thus plays a central role in the development and function of an
organism. Due to the multitude of individual processes which are involved in gene
expression, there are many potential regulatory sites (Fig. 1.1).

Regulation of Transcription

At the level of transcription it can be determined if a gene is transcribed at all at a
given time point.

The chromatin structure plays an important role in this decision. Certain chromatin
structures can effectively inhibit transcription and totally shut down a gene. This
»silencing* of genes is often observed in development and differentiation processes.
The methylation of DNA at cytidine residues is involved in the silencing of genes. The
activation of silenced genes requires a reorganization of the chromatin. This little
understood process fulfills the prerequisites for transcription initiation and, further-
more, represents a further possibility to regulate gene expression at the level of trans-
cription. Efficient transcription initiation requires the formation of a transcription
initiation complex at the starting point of transcription. Involved in this event are,
aside from the RNA polymerase, further proteins (transcription factors) which can inf-
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Fig. 1.1. Levels of regulation of eucaryotic gene expression

luence transcription in a specific or unspecific manner. The formation of a functional
initiation complex is often the rate limiting step in transcription and is subject to a
variety of regulation mechanisms.

Conversion of the pre-mRNA into the mature mRNA

Transcription of genes in mammals often initially produces a pre-mRNA, whose infor-
mation content can be modulated by subsequent polyadenylation or splicing. Various
final mRNAs coding for proteins with varying function and localization can be produ-
ced in this manner starting from a single primary transcript.
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Regulation at the Translation Level

The use of a particular mature mRNA for protein biosynthesis is also highly regulated.
The regulation can occur via the accessibility of the mRNA for the ribosome or via the
initiation of protein biosynthesis on the ribosome. In this manner a given level of
mature mRNA can specifically determine when and how much a protein is synthesized
on the ribosome.

Nature of the Regulatory Signals

Regulation always implies that signals are received, processed and translated into a
resulting action. The nature of the signals employed in the course of the regulation of
gene expression, which are finally translated into a change in protein concentration,
can vary dramatically. Regulatory molecules can be small molecular metabolites, hor-
mones, proteins or ions. The signals can be of external origin or can be produced inter-
nally. External signals can be environmental in nature, such as light, warmth, pressure
or electrical signals, or can originate from other tissues or cells of the organism. The
external signals are transferred across the cell membrane into the interior of the cell
where they are transduced to the level of transcription or translation. Complex signal
chains are often involved in the transduction.

1.2 Protein-Nucleic Acid Interactions as a Basis for
Specific Gene Regulation

A recurring motif on the pathway of information transfer from gene to protein is the
binding of proteins to nucleic acid. Specific interactions between proteins and nucleic
acids are found not only at the level of DNA, but also at the RNA level. At the DNA
level, specific DNA-binding proteins aid in the identification of genes for regulation
via transcriptional activation or inhibition. At the RNA level, specific RNAs are recog-
nized in a sequence-specific manner to attain a controlled transfer of genetic informa-
tion further on to the mature protein.

The basis of all specific regulation processes at the nucleic acid level is the recogni-
tion of nucleotide sequences by binding proteins. A binding protein usually recognizes
a certain DNA or RNA sequence, termed the recognition sequence or DNA-binding
element. Due to the enormous complexity of the genome, the specificity of this recogni-
tion plays a significant role. The binding protein must be capable of specifically picking
out the recognition sequence in a background of a multitude of other sequences and
binding to it. The binding protein must be able to discriminate against related sequen-
ces which differ from the actual recognition element at only one or more positions.

An understanding of the mechanism by which the highly specific and selective
recognition of a nucleotide sequence is achieved is only possible with knowledge of the
structural details of specific protein-nucleic acid complexes. For the regulation of gene
activity the binding of proteins to double-stranded DNA is of central importance. We
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will therefore limit our following discussion to specific complexes between double-
stranded DNA and protein.

The current structural information on specific protein-DNA complexes allow the
first answers to the following basic questions:

— which structural elements of the protein participate in the recognition?
— which interactions impart the specific contact between protein and DNA?
— what role is played by sequence and conformation of the DNA?

1.2.1 Structural Motifs of DNA -Binding Proteins

DNA -binding proteins contact their recognition sequences via defined structural ele-
ments, termed DNA-binding motifs (overview: Pabo & Sauer, 1992; Burley, 1994).
DNA -binding motifs are often found in structural elements of the protein which can
fold independently from the rest of the protein and therefore represent separate
DNA -binding domains. They can, however, also occur within sequence elements which
can not independently fold, but whose folding depends on the tertiary structure of the
rest of the protein.

The region of the binding protein which interacts with the recognition sequence
often displays a characteristic small structural element which is stabilized through the
help of other structural elements and is thereby brought into a defined position rela-
tive to the DNA. These structural elements, the ,,DNA binding sites®, contain short a-
helical and f-sheet structures. Contact of the binding site with the DNA sequence usu-
ally occurs within the major groove; there are, however, examples for interactions with
the minor groove of the double helix (TATA-Box binding protein, see 1.2.3.2 and
Fig. 1.16). The dimensions of the major groove of the DNA make it well suited to
accept an a-helix. Accordingly, a-helices are often utilized as recognition elements.
There are examples of other DNA -binding proteins in which flexible structures are
involved in contact to the DNA.

Altogether the variety of participating structural elements is much greater than ori-
ginally assumed. A number of other structural elements have joined the originally des-
cribed helix-turn-helix motif of bacterial repressors, to demonstrate the wide variety of
mechanisms proteins employ to contact specific DNA sequences, and how the recogni-
tion motif can be integrated into the overall structure of the DNA-binding protein.
The numerous sequential and structural information available on DNA -binding prote-
ins allow them to be classified into various classes of DNA -binding motifs. The classifi-
cation of a newly identified protein is often performed on the basis of sequence compa-
rison alone, although, strictly speaking, one should await the analysis of crystal data.
Following is an introduction to the most common and well-characterized DNA -bind-
ing motifs:
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1.2.1.1 Helix-Turn-Helix Motif

The helix-turn-helix motif (HTH motif) is — historically seen — the first DNA -binding
motif whose structure could be solved in a complex with DNA. It is often found in bac-
terial repressors. Many eucaryotic DNA-binding proteins also utilize the helix-turn-
helix motif for specific binding on the DNA. An example is the homeodomain binding
protein ,,engrailed“ from Drosophila (review: Wolberger, 1996). Characteristic for the
helix-turn-helix motif is the positioning of an a-helix in the major groove of DNA (Fig.
1.2a&b). The recognition helix is connected by a turn to another helix, whereby the
position of the recognition helix is fixed. The two helices occur at a 120° angle to one
other. The binding motif is usually stabilized by further helices of the same or another
subunit. The detailed arrangement can differ significantly among the various helix-
turn-helix motifs.

Fig. 1.2. The helix-turn-helix motif in complex with DNA. a) side view of the A-repressor in com-
plex with DNA. The a-helices are drawn as cylinders. In the upper subunit the a-helices are num-
bered. Helices 2 and 3 form the classic helix-turn-helix motif. b) detailed side view of the binding
of a monomer of the A-repressor to the recognition half site emphasizing the most important pro-
tein-DNA contacts. This view displays the embedding of helix 3 in the major groove of DNA.
After Pabo and Sauer (1992), with permission. c) side view of the complex of the eucaryotic
,homeodomain“ binding protein ,,engrailed* with the cognate TAATX binding element. d) the
DNA -binding domain of the repressor of the 434 phage in complex with the recognition sequence
ACAA. After Harrison (1991), with permission.
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c) d)

Fig. 1.2. continued

1.2.1.2 Binding Motifs with Zinc Ions

The zinc binding motifs contain Zn** complexed by four ligating Cys and/or His resi-
dues (review: Berg 1993). Based on the stoichiometry of the complex, zinc fingers of
the type Zinc-Cys,His,, Zinc-Cys, and Zinc,-Cys, can be distinguished (Fig. 1.3).

Classical Zinc Fingers

The first zinc binding motif discovered was that of the eucaryotic transcription factor
TFIIIA of Xenopus laevis which contains 9 copies of a Cys,His,-Zinc motif. The struc-
ture of the binding motif is shown in Fig. 1.4. The central zinc ion serves to pack an o-
helix against a B-sheet and thereby position the a-helix. The recognition of the DNA
sequence occurs via this a-helix.

A very similar zinc finger is found in Zif268, a regulatory DNA-binding protein of
mice (Pavletich and Pabo, 1991). The structure of the Zif268-DNA complex is shown
in Fig. 1.5. In Zif268, three of the zinc-fingers are arranged along the coil of the DNA.
The DNA-binding element contains three repeats of the recognition sequence. This
results in a modular construction of the protein, so that the periodicity of the DNA is
reflected in the protein structure.

The zinc binding element plays, above all, a structuring role by ensuring that the
recognition helix is correctly oriented and stabilized. The zinc ion does not contact the
DNA directly. In Zif268 the zinc motif participates directly in the DNA-binding via
formation of a H-bond between the His residue of the zinc complex and the N7 of a
G:C base pair of the DNA.
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arrows emphasize contact with the major groove. b) periodic arrangement of fingers in the major
groove of the DNA. According Pabo and Sauer (1992), with permission.
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Zinc Finger of the Steroid Hormone Receptor

The DNA-binding of the steroid hormone receptor occurs via an approx. 60 amino
acid DNA-binding domain with two zinc-Cys,-motifs (see also 4.3.2). The structure
displays two so-called helix-loop-helix elements, each with a bound Zn** ion (Fig. 1.6).

Both zinc ions are each complexed by 4 Cys residues, whereby a non-equivalent
arrangement of the two Zn”" ions is observed. The binding specificity is accomplished
by amino acid residues near the N-terminus of the first helix in a helix-loop-helix ele-
ment.

Fig. 1.6. The Zn binding motif of the glucocorticoid receptor in complex with DNA. Shown is the
complex of the dimeric DNA-binding domain of the glucocorticoid receptor with the cognate
DNA element (Luisi et al., 1991). The Zn? ions are shown as spheres. The two Zn?* ions are cle-
arly non-equivalent. While one of the Zn** ions aids in the fixation of the recognition helix in the
major groove, the other correctly positions a structural element for the dimerization of the mono-
mers. MOLSCRIPT drawing (Kraulis, 1991).
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Transcriptional activator GAL4 of Yeast

Here two zinc ions are complexed by 6 Cys residues, whereby two of the Cys residues
bind to both Zn** ligands (see Fig. 1.3 & Fig. 1.4). The structure of GAL4 complexed
with its recognition sequence indicates that the Zn** ions mainly act to stabilize the
small globular GAL4 protein and to orient the recognition helix correctly within the
major groove.

Opverall, the zinc-binding motifs display a great variety of structural diversity. The
occurrence of a zinc binding motif can often be predicted based solely on a characteri-
stic series of Cys and His residues in a protein sequence. The complexation of a Zn** by
His and Cys residues serves to bring the recognition element of the protein into a
stable and unambiguous position relative to the DNA, thereby enabling specific cont-
acts with the recognition sequence.

1.2.1.3 Basic Leucine Zipper and Helix-Loop-Helix Motifs

This group of binding motifs displays as characteristic structural element an extended
bundle of two a-helices. The two a-helices are wound around each other in the form of
a ,coiled-coil“. At their end is a basic region which mediates the DNA-binding
(review: Ellenberger, 1994).

Basic Leucine Zipper

An example for the structure of a basic leucine zipper in complex with DNA is shown
by the transcription factor GCN4 from yeast in Fig. 1.7a. The leucine zipper takes its
name from the regular occurrence of leucine residues (or other hydrophobic residues) in
an o-helix. A leucine or other hydrophobic amino acid is found at every seventh posi-
tion of the helix (Fig. 1.8). This sequential arrangement brings the hydrophobic resi-
dues all along one face of the helix, and the hydrophobic residues of two helices can
interlock via hydrophobic interaction in a zipper-like manner. The leucine zipper is,
above all, a tool to associate proteins in higher dimensions, whereby homodimers as
well as heterodimers can be formed. The oligomerization of DNA-binding proteins is
usually a prerequisite for strong binding to the cognate DNA element.

The leucine zipper itself does not participate in the recognition; it is only utilized for
dimerization of the proteins. The N-terminal end of the basic leucine zipper motif is
relatively unstructured in the absence of DNA. A helical structure is induced upon
binding to DNA allowing specific contacts to the recognition sequence. Dimer forma-
tion is a prerequisite for the exact positioning of the N-terminal basic end in the major
groove of the DNA. Analogous to the dimeric structure of the protein, the DNA
sequence displays 2-fold symmetry (see 1.2.4).

The Helix-Loop-Helix Motif

One example of the basic helix-loop-helix motif (HLH-motif) is found in the eucaryo-
tic transcription factor Max (Fig. 1.7b and 15.3.2). The DNA-binding occurs by a paral-
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Fig. 1.7. Basic leucine zipper and helix-loop-helix motif in complex with DNA. A) The basic leu-
cine zipper of the transcription activator GCN4 of yeast consists of two slightly curved a-helices,
which dimerize with the help of the leucine zipper motif. The sequence specific binding of DNA
occurs via the basic ends of the two helices. They insert themselves into the major groove of the
DNA. B) The helix-loop-helix motif of the eucaryotic transcription factor Max complexed with
DNA. Molscript drawing (Kraulis 1991).

Fig. 1.8. Packing of the amino acids in the
interior of a leucine zipper, after Ellenber-
ger (1994), with permission.
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lel bundle of 4 helices with two basic ends. As with the basic leucine zipper motif, the
basic ends only attain a defined structure upon binding the DNA. The 4 helix bundle
forms via dimerization of two subunits of the Max protein. A structural element simi-
lar to that of the leucine zipper is responsible for the dimerization and stretches from
the helix-loop-helix structure in the direction of the C-terminus.

1.2.1.4 DNA-binding via -Sheet Structures

[-sheet structures as DNA-binding motifs are found in pro- and eucaryotic DNA-bind-
ing proteins. As an example, the structure of the MetJ repressor from E. coli is shown
in Fig. 1.9. The DNA is contacted in the major groove by the protruding (3-strands.

The eukaryotic transcription factor NFxB also binds DNA via -sheet structure (Fig.
1.10). Noteworthy is the enshrouding of the DNA by the 3-sheets of NF»B. The recog-
nition of the DNA elements is also achieved by interaction with the major groove of
the DNA.

1.2.1.5 Flexible Structures in DNA -binding Proteins

A series of DNA -binding proteins utilize additional flexible structures aside from defi-
ned structural DNA -binding motifs in order to increase the stability and specificity of
the complex. The A repressor grabs around the DNA helix with the flexible N-terminal
arm of the protein to contact the back side of the helix. The basic region of the leucine
zipper and HLH binding protein is a further example for the importance of protein fle-
xibility in DNA-binding. In the absence of DNA the basic portion of this binding motif
is poorly structured, and only following DNA -binding is an a-helix formed in the basic
region. The a-helix induced upon binding lies in the major groove of the DNA and
establishes specific interactions with the recognition sequence.

Fig. 1.9. DNA -binding via p-pleated
sheets. The repressor MetJ (E. coli) com-
plexed with the half-site of its operator
sequence. The binding occurs via two par-
allel 3-sheets in the major groove of the
DNA. Molscript drawing (Kraulis 1991).
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Fig. 1.10. The eucaryotic transcription factor NFxB in complex with DNA. Shown is the struc-
ture of a fragment of the p5S0 subunit of NFxB complexed with the recognition sequence. p50 of
NFxB binds DNA as a dimer. Each of the subunits contains a bundle of -sheets which enve-
lops the DNA so that only the minor groove is exposed. After Ghosh et al. (1995), with permis-
sion.

1.2.2 The Nature of the specific Interactions in Protein-Nucleic
Acid Complexes

The binding of a protein to nucleic acid is accomplished by weak, non-covalent interac-
tions. The interactions are the same as those involved in the formation of the tertiary
structure of a protein:

Hydrogen bonds (H-bonds)
Electrostatic interactions
Van der Waals interactions
Hydrophobic interactions

1.2.2.1 H-bonds in Protein-Nucleic Acid Complexes

Of central importance for the formation of a specific protein-DNA complex are hydro-
gen bonds. The H-bonds are clearly identifiable in high resolution structures. H-bonds
occur where a H-bond donor and acceptor lie with 0.27-0.31 nm of each other. Ener-
getically most favorable is the linear arrangement of the H-bond, with deviations from
linearity leading to a reduction in energy. This characteristic is responsible for the ste-
reospecific orientation of H-bond acceptors and donors. The H-bond thus contributes
significantly to the spatial orientation between protein and nucleic acid.
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There are many different H-bond donors as well as acceptors in proteins and nucleic
acids which contribute to the specific recognition. Important H-bond donors and
acceptors in proteins are Asn, Gln, Ser, Thr, Tyr, Glu, Asp, Arg, Lys, Cys and His. The
peptide bonds of the backbone often participate, as well.

The heteroatoms and exocyclic functional groups of the bases within the nucleic acid
can form H-bonds to residues of a binding protein, in addition to base pairing. Also,
the oxygen of the ribose or deoxyribose and the phosphate moiety of DNA can be
used as H-bond acceptors.

The various base pairs, e.g. A:T vs G:C, can be individually distinguished based on
their pattern of H-bond donors and H-bond acceptors, as viewed from the major
groove (Fig. 1.11).

The available structural information on protein-DNA complexes shows that mother
nature uses the spectrum of possible H-bond interaction in a flexible manner. Origi-
nally it was assumed that, similar to the genetic code, a specific code for contacting a
base pair by amino acids existed.

This idea has been refuted by the available structural information. There are many
possibilities for an amino acid to contact a base pair, and this repertoire is put touse.
Examples for the variety of H-bond interactions are shown in Fig. 1.12.
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Fig. 1.11. H-bond donors (D) and H-bond acceptors
(A) in A:T and G:C base pairs. Schematic display of
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Fig. 1.12. Examples for the H-bonds in protein-nucleic acid complexes. A) H-bond contacts of the
A-repressor in complex with its operator sequence. After Jordan & Pabo, (1988). B) H-bonds in the
complex between the Zinc fingers of Zif268 with the cognate recognition helix. Zif268 contacts the
DNA with three Zn-fingers (finger 1-3 in Fig. 1.5). Shown are the H-bond contacts formed between
the fingers and the base pairs of the recognition sequence. After Pavletich & Pabo, (1991).

The following points are noteworthy:

A base can be contacted by more than one amino acid residue. Furthermore, there
are many examples of one amino acid residue, e.g. Arg, contacting two sequential
bases. This type of interaction functions as a clip and maintains a spatially defined
arrangement.

The contact between protein and DNA can also be transmitted via bound water
molecules. In the crystal structure of the complex of the bacterial Trp-repressor and
the cognate operator sequence are found only a few direct H-bonds between the
amino acid residues of the protein and the bases of the recognition sequence. Rather,
the contacts between protein and nucleic acid are frequently established indirectly by
a chain of well-defined bound water molecules which contact the protein and the
bases, and thereby function as transmitter between the protein and DNA.

There are always numerous H-bond contacts formed between the recognition
sequence and the binding protein. The pattern of H-bond donors and H-bond accep-
tors is determined by the sequence and conformation of the DNA as well as by the spe-
cific structure of the protein. Both together lay the foundation for a specific recogni-
tion of the DNA by the protein.
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The Role of the Peptide Backbone

An important factor in the structure of protein-DNA complexes can be the peptide
backbone. The amide bond can function as an H-bond acceptor as well an H-bond
donor. Due to the reduced flexibility of the backbone vs. side chain (resonance stabili-
zation of the peptide bond), H-bonds to the peptide backbone lead to a rigid and tight
arrangement in the complex and contribute extensively to the exact fit between pro-
tein and nucleic acid.

1.2.2.2 Ionic Interactions

Tonic interactions result from the electrostatic attraction or repulsion between charged
groups. As opposed to H-bonds, ionic interactions are not directed and are effective
over greater distances.

DNA presents itself to a binding protein as a negatively charged, anionic substrate.
Accordingly, the protein displays a complementary positive potential, resulting from
an accumulation of basic amino acid residues. The electrostatic interaction between
the two oppositely charged binding surfaces of DNA and protein make a significant
energetic contribution to the formation of a stable complex.

The ionic interactions are, however, less suitable to distinguish between various base
pairs since only the phosphates of the backbone from the DNA are involved in the
interaction. Together with the specific H-bonds, the non-specific ionic interactions con-
tribute significantly to the formation of a stable complex. The positively charged sur-
face of DNA -binding proteins is also the reason for the ability of many such proteins
to bind DNA nonspecifically.

The compensation of the negative charges of DNA can also have a further effect. It
has been shown that the neutralization of the negative phosphate charge on one side to
the DNA helix can lead to bending of the DNA (Fig. 1.13). A charge neutralization by
a binding protein can, in this manner, favor DNA bending (Strauss and Maher, 1994).

1.2.2.3 Van der Waals Contacts

The van der Waals’ contacts are a type of electrostatic interaction and arise from an
interaction between permanent and/or induced dipoles in the bond pair. They are typi-
cally effective over a much shorter range than ionic interactions. The contribution of
van der Waals contacts to the binding of a protein to a DNA sequence is difficult to

protein
Fig. 1.13. Bending of DNA as a result of charge neu-

tralization by a DNA -binding protein. The negatively
charged DNA bends upon binding the positively char-
ged protein surface. On the side of the DNA facing
away from the protein excess negative charges build
up and repel each other. After Strauss & Maher

DNA bent DNA (1994).

o
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estimate, since many small contributions must be considered. An example for a contact
surface with many van der Waals interactions can be found in the complex of the
TATA box binding protein with the TATA box (see Fig. 1.16). In this case there are
extensive van der Waals contacts between the sugar residues of the DNA backbone
and the hydrophobic surface of the protein. Furthermore, phenylalanine residues stack
between the bases and are thus fixed via hydrophobic interactions (Kim et al., 1993).

1.2.3 The Role of the DNA Conformation in Protein-DNA
Interactions

The double helix of the DNA can only to a first approximation be considered a linear,
rod-like structure with the typical coordinates of B-DNA. Actually DNA possesses
considerable flexibility and conformational variability. The flexibility and structural
polymorphism of DNA are prerequisites for many of the regulatory processes on the
DNA level (review: Harrington, 1994; Alleman and Egli, 1997). Local deviation from
the classical B-structure of DNA, as well as bending of the DNA, are observed in many
protein-DNA complexes.

1.2.3.1 Local Conformational Changes of DNA

In recent years an astonishing structural variety has been uncovered for DNA. Crystal
structures have shown that, apart from the structural motifs of the A-, B- and Z-forms
of DNA, other, sequence-dependent structural variations exist which are observed
when smaller sequence fragments are examined in detail.

The structural variations can affect the width of the major groove, the extent of base
stacking, as well as the tilt of the basepairs to each other. The local conformational chan-
ges are sequence dependent and can be intrinsic properties and thus permanent occur-
rences; they can, however, also be induced by protein binding. The DNA sequence can
thus serve a double purpose for the recognition between DNA and protein.

Direct recognition: The order of bases can determine the pattern of weak interaction
and the specificity of the complex formation. In this case there is a direct recognition
of the sequence by the protein.

Indirect recognition: The DNA sequence can predetermine a particular conforma-
tion, which is a prerequisite for specific protein binding. Alternative DNA conforma-
tions will not be bound and recognized. We speak here of an indirect recognition of a
sequence:

DNA sequence — DNA conformation — recognition

The detailed analysis of DNA structure in the region of contact with the binding protein
often displays distinct divergence from the parameters of classical B-DNA structure.
The specific sequence-determined conformation of the DNA is often a prerequisite for
a specific recognition. This recognition mechanism is, for example, realized with the
Trp-repressor, where the sequence determines a certain spatial arrangement of the
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sugar-phosphate backbone. Only this arrangement is complementary to the
binding surface of the repressor and enables a strong binding (Otwinowski et al., 1988).

1.2.3.2 Bending of DNA

If one traces a longer stretch of a DNA molecule in solution, a clear divergence from
linearity becomes evident. Thermally induced structural fluctuations allow a bending
of DNA, which is why long DNA molecules are described as a random coil. This ben-
ding of the DNA occurs in molecules with a length of more than approx. 200 bp.

The bending of shorter DNA fragments can be attained via specific sequence with
intrinsic bending ability as well as by binding of proteins.

Sequence Determined Bending of DNA

There are DNA sequence motifs which induce an intrinsic bending of the DNA. For
both natural and synthetic DNA it has been show that the periodic occurrence of short
dA:dT sequences causes bending of the DNA (Fig. 1.14). Such a short dA-repeat (e.g.
das) leads to an intrinsic bending of the DNA by ca.18°. If the dA-repeats in the
sequence are properly arranged, then a definite bending of the DNA results. The
intrinsic bending of DNA is easily detectable by gel electrophoresis: a bent DNA mig-
rates in a native electrophoresis slower than a linear DNA of the same length.

Fig. 1.14. Intrinsic bending of DNA via periodic repeat of (dA)s_s sequences. An intrinsic ben-
ding of DNA of ca. 18° is induced per (dA)s_s sequence. Poly-dA repeats in 10 bp steps (the rise
of the DNA) result in a strong bending of the DNA, since in this configuration the axis of bending
lies on the same side of the DNA.
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Protein Induced Bending of DNA

There are numerous examples for a protein-induced bending of DNA. The bending of
a short segment of DNA (150-200 bp) leads to a loss of stacking interactions of the st-
electron system of neighboring bases and is energetically unfavorable. Stacking inter-
actions arise from interactions of the m-electron systems of bases atop one another and
contribute extensively to the stability of the double helix. An active bending of a short
piece of DNA is therefore only possible if the energy loss is compensated for by other
favorable interactions. For protein-induced bending of DNA, the energy is provided by
the complex formation with the protein. A portion of the favorable interaction energy
(H-bonds, hydrophobic interaction, etc.) compensates for the energy required to bend
the DNA. An important contribution to the entire binding energy derives from the
neutralization of the negative charge of the DNA. A neutralization of the negative
charges on only one side of the phosphate backbone by a positively charged protein
surface can lead to a bending of the DNA (see Fig. 1.13).

The divergence of the DNA conformation from a rod-like structure is observed to a
variable extent. The DNA can be slightly curved or abruptly kinked.

If the DNA is only slightly bent, as observed for the nucleosome-bound DNA, then
the required deformation energy is distributed over many base pairs. The energy requi-
rement per base pair is small and can easily be provided by the interaction energy with
the protein. Furthermore, such bending displays little sequence specificty.

Kinking of the DNA is observed, for example, in the DNA complex of the CAP pro-
tein, as well as for the TATA-box binding protein. In the complex of the CAP protein
there are two successive kinks in the DNA, each of which lead to a bending of ca.40°,
resulting in a net bend of 80°-90° (Fig. 1.15).

The TATA-box binding protein causes a kinking of the bound DNA at an angle of
ca.100° (Fig. 1.16). The flexibility of the alternating purine-pyrimidine sequences of
the binding site favor a prominent deformation of the DNA with little energy require-
ment. Thus, in the region of the kink, the minor groove is obviously widened and the
DNA strands partially separated. The widening of the minor groove allows numerous
van der Waals contacts with the protein (see 1.2.2.3).

-GT- -GT-
-CA- -CA-
N/

51° 43°

CAP dimer

Fig. 1.15. Bending of the DNA in the CAP protein-DNA complex. The CAP protein (E. coli)
binds as a dimer to the two-fold symmetric operator sequence. The DNA is bent nearly 90deg in
the complex. The turns are centered around two GT sequences (shown in black) of the recogni-
tion element.
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Fig. 1.16. Bending of DNA in the
TATA box. The DNA is kinked in
the complex of the TATA box bind-
ing protein (yeast) with the 8 base
pair TATA box (Kim et al., 1993).
The DNA is deformed in the region
near the kink: the minor groove,
which faces the protein, is clearly
widened. Molscript drawing (Kraulis,
1991).

What Purpose does the Bending of DNA Serve for Regulatory Processes?

Regulatory processes at the protein-DNA level require, above all, communication bet-
ween various DNA -bound proteins, which may not be bound to neighboring sequen-
ces. An important role of the actively induced or intrinsic DNA bending is to bring
linearly separated DNA sequences, and hence their bound protein, together. (Fig.
1.17). Only by bending DNA is an effective interaction between DNA -binding prote-
ins bound to distant DNA -binding elements possible.

An active bending of the DNA induced by regulatory proteins is of particular impor-
tance when a defined arrangement of the DNA in a small volume within a larger
nucleoprotein complex is required.

Bending plays an important role in the initiation of transcription. Studies in eucaryo-
tic systems have shown that a highly ordered DNA multi-protein complex is formed at
the starting point of transcription. The DNA does not exist as a linear cylinder, but
rather is spatially bent due to its bound proteins. The TATA box binding protein fun-
ctions initially to induce bending of the bound DNA. This bending creates defined
binding sites for other components of the transcription initiation complex. Further-
more, other sites are brought within proximity of each other which are separated in
their linear sequence. The bending of DNA therefore plays an essential function in
gene activation.

A further important function of the bending and deformation of DNA in a protein
complex can be to partially melt the sequences, thereby making them accessible for
recognition in transcription or DNA replication processes.
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Fig. 1.17. The significance of the bending of DNA
for protein-protein interactions. DNA -bound pro-
teins, which would not interact if associated with
linear DNA, can be brought together through

o

intrinsic or protein-induced bending of the inter-
f vening sequences. The bending of the DNA crea-
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1.2.4 Structure of the Recognition Sequence and Quarternary
Structure of DNA -binding Proteins

The recognition sequences for specific DNA -binding proteins usually include only 3-8
base pairs, arranged either palindromically or in direct repeats (Fig. 1.18). The symme-
try of the sequence in the DNA element is often reflected in the subunit structure of
the binding protein. Less common is the occurrence of a singular recognition sequence.

Palindromic Arrangement

Palindromic sequences with 2-fold symmetry are usually bound by dimeric proteins in
which each subunit of the protein contacts one half-site of the DNA element. The use
of 2-fold symmetry in the binding sequence and the protein dimers is an economical
approach to achieve high affinity binding. The DNA-binding motif of one subunit
often contacts only a few base pairs of the recognition sequence when in a complex.
This is generally not sufficient to ensure tight binding of a subunit. The recognition
sequence of the E2-protein of papillomavirus is composed e.g. of only three base pairs
(Hedge et al., 1992). Due to the repetition of the recognition sequence in a DNA ele-
ment, binding by the two subunits of a dimeric binding protein occurs in a cooperative
manner: if one subunit of a protein contacts one half of the recognition sequence, then
binding by the other subunit to the other half is strongly favored. Both subunits bind
cooperatively and a high affinity binding results. The 2-fold symmetry in the DNA
sequence and binding protein plays an important role in the specific binding process. If,
for example, a mutation inactivates one half of the recognition sequence, the other intact
site often no longer suffices to provide for a tight binding. The protein can then only bind
weakly and the mutated DNA element is often inactive in the in vivo situation.
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a) palindromic structure of 2 - fold symmetry
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recognition sequence of the E2-protein:
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Fig. 1.18. Structure and symme-

try of DNA recognition elements

and the oligomeric structure of
binding of a dimeric DNA binding protein to a recognition DNA -binding proteins.
sequence of 2 - fold symmetry sequence and binding protein
plays an important role in the
specific binding process. If, for
example, a mutation inactivates
one half of the recognition
sequence, the other intact site
often no longer suffices to pro-
vide for a tight binding. The pro-
tein can then only bind weakly
and the mutated DNA element is
often inactive in the in vivo situa-
tion.

b) tandem repeats of recognition sequences

Direct Repeats of the Recognition Sequence

Direct repeat of the recognition sequence requires a nonsymmetrical spatial arrange-
ment of the bound protein subunits (see chapter 4, Nuclear Receptors). The protein-
DNA complex has, in this case, a polar character and the protein bound on each of the
two halves of the recognition element can carry out different functions. Direct 2-fold
repeats are commonly observed for the DNA-binding elements of the steroid hor-
mone receptors (see chapter 4).

The promoter region of procaryotes and eucaryotes often contains multiple repeats
of a DNA element. In this case there can be a tandem-like arrangement of the multi-
mers of the DNA-binding protein.

An example for such an arrangement is the MetJ repressor of E. coli. The palindro-
mic recognition sequence of the MetJ repressor occurs in 2—-5 copies on the DNA. The
repressor itself binds as a dimer on one copy of the recognition sequence. Protein-pro-
tein interactions mediate cooperative binding of the repressor dimers to the adjacent
copies of the recognition sequence.

The occurrence of tandem-like repeats of the DNA elements, in conjunction with
the oligomerization of the cognate DNA-binding protein, allow specific structures to
be created which are vital for further regulatory processes. This functional principle is
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demonstrated poignantly by the E. coli Lac repressor/operator system. Three Lac
repressor binding sites are found within a 500 bp stretch in the Lac operon of E. coli.
Each of the three binding sites has a two-fold palindromic structure on which the Lac
repressor binds as a dimer (Lewis et al., 1996). The Lac repressor however exercises its
full repressive function as a tetramer. It is therefore assumed that dimers bound to
adjacent binding sites associate into tetramers (Fig. 1.19). The intervening sequence of
93 resp. 401 bp forms a loop, also termed the ,,repression loop“. The repressor acts in
this arrangement as a clip to bring together widely separated DNA sequences. It is
assumed that the specific arrangement of DNA in the loop has decisive consequences
for the ensuing transcription activity: the binding of RNA polymerase is hindered by
the DNA loop, while the loop creates the structural framework for further regulatory
proteins to bind, e.g. the Cap protein.

CAP RNA-Pal
03 01
™ I [ [T
$ — 93Bp ———— 4
Lac-Repressor- Lac-Repressor-
Dimer Dimer

Lac-Repressor-Tetramer

Fig. 1.19. Tetramerization of the Lac repressor and loop formation of the DNA. The Lac repres-
sor from E. coli binds as a dimer to the two-fold symmetric operator sequence, whereby each of
the monomers contacts a half-site of a recognition sequence. The Lac operon of E. coli possesses
three operator sequences O1, O2 and O3, all three of which are required for complete repression.
O1 and O3 are separated by 93 bp, and only these two sequences are displayed in the figure
above. Between O1 and O3 is a binding site for the CAP protein and the contact surface for the
RNA polymerase. The Lac repressor acts as a tetramer. It is therefore assumed that two dimers
of the repressor associate to form the active tetramer, whereby one of the two dimers is bound to
O3, the other dimer binds to O1. The intervening DNA forms a so-called repression loop. After
Lewis et al., 1996.
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The distance and nature of the bases between both the palindromic as well as the
direct repeats of the recognition sequence plays an important role. It is evident that a
dimeric protein would bind optimally to a 2-fold symmetric sequence only if the
distance between the recognition elements matches the distance as determined by the
protein structure. If one increases the distance by a few base pairs, a loss in cooperative
binding capacity of the dimerization motifs of the protein to the rigid intervening DNA
may result. The distance between the contacting sequence elements is particularly
important for the DNA-binding elements of the nuclear receptors (see chapter 4). The
DNA -binding element of the estrogen receptor differs from, e.g. that of the Ts-recep-
tor, only with respect to the number of bases between the two half-sites of the recogni-
tion sequence. In this case the distance between the half sites decides which of the two
receptors will bind and act as gene regulators.

A further aspect of the occurrence of multimeric recognition elements is the possibi-
lity for the formation of heterodimers (see 1.4.4.3). There exist related classes of DNA -
binding proteins which recognize similar DNA-binding motifs and possess a common
dimerization motif. Among these both homodimers as well as heterodimers can be for-
med which bind to DNA with slightly different specificities. The possibility for forma-
tion of heterodimers and homodimers of related DNA -binding proteins represents an
important strategy to expand the specificity of the regulatory process. A notable
example is the nuclear receptors (chapter 4).

1.3 The Principles of Transcription Regulation

1.3.1 General Mechanism

1.3.1.1 Elements of Transcription Regulation

Transcription represents the most important point of attack for the regulatory proces-
ses which control the flow of genetic information from DNA to mature protein. Prima-
rily it is the initiation of transcription that is regulated, since this represents the rate-
limiting step. The essential elements of such a regulation are (1) the cis-acting DNA
sequences, which usually represent specific protein binding sites, and (2) trans-acting
DNA-binding proteins, which specifically bind these DNA sequences to thereby influ-
ence the transcription process.

Cis-acting DNA elements can lie near the start site of transcription or be quite
distanced from it. Furthermore, there are examples among eucaryotes in which the cis
element is found within the transcribed region. If the cis element is located far from
the site of action and its effect is also orientation-independent, then it is termed an
enhancer. Furthermore, one frequently observes in eucaryotes so called composite
control regions which contain various cis elements. In this case, several transcription
factors act cooperatively in the initiation of transcription. Examples for such coopera-
tive effects are observed among the genes controlled by nuclear receptors.

DNA -binding proteins can exercise a negative or positive influence on transcription
upon binding to their cognate cis element (Fig. 1.20).
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1.3.1.2 Negative Regulation of Transcription

Negative regulation of transcription implies that the binding of a regulatory protein
leads to inhibition of transcription. Such proteins are described as transcriptional
repressors. Negative regulation among procaryotes is often accomplished by the bound
repressor blocking the access of the RNA polymerase to the promoter. This occurs if,
for example, the binding sequence of the repressor and promoter sequence partially
overlap. Bound repressor proteins can also cause a change in the conformation and
topology of the DNA, which can indirectly inhibit transcription. Another mechanism
for negative control involves binding of the regulatory protein to another protein
whose function is essential for transcription; such binding then interferes with the fun-
ction of the latter.

1.3.1.3 Positive Regulation of Transcription

Positive regulation implies that the bound protein stimulates transcription. Such prote-
ins are termed transcriptional activators. Transcriptional activation plays a central role
in eukaryotes (see 1.4.3). There are various mechanisms of transcriptional activation.
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Usually protein-protein interactions between the transcriptional activator and compo-

nents of the transcription apparatus are involved.

1.3.1.4 Functional Requirements for Repressors and Transcriptional activators
Regulatory DNA-binding proteins are multi-functional. Aside from their DNA -

binding property, they also have the ability to register regulatory signals and transmit

the signals on to the transcription apparatus. (Fig. 1.21).

Specific DNA -binding

Regulatory DNA-binding proteins generally display specific and selective DNA -bind-

ing capacity. In this way only those genes which possess a copy of a particular DNA -
binding element are subjected to regulation by the corresponding binding protein.

effector domain

signal transactivating
J_ domain
—_—
DMNA binding domain
inactive active

protein-protein interaction
stimulation

L | /

b 4

DNA element transcription complex

.

Fig. 1.21. Structural and functional principles of transcription activators. Typical transcription
activators of eucaryotes possess a DNA -binding domain, an effector domain and a transactivating
domain. An incoming signal is registered by the effector domain and transformed into a change
in affinity for DNA. In the active state, the transcription activator is capable of binding to its cog-
nate DNA-binding element. Protein-protein interactions with the transcription apparatus bound
to the promoter mediate a stimulation of transcription initiation.
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Registering a Regulatory Signal: Activation and Inactivation

A regulatory DNA-binding protein possesses structural elements for the registration
of incoming signal, which leads to a change in concentration of the active binding pro-
tein. The activation (or inactivation) of the binding protein can be connected with a
change in the ability to bind DNA, or can influence the capacity of the protein to inter-
act with the transcription apparatus.

Communication with the Transcription Apparatus

The DNA-binding protein must be capable of transmitting signals to the transcription
apparatus via protein-protein interactions. DNA-binding alone can be ascribed the
function of increasing the effective concentration of the transcription regulator at the
site of the transcription apparatus.

Turning off the Transduction of Signal

Regulatory signals should only be effective for a limited period of time and under cer-
tain external conditions. This also holds, of course, for regulation at the transcription
level. It is therefore necessary to turn off the transduction of signal by the DNA-bind-
ing protein after the mediated demands have been fulfilled. Cells use common mecha-
nisms for both the activation and inactivation of signal pathways. These are summari-
zed below.

1.3.2 Mechanisms for the Control of the Activity of DNA -binding
Proteins

The binding ability of regulatory DNA -binding proteins can be controlled by the follo-
wing mechanisms:

1.3.2.1 Binding of Effector Molecules

Low molecular weight effectors are commonly emloyed in bacteria to change the
DNA-binding activity of repressors or transcriptional activators and to control the
amount of active DNA-binding proteins. This type of regulatory mechanism is fre-
quently used for metabolic pathways, as in, for example, the biosynthesis and degrada-
tion of amino acids. The effector molecules represent components arising from the par-
ticular metabolic pathway. The goal of this regulation is to adjust the transcription rate
to the current demand of the gene product.

The binding of small molecular weight effectors to regulatory DNA -binding protein
can lead to an increase or decrease in the affinity of the protein for its recognition
sequence.
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Increase in the binding affinity upon binding of the effector:

Trp repressor (E. coli) Effector: tryptophan
CAP protein (E. coli) Effector: cAMP

Decrease in the binding affinity upon binding of the effector:
Lacrepressor (E. coli) Effector: allolactose

The strategies and mechanisms of effector molecules on regulatory DNA -binding pro-
teins can be elucidated on the example of the Trp repressor of E. coli.

The Trp repressor controls the transcription of a total of five enzymes required for
the biosynthesis of tryptophan (Fig. 1.22a). The genes for the five enzymes are encoded
in a single operon, whereby the binding site for the Trp repressor overlaps with the
promoter. The bound repressor blocks the RNA polymerase’s access to the promoter,
thereby inhibiting transcription.

The enzymes of Trp-biosynthesis are only required if too little tryptophan is avai-
lable to the bacteria from the growth medium. In such a case the Trp requirement is
fulfilled by the cell’s own Trp biosynthesis. If however, there is enough Trp supplied by
the medium, then it is prudent to shut down the Trp operon. The sensor is the Trp con-
centration. The Trp repressor registers the current Trp concentration with the help of
its own Trp binding site. If a great deal of Trp is present, then the Trp binding site of the
repressor is occupied by Trp. The Trp repressor binds Trp with high affinity (Kp=10"-
10 M), upon which transcription of the operon is then blocked.

At low Trp concentration the Trp repressor is mainly in the unbound, inactive form.
The free form of the Trp repressor binds with a ca. 10*-fold lower affinity to the recog-
nition sequence than the Trp-bound form. The promoter remains free under these con-
ditions and transcription of the genes for Trp biosynthesis can occur. The shutting on
and off of the Trp operon is based on the disparate DNA affinities of the free and Trp-
bound repressor .

The Trp repressor is representative of many other DNA-binding proteins which
occur in a binding and non-binding form as regulated by effector molecules. The bind-
ing of the effector molecule determines whether the protein is in either the active or
the inactive form. Active and inactive forms differ by a factor of 10*-10° in their affinity
for their cognate sequence. The affinity of the inactive form for the recognition
sequence usually lies in the same range as its affinity for random, non-specific DNA
sequence. The inactive binding protein is incapable of selectively binding the specific
DNA element. The structural basis for the affinity differences are changes in the pro-
tein structure induced upon binding the effector molecule.

Molecular Basis for the Control of Binding Activity of a Repressor by Effector
Molecules

The comparison of the structure of a binding protein in the inactive form and in the
active form bound to DNA gives an impression of the conformational changes correla-
ted with binding of effector molecules. The Trp repressor is, next to the Lac repressor
from E. coli, one of the few examples in which the structural basis for the difference in
DNA -binding affinity of the inactive vs. active form is understood (Fig. 1.22b).
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Fig. 1.22. Regulation of the Trp operon in E. coli. A) The Trp repressor requires Trp in order to
bind its affiliated DNA-binding element. In the absence of tryptophan, the Trp repressor can not
bind to the regulatory sequence and is therefor inactive. Upon an increase in the tryptophan con-
centration, tryptophan binds to the Trp repressor and transforms it into a binding-proficient form.
The DNA bound Trp repressor prevents the transcription of the structural genes, and the biosyn-
thesis of tryptophan is halted. B) structural basis for the activation of the DNA -binding of the Trp
repressor by tryptohan molecules. The dimeric Trp-repressor recognizes the two-fold symmetric
recognitions sequence with the help of a helix-turn-helix motif. In the absence of tryptophan the
spacing between the two recognition helices is too small to allow entry into and binding of the
major groove. Upon binding tryptophan, the flexible recognition helices are pushed apart and
oriented for optimal contact to the half sites of the DNA elements. Reproduction with permission
from Alberts et al., 1994, p. 418.
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In the Trp-bound, binding-competent form, the helix-turn-helix motif of the repres-
sor is found in a position favorable for contacting the recognition sequence, and the
recognition helix can interact with the major groove of the DNA. The effector mole-
cule tryptophan binds near the helix-turn-helix motif and performs several tasks: first,
it orients and fixes the recognition helix in such a way that the specific interactions with
the DNA recognition element can be formed. Furthermore, the bound tryptophan is
indirectly involved in interactions with the DNA, in that it supports the formation of
H-bonds to the DNA by certain amino acid residues. In the Trp-free form the prerequi-
site for a strong cooperative binding of the repressor dimer are not fulfilled since the
recognition helices are not postioned optimally for binding to the recognition sequence
in the major groove of the DNA.

1.3.2.2 Metal Ions as Effector Molecules

Metal ions can serve as effector molecules as well as control the DNA -binding activity
of regulatory proteins. An example is the regulation of the metallothionein gene in
eucaryotes (Fig. 1.23). The metallothioneins are small, cysteine rich proteins which can
specifically bind metal ions like Cu* or Zn**. The complexation of metal ions functions
to sequester the ions in a form that is not damaging to the cell.

The gene for metallothionein is induced by metal ions. The goal of the regulation is
to provide enough metallothionein for the complexation of metal ions and thus to
maintain the concentration of free metal ions at a tolerable level for the cell.

The transcription of genes for metallothionein is under positive regulation by the
DNA -binding protein ACE, which binds an ACE-specific DNA element in the metal-

| Metallothionein - 8 Cu’ |
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Fig. 1.23. Regulation of the transcription of metallothionein by Cu'. The transcription of metal-
lothionein is controlled by the transcription activator ACE, whose specific DNA -binding capacity
is regulated by Cu*which functions as an effector of the ACE protein by binding to the protein
and regulating its DNA-binding ability.
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lothionein promoter. The DNA-binding activity of the ACE protein is furthermore
controlled by the level of Cu®. The ACE protein requires Cu” in order to be able to
specifically bind its recognition element. It possesses a total of eight Cu* binding sites
and its active conformation is induced upon binding of Cu". In the Cu*-bound form the
ACE protein acts as a transcriptional activator. In the absence of Cu" a specific binding
of the ACE recognition sequence is not possible, and the expression of the metallo-
thionein gene is inhibited.

A recent example for the regulation of DNA-binding proteins by metal ions is the
transcriptional repressor DREAM that binds to the cognate DNA element only in the
absence of Ca** (Carrion et al., 1999). An increase of Ca*" in the form of a Ca** signal
(see Chapter 6) leads to reduced affinity of the repressor for its DNA element and to
an increased expression of the target gene.

1.3.2.3 Binding of Inhibitory Proteins

Specific DNA -binding proteins can be constrained in their ability to function as gene
regulators by complex formation with inhibitor proteins. Examples are the steroid hor-
mone receptors which, in the cytosol, are bound in their inactive form to the proteins
hsp90, hsp56 and p23 (see chapter 4). Also the GALA4 transcriptional activator of yeast
occurs in the cytosol as a complex with the inhibitory protein GALS0, and in this form
is regulatory inactive (Fig. 1.24).

In response to an incoming signal, e.g. a low molecular weight effector molecule, the
DNA-binding protein is released from the inactive complex. The steroid hormone
receptors are a noteworthy example, which are found in the cytosol in inactive form
bound to an inhibitory protein. The concentration of steroid hormone serves as a
signal. The binding of steroid hormones to the receptor enables the dissociation of the
inhibitory protein and the subsequent transport into the nucleus where the receptor
can function as a gene regulator (see 4.4.1).

Protein phosphorylation also serves as a tool to release the DNA-binding protein
from an inhibitory complex in the cytosol. The free DNA-binding protein can then, for
example, be transported into the nucleus where it is then available for the regulation
of gene expression. In this manner the activity of the transcription factor NFxB is regu-
lated (Thanos and Maniatis, 1995; see 2.7).

1.3.2.4 Modification of Regulatory Proteins

Post-translational covalent modification of DNA-binding proteins is a mechanism com-
monly employed among eucaryotes to control the activity of DNA -binding proteins.

Of particular importance is the phosphorylation of eucaryotic transcription factors.
Functional and mechanistic consequences of the phosphorylation of transcription fac-
tors will be discussed in more detail in the section on the regulation of eucaryotic trans-
cription (see 1.4.3.2). Specific or non-specific protein phosphatases (see 7.5) can
remove the phosphate residues and terminate the phosphorylation signal.

A singular example of how covalent modification can be used to achieve transcrip-
tion control is found in the regulation of the adaptive repair of DNA damage in proca-
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Fig. 1.24. Regulation of trancription of the enzymes of galactose metabolism by the inhibitory
protein GALSO0 and the transcription activator GAL4. The trancription activator GAL4 controls
the transcription of the gene for the protein GAL1 (galactose-1-kinase) and GAL10 (galactose
epimerase). In the absence of galactose, GALA4 is inactive due to complexation with the inhibitor
protein GALSO. In this case, Gal4 can bind the associated GAL4 element, but no transactivation
occurs. If galactose is available, then a currently unidentified product of the galactose metabolic
pathway leads to dissociation of GALS0 from the inhibitory complex and the inhibition of trans-
cription is uplifted.

ryotes. Here, the DNA -binding activity of a transcriptional activator is controlled by its
methylation (Fig. 1.25).

In adaptive repair, primarily alkylation damage of DNA is repaired. Alkylating
agents such as N-methyl-N-nitroso-urea methylate DNA, whereby various O- or N-
methylated base adducts are produced. A methlyation of the phospate residue is also
possible. The base adducts produced, for example O°-methly-dG, can lead to mispai-
ring during DNA replication and are potentially mutagenic. The cell repairs such DNA
damage with the help of S-alkyl transferases. The S-alkyl transferases accept the
methyl group from the DNA and are thereby methylated themselves. The methylation
occurs on an essential Cys-SH of the S-alkyl transferase, and irreveribly inactivates the
enzyme. Thus, S-alkyl transferase is used in an amount stochiometric to the damaged
DNA and commits ,,suicide” upon repair (suicide enzyme).
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Fig. 1.25. Regulation of alkylation repair in E. coli by methylation of the Ada protein. The effect
of methylating agents, such as N-nitroso-N-methyl urea lead to the formation of methyl phospho-
triesters (P-Me) of DNA, as well as various base adducts. The Ada protein possesses an N-termi-
nal and a C-terminal domain. In one of the first steps of alkylation repair the methyl groups of the
phosphotriester is transferred to the Ada protein. The Ada protein is methylated on a Cys residue
at its N-terminal domain and thereby transformed into an active transcription activator. In its
methylated form the Ada protein binds to the control region of various genes to stimulate their
transcription. Among the genes under the control of the Ada protein are its own gene, as well
others required for DNA repair (alkB, alkA). After Lindahl et al., 1988.

In E. coli, repair is induced by alkylation damage. The repair of methylated DNA is
performed by, among others, the Ada protein which possesses S-alkyl transferase and
transcription activation activity. The Ada protein is methylated during the first repair
process. In the methylated form the Ada protein can function as a transcriptional acti-
vator. It binds to the corresponding DNA element of an operon which encodes for
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Ada and other proteins. Upon the binding of the methylated Ada protein to its cog-
nate DNA element, the transcription of the genes is stimulated such that more repair
proteins are available.

Further covalent modifications of regulatory DNA -binding proteins include acetyla-
tion (e.g. of Lys residues in the transcription factor GATA-1 (Boyes et al., 1998)) and
ADP-ribosylation (see 5.5.2), to name a few.

1.3.2.5 Changes in the Concentration of Regulatory DNA -binding Proteins

The amount of available DNA -binding proteins is, in many situations, a critical factor
for the extent of transcription regulation. The concentration of regulatory DNA -bind-
ing proteins can be regulated within the framework of the following processes in euca-
ryotes:

— transcription

— splicing, transport

— translation

— compartmentalization
— protein stability

autoregulation of transcription

+1

active:

transcription ‘

4+— signal

inactive:

transcription t

Fig. 1.26. Principles of autoregulation of transcription. In autoregulation, a repressor controls
the transcription of its own gene as well as the transcription of other genes (X,Y).
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The above points will be discussed in more detail in the following section (1.4) in the
context of eucaryotic gene regulation.

Only autoregulation will be introduced as an example for the regulation of DNA -
binding proteins at the level of transcription.

Autoregulation implies that a repressor regulates the transcription of its own gene
(Fig. 1.26). In the operator region for the genes of the repressor is found a binding site
for the repressor itself so that it can function as its own negative regulator. If little
repressor is available, then the associated DNA element remains unoccupied and the
transcription of the repressor gene is no longer blocked. Increasing concentration of
the repressor leads to increased occupation of the repressor binding site and to an inhi-
bition of the transcription of the repressor. Usually, binding sites also exist for the
repressor in other operons. The extent of occupation of the various operons is determi-
ned by the affinity of the repressor to the various operator binding sites.

An example for autoregulation is found in the hut-operon of E. coli and in the regu-
lation of the SOS response in bacteria via the lexA repressor. There are examples of
autoregulation at the level of translation as well (see 1.5.6).

With the aid of autoregulatory processes it is possible for the cell to maintain a mini-
mal concentration of repressor.

1.4 Regulation of Transcription

Procaryotes and eucaryotes differ decisively in the structure of the transcription start
site and the complexity of the transcription appartus. For a better understanding we
want to briefly summarize procaryotic transcription and then contrast it to eucaryotic
transcription (review: Eick and Heumann, 1994).

1.4.1 Opverview of Transcription Initiation in Procaryotes

Transcription initiation in procaryotes is controlled via promoters and regulatory DNA
sequences located near the promoter. The role of the promoter is to provide a defined
association site for the RNA polymerase and to correctly orient it. The binding of the
RNA polymerase to its promoter is controlled by the sigma factor, a component of the
RNA polymerase holoenzyme. The sigma factor selects which genes are to be transcribed
by specifically recognizing the promoter sequence and structure and by allowing the RNA
polymerase to form a transcription-competent complex at the transcription start site.

Mechanism of Promoter Recognition

A transcription-competent complex must be present at the initiation site, with partial
melting of the DNA, for the RNA polymerase to be able to add ribonucleotides com-
plementary to the DNA template.

The formation of a transcription-competent complex can be described according to
a two step mechanism (fig 1.27). The initial binding of the RNA polymerase to the pro-
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Fig. 1.27. Two-step mechanism
closed complex, of transcription initiation. The
low affinity binding of a procaryotic RNA

polymerase to its promoter can
be subdivided into two steps. In
the first step the RNA polyme-
rase binds to the closed promo-
tor with low affinity. The closed
complex isomerizes in a second
step to an open complex in
which the promoter is partially
unwound. Detailed considera-
tion reveals that further steps
can be distinguished. These are

open complex, not shown here for simplicity

high affinity reasons.

motor leads to the formation of a closed complex in which the RNA polymerase is only
weakly bound. Isomerization of the closed complex transforms it into a transcription-
competent open state. In the open complex the RNA polymerase is tightly bound and
the DNA is partially unwound at the transcription start site.

The RNA polymerase of E. coli possesses with its subunit construction (a,f’0) a
simple structure in comparison to eucaryotic RNA polymerases. The sigma factor is
only required for the recognition of the promoter and the subsequent formation of a
tight complex. After the incorporation of the first 8—10 nucleotides into the transcript,
the sigma factor dissociates from the holoenzyme, and the remaining core enzyme car-
ries out the rest of the elongation.

There are several sigma factors in E. coli (6, 6™, 6%, 6®) which can associate with
the core enzyme to form the holoenzyme. The various sigma factors differ significantly
with respect to their cognate promoter sequences. The overwhelming majority of the
promoters in E. coli are recognized and activated by ¢’°-containing holoenzymes.

A comparison of the activation of 6" and o**-dependent promoters helps us under-
stand some of the basic points of transcription activation, which also play an important
role in eucaryotic transcription.

1.4.1.2 o¢"-Dependent Transcription
Key elements of o’’-dependent promoters are the TATA box with the consensus

sequence TATAAT 10 bp upstream from the transcription initiation site (pos. -10), and
the sequence TTGACA at the position -35 (Fig. 1.28). Both sequences are necessary
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Fig. 1.28. Promoter structure of o’’-dependent genes in E. coli.

for the recognition of the promoter by 6”°. The intervening sequences, as well as other
upstream sequences, can also influence the efficiency of transcription initiation. It is
not possible to define consensus sequences at these positions. An optimal ¢’°-depen-
dent promoter can be defined as a sequence with the -35 hexamer as well as the -10
hexamer 17 bp away. The latter lies 7 bp upstream from the transcription initiation
site.

The more than 1000 currently known promoters in E. coli display a significant gra-
duation in efficiency of transcription initiation. There are strong and weak promoters
depending upon their deviation from the optimal promoter. In bacteria part of the
variability in the efficiency of transcription initiation can be explained at the level of
the different promoter sequences. Some promoters do not possess any of the above
mentioned structural characteristics.

An important aspect of ¢’°-dependent promoters is the fact that the holoenzyme is
capable of initiating a weak transcription even without accessory proteins. In this way,
the 0" containing holoenzyme can independently carry out all necessary steps, e.g.
melting of the DNA, so that a constitutive transcription without the participation of
regulatory proteins is possible. In this case, the extent of transcription depends on the
affinity of the holoenzyme for the promoter and, thus, depends indirectly on the pro-
moter sequence.

The recognition sequences of regulatory proteins may overlap not only the promo-
tor site, but can also be found in the immediate vicinity of the ¢ promoter. The
sequence elements are relatively simple and often include only one binding site for
regulatory proteins.

Transcriptional activity is controlled mainly according to two mechanisms:

Repressors turn off transcription by, for example, competing with the holoenzyme
for binding to the promoter. RNA polymerases and repressors compete if the repres-
sor binding site overlaps with the promoter sequence (see 1.3).

Transcriptional activators turn a gene on by increasing the efficiency of transcription
initiation above the basal level. Transcription activation plays a particularly important
role for the promoters classified as weak based on their sequence. It is assumed that
the transcription activation occurs via protein-protein interactions between the DNA -
bound transcriptional activator and the holoenzyme. This form of activation demands
a close and defined contact. A change in the distance between the transactivator bind-
ing site and the promoter may lead to a loss in the stimulatory effect if direct communi-
cation between the two proteins is no longer possible. On the other hand, a shift in the
binding site of the transcriptional activators upstream in the direction of the promoter
can lead to inhibition of transcription. Characteristic for the regulation of 6°-depen-
dent promoters by DNA-binding proteins is the tightly defined region within which
the regulatory protein must bind relative to the binding site of the RNA polymerase
holoenzyme.
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Mechanism of Transcription A ctivation

Structural data on the interaction of transcriptional activators with the RNA polyme-
rase holoenzyme are not yet available. We therefore rely on models to explain the
mechanism of transcriptional activation. A plausible and experimentally supported
model of transcriptional activation for 0’ promoters assumes that the transcriptional
activators recruit the RNA polymerase holoenzyme to the promoter. According to this
model, the DNA-bound transcriptional activator interacts with the holoenyzme, itself
either free or DNA-bound, thus enabling the RNA polymerase to form a tight com-
plex with the promoter. The recruitment increases the life span of the holoenyzme-
DNA complex and/or eases the transition to the open, high affinity complex, from
which transcription initiation occurs (review: Ptashne and Gann, 1997). Without trans-
criptional activators present, the holoenzyme binds only weakly to the promoter and
the transition to the open complex occurs only at a low frequency. Components of the
holoenzyme that may be involved include the a-subunit or the o-factor. Multiple, syn-
ergistically acting contacts can be formed between the transcriptional activator and the
holoenzyme. This concept does not predict a conformational change in the holoen-
zyme, but does assume that the interactions between the holoenzyme and transcriptio-
nal activator are rather non-specific in nature. As already proven experimentally, hete-
rologous binding surfaces can also carry out this function.

1.4.1.3 o> -dependent Promoters

This type of promoter displays markedly different characteristics compared to the ¢”’-
dependent promoter. The 0**-containing holoenzyme binds tightly to the promoter in
the absence of transcriptional activators. In this closed state, however, it is not capable
of initiating transcription. The transcriptional activators are required in this case to
activate the promoter-bound holoenzyme for initiation, i.e. to transform it into the
open complex (see Fig. 1.29). Activation is mediated via protein-protein interactions
between the transcriptional activator and the RNA polymerase holoenzyme, and is
accompanied by ATP hydrolysis. The binding site for the transcriptional activator is
found at a distance of ca.110 bp upstream form the start site and can be shifted further
upstream without loss of stimulatory effect. Direct interaction of the holoenzyme with
the bound transcriptional activator is possible due to loop formation of the intervening
DNA. The strict dependency on transcriptional activators for transcription initiation
indicates that the DNA-bound holoenzyme alone is not capable of isomerizing to the
transcription-competent open complex. The transition to the open complex requires
interactions with the transcriptional activator, an event which occurs with ATP hydro-
lysis.

A detailed, structural based description of the mechanism of transcription stimula-
tion in procaryotes is currently not possible since such data is not yet available.
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Fig. 1.29. Mechanism of promoter activation of ¢**-dependent genes in procaryotes. The forma-
tion of an open, initiation-competent transcription complex for **-dependent genes requires the
assistance of transcription activators, which bind to their cognate UAS element. Upon loop for-
mation of the intervening DNA sequences, the transcription activator interacts with the 0**-con-
taing RNA polymerase bound to the promoter. The activation is accompanied by ATP hydrolysis
and leads to the formation of an open complex.

1.4.2 Structure of the Eucaryotic Transcription Apparatus

Three types of RNA polymerases exist for the transcription of eucaryotic genes, each
of which transcribes a certain class of genes. All three enzymes are characterized by a
complex subunit structure.
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RNA polymerase I is responsible for the transcription of the ribosomal RNA genes
(class T genes), RNA polymerase II transcribes the genes encoding proteins (class IT
genes), and RNA polymerase III transcribes the genes for the tRNAs and the 58S ribo-
somal RNA (class III genes). Below we will limit the discussion to RNA polymerase 11
and the genes transcribed by it since it plays the most important role for regulatory
processes and signal transduction. Aside from this, many characteristics of the trans-
cription of the genes of class II are also valid for genes of the class I and IIL

1.4.2.1 Structure of the Transcription Start Site and Regulatory Sequences

The promoter activity of class II genes is guided primarily by three structural elements
(Fig. 1.30):

The TATA box and/or an initiation sequence are structural elements which define a
minimal promoter from which in vitro transcription can be initiated. A classical TATA
box is often, though not always, ca. 30bp from the transcription start site. The initiation
sequence includes sequences in the immediate vicinity of the transcription start site.
The TATA box and initiation sequence are sufficient for the formation of a basal trans-
cription apparatus composed of general initiation factors for transcription and RNA
polymerase II (see Fig. 1.31).

Not every eucaryotic promoters possesses a TATA box. For promoters devoid of a
TATA box, the initiation sequence is determining for promoter selection and forma-
tion of the pre-initiation complex.

An increase in the basal transcription activity originating from the promoter requi-
res regulatory DNA sequences. These sequences can be proximally or distally located
and serve as binding sites for transcriptional activators. The cis-acting DNA elements
can be found near the promoter in either orientation. They are often termed ,,upstream
activating sequences“ (UAS). Regulatory sequences can also be located far from the
promoter. Their effect is independent of their orientation and they are known as
enhancers.

A combination of several cis-elements, and thus several transcriptional activators,
are often involved in the regulation of eucaryotic transcription. Transcription activa-
tion, in these cases, results from the complex concerted action of various specific
DNA -binding proteins.

ca. 30 bp +1

- [—'
I — T | 1
‘enhancer' UAS TATA-Box initiation region

Fig. 1.30. Structure of a typical eucaryotic transcription start site. Enhancer elements and UAS
elements (UAS: upstream activating sequences) are binding sites for positive and negative regula-
tory DNA -binding proteins. The TATA box is the binding site for the TATA box binding protein
(TBP) and serves to position the RNA polymerase holoenzyme on the promoter. For promoters
that do not possess a TATA box, this function is fulfilled by an initiator region.
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i :l_l—' Fig. 1.31. Model for the formation of a pre-
m‘ Liﬁ‘ initiation complex and further steps for trans-
cription initiation in eucaryotes. A functional
TEP. (od. TFID], TFIIA pre-initiation complex (PIC) can be recon-
structed in vitro from purified general trans-
TFIB cription factors and RNA polymerase II. Suc-
cessful reconstruction requires the addition of
TFIIF + RNA Pol Il general transcription factors in the indicated

order, whereby each of the given steps is sup-
ported by the experimentally confirmed exi-
stence of the implied intermediates. In the
case of a TATA box-containing promoter, the
first step in the reconstruction consists of the
binding of the TATA box binding protein
(TBP). It is assumed that under more physio-
logical conditions the TFIID complex (toge-
ther with the associated TBP) binds to the
promoter in the first step. TFIIA can join the
pre-initiation complex after the binding of
TBP at any of the following steps, but is not
essential for the in vitro formation of a functi-
ATP l unwinding of DNA onal pre-initiation complex. The pre-initiation
complex is stabilized and favored by interacti-
ons of the general transcription factors with
NTEs l initiation the TAFs (TAF: TATA box binding protein
associated factors). After the formation of the
closed pre-initiation complex and under ATP
requirement, melting of the DNA and transi-
tion to the open complex occurs, in which the
first nucleotide is added in the actual initiation
step. The subsequent phosphorylation of the
l carboxyl terminal domain (CTD) of the large
subunit of RNA polymerase II causes the dis-
sociation of the RNA polymerase from the
promoter and transition to the elongation phase. After termination the RNA polymerase is
dephosphorylated and is ready for the next round of transcription (not shown in the above
figure). INR: initiation region.
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1.4.2.2 [Elementary Steps of Eucaryotic Transcription

As in procaryotes, the elementary steps of initiation, elongation and termination can
be distinguished in eucaryotic transcription. Aside from the specific RNA polymera-
ses, transcription in eucaryotes requires the action of numerous other proteins which
are collectively known as transcription factors. Transcription factors are required at the
level of initiation, elongation, and termination and are accordingly known as initiation
factors, elongation factors and termination factors of transcription.

Transcription in eucaryotes can, as shown schematically in Fig. 1.31, be subdivided in
the following steps (Review: Roeder, 1996, Nikolov and Burley, 1997):
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1) Formation of a Pre-Initiation Complex:

— Promoter selection, binding of basal initiation factors
— binding of the RNA polymerase 11

— formation of a basal transcription apparatus

2) Activation of the Pre-Initiation Complex:
— melting of the DNA in the vicinty of the start site

3) Initiation:
— incorporation of the first nucleotide

4) Transition from Initiation to Elongation:
— processive RNA synthesis by RNA polymerase

6) Termination:
— End of synthesis at defined sequence elements

Transcription is regulated to a great deal at the start of transcription, i.e. steps (1-4).
These steps are thus the center point of the following discussion. One must keep in
mind that in vivo transcription does not occur on naked DNA, but rather on chroma-
tin, i.e. nucleosome-coated DNA. Activation of transcription requires an active remo-
deling of the chromatin structure at the transcription start sites and within the transcri-
bed regions. Every discussion of the individual steps of transcription must consider this
fact. However, only incomplete in vitro systems are available for the study of transcrip-
tion of chromatin-associated DNA, so that in the following discussion only the data on
the transcription of naked DNA is presented.

1.4.2.3 Formation of a Basal Transcription Apparatus from General Initiation
Factors and RNA Polymerase

In contrast to the procaryotes, where the 6’°-holoenzyme of the RNA polymerase can
initiate transcription without the aid of accessory factors, the eucaryotic RNA polyme-
rase requires the help of numerous proteins to begin transcription. These proteins are
termed basal or general initiation factors of transcription. Together with RNA polyme-
rase 11, they participate in the basal transcription apparatus. The various components
must associate in a defined order for the formation of a transcription-competent com-
plex, from which a low level of transcription is possible. An increase in the basal trans-
criptional level requires the effect of specific transcriptional activators, which bind cog-
nate DNA sequences at a variable distance from the promoter. The transcriptional
activators themselves require the aid of further protein factors, known as coactivators
(see 1.4.3.2), in order to attain full stimulatory activity.

The purification and structural and functional characterization of the general initia-
tion factors has proven extremely difficult. The specific function of the various factors,
as well as their structural role in the entire complex, remains poorly resolved. Accor-
ding to the current model, the general transcription initiation factors, with which an
exact start of transcription is possible in vitro, are required for the formation of a basal
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transcription apparatus (summarized in table 1.1; review: Koleske and Young, 1995;
Roeder, 1996).

A transcription-competent pre-initiation complex consisting of general transcription
initiation factors and RNA polymerase II, can be reconstituted in the test tube from
the individual components. As outlined in Fig. 1.31, efficient reconstitution requires a
defined order for the addition of the individual components.

The following points are noteworthy:

The transcription factor TFIID is a multi-protein complex that binds specifically to
the promoter region. It consists of the TATA-Box binding protein (TBP) and TATA -
Box binding protein associated factors (TAFs). It is assumed that the binding of TFIID
to the TATA box represents an important regulatory step in the recognition and selec-
tion of the promoter in vivo. TBP is the only sequence specific DNA -binding protein
of the basal transcription apparatus and its binding to the TATA-Box leads to a dis-
tinct bending of the DNA (see Fig. 1.16). In this manner a particular topology of the
DNA is created that serves as a prerequisite for the defined binding of further basal
transcription factors, such as TFIIA and TFIIB.

Table 1.1. General initiation factors of transcription by RNA polymerase 11
After Roeder (1996). TAF: TATA box binding protein associated factor; TBP: TATA box bind-
ing protein; RNA Pol II: RNA polymerase 11

protein number of subunit size  function
subunits (kDa)
TFIID:
TBP 1 38 sequence specific binding to TATA
box, recruitment of TFIIB
TAFs 12 15-250 promoter recognition, regulation,

chromatin modification

TFIIA 3 12,19,35 stabilization of TBP-DNA binding;
antirepression

TFIIB 1 35 recruitment of RNA Pol II — TFIIF;
selection of start site by RNA Pol II

TFIIF 2 30,74 assists in promoter binding by RNA
Pol 11

RNA polymerase II 12 10-220 enzymatic activity of RNA synthesis,
binding of TFIIF

TFIIE 2 34,57 binding of TFIIH, modulation of

activities of TFIIH

TFIIH 9 35-89 helicase, protein kinase and ATPase-
activity; promoter unwinding,
promoter clearance (?)
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The TAFs fulfill numerous functions (Review: Burley and Roeder, 1996; Struhl and
Moqtaderi, 1998) . On the one hand they are ascribed a structure promoting function.
Some of the TAFs display a high degree of homology to the histones H2A, H3 and H4,
and it is speculated that they help to create a nucleosome-like structure at the promo-
tor. Furthermore, the TAFs are targets for protein-protein interactions with transcrip-
tional activators. TAFs also posses enzymatic activity. TAFII250 has both a histone
acetylase activity and a protein kinase activity. While the former presumable plays a
role in the reorganization of the nucleosome, the latter can lead to phosphorylation of
TFIIF.

There are also indications that the composition of TFIID is not fixed, but may vary
depending on the detailed structure of the promoter. This idea is corroborated by the
isolation of a transcription-competent TFIID that supports transcription without
requiring TBP binding (Apone & Green, 1998).

TFIIA and TFIIB support TFIID in the formation of a stable complex with the pro-
motor. TFIIB is necessary for the downstream selection of the start site for RNA poly-
merase 1. Interactions with TFIIB ensure correct positioning of the RNA polymerase
IT on the promoter. Crystal structures have been solved for several of the intermedia-
tes of the pre-initiation complex (review: Sokolev and Burley, 1997), showing, for
example, that TBP affects a predominant kink in the DNA (see Fig. 1.16). TFIIB binds
to the TBP-DNA complex, contacting both TBP and the DNA.

TFIIF is found in a pre-formed complex with RNA polymerase II and suppresses
the non-specific binding of RNA polymerase to DNA. TFIIF supports the association
of RNA polymerase with the promoter bound complex of TFIIA, TFIIB and TFIID.

TFIIE binds TFIIH to assist the latter with the melting of the promoter.

The binding of TFIIH completes the formation of the pre-initiation complex. TFIIH
is a multi-protein complex with a variable composition (see 1.4.2.5) and which posses-
ses protein kinase, ATPase and helicase activities. The helicase activity of TFIIH is
required for the melting of the promoter.

The general transcription initiation factors can be assigned the role fulfilled by a sin-
gle protein in procaryotes-namely the o-factor. This role includes the correct position-
ing of the RNA polymerase on the promoter and the preparation for the incorporation
of the first nucleotide.

The addition of ATP to the pre-initiation complex leads to a rapid melting of the
promoter, initiation of RNA synthesis and dissociation of the RNA polymerase from
the promoter.

Holoenzyme Forms of RNA Polymerase 11

RNA polymerase II represents a multi-enzyme complex of at least 12 proteins, but
whose exact composition is difficult to determine. This is due to the instability of the
holo-complex, which makes the purification and characterization of the enzyme diffi-
cult. Furthermore, it is likely that multiple forms of RNA polymerase II exist, each of
slightly different composition and performing different functions.

Studies in yeast have shown that pre-formed RNA polymerase II holoenzyme com-
plexes can be found in the cell associated with some of the general transcription fac-
tors.
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General transcription initiation factors TFIIB, TFIIE, TFIIF and TFIIH have been
identified as components of the RNA polymerase II holoenzyme of yeast. Various
forms of the yeast holoenzyme contain further proteins, known as mediators or SRB
proteins (SRB, suppressor of RNA polymerase B). The mediators function as coactiva-
tors (see 1.4.3.2). The holoenzyme is difficult to define structurally because the prote-
ins accessory to the core enzyme (see table 1) may not be permanently associated with
RNA polymerase II.

The use of a pre-formed holoenzyme complex of the RNA polymerase II appears to
be an economical mechanism for the formation of an initiation-competent transcrip-
tion complex. There are two basic processes involved in the formation of a pre-initia-
tion complex in the cell:

— promoter recognition and promoter binding by TFIID (TBP and TAFs)
— binding of the RNA polymerase holoenzyme to the promoter-bound TFIID

Transcriptional activators can intervene as regulators at various steps in the initiation
of transcription. They can interact with components of TFIID, as well as with compo-
nents of RNA polymerase II, to stimulate transcription. Regulated transcription gene-
rally requires the aid of further protein components, which are commonly termed
coactivators (see 1.4.3.2). An understanding of the details of coactivator function is
only just emerging.

Some of the coactivators are ascribed a mediator function between the DNA-bound
transcriptional activators and the pre-initiation complex, while others are attributed an
active role in the restructuring of the chromatin.

1.4.2.4 Phosphorylation of RNA Polymerase II and the Onset of Transcription

The large subunit of RNA polymerase II plays an important role at the beginning of
the transcription process. The large subunit of the mammalian enzyme contains 52
copies of the heptamer sequence YSPTSPS in the C-terminal domain (CTD) at which
phosphorylation occurs. Phosphorylation occurs extensively on the Ser-residues of the
CTD, to a lesser degree at the Thr-residues, and, very rarely, at the Tyr-residues. Two
forms of RNA polymerase II can be isolated from cellular extracts: a underphosphory-
lated form and a hyper-phosphorylated form. The isoforms fulfill different functions:
RNA polymerase found in the initiation complex tends to display little or no phospho-
rylation at the C-terminus of the large subunit, while RNA polymerase II active in
elongation is hyperphosphorylated in this region of the protein.

Based on the above observation, phosphorylation at the C-terminus is believed to
serve as a trigger for disosciation from the inititation complex (Fig. 1.32). It is suspec-
ted that the unphosphorylated C-terminus of the large subunit is able to form contacts
to the TATA Box binding protein, as well as with the mediator complex (see below).
The high density of negative charges at the C-terminus resulting from phosphorylation
disrupts these interactions, thereby releasing RNA polymerase into the elongation
process.

The phosphorylation of the CTD plays an additional role in the maturation of the
pre-mRNA and in the formation of the mRNA processing factory. For this reason,
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Fig. 1.32. Phosphorylation of the C-terminal domain of RNA polymerase II and the beginning of
transcription. The transition from the initiation complex to actual begin of transcription is regula-
ted via phosphorylation of the C-terminal domain (CTD) of RNA polymerase II. In the above
model it is assumed that initially a complex is formed between TFIID and a holoenzyme of RNA
polymerase consisting of RNA polymerase II and associated factors (mediators, SRB proteins)
and the basal transcription factors. Phosphorylation of the C-terminal domain effects the dissocia-
tion of the RNA polymerase from the initation complex and the transition to the elongation
phase. A protein kinase, which is part of TFIIH, is responsible for the phosphorylation. The
nature of the signal that induces phosphorylation of RNA polymerase II remains unknown. SRB:
suppressor of RNA polymerase B. After Koleske and Young (1995).

the CTD is associated with the splicing apparatus and with the proteins involved in
polyA processing.

The protein kinase responsible for phosphorylation at the C-terminus is localized in
TFIIH. It has been shown (Shiekhattar et al., 1995) that TFIIH contains a Ser/Thr-spe-
cific protein kinase termed CDK7 (or MO15). CDK?7 belongs to the family of cyclin-
dependent protein kinases (see 14.2.1). The cognate cyclin, cyclin H, is also found in
TFIIH.

CDK7/cyclin H were shown to be identical to the CDK-activating protein kinase
CAK. CAK is ascribed an important role in the regulation of the cell cycle (see 14.2.1).
The functional importance of this identity is not yet fully understood.

1.4.2.5 TFIIH-A Pivotal Regulatory Protein Complex?

TFIIH is a multi-protein complex consisting of at least eight different subunits (review:
Drapkin and Reinberg, 1994; Svjestrup et al, 1996).

A more in-depth characterization of the subunits brought surprising results. Some of
the polypeptides of TFIIH could be identified as proteins shown in other experiments
to participate in repair of DNA damage, as well as in the regulation of the cell cycle
(CDK7/Cyclin H, see above). TFIIH itself, or other individual components of TFIIH,
thus participate in the following fundamental processes in the cell:
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— transcription
— excision repair of DNA lesions
— regulation of the cell cycle

For the various functions there are different forms of TFIIH which differ in protein
composition and activity (Svjestrup et al., 1995; Svjestrup et al., 1996). There are trans-
cription-competent forms which are effective as basal transcription factors. A repair-
competent form is known as the repairosome. It has long been known that DNA repair
and transcription can be coupled. An increased repair of DNA damage is observed
while a gene is being transcribed. The association of a ,,core TFIIH* with further,
repair-specific proteins (in yeast: Radl, among others) provides the obvious explana-
tion for this coupling phenomenon.

The picture of the structure and function of TFIIH is a varied and complex one. The
mechanistic details are long not understood.

1.4.3 Regulation of Eucaryotic Transcription by DNA -binding
Proteins

Primary controlling elements of the transcriptional activity in eucaryotes are specific
DNA-binding proteins. They bind cis-acting DNA elements and have a specific influ-
ence on the initiation of transcription.

As in procaryotes, there are transcription activating proteins, the transcriptional
activators, as well as proteins which inhibit transcription, the transcriptional repressors.
Of the two classes, the activators are the most extensively studied and characterized.
The mechanism of eucaryotic repressors has only been clarified in a few cases.

1.4.3.1 The Structure of Eucaryotic Transcriptional activators

It is generally true that that eucaryotic transcriptional activators act via direct or indi-
rect protein-protein contacts with the transcription apparatus. In this context the defi-
nition of the transcription apparatus is rather broad: it includes the basal apparatus as
well as proteins which act as co-activators or mediators (see 1.4.3.2).

For a DNA -binding protein to engage in regulation of activation of transcription it
must possess the following functions:

— specific DNA-binding
— communication with the transcription apparatus
— ability to be regulated by effectors

In many cases the various functions are located on independently folding protein
domains, resulting in modularly constructed transcriptional activators. The function of
a DNA-binding protein can thus often be deduced from the primary sequence infor-
mation and from homology with other eucaryotic transcriptional activators. Further-
more, the modular structure of transcriptional activators is the prerequisite for the
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swapping of individual activities using recombinant DNA technology to create hybrid
transcriptional activators (see below).

DNA -binding

Transcriptional activators bind specifically to cognate DNA elements variably located
relative to the promoter (see 1.4.2.2) and can interact directly or indirectly with the
transcription apparatus. Transcriptional activators depend on the occurrence of regula-
tory DNA elements for their action and perform their function on specific genes. They
are thus termed specific transcriptional activators, to distinguish them from proteins
that activate transcription independent of specific DNA elements (see 1.4.3.2).

The DNA -binding serves to bring the binding protein in proper orientation to the
pre-initiation complex. Binding to cis-elements creates a high effective concentration
of binding proteins close to the transcription appartus to enable productive interacti-
ons. Because protein-induced conformation changes of the DNA aid in orienting the
transcription complex on the promoter, the conformation and bending of DNA also
plays an important role (see chapter 1.2.3). The structural motifs of eucaryotic trans-
criptional activators for the recognition of specific DNA sequences are varied and
include all the DNA -binding motifs summarized in 1.2.1.

In many cases the specific DNA-binding serves only to create a high concentration
of the transcription factor in the vicinity of the site of transcription initiation. This pro-
perty can be used in domain swapping experiments to alter the specificity of regulation
by design. Experiments, such as the one described in Fig. 1.33, have contributed signifi-
cantly to our understanding of the structure and function of eucaryotic transcriptional
activators. A prerequisite for successful domain swapping experiments is that the
DNA -binding domain not influence the function of the transactivating domain. This is
often, but not always, the case.

Communication with the Transcription Apparatus

The first data concerning the structural requirements for communication with the
transcription apparatus came from domain swapping experiments with the GAL4 pro-
tein of yeast.

One structural domain in the GAL4 protein could be shown to mediate a stimula-
tion of transcription and was thus termed the trans-activating domain. The essential
structural element of the trans-activating domain of GAL4 is an amphipathic a-helix
with negatively charged and nonpolar amino acid side chains on opposite sides of the
helix. The amount of negative charge correlates with the extent of the trans-activating
effect and also determines the distance over which an effect on the transcription com-
plex is still possible.

Examples for other trans-activating domains are the glutamine rich domains of the
transcription factor Spl and the proline rich domain of the transcription factor CTF/
NF1, which contains 20 % proline residues.

It is assumed that trans-activating domains are structural elements that can adapt to
become complementary to a surface of the transcription apparatus in a flexible and
rather unspecific manner. Information on the structure of the trans-activating domain,
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Fig. 1.33. ,,Domain Swapping“ experiment for the creation of hybrid transcription factors. The
functional domain of transcription factors often behave as independent structural units that can
be exchanged among various proteins by genetic means. In the above example of a domain swap
experiment, the DNA-binding domain of the bacterial LexA repressor is transferred to the
GALA4 protein of yeast. GALA4 is a transcription activator that positively regulates the transcrip-
tion of the enzymes of galactose metabolism. The genetically engineered hybrid transcription fac-
tor has the DNA-binding specificity of the LexA repressor and the transactivating specificity of
the GALA4 protein. The hybrid transcription factor activates promoters with the LexA binding
element, but not promoters with the GAL binding element.

as well as to the overall protein structure, is currently available for the steroid hormone
receptors, among others (see chapter 4).

1.4.3.2 Concerted Action of Transcriptional activators and Co-activators in the
Regulation of Transcription

The formation of an active, regulation-competent initiation complex for transcription
in eucaryotes demands the concerted action of a large number of proteins. It is estima-
ted that more than 50 different proteins participate in the initiation of transcription in
eucaryotes. The basal transcription complex, consisting of the general initiation factors,
as well as RNA polymerase II, allows only for a slow transcription rate. For a regulated
acceleration of this low transcription rate it is necessary to have — apart from the regu-
latory DNA-binding proteins — mediation by further co-activator proteins.
The regulated activation of transcription thus requires at least two types of proteins:
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Specific Transcriptional activators

The specific transcriptional activators (see 1.4.3.1), represented by the GAL4 protein
of yeast, are sequence-specific DNA-binding proteins. They possess both a DNA -bind-
ing domain and a trans-activating domain to allow them to interact directly with the
transcription apparatus.

Coactivators

Extensive studies on the reconstitution of a regulated transcription initiation in in vitro
systems have shown that most of the specific transcription factors are not capable of
stimulating transcription above the basal level without the assistance of further prote-
ins. Further coactivators are required for this task. The coactivators can be subdivided
into three classes (Fig. 1.34).

transcription
activator

| wec |

general
cofactors:
PCs, NCs,
HMG

Fig. 1.34. Activators and coactivators of transcription intiation. The figure shows the function of
three groups of proteins that function as coactivators. The general cofactors mediate the interacti-
ons between the specific transcription activators and the TFIID complex as well as with various
forms of the RNA polymerase II holoenzyme. The TAFs are components of the TFIID complex
and serve as contact points for specific transcription activators. The mediators are components of
various forms of holoenzymes of RNA polymerase II. SRB proteins belong to the class of media-
tors, which, among other things, interacts with the CTD of RNA polymerase. The simplified dia-
gram does not show the interactions with chromatin.

TBP: TATA box binding protein, TAF: TATA box binding protein associated factor, SRB: sup-
pressor of RNA polymerase B, CTD: C-terminal domain of RNA polymerase II, PC: positive
cofactor, NC: negative cofactor, HMG: high mobility group proteins, UAS: upstream activating
sequence.
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1) TATA Box Binding Protein Associated Factors (TAFs)

The TAFs are components of TFIID (see table 1.1) and are required for a regulated
transcription (review: Verriijzer and Tijan; 1996, Burley and Roeder, 1996;). Thus, the
stimulation of transcription by the transcriptional activators Spl and NTF-1 depends
upon the presence of specific TAFs in the TFIID complex. The TAFs mediate interac-
tions between the transcriptional activators and the TFIID complex; in many cases
direct protein-protein interactions could be demonstrated between the activators and
TAFs. Some of the TAFs possess additional enzymatic activities which allow them to
participate in the regulation of transcription. By this token, the histone acetylase and
protein kinase activity of TAF;250 is ascribed a regulatory function in the remodeling
of chromatin and in the control of the activity of the basal transcription factors.

Overall, the physiological function of individual TAFs is still incompletely under-
stood. The situation is complicated by the fact that a subset of the TAFs, including the
histone-like TAFs, have been identified as components of a large histone acetylase
complex, termed SAGA in yeast and PCAF (p300/CBP associated factor) in humans
(see 1.4.6).

2) Mediators

Mediators include proteins which are components of various forms of the holoenzyme
of RNA polymerase II and interact with the C-terminal domain (CTD; review: Bjor-
klund and Kim, 1996). Mediators include, among others, the SRB protein; see 1.4.2.3).

3) General Cofactors

The general cofactors perform their stimulating function within the context of the ent-
ire basal transcription apparatus and are not associated specifically with any general
transcription factor. Among the general cofactors are proteins which have a positive or
a negative influence on the stimulating effect of specific transcriptional activators
(review: Kaiser and Meisterernst, 1996). They are classified accordingly as positive
cofactors (PCs) and negative cofactors (NCs).

Among the general cofactors are several proteins which bind DNA and associate
with the chromatin. Some possess enzymatic activity. Examples for positive cofactors
are DNA -topoisomerase I, poly-ADP-ribose polymerase, and HMG1 and HMG2 pro-
teins (HMG: ,,high mobility group®), both associated with the chromatin. Of particular
interest for regulation is the positive cofactor PC4, whose DNA -binding capacity is
controlled via protein phosphorylation.

An example of a negative cofactor is the NC2 complex, which can repress the basal
transcription level. The NC2 complex consists of two subunits, both displaying homo-
logy to the histone proteins. The repressive function of NC2 is due to its competition
with TFIIB and TFITA for the promoter binding site, thus blocking formation of the
pre-initiation complex.

Among the general cofactors are also included proteins with histone acetylase acti-
vity (HAT) or histone deacetylase activity (HDAC). The acetylation/deacetylation of
histones plays a significant role in transcription regulation of chromatin-coated DNA.
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Examples for coactivators with histone acetylase activity are the CBP protein, the p300
protein and the GCNS protein (see 1.4.6).

The existence of various classes of coactivators make the cooperative formation of
a regulation-competent transcription initiation complex likely. All three classes of co-
activators appear to be necessary for an efficient and regulated transcription event.
The presence of one particular transcriptional activator and its cis DNA element is not
sufficient for transcription activation. Generally, several coactivators must be present
simultaneously, such as the TAF proteins, the mediators, as well as the general cofac-
tors, in order for the regulatory signal to be transmitted to the basal transcription appa-
ratus. The coactivators appear to be present as large multiprotein complexes with
variable composition and they serve as a link between the DNA -bound transcriptional
activator and the transcription apparatus, as well as for the restructuring of the chro-
matin and/or nucleosomes. The availability of the co-activators can, as with the trans-
criptional activators, be controlled in a tissue-specific manner either via gene expres-
sion or via signal transduction chains. This opens up a realm of possibilities for tissue-
specific transcription activation.

1.4.3.3 Interactions with the Transcription Apparatus

The activating domain of transcriptional activators requires specific binding part-
ners within the transcription apparatus. Unequivocal identification of these binding
partners has proven difficult due to the large number of proteins that participate in
the formation of the pre-initiation complex. The targets can either belong to the
group of basal transcription factors, such as TFIIB, or to the group of co-activators,
such as the TAF protein of the TFIID complex. Using techniques to detect protein-
protein interactions, such as co-immunoprecipitation or affinity chromatography,
specific interaction between the acidic domain of the viral transcriptional activator
VP16 and the 40kDa and/or 60kDa TAF protein from the TFIID complex were
identified (further examples are given in Verrijzer and Tijan, 1996). Furthermore, in
vitro and in vivo experiments have shown that the negatively charged domain of
VP16 can interact with the positively charged region of TFIIB. The complex forma-
tion between VP16 and TFIIB is accompanied by a conformation change in TFIIB,
as evidenced by increased sensitivity of TFIIB to protease (Roberts and Green,
1994).

The pathways by which specific transcriptional activators and co-activators influence
transcription initiation remain little understood and, for the most part, an item of spe-
culation. There are two main pathways in discussion which possibly act cooperatively:

In one model it is assumed that transcriptional activators and coactivators increase
the efficiency of formation of the pre-initiation complex. This function includes a
restructuring of chromatin at the transcription start site. In this context the formation
of the TFIID complex at the promoter plays an important role.

The other model views the activators and coactivators as responsible for the stable
and defined spatial arrangement of proteins in the holo-complex and for the induction
of topology in the DNA which promotes initiation.

It can be assumed that the extent to which either pathway is used depends on the
structure of the specific gene, as well as on the structure of the chromatin.
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1.4.4 Regulation of the Activity of Transcriptional activators

The repertoire of mechanisms for control of the activity of eucaryotic transcriptional
activators (and also of coactivators) is varied and allows a spatially and temporally
coordinated regulation of transcription.

The principle means by which the activity of sequence-specific DNA -binding pro-
teins is controlled have already been presented in section 1.2. The importance of
these mechanisms for regulation in eucaryotes will be discussed below. Altogether,
the demands on eucaryotic organisms with regard to the regulation of transcription
activity are much more complex than for procaryotes. This tenet holds for the struc-
ture of the transcription apparatus as well as for the mechanism of transcription regu-
lation.

1.4.4.1 The Principal Pathways for the Regulation of Transcriptional activators

The principal mechanisms for the control of the DNA -binding activity of DNA -bind-
ing proteins have been presented in section 1.3.2.

Fig. 1.35 gives an overview of the most important mechanisms by which the trans-
cription regulating activity of specific DNA-binding processes in eucaryotes can be
controlled. They include de novo synthesis, as well as the modification and availability
of pre-existing proteins. The specific expression of transcriptional activators is of great
importance during development and differentiation of organisms where long-term
changes in gene expression are required. Concentration gradients of diffusable regula-
tory proteins for the specific control of gene expression are used in development, as
shown for the bicoid protein of Drosophila (Driever and Nuesslein-Vollhard, 1989).

For the coordination of metabolic processes or for the regulation of cell division the
cell relies primarily on post-translational modification of pre-existing regulatory prote-
ins. The activity or availability of preexisting regulatory proteins can be adjusted
rapidly and effectively by post-translational modifications so that an immediate reac-
tion within the framework of intercellular communication is possible. The modification
of pre-existing regulatory proteins thus plays a more important role amongst eucaryo-
tes than in bacteria. A further significant regulation mechanism is the binding of effec-
tor molecules to the DNA -binding proteins (compare 1.3.2). The influence of steroid
hormones on the DNA -binding activity of steroid hormone receptors is an example of
this regulatory mechanism.

Chromatin structure plays a distinctive role in the regulation of gene expression in
eucaryotes. The nuclear eucaryotic DNA is associated with histones and other prote-
ins, whereby the DNA is tightly wound and extremely compact. The packaging of
DNA into chromatin can affect the accessibility of genes for regulatory proteins and
can inhibit gene expression. Modifying DNA, e.g. formation of 5-methylcytidine
(m°C), is another means by which the cell controls gene expression.
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Fig. 1.35. Mechanism for the control of the activity of transcription factors. Regulatory DNA -
binding proteins can occur in binding active and binding inactive forms. The transition between
the two forms is primarily controlled by the mechanism shown schematically above. Activation or
inactivation of transcription factors is determined by signals that can be of an internal or external
origin. Furthermore, the amount of available transcription factor can also be regulated via its
degradation rate or rate of expression.

1.4.4.2 Phosphorylation of Transcriptional activators

The phosphorylation of proteins on Ser, Thr or Tyr residues is a basic tool for the regu-
lation of protein activity (see 7.1). Many eucaryotic transcriptional activators are isola-
ted as phosphorylated proteins. The phosphorylation occurrs mainly on the Ser and
Thr residues, but can also be observed on the Tyr residues. The extent of phosphoryla-
tion is regulated via specific protein kinases and protein phosphatases, each compo-
nents of signal transduction pathways (see ch. 7). The phosphorylation of transcriptio-
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nal activators often represents the final event of a signal transduction chain targeted
for a change in gene expression.

An example for how protein phosphorylation can influence the transcription pro-
cess is the transition from the initiation to the elongation process for RNA polymerase
IT (see 1.4.2.4).

Phosphorylation of transcriptional activators can influence the transcription activity
according to the following mechanisms:

Regulation of the Nuclear Localization by Phosphorylation

Proteins which act in the nucleus require specific sequences, known as nuclear localiza-
tion sequences, to direct their transport from the cytoplasm to the nucleus. The nuclear
localization sequences are generally found at the C-terminus of a protein and often
comprise basic amino acids.

Phosphorylation in the nuclear localization sequence of transcriptional activators
can decide whether transport into the nucleus, and subsequent transcription activation,
occurs or not.

An example for this regulation mechanism is the SWI5 protein of yeast (Fig. 1.36):
SWIS is a transcriptional activator which up-regulates the expression of the HO endo-
nuclease in yeast. SWIS occurs in two different forms during the cell cycle:
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In the G1-phase SWIS is localized in the nucleus and induces the gene for the HO
endonuclease.

In the S-, G2- and M-phases SWIS is localized in the cytoplasm and can thus not be
active as a transcriptional activator. The reason for the change in subcellular localization
of SWIS5 is phosphorylation in the region of the nuclear localization sequence. SWIS5 pos-
sesses three sequences in the nuclear localization signal for phosphorylation at Ser and
Thr residues. Cytoplasmically localized SWIS is phosphorylated at these positions, thus
blocking transport into the nucleus. The protein thus remains in the cytosol.

SWIS is dephosphorylated at the beginning of anaphase, whereupon transport into
the nucleus, binding to the cognate DNA element and stimulation of transcription
becomes possible. The significance of Ser-phosphorylation for the function of SWIS
has been well documented experimentally. Mutation of the specific Ser residues to
nonphosphorylatable Ala leads to a constitutive nuclear localization of the mutated
protein and permanent activation of the SWI5-target genes.

The phosphorylation state of the transcription factor NF-AT has a different effect on
translocation. The phosphorylated form of this protein is localized in the cytosol and
requires dephosphorylation by the protein phosphatase calcineurin in order to be
translocated to the nucleus (see also 7.5.2). Other examples for phosphorylation-
dependent nuclear translocation include the STAT-proteins (see 11.1.3.2) and the
SMAD-proteins (see 12.1.2).

In these cases however, phosphorylation of the transcription factors is required
before translocation into the nucleus can occur.

The biochemical basis for the phosphorylation-dependent cytoplasmic localization of
transcription factors appears to be a specific interaction of the phosphorylated forms
with the nuclear export machinery, allowing the specific export into the cytoplasm of
the phosphorylated form only (Kaffman et al., 1998). The preferential export of the
phosphorylated form will lead to an increased cytoplasmic localisation of the protein.

Phosphorylation of the DNA -binding Domain

There are many examples for the specific phosphorylation of gene regulating proteins
within their DNA -binding domain. Phosphorylation can influence either positively or
negatively the abiltiy to specifically bind DNA. The situation becomes complicated by
the fact that many transcriptional activators possess multiple phosphorylation sites,
whose phosphorylation can have different effects on DNA-binding.

How phosphorylation interferes with DNA-binding is not well understood. Several
mechanisms are conceivable:

— direct interference with the DNA -binding due to electrostatic effects

— inhibition of the dimerization of the transcriptional activators

— induction of conformational changes of the protein which cause inhibition or enhan-
cement of DNA-binding

Phosphorylation of the Trans-A ctivating Domain

The trans-activating domains of transcriptional activators are also common substrates
for phosphorylation by protein kinases. The details by which the phosphorylation
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affects the interactions with the basal transcription apparatus is known in very few
cases. The reason for this is the difficulty of identifying the specific interaction partner
in the complex transcription apparatus.

Exemplary is the regulation of the CREB protein of higher eucaryotes, displayed in
Fig. 1.37.

The CREB protein is a transcriptional activator for genes with cis-regulatory,
cAMP-sensitive DNA elements (cCAMP responsive elements, CREs).

CREs are DNA sequences which mediate cAMP-regulated transcription. An incre-
ase in the cAMP concentration due to hormonal stimulation (see chapter 5,6) activates
protein kinases, which can then lead, either directly or indirectly, to phosphorylation
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Fig. 1.37. Regulation of the activity of a transcription factor by phosphorylation. The CREB pro-
tein is a transcription factor that binds to CREs (CRE: cAMP responsive element) tand thereby
activates the cognate genes. The CREB protein (CREB: CRE-binding protein) requires the assi-
stance of CBP (CBP: CREB binding protein) for efficient transcription activation. CBP can only
act as a coactivator if the CREB protein is phosphorylated on Ser113. The phosphorylation of
CREB is controlled by a signaling pathway involving cAMP as an intracellular messenger. The
DNA element is termed CRE because the cognate gene is regulated by a cAMP-dependent signa-
ling pathway.
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and regulation of transcriptional activators. The transcription stimulation of the cog-
nate genes requires the binding of CREB to the CREs and the phosphorylation of
CREB at Ser133. This phosphorylation event is mediated by a cAMP-dependent signal
transduction pathway. A second protein was shown to participate in the transactivation
via CREB. This protein, termed CBP (CREB binding protein), binds specifically to
CREB and mediates the interactions between CREB and TFIIB of the basal transcrip-
tion apparatus. CBP has also histone acetylase activity and is part of the multiprotein
complex PCAF (see 1.4.6). The binding of CBP to CREB depends upon whether it is
phosphorylated at Ser133: only if Ser133 of CREB is phosphorylated can CREB and
CBP interact, and only then can CBP fulfill its function as a mediator between the
basal transcription apparatus and the transcriptional activator.

1.4.4.3 Heterotypic Dimerization

Most transcription activators bind to DNA as a dimer or higher multimer (see 2.4).
The dimerization relies on structural motifs which commonly occur in many different
proteins. Examples for dimerization motifs are the helix-loop-helix motif and the leu-
cine zipper. The dimerization motifs permit the formation of DNA -bound homodimers
or heterodimers, depending upon whether the same or different proteins interact with
each other (Fig. 1.38). The different dimers have different requirements for the

a)
DNA
L. .
A-A homodimer
b)
DNA
A----- 4 ----- -
B-B homodimer
¢l Fig. 1.38. Formation of homo- and heterodimeric trans-
cription factors and the specificy of DNA-binding. Shown
are two different helix-loop-helix proteins, which bind as
homodimers (a, b) to the each of their cognate palindro-
ik mic DNA elements (drawn as arrows). The two homodi-

mers display different DNA -binding specificity. The hete-
— - - rodimerization (c) of the two proteins creates a complex
A-B heterodimer that recognizes a hybrid DNA element.
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sequence of the DNA-binding elements and they can influence transcription activity in
very different ways. As shown in Fig. 1.39, families of interacting transcriptional activa-
tors can be distinguished (review: Lamb and Knight, 1992).

The heterotypic dimerization significantly expands the repertoire for tissue-specific
regulation of transcription activity. The tissue-specific expression of a particular pat-
tern of transcriptional activators can be used to select only certain DNA -binding ele-
ments out of a series of similar elements, and thus to specifically induce certain genes.
This strategy is extensively used by the receptors for retinoic acid (see chapter 4).
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Fig. 1.39. Examples for families of interacting transcription factors. The circles indicate groups of
eucaryotic transcription factors that can form homo- and heterodimers amongst themselves. The
intersection of the circle of the ATF family with the circle of the Jun family indicates possible
heterodimerization between the two families. The members of the Jun family can form complexes
with members of the Fos family and with the members of the ATF family. The Fos family is uni-
que in that its members can not form homodimers, but must heterodimerize with members of the
Jun family. C/EBP: CCAAT/enhancer binding protein; ATF: activating transcription factor;
CRE-BP: cAMP responsive element binding protein. After Lamb and McKnight (1992).

1.4.4.4 Regulation by Binding of Effector Molecules

The activity of eucaryotic transcriptional activators can be regulated by the binding of
low molecular weight effectors, as well as by the binding of inhibitor proteins (see
1.3.2.3). The most significant example for transcriptional activators regulated by low
molecular weight effectors are the nuclear receptors, which will be discussed in more
detail in chapter 4.

In this system, cognate hormones act as positive regulating effectors. The transcrip-
tion regulating activity of nuclear receptors can also be negatively influenced by speci-
fic inhibitor proteins. These proteins are characterized as repressors.
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1.4.5 Specific Repression of Transcription

A further significant mechanism of transcription control is the repression of gene
expression (review: Cowell, 1994; Johnson, 1995). There are two types of gene repres-
sion to be distinguished in eucaryotes. On the one hand the chromatin structure can
cause an unspecific repression of gene expression (see 1.4.6). On the other hand, ana-
logous to the specific transcriptional activators, there are specific repressors of trans-
cription. Their effect, in contrast to that of unspecific repressors, is sequence-depen-
dent and thus suitable for selective repression (Fig. 1.40). DNA sequences that mediate
repression of transcription factors are termed silencers.

Specific repressors can exert their influence directly or indirectly. Indirect repression
is, for example, if a repressor protein competes with transcriptional activators for the
binding site on the promoter. The extent of repression is then determined by the rela-
tive affinity of both proteins to the DNA element and their concentration ratios. The
DNA -bound repressor in this case does not act as a transcriptional activator.

A further possibility for indirect repression results from heterodimerization (see
1.4.4.3). Heterodimers between two transcription factors, in which one of the partners
possesses a DNA-binding domain with weak affinity, can inactivate a transcriptional
activator in a heterodimer complex. Since a strong binding to the DNA element usu-
ally requires both subunits of a DNA-binding protein, transcription activation by this
type of heterodimer is not possible.

Direct repressors interact with the basal components of the transcription apparatus
or with transcriptional activators to inhibit their activity. Specific repressors, analogous
to transcriptional activators, are constructed modularly, with a DNA -binding domain
and a repressor domain. The repressive character of such domains has been proven in
domain swapping experiments. The mechanism of specific repression remains specula-
tive. The following mechanisms are, however, conceivable:

e Direct inhibition of the formation of a pre-initiation complex: complexation of basal
transcription factors, such as TFIID or TFIIB, or competition with TFIIB for bind-
ing to the promoter. An example for this type of repression is the negative cofactor
NC2 (see 1.4.3.2). Transcription repression can also result from phosphorylation of
the basal transcription factors. By this token, the repression of transcription obser-
ved during mitosis is attributed to the hyperphosphorylation of TBP and TAFs.

e Inactivation of the trans-activating protein by specific complex formation.

e Inhibition of the transition from the initiation phase to the elongation phase.

e Induction of a chromatin structure that does not allow the efficient formation of the
pre-initiation complex; e.g. by deacetylation of histones ( see.1.4.6).

An interesting and functionally important aspect of transcriptional activators is that
one and the same protein can act as both an activator and a repressor. The alternative
functionality is determined by the sequence environment, the presence of other trans-
criptional activators (steroid receptors, see ch. 4), by specific repressors or by low
molecular weight effectors. Examples are the receptors for vitamin A acid, which, in
the absence of its ligand, represses the genes with cognate DNA elements. The repres-
sion is exerted in the DNA-bound form. In the presence of its ligand, vitamin A acid,
the same receptor acts as a transcriptional activator (see ch. 4).



1.4 Regulation of Transcription 61

/% repressed chromatin

inactivation activation

a)

b)

= mml " iation competont promotor

regulatory DNA elements TATA

general transcription factors

initation competent
transcription complex

imactivated
complex

==,

active repression

Fig. 1.40. Model of repression and activation of transcription. The figure illustrates various mecha-
nisms of repression of transcription. a) genes are in a generally repressed states in inactive chroma-
tin. In a first phase of activation the chromatin is restructured. b) The promoter is now accessible
for the binding of the basal transcription factors and for RNA polymerase II. ¢) An initiation com-
plex is formed that contains the central components of the transcription apparatus, but which enab-
les transcription only at a low rate. d) the binding of repressors to the transcription initiation com-
plex can prevent further activation of transcription at this step. e) the binding of transcription acti-
vators to their DNA elements leads to activation of transcription. f) an active repression is affected
by proteins that bind sequence specifically to DNA elements and in their DNA-bound form inhibit
the transcritption preventing interactions with the transcription apparatus.

The mechanism by which these receptors repress transcription in the absence of
their ligands remains unclear. Specific proteins, termed nuclear receptor co-repressors,
also participate in the repression. They are an integral part of a larger protein complex
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that binds the nuclear receptor and possibly weakens the transcription of the gene via
the activation or recruitment of a histone deacetylase activity (see 1.4.6). It is assumed
that the repressor protein dissociates from the receptor in the presence of the cognate
hormone to enable transcription activation.

1.4.6 Chromatin Structure and Transcription Activation

In the previous considerations the function of chromatin structure on transcription
activation has been ignored. Generally it holds true that chromatin structure is decisive
for gene activity and certain configurations of chromatin are associated with transcrip-
tion repression.

The basic structural unit of chromatin is the nucleosome, in which the DNA is wrap-
ped 1.65 turns around the histone octamer (H2A, H2B, H3, H4),. The chromatin is fur-
ther condensed to a so-called solenoid with the aid of histone H1. The following obser-
vations are relevant to the discussions about the role of chromatin structure in gene
regulation (Lewin, 1994, Workman and Kingston, 1997, Kadonaga, 1998):

e Actively transcribed chromatin displays a change in nucleosome structure

e The arrangement of nucleosomes on the DNA plays an important role in the activa-
tion of transcription and can be actively changed

e There are chromatin structures which generally inhibit transcription

In view of the size of the nucleosome, it appears very difficult to carry out transcription
initiation and elongation on nucleosome-covered DNA. The special role played by the
nucleosome in the total transcription process is confirmed by the following experimen-
tal findings:

e During elongation the RNA polymerase is capable of displacing the nucleosome.
The histone octamer does not dissociate completely from the DNA. The nucleo-
some is thus a mobile entity that plays a dynamic role in the transcription process.

e During transcription activation, a defined rearrangement of nucleosomes can be
observed. The movement of the histones is coordinated with the shift of the DNA
sequence from the nucleosome surface into the linker region between nucleosomes.
A shift of the octomer, which has a height unequal to the 10.3 bp rise of DNA, cau-
ses DNA sequences to change their position relative to the surface of DNA.
Sequences which point toward the core of histone octamers are not available for
recognition by DNA -binding proteins.

o Nucleosome-bound DNA is accessible for the binding of transcriptional activators.
This means that the DNA sequences associated with the nucleosome surface can
still specifically be recognized by DNA -binding proteins. For example, DNA foot-
printing studies demonstrated the specific binding of a steroid hormone receptor to
the cognate DNA-binding element, even if this sequence lies in a nucleosome-
bound region. A requirement for sequence-specific binding of nucleosome-bound
DNA is that the DNA-binding element be oriented outward from the nucleosome.
This also requires an exact positioning of the DNA. The winding of the DNA aro-
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und the nucleosome has the additional effect that DNA sequences separated by
great distances in one dimensional space are brought close together in three dimen-
sional space (Fig. 1.41).

e Proteins of the yeast SWI/SNF family can initiate a modification of nucleosome
structure to enable the interaction of the transcription factors with the nucleosome-
bound DNA. Proteins of this class can function as anti-repressors by opposing the
general repression of chromatin structure. The SWI/SNF proteins are contained in a
large protein complex. They can modify nucleosome structure under ATP hydrolysis
in such a way as to strengthen the binding of transcription factors, such as GAL4 or
the TATA box binding protein, to nucleosome-bound DNA (Cote et al., 1994,).
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Fig. 1.41. The influence of the nucleosomes on the positioning of DNA-binding proteins.
Example of a control region in which two regulatory DNA elements are separated by 60-90 bp
but are brought near each other in 3D space via nucleosome formation. The super-helical arran-
gement of the DNA in the nucleosome brings the the two DNA elements close together. The
DNA element-bound proteins P1 and P2 are brought into closer contact with each other in this
configuration than in a linear arrangement.

It is becoming increasingly evident that multiple linkages exist between transcription
and chromatin. A large part of the function of transcription factors is dependent on
and directed to the structure of chromatin. A diagram of the network of linkages bet-
ween chromatin and transcription is shown in Fig. 1.42A. Within this network, interac-
tions between transcriptional activators (or repressors) and the following multiprotein
complexes have been shown to occur (review: Kadonaga, 1998):

e RNA polymerase II holoenzyme

e chromatin remodeling machines

e chromatin assembly factors

e Histone acetylase and Histone deacetylase complexes
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Fig. 1.42A. Schematic diagram of potential linkages between chromatin and transcription.
The figure shows a simplified representation of some of the linkages between chromatin and
transcription proposed on the basis of experimental evidence (Kadonaga, 1998) .

Although there is not universal agreement with regard to the hierarchy and the tempo-
ral order of the linkages depicted in Fig.1.42A, the action of transcriptional activators
(or repressors) must be discussed in the context of this network. The large number of
possible — and already experimentally shown — interactions between transcriptional
activators and multiprotein complexes other than the RNA polymerase II holoenzyme
makes it very difficult to adress specific questions on the detailed function of transcrip-
tional activators in the context of chromatin covered DNA. The following dicussion
therefore concentrates on the best studied aspect of chromatin modification during
transcription activation, namely the acetylation and deacetylation of histones.

14.6.1 Transcriptional Activity and Histone A cetylation

Recent studies have shown that the acetylation or deacetylation of the histones of the
nucleosome plays an important role in the regulation of transcriptional activity. Acety-
lation of the histones ( review: Hassig and Schreiber, 1997) is a postranslational modifi-
cation which is usually performed on lysine residues at the N-terminus and requires
specific enzymes,the histone acetyl transferases (HATs). Removal of the acetyl group
also requires specific enzymes, the histone deacetylases (HDAC). Most importantly, the
acetylation of histones is accompanied by a loss of postive charges which is thought to
have a profound influence on the nucleosome structure and on the strength of DNA -
binding.

Histone Acetylases

In many, although not all, cases, the histone acetylation is correlated with a stimulation
of transcriptional activity. HAT activity is found in proteins associated with the trans-
cription apparatus or identified as coactivators. Examples are, among others, members
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of the TAF proteins, including TAF;250, The GCNS5 protein (yeast and human) and
the coactivator CBP and the related protein, p300. The histone acetylases are part of
large protein aggregates of complex and varying composition (review: Struhl and Mog-
taderi, 1998). Two types of protein complexes have been characterized, the SAGA
complex from yeast and the human PCAF. Both complexes contain several histone-
like TAFs and HAT enzymes, GCNS in the yeast SAGA complex and a human GCN5
homogue in the PCAF complex.

The mechanism of transcriptional activation via histone acetylation remains specula-
tive. Two models, which are not mutually exclusive, are currently discussed:

e alteration of nucleosome structure: the neutralization of positive charges of the his-
tones by acetylation leads to a modification, or loosening, of the nucleosome struc-
ture (fig 1.42B). The loss of positive charges will weaken the interaction of the nuc-
leosomes with the DNA: Related to this can be an increased mobility of the nucleo-
some on the DNA as well as improved accessibility of the DNA for transcriptional
activators.

e Binding of additional accessory proteins: the acetylation pattern can serve as a
signal for the association of further protein components wit the genetic element,
whereby transcription of the gene is modified.

HAT

HDAC

Fig. 1.42B. Model of the influence of histone acetylation and deacetylation on the nucleosome
structure.

The amino terminal tails of the four core histones contain lysines that are acetylated by HATs and
deacetylated by HDACs. The histone octamer (H2A, H2B, H3, H4), is represented as a cylinder
wrapped by DNA. It is thought that neutralization of the positive charges on the histone tails
results in alterations of the nucleosome structure that may lead to a higher mobility of the nucleo-
some and/or an improved accessibility of the bound DNA, with accompanying changes in chro-
matin structure, chromatin hierarchy and transcription. In most, but not all cases, deacetylation
correlates with the repressed state and acetylation correlates with the transcriptionally active
state.

The amino terminii of the histones are indicated by a circled N; charged lysines are represented
by +; and acetylated lysines are indicated by Ac. Only the hyper- and hypoacetylated states are
depicted.
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Histone Deacetylases

The histone deacetylases are found in large protein complexes, often together with
repressive transcription factors. By this token, interactions of the repressive heterodi-
meric transcription factor Mad-Max and a complex with the histone deacetylase
HDAC I and the mSin3A protein have been demonstrated. A complex of HDAC I
and the nuclear receptor-corepressor (see chapter 4) binds to unliganded nuclear
receptors and is believed to exercise a repressive effect. A further example is the
tumor suppressor protein pRb (see chapters 13, 14), which can occur as a transcrip-
tion repressor in the hypo-phosphorylated form and transcriptionally activating in the
hyperphosphorylated form. The repressive form of the pRb protein recruits the
histone deacetylase HDAC I to the DNA and thereby initiates an active repression of
the gene (see 13.3.2).

Overall, histone acetylation and deacetylation represents an important tool with
which transcription can be positively or negatively influenced. The nucleosomes and,
in a further sense, chromatin structure assume a central role in the regulation of trans-
cription. Nucleosome structure and nucleosome position can decisively contribute to
the accessibility of DNA elements for transcription factors. The nucleosomes function
as a framework that determines the spatial arrangement of a region of the DNA. The
nucleosome constellation must be modified during transcription initiation, whereby
the post-translational modification of histones in the form of acetylation or deacetyla-
tion plays a significant role. The participation of other non-histone proteins remains an
open issue and it is also unclear how a constitutive and permanent inactivation of a sec-
tion of DNA can be accomplished via the chromatin structure.

1.4.7 Methylation of DNA

Two states can be distinguished in chromatin: heterochromatin and euchromatin. The
two states describe for every cell type a characteristic difference in degree of condensa-
tion and transcription activity of DNA. Genes located in the condensed heterochroma-
tin can not be transcribed, whereby genes located in euchromatin are accessible for
transcription.

An essential instrument for the suppression of transcription activity in heterochro-
matin, as well as for the differential regulation in euchromatin, is the methylation of
DNA on the C5 atom of cytidine in the CpG sequence (Fig. 1.43). CpG sequences
occur unevenly distributed in the genome. They may be concentrated in CpG islands.
Higher eucaryotes possess a characteristic distribution pattern of 5-methyl cytidine
(m°C), which remains intact upon cell division. Mechanisms must therefore exist to
ensure that the methylation pattern is precisely retained in the daughter cells following
cell division. A methyl transferase that carries out hemi-methylation in the CpG
sequences (Fig. 1.43) is responsible for the inheritance of the methylation pattern. The
methyl group is derived from S-adenosyl methionine. The preferential substrates for
the hemi-methylation are DNA sequences in which the complementary strand is alre-
ady methylated. Such a hemi-methylation occurs, for example, shortly after replication
of the sequence.
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Fig. 1.43. The methylation of DNA: 5-methyl-cytidine and maintenance methylation. a) The
methylation of cytidine residues on DNA is catalyzed by a methyl transferase that employs S-ade-
nosine methionine as a methyl group donor. The peferable substrate for the methyl transferase
are hemi-methylated CpG sequences. 5-aza-cytidine is a specific inhibitor of methyl transferses.
b) The methylation pattern of DNA remains intact upon DNA replication and is passed on to the
daughter cells. The newly synthesized strands are unmethylated immediately after DNA replica-
tion. The methyltransferase uses the previously methylated parent strand as a matrix to methylate
the CpG sequences of the newly synthesized strand.
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Based on the following observations, methylation can be viewed as a mechanism of
long-term repression:

e Constitutively inactive genes display a high density of methylation; active genes
tend to be under methylated.

o Inhibition of methyl transferase by 5-azacytidine (Fig. 1.42) leads to a change in the
methylation pattern and to a reversal of differentiation of a cell culture.

e Methylation of foreign DNA, such as viral DNA, is used as a tool for transcription
inactivation.

e There are proteins that specifically bind to methylated CpG sequences. They are
termed MeCP1 and MeCP2 and function as transcriptional repressors. MeCp2 is a
member of the H1 family of histones and has been shown to direct a histone-deace-
tylase to chromatin (Nan et al., 1999). Possibly the histone-deacetylase provides a
mechanistic link between DNA methylation and transcription repression.

e Transcriptional activity can be modulated by the methylation of CpG sequences
near promoters. It is still unclear exactly how methylation in the promoter region
influences gene activity.

e DNA methylation participates in genetic imprinting. The term ,,genetic imprinting®
describes a situation where genes are expressed unequally depending upon whether
they were maternally or paternally inherited. Normally both copies of the parental
genes are equally transcribed in a diploid chromosome. However, with imprinting,
a gene inherited from either the mother or father is selectively inactivated. Methyla-
tion is obviously involved in such an inactivation. The inactive copy is more strongly
methylated than the active copy.

In summary, methylation of CpG sequences reveals itself to be a tool to modulate the
activity of promoters as well as a means of long-term repression of genes. Recent stu-
dies (review: Razin, 1998) suggest that methylation plays an important role in establis-
hing an inactive state of a gene by targeting a histone deacetylase to the chromatin and
rendering the chromatin structure inaccessible to the transcription machinery.

1.5 Post-Transcriptional Regulation of Gene Expression

Transcription and translation are spatially separated events in eucaryotes. The product
of nuclear transcription is pre-mRNA. In order to enable translation, the information
contained within the pre-mRNA must be transported out of the nucleus and into the
cytosol. The quantity of processed mRNA available for translation decides to a high
degree how much protein is formed by de novo synthesis.

From the primary transcript to translated protein there are many possible points for
regulatory processes. The most important regulatory points are:

— modification of the 3’-end of the pre-mRNA
— splicing of the pre-mRNA
— transport of the pre-mRNA
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— initiation of translation
— stability of the mRNA

The transport from nucleus to cytoplasm is accompanied by modification at the 5’- and
3’-end of the pre-RNA, as well as by processing (splicing) of the primary transcript.
The 3’-end modifications and splicing decide which information contained in the pri-
mary transcript is made available for protein biosynthesis. The information content of
the processed mRNA can be specifically influenced by these processes. This has an
important impact on the tissue- and cell-specific protein expression. 3’-modification
and splicing are tightly coupled to extranuclear transport. Interventions in the trans-
port process are another possibility for a regulation at the post-transcriptional level.

The translation of the correctly modified mature mRNA by the ribosome is also sub-
ject to regulation. The regulatory site of translation is mainly at the initiation of trans-
lation. Further regulatory elements include the availability of mRNA for ribosomal
protein biosynthesis, as well as the concentration of mRNA. The availability of mRNA
can be controlled by, for example, sequence-specific protein binding to the mRNA.
The concentration of a specific mRNA is determined by a balance between its rate of
synthesis (i.e. transcription) and its rate of degradation by RNases. The stability of a
mRNA against nucleolytic degradation is thus a further factor that can determine the
extent of biosynthesis of a protein.

1.5.1 Modifications at the 5’- and 3’-Ends of the Pre-mRNA

Modifications at the 5°- and 3’-end include the processes of capping and polyadenyla-
tion (Fig. 1.44).
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Fig. 1.44. Modifications at the 5’ and 3’ ends of eucaryotic mRNA. Eucaryotic mRNAs possess
a ,,cap structure* at their 5’ ends and a 100-200 base long poly-A tail at their 3’ ends.
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Capping at the 5’-end of the pre-mRNA occurs immediately after incorporation of
about 30 nucleotides in the primary transcript. The 5’ cap structure is required for the
binding of the mRNA to the 40S subunit of the ribosome during the initiation of trans-
lation. Capping is also ascribed a stabilizing function for mRNA.

In higher eucaryotes the 3’-end of mature mRNA is not produced as a result of ter-
mination of transcription. Rather, the 3’-end of the primary transcript is cut at a speci-
fic site and a poly-A sequence is appended. Polyadenylation precedes the splicing of
the primary transcript.

During polyadenylation the primary transcript is shortened in an endonucleolytic
step and appended with ca.200 A-residues. The endonucleolytic incision requires two
signal sequences on the pre-mRNA. A highly conserved AAUAAA sequence 10-30
nucleotides upstream from the hydrolysis site serves as one signal. Another signal in
the form of a less well conserved GU- or U-rich element upstream of the hydrolysis
site. Both together constitute the polyadenylation signal (Fig. 1.45). Polyadenylation
occurs in a multiprotein complex, whose composition is not yet explained in all details.

In vitro experiments show that correct modification of the 3’-end requires at least
three protein factors: the CPSF protein, the poly-A polymerase and the poly-A bind-
ing protein. The CPSF protein (CPSF: cleavage and polyadenylation specificity factor)
binds to the AAUAA signal and brings the poly-A polymerase to the polyadenylation
site. The poly-A polymerase is supported by the poly-A binding protein. The latter
binds to the poly-A sequence and is required for the transition from the phase of syn-
thesis of short poly-A sequences to the formation of mature poly-A sequences (ca. 200
A-residues).

1.5.2 Formation of Alternative mRNA by Alternative
Polyadenylation

Some pre-mRNAs carry several polyadenylation signals on their 3’-end. Depending
upon which signal is used for the polyadenylation, various mRNAs can be formed from
a single primary transcript (Fig. 1.46). The mechanism of alternative polyadenylation
offers the possibility to form cell- and tissue-specific mRNAs from the same primary
transcript. It is currently unkown how the cell decides which poly-A signal to use. It is
speculated that the composition of the polyadenylation complex regulates the effi-
ciency of the various competing pol-A signals (Bienroth et al., 1993). This implicates
the tissue- and cell-specific availability of the protein responsible for the polyadenyla-
tion as the key regulatory element for the choice of the pol-A tail.

polyadenylation signals
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10-30 nt Fig. 1.45. Sequence signals for

polyadenylation.
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Fig. 1.46. Alternative polyadenylation in the expression of calcitonin genes of rat. The primary
transcript of the calcitonin gene possesses two polyadenylation sites. One site is used in the pro-
cessing of RNA in the thyroid, another site in the brain, and yet another in nerve tissue. The
translation of the two mRNAs creates two pre-hormones, from which two different polypeptide
hormones (calcitonin and the ,,calcitonin-related peptide®, or CGRP) are created via proteolysis.

1.5.3 Alternative Splicing

The genetic information encoding a protein in higher eucaryotes is usually not found
in a continuous sequence. Usually the genetic information is found in pieces of coding
sequences, or exons, interrupted by non-coding sequences, the introns. For the forma-
tion of the mature mRNA, the introns must be excised and the exons rejoined in the
proper order. This process is termed splicing. The number of introns in eucaryotic
genes can be very large; there are 50 introns in the human dystrophin gene.

Splicing occurs in a large protein-nucleic acid complex, termed the spliceosome.
Components of the spliceosome are, apart from the pre-mRNA, a number of proteins
and small RNAs, termed the U1, U2, U4, US and U6. The RNAs found in the spliceo-
some are bound to specific proteins. The complexes are termed snRNPs (small nuclear
ribonucleoprotein). Depending upon the type of RNA bound, there are U1, U2, U5
and U4/U6 snRNPs.
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Based on the observation of self splicing by the 23S RNA of Tetrahymena, it is assu-
med that the cleavage and rejoining of the phosphodiester bond is catalyzed by the
RNA components of the spliceosome. The proteins of the spliceosome are believed to
be important for the recognition of the 5’ and 3’ splice sites and for the formation of a
defined structure in the spliceosome. Thus, the proteins of the spliceosome play a deci-
sive role in the choice of the splice site and the effeciency of splicing.

The signal sequences that determine the location of splicing are shown in Fig. 1.47.
Decisive are sequences at the border between exon and intron, found as conserved
sequences at the 5’ (donor site) and 3’ (acceptor site) of the splice site. The intron is
removed in the form of a lasso. Donor and acceptor sites are then precisely joined
together.

The occurrence of several exons and intron in a gene opens the possibility of alterna-
tive splicing.

Starting with a single pre-mRNA several alternative mRNAs via the rejoining of
various exons can be formed, each coding for proteins with different activities and fun-
ctions. The creation of different proteins due to alternative splicing is a commonly used
tool for cell- and tissue-specific expression of proteins. By the formation of variable spli-
ced proteins, a tissue-specific constitutive protein pattern can be created. An example
for this is shown in Fig. 1.48. Alternative splicing can also be used to rapidly and flexibly
adjust the expression of specific proteins in response to a transduced external signal.

Alternative splicing can create proteins with varying enzymatic activity, cellular
localization and regulatory activity.

The splicing of pre-mRNAs often allows several possible combinations of exons.
Despite this fact, only a few of the theoretically possible combinations are realized.
This accentuates that the choice of alternative splice sites must be strictly controlled.
The exact mechanism by which a splice site is chosen is not understood. The following
control mechanisms are conceivable (review: Lopez, 1998):

1. The composition of the spliceosome determines the pattern of chosen splice sites.
Several proteins have been identified which act as antagonists in the selection of splice
sites. The SF2 protein (and related proteins) belong to the family of SR proteins (SR:
Ser- and Arg-rich) and supports the use of 5’-splice sites. Another protein, the hnRNP
A1 protein supports the use of 3’-splice sites.
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Fig. 1.47. Signal sequences for splicing. A splice site is determined by sequences on the 5’ side of
an intron (5’ splice site) and on the 3’ side of an intron (3’ splice site).
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Fig. 1.48. Differential splicing in muscle proteins. a) The troponin gene of rats possess 18 exons
that encode 258 amino acids. Different subtypes of troponin are found in various types of muscle
tissue.The exons 1-3 and 9-15 are found in all subtypes, while the exons 4-8 appear in various
combinations, allowing 32 possible combinations. Exon 16 or 17 are found in every subtype. Alto-
gether, 64 different mRNAs can be formed from the troponin pre-mRNA. After Breitbart and
Nadal-Grinard (1986). b) Tropomyosin is a muscle protein that can be alternatively spliced in dif-
ferent muscle tissue. Shown in the figure are the predominant subtypes for striated and smooth
muscle. After Wieczorek et al., 1989.

mRNAs

2. Positive and negative regulatory proteins can determine the selection of the splice
site. A positive acting protein would accordingly stimulate the use of a specific splice
site, a negative acting protein would inhibit the use of a splice site (Fig. 1.49). Both pro-
cesses allow for timely control of splicing and can affect a short term change in gene
expression in response to external signals.

1.5.4 Regulation via Transport and Splicing of pre-mRNA

Splicing and transport of the transcript from the nucleus to the cytosol are tightly cou-
pled. Unspliced pre-mRNA usually does not leave the nucleus, so that only correctly
spliced mRNA reaches the cytosol. The human immunodeficiency virus (HIV) is an
example of how manipulation of the nucleocytoplasmic transport can be used to create
different mRNAs from one pre-mRNA (Cullen and Malim, 1991).

Following integration into the host genome as a provirus, the genome of a retrovirus
is similar in many respects to a typical eucaryotic cellular gene. The transcription of the
HIV coding DNA, modification and processing of the HIV transcript is performed by
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Fig. 1.49. Model for the negative and positive control of splicing. a) In negative control, the
repressor protein binds to the primary transcript and prevents the excision of an intron. b) In
positive control, an activator protein is required to excise an intron.

most of the same protein complexes which process cellular mnRNAs. Among the prote-
ins encoded by the HIV genome, some are required at the beginning of the replication
cycle, while others are required at a much later phase. The regulatory proteins Tat and
Rev are required at the beginning. Only when sufficient levels of HIV RNA have been
produced are structural proteins, such as Gag, Pol and Env, required. The primary
transcript of the HIV genome is a 9kb long pre-mRNA, out of which further RNAs
arise by differential splicing (Fig. 1.50). The remarkable thing about the splicing of
HIV RNA is the fact that the splicing and transport of the pre-mRNA is regulated by
a viral protein.

A key element of regulation is the Rev protein. In the absence of the Rev protein,
one finds a multiply spliced class of 2S RNA in the cytoplasm that encodes the regula-
tory proteins Tat, Rev and Nef. At this phase the mRNAs which encode structural pro-
tein are transported to the cytosol only at a low level. They are furthermore unstable
and are only partially loaded with polysomes.

In the presence of the Rev protein, however, mainly longer, unspliced 95 mRNAs
and partially spliced viral RNAs are found in the cytosol, from which the expression of
the structural proteins occurs. Normally incompletely spliced or unspliced mRNAs are
retained in the nucleus and can not be transported to the cytosol.

At the beginning of the replication cycle of HIV, before the Rev protein is present,
primarily regulatory proteins are formed. If, in the framework of this expression pat-
tern, enough Rev protein is present, then unspliced or incompletely spliced viral
mRNAs appear in the cytosol and structural proteins are formed.

The critical point for the Rev protein is the processing of the 9S and 4S RNA. In the
presence of Rev the splicing of long mRNAs to the short 2S RNA is repressed and the
unspliced mRNA forms can be transported from the nucleus to the cytosol. The Rev
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Fig. 1.50. The function of the Rev protein in the processing of the transcripts of the Human
Immunodeficincy Virus (HIV). The Rev protein is a regulatory protein required for the process-
ing of the primary transcripts of HIV. In the early stadium of viral replication, before Rev protein
is available, spliced mRNA of ca. 2kb are transported to the cytosol. The spliced mRNAs are crea-
ted by multiple splicing events of the primary transcript and encode the regulatory proteins Tat,
Rev and Nef. Once a critical level of Rev protein is formed, unspliced (9kb) or only singly spliced
(4kb) forms of the viral mRNA appear in the cytosol. These encode for structural proteins and
reverse transcriptase. The Rev protein binds to a particular sequence of the viral RNA, the Rev
responsive element (RRE). The binding of Rev to the RRE enables the transport of unspliced
viral transcript into cytosol.

protein binds to a ca.230 long RNA element, termed the ,,Rev Responsive Element;
RRE, Fig. 1.51), that includes sequences on the 9S and 4S RNA. The binding of Rev to
the RRE obviously allows the transport of the unspliced or partially spliced protein
into the cytosol.
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The exact mechanism by which Rev interferes with the transport and splicing process
is largely unknown. One possible scenario is that Rev interacts with components of the
spliceosome, which leads to the release of splice factors that allow cytosolic transport
without actual splicing.

1.5.5 Stability of the mRNA

The concentration of mRNA available for translation is determined by the de novo
synthesis, as well as by the degradation rate. The specific degradation of mRNAs plays
an important role in cell- and tissue-specific gene expression (review: Sachs, 1993). The
stability of various mRNAs can vary significantly: from 20 min to 24 hour half-life in
the same cell.

The stability of a mRNA is determined from cis-acting elements, as well as by trans-
acting protein factors. Destabilizing sequence elements were identified by site-specific
changes in the mRNA sequences. They can be found at the 5’ end, in the coding region,
or at the 3’ end. It can be generally noted that the degradation of mRNA by nucleases
is coupled with translation. It is suspected that the proteins required for degradation
are brought to the RNA by the translation apparatus. The nature of these proteins is
not yet clear.

The following discussion gives examples of control elements important for the stabi-
lity and degradation of mRNA.
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Destabilizing Sequences at the 3’-Non-Translated End

Tubulin is a well-studied example of the interference of gene products with the stability
of mRNA. Processed tubulin binds as a dimer to the growing tubulin chain on the ribo-
some. The binding of the tubulin facilitates the attack by endonucleases on the ribo-
some-bound tubulin mRNA and thereby initiates the degradation of the mRNA (Fig.
1.52). The goal of this regulation process is to prevent the formation of excess tubulin.
If tubulin is in excess, then the degradation of its own mRNA is induced and the syn-
thesis of more tubulin is prevented.

Regulation of mRNA Stability by Iron

Two proteins are important for iron metabolism in mammalian cells: the transferrin
receptor (TFR) and ferritin. Ferritin is a protein for the storage of iron. The production
and its level is increased when more iron is available.

TFR is instrumental in the uptake of iron under conditions of low iron concentra-
tion. The concentration of cellular TFR is inversely correlated with the level of iron: if
little iron is present, then the TFR concentration is increased; if high levels of iron are
present, then the TFR concentration is decreased.

The regulation of the TFR and ferritin concentrations occurs at the mRNA level for
both proteins (review: Klausner et al., 1993; Hentze and Kiihn, 1996). The key element
for the regulation of the TFR concentration is a region at the 3’- non-translated end of

ribosome
MRNA for [\ - ubulin /’ S

growing /E
B-tubulin chain g

R
fj ]
binding
activates

tubulin dimer

Fig. 1.52. Model for the control of translation by tubulin. The amount of tubulin in animal cells
is determined partially by the stability of B-tubulin mRNA, whereby tubulin itself acts as the regu-
lating signal. Starting from the 5° cap, various stages of the translation of 3-tubulin mRNA, repre-
sented as a chain of small circles, is illustrated in the figure. As soon as the N-terminus of the gro-
wing [-chain emerges from the ribosome, the o- and 3- subunits of tubulin bind to the terminal
MREI sequence, upon which an endonuclease becomes activated by a presently unknown mecha-
nism. The degradation of the B-tubulin mRNA then proceeds.
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the TFR mRNA. Here are found several hairpin structures essential for the stability of
the mRNA. The hairpin structures offer binding sites for a specific RNA binding pro-
tein, the iron responsive element binding protein (IRE-BP). Binding of IRE-BP to the
hairpin structure protects the mRNA from nucleolytic degradation (Fig. 1.53).

The binding capacity of IRE-BP to the hairpin structures is controlled by the amo-
unt of iron. Low iron concentrations favor the formation of a binding competent form,
high iron concentrations favor the formation of a binding incompetent form of IRE-
BP. Both forms of the IRE-BP differ from each other in terms of their content of a 4Fe-
48 cluster. Iron favors the insertion of the 4Fe-4S cluster into the protein and thereby
transmits it into the binding incompetent state. In the presence of high levels of iron,
the hairpin structures are not occupied, the mRNA can be degraded, and the level of
TFR drops.

The regulation of the ferritin concentration is also related to the iron concentration.
The vulnerable point is not the stability of the mRNA, but rather of the initiation of
translation. The mRNA for ferritin possesses a hairpin structure in the 5’- non-coding
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Fig. 1.53. Regulation of the stability of the mRNA of the transferrin receptor by Fe**. The trans-
lation of the mRNA of the transferrin receptor (TFR) is subject to regulation by the Fe concen-
tration. Fe exerts its regulatory effect via the IRE binding protein (IRE-BP). The IRE-BP binds
to a control segment at the 3’ terminal region of the TFR mRNA, known as the iron responsive
element (IRE). Binding of the IRE-BP to a hairpin structure of the IRE stabilizes the mRNA of
the transferrin receptor and protects it agains nuclease attack. If high levels of Fe are present,
then the IRE-BP is in its binding inactive form, the IRE is free and nucleases can attack the non-
translated 3’ end of the mRNA. Upon depletion of Fe, the IRE-BP is found in its binding compa-
tible form and it protects the mRNA of the transferrin receptor from degradation. Binding-active
and inactive forms of the IRE-BP differ in the content of Fe-S clusters.
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region similar to that found in the TFR receptor at the 3’-end. The IRE-BP binds in its
active form to the hairpin structure of the ferritin mRNA and blocks accessibility of
the ribosome to the coding sequence. The translation of ferritin mRNA is halted under
this mechanism upon low levels of iron, and the amount of ferritin decreases. At high
iron concentrations the IRE-BP is found in its binding incompetent form, the 5’
regions is free to be translated and de novo synthesis of ferritin for the storage of iron
is possible.

1.5.6 Regulation at the Level of Translation

In order to allow a better understanding of regulation at the level of translation, some
of the specific features of eucaryotic translation will be summarized briefly.

As opposed to the case in procaryotes, eucaryotic translation does not require a spe-
cific sequence for the binding of the ribosome. Procaryotes rely on the Shine-Dalgarno
sequence, which is complementary to sequences of the 16S RNA of the 30S subunit.
The Shine-Dalgarno sequence mediates the binding of mRNA to the 30S ribosome
and ensures the correct positioning of the AUG initiation codon.

The mRNA of eucaryotes does not possess specific initiation sequences. Rather, the
AUBG start codon is identified by scanning the eucaryotic mRNA: the 40S subunit of
the ribosome threads the 5’ non-translated end of the mRNA and uses the first AUG
codon encountered to initiate translation. Whether a AUG codon is used as an initia-
tor depends, additionally, upon the sequence context. If the sequence environment is
unfavorable for initiation, then the scanning is continued and initiation occurs at one
of the next AUG. With the help of this ,,leaky scanning* strategy it is possible to pro-
duce proteins with different N-termini from the same mRNA. Since there are often
signal sequences found at the N-terminus, this mechanism may lead to alternative com-
partmentalization of a protein.

Eucaryotic translation is controlled, analogously to transcription, primarily via
initiation. Regulation by attenuation, an elementary regulation mechanism in procary-
otes, is unknown to eucaryotes. Regulation by attenuation demands a tight coupling of
transcription and translation. In eucaryotes such a coupling does not exist, since trans-
cription and translation are spatially separated. As discussed above, however, eucaryo-
tes posses an extensive repertoire of regulation possibilities in the framework of trans-
port and processing of mRNA.

1.5.6.1 Regulation by Binding of Protein to the 5°-End of the mRNA

As shown in the example of ferritin mRNA , the binding of the ribosome to the 5’-end
of the mRNA can be blocked by RNA binding proteins at the same region. This case
is exemplary for a negative regulation of translation by sequence-specific RNA bind-
ing proteins. Such proteins are categorized as translation repressors (see Fig. 1.54). The
repressor proteins can either be directly or indirectly related to the protein encoded by
the regulated mRNA, thus allowing adaptation of the translation process to the cur-
rent needs by a feedback mechanism. Often the gene product acts as a repressor of
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its own translation. This mechanism is utilized by procaryotes to regulate the synthesis
of ribosomal proteins: excess ribosomal proteins block the translation of its own
mRNA.

An interesting case of regulation at the translation level was discovered on the
example of the homeodomain protein bicoid (bcd), which is important in Drosophila
differentiation (Dubnau and Struhl, 1996). The bicoid protein is a transcriptional acti-
vator that binds a cognate DNA element and stimulates the transcription of the neig-
hboring genes. Apart from its specific DNA-binding capability, the bicoid protein
binds to 3’-, non-translating sequences of the mRNA of another homeodomain protein
(caudal protein) to inhibit its translation.

1.5.6.2 Regulation by Modification of Initiation Factors

The de novo synthesis of proteins can be varied in response to external stimuli, such as
hormones or heat stress. The regulation of protein biosynthesis occurs primarily via
phosphorylation of translation initiation factors. The regulatory points in eucaryotes
are, above all, the translation factors eIF-2 and elF-4.

The function of elF-2 is illustrated schematically in Fig. 1.55. eIF-2 belongs to the
superfamily of regulatory GTPases (see ch. 5). eIF-2 fulfills the task of bringing the
methionyl-initiator-tRNA to the 40S subunit of the ribosome. The active elF-2 *GTP
form binds the methionyl-initiator-tRNA, associates with the cap structure of the
mRNA, then commences to scan along the mRNA. Once an AUG codon is encounte-
red, the bound GTP is hydrolyzed to GDP, resulting in the dissociation of the



1.5 Post-Transcriptional Regulation of Gene Expression 81

B0 5 ribosome

methionyl - inifiator tRNA
protedn-
biosynthesis
-

X \
/' - ) > >

oiF-28

GTP alF-2 “lF-28 elF.2 alF-2B
:_’ GOP
GOP

GDP-GTP exchange

inactive

Fig. 1.55. The function of elF-2 in eucaryotic translation. eIF-2, the initiator protein for the
translation is a regulatory GTPase that occurs in an active GTP-form and in an inactive GDP
form (see ch. 5). The active eIF-2*GTP forms a complex with the initiator-tRNA, fMet-tRNA™
and the 40S subunit of the ribosome. This complex binds to the cap structure of mRNA to initiate
the scanning process. elF-2 undergoes an activation cycle typical for regulatory GTPases: the
inactive eIF-2*GDP fom is activated with the assistance of the eIF-2B protein into the active elF-
2*GTP form. eIF-2B acts as a G-nucleotide exchange factor in the cycle (see ch. 5).

elF-2*GDP from the 40S ribosome. The transition from the inactive eIF-2*GDP form
into the active eIF-2*GTP form requires a G-nucleotide exchange factor, termed the
elF-2B.

The transition of the inactive eIF2*GDP into the active GTP form is subject to regu-
lation by phosphorylation of the a-subunit of eIF-2. Phosphorylation of the a-subunit
of eIF-2 increases its affinity for the nucleotide exchange factor eIF-2B, without indu-
cing nucleotide exchange. elF-2 is found in excess of eIF-2B in the cell, so that phos-
phorylated eIF-2 binds the entire reservoir of eIF-2B. As a consequence, no further
elF-2B is available for nucleotide exchange, and protein biosynthesis is halted.

The translation of certain mRNAs, including that encoding the transcription factor
GCN4 of yeast, is stimulated rather than inhibited according to the above mechanism.
In this case there exists a complex interaction between several initiation sites.

elF-2 is phosphorylated by the specific protein kinase eIF-2a (review: Samuel, 1993;
Wek, 1994). The elF-2a kinase is activated by hormonal signal transduction pathways
or via external stimuli, such as lack of nutrients, heat shock or viral infection.

A well studied example for control at the level of eIF-2 is the regulation of protein
biosynthesis in erythroid cells (review: Chen and London, 1995). A decrease in the
heme concentration in reticulocytes leads to inhibition of globin synthesis at the level
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of translation. This regulation mechanism ensures that only so much globin is produ-
ced as is heme available. If the level of heme drops, then the heme-regulated kinase
(HRI) becomes activated. The activated HRI phosphorylates the eIF-2a subunit,
which in turn shuts off protein biosynthesis (Fig. 1.56).

The mechanism of regulation of HRI kinase by heme is not well understood. Inac-
tive and active forms of the HRI kinase differ in the content of intermolecular disulfide
bridges of the HRI kinase dimer. However it is still unclear how heme targets the
kinase and whether the disulfide bridges directly influence the kinase activity.

Mammalian cells contain at least one additional eIF-2-specific kinase, known as the
RNA -specific eIF-2 kinase (abbreviated PKR). PKR is induced by interferon and can
be activated by minimal concentrations of double-stranded RNA. Activated PKR
phosphorylates elF-2, which, according to the above mechanism, switches off protein
biosynthesis.

The above mentioned examples illustrate the variety of regulatory mechanisms
under the control of eIF-2. Together, they play a central role in the control of initiation
of translation in eucaryotes.
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Fig. 1.56. Control of eIF-2 by phosphorylation. Phosphorylated eIF-2*GDP binds strongly to
elF-2B without nucleotide exchange occurring. Initiation of protein biosynthesis is not possible in
this case.In reticulocytes, elF-2 is subject to phosphorylation by the heme-regulated elF-2-kinase
(HRI). The activity of the dimeric HRI is regulated via the heme concentration. Another protein
kinase that can phosphorylate and regulate eIF-2 is the RNA-dependent elF2a-kinase (PKR).
The latter is induced by interferons and activated by double stranded RNA.
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1.5.6.3 Regulation of Translation via Insulin

It has long been known that insulin ( and other hormones and growth factors) can sti-
mulate protein biosynthesis. The signal transduction pathway linking insulin to the
translation apparatus was, until recently, unclear. However, insight is now being gained
into this mechanism (Pause et al, 1994, review: Proud and Denton, 1997).

The vulnerable point for insulin-mediated regulation of translation is the initiation
factor elF-4E. This factor binds specifically to the 5’-cap structure of mRNA and is
part of a larger complex, termed elF-4F. A further component of eIF-4F is the eIF-4A
protein, which possesses helicase activity. The binding of eIF-4E to the cap structure is
necessary for the association of the 40S subunit with the 5’-end of the mRNA and for
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Fig. 1.57. Model of the regulation of translation by insulin. Insulin ( and other growth factors)
activates the Akt kinase pathway (see ch. 10), whose final result is the phosphorylation of 4E-
BP1, a regulatory protein of translation initiation. The 4E-BP1 protein inactivates the initation
factor eIF-4E by complex formation. eIF-4E is required, together with the proteins eIF-4A and
p220, for the binding of the 40S subunit of the ribosome to the cap structure of the mRNA. If the
4E-BP1 protein becomes phosphorylated as a result of insulin-mediated activation of the PI3
kinase/Akt kinase cascade, then elF-4E is liberated from the inactive eIF-4E*4E-BP1 complex
and protein biosynthesis can begin.
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the subsequent scanning by the 40S subunit. It is assumed that the RNA helicase acti-
vity of eIF-4A is required to melt the secondary structure at the 5’-end of the mRNA.
The activity of eIF-4E is controlled by a specific binding protein, 4E-BP1. The 4E-BP1
protein binds and inactivates eIF-4E, so that the latter is no longer available to bind
the 5’ cap structure and translation of mRNA is inhibited.

Under the influence of insulin a signaling chain is activated that results in the phos-
phorylation of 4E-BP1. The responsible protein kinase is most probably the serine/
threonine kinase Akt/PKB (see 6.6.2).

It is assumed that the phosphorylation of 4E-BP1 represents the signal for the
release of elF-4E from the complex. The free eIF4E can then associate with elF-4A
and the 5’cap of the mRNA to initiate translation (Fig. 1.57).

The regulation of translation is accomplished in this system via a specific inhibitory
protein and an initiation factor of translation. The binding activity of the inhibitor pro-
tein is regulated by protein phosphorylation, and thus, by protein kinases. The activity
of protein kinases can be regulated in a multitude of ways. A signal initiating from
insulin, for example, can activate the PI3-kinase and the Akt kinase pathway (see
6.6.2), resulting in phosphorylation of 4E-BP1.

A further susceptible point for insulin-regulated signaling pathways is the ribosomal
protein S6. Under the influence of insulin, S6 is phosphorylated by a specific protein
kinase, the p70% kinase, resulting in increased levels of translation of certain mRNAs.
Several pathways including the MAPK/ERK pathway (see chapter 10) and the Akt
kinase pathway can contribute to the activation of the p70%® kinase.
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Chapter 2

The Regulation of Enzyme A ctivity

2.1 Enzymes as Catalysts

Enzymes function as biocatalysts and, as such, are involved in all metabolic reactions.
Characteristic for enzymes is their high efficiency, high specificity and extreme stereose-
lectivity, as well as their ability to be regulated. Analogous to chemical catalysts, enzy-
mes do not alter the equilibrium of a reaction, but only accelerate the establishment of
the equilibrium of the reaction.

The mechanism of action of enzymes can best be described with the aid of transition
state theory. On the pathway from substrate A to product B in a reaction catalyzed by
a chemical catalyst or an enzyme A passes through a transition state A* which is found
at the highest point of the energy diagram (fig. 2.1). The energy difference between the
ground state of A and the transition state A* represents the activation energy. The
transition state as such can not be isolated. It is the state of A in which the bonds

free
energy

reaction coordinate

Fig. 2.1. The energy profile of a catalyzed and an uncatalyzed reaction. The figure shows the
energy diagram for the conversion of A — B for a catalyzed and an uncatalyzed reaction. The
binding of A to the catalyst (=enzyme) is left out to simplify the figure. In the uncatalyzed reac-
tion, the energy difference between the ground state A and the transition state A* is the activa-
tion energy AG® ... The transition state of the catalyzed reaction is at a lower free energy, so that
the activation energy AG*,, is less and the reaction proceeds at a faster rate. The energy differ-
ence AAG” is a measure of the efficiency of the catalyst and determines how much faster the
catalyzed reaction is compared to the uncatalyzed reaction. The equilibrium of the reaction,
which is characterized by AG,, remains unchanged upon catalysis.
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participating in the reaction are in the process of opening and closing. The transition
state is the most unstable state on the path from substrate to product. Enzymes, like
chemical catalysts, increase the rate of a reaction by decreasing the activation energy
for the transition from A — B.

For the tight binding of the transition state the binding surface of the enzyme must
be complementary to the structure of the transition state, so that optimal interactions
between the enzyme and the transition state are possible. This demand implies that
enzymes display a high affinity to molecules which are chemically similar to the transi-
tion state of the reaction. Complexes of such transition state analogues with enzymes
are well suited for X-ray structure analysis to elucidate the structural principles of the
active site and the catalytic mechanism.

The pathway from enzyme-bound substrate to the transition state involves changes
in the electronic configuration and geometry of the substrate. The enzyme itself is also
not static. The ability to tightly bind the transition state requires flexibility in the active
site. Such flexibility has been experimentally demonstrated in many cases. A corollary
to this is that the effectivity of enzyme catalysis can easily be influenced and regulated
by conformational changes in the enzyme. An extensive consideration of the mecha-
nisms of enzymes can be found in the works by J. Kraut (1988) and A. Fersht (1998).

The binding of an effector molecule or a covalent modification of the enzyme, such
as phosphorylation, can prevent the necessary restructuring of the enzyme that enables
strong binding of the transition state, thereby inhibiting the reaction. Effectors and
enzyme modifications can also affect the substrate binding site such that binding of the
substrate in the ground state is impossible or very weak. On the other hand, activation
by effectors and modifications can be achieved by stabilizing a conformation of the
enzyme in which substrate binding is favorable and a high complementarity between
enzyme and substrate in the transition state is possible.

The ability of proteins to exist in different conformations is termed allostery (see
2.2). Allosteric enzymes can assume various conformations which differ in catalytic
activity and/or substrate binding capacity.

2.2 Regulation of Enzymes by Effector Molecules

The regulation of the activity of enzymes by the binding of effector molecules is a ubi-
quitous and general principle for the fine tuning and control of metabolic activity.
Effector molecules are often low molecular weight organic compounds. Proteins and
metal ions can also exercise the function of effectors. The effector molecules bind spe-
cifically to the enzymes and the binding results in inhibition or stimulation of enzyma-
tic activity.

For the regulation of metabolic pathways metabolites are often used which are a
product of that pathway. The basic strategy for the regulation is exemplified in the
mechanisms employed in the biosynthetic and degradation pathways of amino acids,
purines, pyrimidines, as well as in glycolysis. In most cases a metabolite (or similar
molecule) of the pathway is utilized as the effector for the activation or inhibition of
enzymes in that pathway.
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Effector molecules bind to an enzyme of a metabolic pathway and modify its actity in
a concentration-dependent manner. This regulation serves to adjust the level of produc-
tion of metabolites by the pathway to the current needs in the cell. The regulatory signal
of such a ,.,feedback regulation* strategy is the concentration of the final product or of
an intermediate. In feedback inhibition, if the concentration of a particular product
exceeds a certain level, then the product occupies the active site of the enzyme and the-
reby inhibits it. The enzymes of a metabolic pathway that act as a bottleneck for the
total throughput, i.e. are rate limiting for the overall reaction, are generally the primary
targets for feedback regulation. In this case the allosteric regulation of one enzyme can
control the overall throughput of the metabolic pathway. These enzymes are recognized
as key enzymes and are usually involved in early steps in the reaction path (fig. 2.2).

The basic elements for the regulation of enzyme activity by effector molecules are
allosteric conformational changes of the enzyme. Allostery means that the enzyme can
exist in various conformations which differ in activity and substrate or ligand binding.
The typical titration curve for the binding of a ligand to an allosteric protein is sigmoi-
dal in shape (fig. 2.3), while binding curves for non-allosteric enzymes are hyperbolic.

E1 E3 E 4
A 852 ¢ D E

4© 40 |

Fig. 2.2. Feedback inhibition of a metabolic pathway. In feedback inhibition, the final product,
E, of a metabolic path acts as an inhibitor of an early reaction in a cycle, which in the figure leads
eventually to the formation of E with the aid of enzymes E1, E2, etc. E acts as an effector on the
enzymes E1 and E2 to inhibit their activity.
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Fig. 2.3. Ligand-binding to allosteric and non-allosteric proteins: oxygen bindig to myoglobin
and hemoglobin. a) the binding of O, to myoglobin can be described by a hyperbolic curve. b) the
sigmoid form of the O, binding curve to hemoglobin is characteristic for a ligand-binding to an
allosteric protein.Y= degree of binding, ratio of binding sites occupied with O, to the total O
binding sites of hemaglobin; pO,: partial pressure of O,.
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Enzymes that are regulated by effector molecules in an allosteric manner possess,
apart from the binding site for the substrate, a specific binding site for the effector
molecule. The binding of effector molecules to the effector site leads to a shift in equili-
brium between the various conformations and thus to a change in activity (see 2.3).

2.3 Mechanistic Descriptions of Allosteric Regulation

Various models have been offered to describe the mechanisms of allosteric regulation
of enzyme activty, of which the symmetry model (Monod et al., 1965) is the simplest.
The symmetry model has proven suitable in many cases to explain the experimentally
observed characteristics of allosteric enzyme regulation.

The symmetry model (fig. 2.4) of allostery can describe the cooperative binding of
substrate to enzyme (homotropic effect), as well as the influence of effector molecules
on the activity of enzymes (heterotropic effect).

T-state- R-state-
protomers protomers

g
Py

I I

etc. etc.
Ty R, Fig. 2.4. The symmetry model of allo-
L stery. Shown here is the succesive bind-
”’L ]r ing of a ligand L to a protomer of a

tetrameric protein with four ligand-bind-
ing sites according to the symmetry
Ta = R, model. T: tense form, R: relaxed form.
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The model assumes the following with regard to the binding of a ligand (=substrate)
to the protein:

1. Allosteric proteins are oligomeric and composed of symmetric subunits.

2. The subunits can exist in two forms, termed the T-form and the R-form. The R-form
(,,relaxed®) is the relaxed, active state; the T-form (,,tense®) is the less active state.
T and R forms are in equilibrium with each other, independent of whether the
ligand is bound or not.

3) The ligands can bind both to the T and R forms. The two forms differ in their affi-
nity to the ligand.

4) Both R and T forms are symmetrical in structure. The subunits of the oligomers are
either all in T or all in R form. T and R foms can not coexist in an oligomer.

The influence of effector molecules is described by the symmetry model in the follo-
wing manner:

Activators bind preferentially to the R form of the enzyme and thereby stabilize it.
In the R form the enzyme possesses greater affinity for the substrate and is therefore
more active.

Inhibitors bind preferentially to the T form. In the presence of an inhibitor more
molecules occur in the T form. In this form the enzyme possesses a lower affinity for
the substrate and the enzyme is thus less active.

Fig. 2.5 illustrates the influence of an activator and of an inhibitor on the binding of
a ligand (and thereby on the activity) by a tetrameric protein. The activator shifts the
binding curve to lower ligand concentrations and can, in the extreme case, lead to a
hyperbolic binding curve. The inhibitor shifts the binding curve to higher ligand concen-
trations, so that higher concentrations are required to saturate the ligand binding sites.

] | |

0 1,0 2,0 o4

Fig. 2.5. The influence of an activator and an inhibitor on the ligand-binding curve of an alloste-
rically regulated enzyme. In the absence of inhibitor or activator, the ligand-binding curve is sig-
moidal (curve 2). In the presence of an activator the binding curve is shifted to lower ligand con-
centrations (curve 1) and approaches hyperbolic form, similar to that observed in Fig. 2.3 for the
binding of O, to myoglobin. An inhibitor shifts the binding curve to higher ligand concentrations
(curve 3). Y: degree of binding, ratio of occupied to toal binding sites of the protein; a: L/P0; Ly:
total ligand concentration; Py: total concentration of binding sites on the protein.
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2.4 Structural Basis of Allosteric Regulation on the
Example of Phosphofructokinase

Based on high resolution crystal structures, detailed understanding of the molecular
principles of allosteric regulation for several enzyme systems could be gleamed. One of
the best studied examples is that of phosphofructokinase from Bac. stearothermophilus
(Schirmer and Evans, 1990).

Phosphofructokinase (PFK) is a key enzyme for the substrate turnover in glycolysis.
PFK catalyzes the folowing reaction:

Fructose-6-P + ATP = Fructose-1,6-Bis-P + ADP

PFK displays sigmoidal kinetics for the conversion of fructose-6-P, although not for
ATP. The enzyme is allosterically activated by ADP and allosterically inhibited by phos-
phoenolpyruvate (fig. 2.6).

Two different enzymatically active forms of PFK could be identified which may be
considered the R and T form in the framework of the symmetry model. The R form
possesses a high affinity for the substrate fructose-6-P, the T form binds fructose-6-P
with lower affinity. Upon binding of the inhibitor phosphoenolpyruvate, PFK converts
to the T form. The enzyme is found in the R form upon binding the substrates (ATP or
fructose-6-P) or the activator (ADP). There exist high resolution crystal structures of
both forms.

ADP Frc 6-P

PEP

Fig. 2.6. Regulation of Phosphofructokinase from Bacillus stearothermophilus. The tetrameric
phosphofructokinase is allosterically regulated by ADP, Frc-6-phosphate, and phosphoenolpyru-
vate (PEP). The binding of ADP and Frc-6-phosphate converts the enzyme into the active R
state. PEP binds to the T state and inhibits phosphofructokinase. The circles represent the R state,
and the squares represent the T state of the enzyme.
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PFK from Bac. stearothermophilus consists of four identical subunits, each 319
amino acids. Each subunit has two domains, a large domain with the ATP binding site
and a smaller domain with the binding site for furctose-6-P. The subunits are packed in
the form of two dimers (fig. 2.7, subunits AB and CD) with a large contact surface bet-
ween the monomers of the dimer and a smaller contact surface between the dimers.
The substrate binding site for fructose-6-P is found near the small contact surface bet-
ween the two dimers. At this surface, prominent differences in the conformation of the
high affinity R form and the low affinity T form occur. The effector binding site for the
activator, ADP, is nearly identical with that for the inhibitor, phosphoenolpyruvate,
and is found near the large contact surface within a dimer.

The structural differences between the R- and T-form are strongest at the interface
between the dimers and impact heavily the binding site for fructose-6-P. At the binding
site for the second substrate, ATP, there are only minor structural differences between
the two conformations. Overall, the transition from R- to T-form is accompanied by a
rotation of the two dimers around the small interface; the large contact surface within
a dimer remains relatively unchanged.

The following discussion is restricted to the fructose-6-P binding site and the 6-F loop
since the conformational change between the R and T-form is most noticeable here. Fig.
2.8 shows the binding site for fructose-6-P in the R- and T-form. In the T-form, both
dimers are tightly coupled by salt bridges, the cleft between both subunits is constricted,
and the binding site for fructose-6-P is blocked. In the R-form the cleft between the
dimers is widened and the binding site for fructose-6-P is accessible. Residues from both
subunits are involved in the binding of fructose-6-P, whereby the residues Argl62 and
Glul61 of the 6-F loop clearly assume different positions in the R- and T-form. In the
T-form Glul61 is found near the fructose-6-P binding site so that binding is prevented
by electrostatic repulsion. Upon the transition from T->R, Glul61 swings out of its
position and is replaced by Argl62. The latter binds, together with Arg243, via a salt
bridge to the phosphate moiety of fructose-6-P. This salt bridge, which is only possible
in the R-form, contributes significantly to the binding energy of fructose-6-P.

The movement of the residues involved in fructose-6-P binding is mediated by neig-
hboring helices and loops, whose own position is influenced by the effector binding
site. Binding of the activator ADP to the effector binding site stabilizes the R confor-
mation. Binding of the inhibitor phosphoenolpyruvate (or 2-P-glycolic acid) to the
same site fixes the enzyme in the T-form. The disparate effect of the two effectors can
probably be explained by their different size. How the occupation of the effector bind-
ing site is coupled to the conformational change in the region of the fructose-6-P bind-
ing site is not yet understood.

A central event in the allosteric mechanism is the rotation of the dimers relative to
each other. The movement is coupled with the conformational change of all four bind-
ing sites for fructose-6-P, since this is found at the dimer interace.

The following points should be noted:

1) changes in the conformation of the subunits are coupled with one another via the
inter-subunit contact surface. In this manner, the subunit interface plays a central
role in the allosteric mechanism.

2) The binding site for the fructose-6-P substrate is found at the contact surface of the
subunits and its accessibility depends on the mutual orientation of the subunits.
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Fig. 2.7. Structure of Phosphofructokinase from Bacillus stearothermophilus displaying the bind-
ing sites for substrate and effector. a, b) schematic representation of the tetrameric phosphofruc-
tokinase and the change in quarternary and tertiary strucutre of the enzyme upon T-R intercon-
version. The subunits are numbered A-D; p, q, and r are the various parallel two-fold symmetry
axes. a) view along the p axis. b) view along the r axis highlighting the substrate and effector bind-
ing sites. The solid lines indicate the T-state, the dashed lines the R-state. c) structure of an AD
dimer showing the binding site for fructose-6-P and for the effectors ADP or Phosphoenolpyru-
vate. The view is, as in b), along the r axis.The contact surface between the A and D subunit runs
approximately along the q axis. The helices are drawn as cylinders and are numbered from 1-13.
The B-pleated sheets are drawn as strands and are numbered A-K. After Schirmer and Evans
(1990), with permission.
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Fig. 2.8. Schematic representation of the interactions between the dimer contact surface of phos-
phofructokinase in the T- and R-state. The jagged lines mark part of the contact surface between
an A and D subunit. The view is along the r axis, as in Fig. 2.7b, and thus along the contact surface
between the AB and CD dimers. a) T-state; In the T-state the two subunits interact tightly via salt
bridges in the indicated region. b) R-state: Fructose-6-phosphate binds in the cleft between the
two subunits. The binding of ADP is also shown in the binding site for the ATP substrate. After
Schirmer and Evans (1990), with permission.

3) The T- and R- form differ above all in their ability to bind the substrate fructose-6-P.
In the T-form the binding site for fructose-6-P is inaccessible due to electrostatic and
steric effets. In the R-form the binding site is accessible and, furthermore, the amino
acid side chains necessary for a tight binding are optimally situated.

4) The binding of an effector molecule to the effector binding site leads to a coupled
conformational change to fixate either a high affinity R-form or a low affinity T-
form.

The high resolution X-ray structural data of the R- and T-form help us understand
the differences in the conformation of the two states. The crystallographic data howe-
ver mediates only a static picture of the allosteric mechanism. Structures that occur
between the two conformational extreme situations of the R- and T-states are not
captured. Furthermore, the quest for the understanding of the mechanism of the con-
formational coupling, as well as the influence of conformational changes on the enzy-
matic reaction, remains elusive. Although we still do not understand all the details
and the intermediate states of the allosteric process, the structural data offers an indi-
spensable framework with which to understand the principles, which guide allosteric
regulation.
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2.5 Regulation of Enzyme Activity by Binding of
Inhibitor and Activator Proteins

Enzyme-specific inhibitor and activator proteins can be considered as a type of effec-
tor molecules.

Inhibitor Proteins

There are numerous examples of inhibitor proteins that specifically bind a particular
enzyme and block its activity.

Inhibitor proteins themselves are subject to a variety of regulation mechanisms. The
function of an inhibitor protein can be regulated, for example, by protein phosphoryla-
tion (see chapter 7, Inhibitors of Protein Kinases), by degradation or by de novo syn-
thesis (see chapter 13, Inhibitors in the Cell Cycle).

The structurally best characterized example is found amongst the proteases: speci-
fic inhibitor proteins ensure that the proteases carry out their proteolytic function
only in certain tissues and only under certain metabolic conditions. By this token,
the protease inhibitors assume an important protective and regulatory function in
metabolism.

The structural analysis of the trypsin inhibitor from bovine pancreas (BPTT) in com-
plex with trypsin shows that the inhibitor occupies and blocks the substrate binding
pocket in a highly complementary manner (fig. 2.9). In the trypsin-BPTI complex, the
catalytically essential Ser-OH of trypsin contacts a CO group of the inhibitor in a man-
ner very similar to the tetrahedral transition state of amide or ester bond hydrolysis
(see fig. 2.9b). The inhibitor can be likened to a pseudo-substrate and, as such, is bound
with high affinity. The cleavage of the peptide bond is, however, not possible due to
other circumstances, such as the fact that water is prevented from reaching the active
site with the inhibitor bound.

A further example of inhibitor proteins is the protein kinases and the cognate pro-
tein kinase inhibitors. The activity of protein kinases in the cell cycle are controlled via
the association with inhibitor proteins. The basic mechanism and the goals of this
phenomenon will be discussed in detail in chapters 7 and 13.

Activator Proteins

An example for the reversible association of activator proteins with an enzyme is the
Ca’*-calmodulin dependent enzymes. Calmodulin is a Ca**-binding protein which can
activate target enzymes, e.g. phosphorylase kinase (see 6.7.1 and 7.4) in its Ca**-bound
form . Another example for activating proteins is the cyclins (see chapter 14). The cyc-
lins are activators of protein kinases that regulate the cell cycle.

Activator proteins themselves can be bound in regulatory networks, as shown in the
example of the cyclins (chapter 14). The function of an activator protein can be regula-
ted at the level of gene expression, degradation, or post-translational modification (e.g.
protein phosphorylation).
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Fig. 2.9. The complex of trypsin and trypsin inhibitor (BPTI). a) A cross section through the
structure of the complex shows how trypsin (dark) binds to the trypsin inhibitor (light). The light-
colored tongue represents the side chain of Lys 15 of the inhibitor invading into the substrate
binding pocket of trypsin. b) The catalytically active Ser195 of trypsin interacts tightly with the
carbonyl-C of Lys15 of the inhibitor (Lys15I). The peptid bond between Lys15 and Alal6 of the
inhibitor (Alal6I) assumes a conformation with respect to Ser195 similar to the peptide bond to
be hydrolyzed. However, the conditions for peptide bond hydrolysis of the inhibitor are not met
for steric reasons: the contact with the Lys15-Alal6 peptide bond is too close. Furthermore, the
leaving group can not exit the active site and the hydrolyzing water molecule can not enter. After
Voet and Voet (1992) with permission.

Metal Ions

The availability of metal ions can also be employed for regulation of enzyme activity.
Of primary importance is Ca’*. An important example in this regard is protein kinase
C, which is activated by Ca®* (see chapter 7). The availability of Ca’* is further regula-
ted in various ways by hormone-controlled pathways (see chapter 6).
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2.6 Regulation of Enzyme Activity by Phosphorylation

The phosphorylation of enzymes by specific protein kinases is a widespread mecha-
nism for the regulation of enzyme activity. It represents a flexible and reversible means
of regulation and plays a central role in signal transduction chains in eucaryotes.

Proteins are phosphorylated mainly on Ser/Thr residues and on 7yr residues. Occa-
sionally Asp or His residues are phosphorylated, the latter especially in procaryotic
signal transduction pathways (see chapter 7, chapter 12). For the regulation of enzyme
activity the phosphorylation of Ser and Thr residues is most significant. Apart from
regulation of Tyr kinases, Tyr phosphorylation serves the function of creating specific
attachment sites for proteins. Both of these functions will be discussed in more detail
in chapter 8.

Protein phosphorylation is a specific enzymatic reaction in which one protein serves
as a substrate for a protein kinase. Protein kinases are phophotransferases. They cata-
lyze the transfer of a phosphate group from ATP to an acceptor amino acid in the sub-
strate protein (fig. 2.10). A detailed discussion of protein kinases can be found in chap-
ter 7.

The response of a protein upon phosphorylation is dictated by the special properties
of the phosphate group. The phosphate group has a pK, of about 6.7 and carries two
negative charges at neutral pH. Therefore, two negative charges are generated in a
substrate protein upon phosphorylation of an uncharged amino acid side chain. This
fact, and the presence of four oxygen atoms, allows the phosphate group to form an
extensive network of H-bonds which can link different parts of a polypeptide chain.
Similar twofold negatively charged groups do not occur in other structural elements of
proteins. Electrostatic interactions and a network of H-bonds are therefore of special
importance for the control of protein functions by phosphorylation.

Analysis of protein-protein-interactions in existing structures has shown that phos-
phate groups most commonly interact with the main-chain nitrogens at the start of a
helix, where often glycine is found. In non-helix interactions phosphate groups most
commonly contact arginine residues. The guanidinium group of arginine is well suited
for interactions with phosphate because of its planar structure and its ability to form
multiple hydrogen bonds. The electrostatic interaction between arginine residues and
the phosphate group provide tight binding sites that often function as organizers of
small-range as well as long-range conformational changes.

protein

~H SerThr specific N’H
protein kinase 1
HC—CH,~OH HC—CH,-0-F—0%

Ca i
=0 ! w C,}O o=
ATP ADP

Fig. 2.10. Change in charge state of proteins via phosphorylation. The phosphorylation of Ser
residues is catalyzed by a Ser/Thr-specific kinase that utilizes ATP as the phosphate group donor.
The product of the reaction is a Ser-phosphate ester which carries a net charge of -2 at physiologi-
cal pH.
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The phosphate ester of Ser, Thr, or Tyr residues are quite stable at room tempera-
ture and neutral pH; the rate of spontaneous hydrolysis is very low. Therefore, to
remove the phosphate residue the cell utilizes specific enzymes termed phosphatases.
Based on substrate specificity, these can be classified as Ser-, Thr- or Tyr-specific phos-
phatases (see chapter 8).

Structural Consequences of Protein Phosphorylation

The molecular basis of the control function of protein phosphorylation will be illustra-
ted for two enzymes, glycogen phosphorylase from rabbit muscle and isocitrate dehy-
drogenase from E. coli. Both examples represent very different mechanisms by which
the activity of an enzyme is altered by protein phosphorylation. Glycogen phosphory-
lase displays extensive allosteric conformational changes upon protein phosphoryla-
tion. Isocitrate dehydrogenase is phosphorylated directly in the substrate binding site
with only minimal conformational changes resulting. For further examples on the
structural aspects of the control by phosphorylation see Johnson and O’Reilly (1997).

2.6.1 Regulation of Glycogen Phosphorylase by Phosphorylation

Glycogen phosphorylase was the first enzyme shown to be regulated via protein phos-
phorylation (Krebs, 1959). In recognition of their trail-blazing work, Edwin Krebs and
Edmond Fisher were rewarded the Nobel prize for Chemistry in 1992.

Glycogen phosphorylase catalyzes the transfer of a glucose unit from glycogen to an
inorganic phosphate to form Gle-1-P. This first step of glycolysis is the target of several
regulatory processes. The phosphorylase is subject to allosteric regulation by effector
molecules, as well as a reversible regulation via phosphorylation. The regulation of the
phophorylase by phosphorylation is the last step in a hormone controlled signal chain,
the individual steps of which will be discussed in chapters 5, 6 and 7 (see also fig. 7.18).

In the framework of the symmetry model (see 2.3), a T- and R-form can be formula-
ted for glycogen phosphorylase. In the T-form glycogen phosphorylase binds its sub-
strates and activating effectors with lower affinity, while in the R-form it possesses hig-
her affinity for substrates and activating effectors.

A simplified representation of the various conformational forms of glycogen phos-
phorylase is given in fig. 2.11. The non-phosphorylated form is termed phosphorylase
b. In the absence of effectors, phosphorylase b is found in the inactive T-form. Phos-
phorylation on Ser14 by phosphorylase kinase transforms phophorylase b into phos-
phorylase a, for which equilibrium lies toward the active, or R-form. The transition of
phosphorylase b from the T-form to the R-form can also be induced by the binding of
the activator AMP. Binding of the inhibitor Glc-6-P transforms the R-form of phos-
phorylase b back into the T-form. IMP and glucose have also been described as inhibi-
tors that fix the enzyme in the T-state. In the absence of effectors, glycogen phosphory-
lase b occurs as a dimer. Binding of the activator AMP or phosphorylation leads to a
partial aggregation of the dimers to tetramers. For structural discussions, however, it is
sufficient to consider only the dimeric form of the enzyme.



102 2 The Regulation of Enzyme-Activity

R T R
GP,: active GP,;: inactive active,
high affinity

phosphatase AMP

protein kinase Gle-64F)
Il glucose IMP "
T T

active,
low affinity

Fig. 2.11. Model of allosteric and covalent activation of glycogen phosphorylase of muscle. The
R-form of the subunits are represented by circles, the T-form by squares. The active state of glyco-
gen phosphorylase (GP) is characterized by a high affinity, the inactive state by low affinity for
the substrate P1.

High resolution X-ray structures of the a- and b- form of rabbit muscle phosphory-
lase permit a view into some of the structural differences of the various allosteric forms
of the enzyme. Furthermore, the data give an impression of the mechanism of binding
of effectors and the influence that phosphorylation has on substrate binding and
enzyme activity (Barford et al., 1991). The following discussion will be restricted to the
observed consequences of phosphorylation.

Phosphorylation of the glycogen phosphorylase of muscle occurs on Ser14 near the
N-terminus. In the unphosphorylated T-state the amino acids 10-18 are found in disor-
dered structures or irregular 3-sheets and interact with other residues in the same sub-
unit. In the T-form, the side chain of Ser14 is located near Glu501 of the same subunit.
Phosphorylation of Serl4 leads to a radical restructuring (fig. 2.12): the N-terminus
reorients itself in the opposite direction and interacts with the other subunit. The reo-
rientation brings the negatively charged phosphate moiety closer to positively charged
residues, substantially stabilizing the alternative conformation. Coupled to the restruc-
turing of the N-terminus is a reorientation of additional structural elements, which
eventually affects the binding site for the phosphate substrate. The final result is an
active site conformation more favorable for substrate binding.

Phosphorylation of glycogen phosphorylase is the initiator for the coupled confor-
mational changes, which are communicated over a large distance to the active site.
Similar to the allosteric mechanism of phophofructokinase, the inter-subunit contact
surfaces play a decisive role for the communication between the phosphorylation site
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Fig. 2.12. Structural changes at the N-terminus of glycogen phosphorylase as a result of phospho-
rylation. a) R-form of the dimer of glycogen phosphorylase a. b) T form of the dimer of glycogen
phosphorylase b. Phosphorylation at Ser13 near the N-terminus transforms the inactive glycogen
phosphorylase b into the active glycogen phosphorylase a. The N-terminus rearranges signifi-
cantly as a result of phosphorylation. In the inactive T-state the N-terminus interacts with the
same subunit, while in the R-form it forms interactions with the other subunit. After Barford and
Johnson (1991), with permission.

and the substrate binding site. They act as hinges for the transmission of the signal,
allow interactions over large distances and provide for a cooperative coupling of con-
formation changes between the subunits. For a more detailed account one should refer
to the original literature (Barford et al., 1991).

2.6.2 Regulation of Isocitrate Dehydrogenase (E. coli)
by Phosphorylation

Isocitrate dehydrogenase catalyzes the NAD-dependent reduction of isocitrate to a-
ketoglutarate. The dimeric enzyme is regulated via phosphorylation. Phosphorylation
on Ser113 leads to a complete inactivation of the enzyme.

An understanding of the molecular basis for regulation of isocitrate dehydrogenase
by phosphorylation was facilitated by X-ray crystallography of the phosphorylated
enzyme in complex with isocitrate. The crystal structures of mutants of the enzyme in
which Ser113 had been exchanged for aspartate or glutamate were also solved (Hurley
et al., 1990). The structure of the enzyme in complex with the substrate isocitrate reve-
aled the phophorylation site to be localized near isocitrate. Ser113 itself binds the sub-
strate directly via a H-bond with the O* of isocitrate (fig. 2.13).

The comparison of various forms of the enzyme demonstrated that phosphorylation
does not always imply extensive conformational changes. The observed small confor-
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Fig. 2.13. Substrate binding site of
isocitrate dehydrogenase (E. coli).
The interactions involved in the
binding of Mg**-isocitrate at the
active site of isocitrate dehydroge-
nase are shown. After Hurley et
al., (1990), with permission.

mational differences between the phosphorylated and unphosphorylated form may be
irrelevant for the regulation mechanism.

Decisive for the inactivation of the enzyme via phosphorylation of Ser113 is the
creation of negative charges at the substrate binding site, which aggravates binding of
the negatively charged isocitrate.

As a consequence of electrostatic repulsion, the isocitrate substrate can only bind
with low affinity to the phosphorylated enzyme. This interpretation is supported by
structural data on mutant forms of isocitrate dehydrogenase. If one replaces Ser113
with amino acids that possess negatively charged side chains, then isocitrate can still
bind, albeit with markedly reduced affinity, and the binding can only occur with an
unfavorable geometry. Theoretical calculations of the change in free energy for the
binding of isocitrate upon phosphorylation corroborates the conclusion that introduc-
tion of a negative charge to Ser113 is sufficient to explain the experimentally observed
decrease in affinity for isocitrate.

2.7 Regulation of Enzyme Activity by Proteolysis

Proteolysis is a versatile tool in the cell for the targeted change in structure, activity,
function and subcellular distribution of proteins.
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Examples for directed proteolysis are:

— removal of the N-terminal methionine residue from de novo synthesized proteins
— removal of the signal peptide upon protein translocation across the membrane

— hydrolysis of the translation product of monocistronic mRNA in viruses

— maturation of proteins: transformation of inactive proteins into active proteins

— targeted degradation of proteins

Most important, in terms of regulation, is the maturation of proteins and targeted pro-
tein degradation.

2.71 Maturation of Proteins via Proteolysis

Many proteins are formed as inactive precursors and become activated by proteolysis.
The inactive precursors are termed proenzymes, zymogens or — for hormones like e.g.
insulin — prehormones. Processing to the active form occurs in a cell- and tissue-speci-
fic way and usually requires a specific protease. Activation can also occur intramolecu-
larly by autoproteolysis. In most cases, short sequences of the protease substrate serve
as a recognition signal for the attack of the processing protease. Of the numerous
examples of proteolytic processing of proteases only the digestive proteases will be dis-
cussed in more detail.

Activation of Digestive Enzymes

Many digestive enzymes in the pancreas or in the stomach are formed as zymogens and
are activated by specific proteolysis (refer to text books).

The activation of the zymogen chymotrypsinogen to chymotrypsin is shown schema-
tically in fig. 2.14a. Chymotrypsinogen is a protein of 245 amino acids that contains 5
disulfide bridges and is enzymatically inactive. The activation to st-chymotrypsin is per-
formed by trypsin, which cleaves the peptide bond between arginine 15 and isoleucine
16. The m-chymotrypsin formed catalyzes the cleavage of further m-chymotrypsin
molecules to mature chymotrypsin which consists of three chains linked by disulfide
bridges. The key step in activation is the cleavage of the peptide bond between Argl5
and Ile16 leading to formation of the enzymatically fully active mt-chymotrypsin. The
newly formed N-terminus (Ile16) of the B-chain plays an important role in the activa-
tion process:

a) The positively charged amino terminus of Isoleucine 16 rotates to the interior of the
chymotrypsin molecule and interacts electrostatically with Asp 194, which further
coordinates the Ser residue of the catalytic triad of chymotrypsin (Ser195, His57,
Aspl102).

b) As a consequence of the interactions between Ile16 and Asp194 further conforma-
tional changes occur which contribute to the formation of the specific substrate
binding site. This site is not fully formed in the zymogen.

¢) The conformational changes create an orientation of the peptide backbone that is
particularly suitable for the stabilization of the transition state. In the postulated
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Fig. 2.14. The activation of chymotrypsin via proteolytic
cleavage. a) Chymotrypsinogen is transformed into the
active forms of chymotrypsin rt and o by trypsin and
autoproteolysis. b) The N-terminal isoleucine residue
Ile6 is particularly important for the activity of chymo-
trypsin. The positively charge NH2 group of Ile16 inter-
acts electrostatically with Asp194 and stabilizes an
active conformation of the catalytic center. After Stryer
»Biochemistry“, with permission.
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transition state of the reaction a negative partial charge is formed on a peptide oxygen.
The oxyanion is stabilized by H-bonds with NH-groups of the peptide backbone. The
binding site for the oxyanion (‘oxyanion pocket’) is not completely formed in the
zymogen, which explains why the transition state can only be partially stabilized.

d) In other regions of the molecule there are only minor conformational changes
observed. The activation of chymotrypsinogen to chymotrypsin is thus attributed to
the cleavage of a single peptide bond.

Trypsin is responsible for the activation of chymotrypsin, as well as for a range of other
digestive enzymes synthesized in the pancreas. Trypsin itself is formed from its zymo-
gen via digestion by the enzyme enteropeptidase. Enteropeptidase is secreted from
intestinal cells and cleaves trypsinogen to trypsin as soon it travels from the pancreas
to the intestine.

The activation of pepsin from its zymogen pepsinogen occurs by a different mecha-
nism. In this case, the pH of the environment plays a decisive role. In the strongly aci-
dic milieu of the stomach cleavage of a 44 amino acid peptide occurs from the inactive
precursor pepsinogen. The activation is intramolecular and depends on the pH of the
solution.

Formation of Hormones from Precursors

Many other protein hormones are also synthesized as inactive precursors. Examples
are insulin, which is formed in a two-step proteolytic process from the precursor pre-
pro-insulin. Another noteworthy example is that of pre-pro-opiomelanocortin, which
is the precursor for eight peptide hormones and neuropeptides in the epiphyse.

Specific Proteolysis in Blood Clotting

During blood clot formation a complex cascade of zymogen activation occurs, whereby
each currently activated zymogen activates the subsequent zymogen. For details one is
referred to text books.

2.7.2 Specific Degradation of Proteins in the ,,Ubiquitin-
Proteasome‘‘ Pathway

The function of most proteins in the cell is tightly restricted both locally and tempo-
rally. To what extent an enzyme can participate in metabolism depends not only on the
rate of biosynthesis and on the extent of covalent modification, such as phosphoryla-
tion, but also on the rate of degradation of a protein. The comparison of the life span
of various proteins (table 2.1) shows that the stability of proteins can differ signifi-
cantly. Among the most unstable, short-lived proteins are found many regulatory pro-
teins and enzymes with key positions in a metabolic pathway. The targeted degrada-
tion of proteins involved in the cell cycle (see chapter 13) is an essential element of cell
cycle regulation.
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Tabelle 2.1. Lebensdauer ausgewihlter Proteine.

Life Nucleus Cytosol ER and plasma membrane
span (h)
<2 Transcription factors Fos, Hsp70, proteinkinase C HMGCoA reductase
Myc, Myb, p53, Hsp70  Tyrosine aminotransferase
2-8 Cyclins Proteinkinase A y-Glutamyl transferase
Tryptophan oxygenase
9-40 Ubiquitin Calmodulin, glucokinase, EGF rezeptor, epoxide
Ubiquitin hydrolase
41-200 Histone H1, Alcohol dehydrogenase, Cytochrome b5,
HMG1, HMG2 catalase Dipeptidyl-dipeptidase
Myoglobin, Phospho-
lipase A2
>200 Histone H2A, H2B, Phosphoglycerate kinase NAD glycohydrolase,
H3, H4 Glycogen phosphorylase Acteylcholine rezeptor

Attempts to explain the variable life span of proteins showed that, apart from the
non-specific degradation of proteins, there also exist specific degradation mechanisms.
Such specific mechanisms allow the function of a protein to be temporally restricted
and specifically modified. There are two main pathways for the degradation of proteins
in mammalian cells. In the lysosomal path proteins that enter the cell via endocytosis
are degraded. The degradation of proteins in the lysosome is rather unspecific and
used mainly to eliminate foreign proteins. More recent findings indicate that a specific
degradation pathway also exists in the lysosome (see below).

The non-lysosomal degradation pathways allows for the selective degradation of
proteins under normal cellular conditions. These degradation pathways are also
responsible for the degradation of cellular proteins under conditions of stress. The
most significant and well characterized non-lysosomal degradation pathway is that of
the ubiquitin-proteasome pathway in which proteins are degraded in a 26S protea-
some after they have been conjugated by one or more ubiquitin molecules. The ubi-
quitin-proteasome system (review: Hershko and Ciechanover, 1998) is a tool for the
selective proteolysis of proteins and thus plays an important regulatory role in the
cell.

2.7.2.1 Components of the Ubiquitin System

Ubiquitin is a 76 residue protein found in nearly every eucaryote. It occurs either in
free form or bound to other proteins. All known functions of ubiquitin are transmitted
via its covalent linkage with other proteins. This serves the purpose, among others, of
marking the proteins for proteolytic degradation.

The ubiquitinylation of proteins is a complex process which involves several specific
enzymatic reactions. Three sequential steps can be distinguished (fig. 2.15A):
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Fig. 2.15A. Pattern of ubiquitinylation of proteins and degradation in the proteosome. Ubiquitin
(Ub)is initially activated by an enzyme E1, whereby the C-terminal carboxyl group of ubiquitin
becomes attached to a SH group of E1 via a thioester bond. Ubiquitin is then transferred from
E1-Ub to E2, from which it is transferred with the help of E3 to the target protein. Several ubiqui-
tin molecules can attach to the target protein in a linear or in a crosslinked fashion. The mono- or
polyubiquitinylated protein is degraded to peptides in the 26S proteosome. In the above diagram
the filled circles represent the ubiquitin residues attached to the target protein. K: lysine residues
of the target protein.

Activation of Ubiquitin, Formation of E1-Ub

In an initial reaction ubiquitin is activated by forming a reactive thiolester with an SH-
group of the ubiquitin-activating enzyme E1. This step requires ATP and consists of an
intermediate formation of ubiquitin adenylate followed by the binding of ubiquitin to
a Cys residue of El in a thiolester linkage, with the release of PP;and AMP.

Transacylation to E2

In a transacylation reaction the ubiquitin moiety is transferred from E1-Ub to the SH-
group of the ubiquitin-carrier protein E2 to form E2-Ub.

Transfer to the Target Protein with the participation of E3

The third step of ubiquitinylation, the transfer of ubiquitin to the target protein, is
catalyzed by a ubiquitin-protein-ligase, or E3 enzyme. In this reaction ubiquitin is lin-
ked by its C-terminal glycine in an amide isopeptide linkage to an e-NH,-group of the
substrate proteins’ Lys residues.
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Fig. 2.15B. Examples of E3 enzyme complexes.

Two of the four different E3 enzymes mentioned in the text are shown. The cyclosome/anaphase
promoting complex (APC) ligates ubiquitin to regulatory and structural cell cycle proteins contai-
ning a destruction box as recognition signal (see also 13.3.2). The activity of the APC is thought
to be controlled by phosphorylation. For simplicity, the subunits of APC are not shown.

The phosphoprotein-ubiquitin ligases ligate ubiquitin exclusively to phosphorylated proteins. In
this system, ubiquitination and degradation are controlled by the phosphorylation status of the
target proteins, which is in turn dependent on the regulated activity of protein kinases (or protein
phosphatases). Phosphorylation of the target proteins often occurs in sequence elements rich in
the aminoacids PE,S, and T (PEST sequences). For target proteins and the subunit structure, see
13.3.1.

While there is usually only one E1 enzyme, many species of E2 proteins and multiple
families of E3 enzymes or E3 multiprotein complexes exist. Selection of substrates for
ubiquitin-ligation occurs mainly by specific E3 enzymes which target substrate proteins
that contain specific recognition signals (fig. 2.15B). E3 enzymes also can bind indi-
rectly to the substrate, via an adaptor protein.
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Ubiquitin can be transferred to the substrate protein by two different mechanisms:

e In some families of E3 enzymes, ubiquitin is first transferred from the E2 carrier to
an active site cysteine of the E3 enzyme and subsequently to the e-NH,-group of an
acceptor lysine on the substrate protein.

e In other families of E3 enzymes, no intermediate E3-ubiquitin linkage can be
demonstrated. In this case ubiquitin is transferred directly from E2 to the substrate
protein. The E3 enzymes are nevertheless required for ubiquitinylation since the E3
enzymes are responsible for substrate selection and are found in tight complexes
with the cognate E2 proteins.

2.7.2.2 Degradation in the Proteasome

The degradation of protein-ubiquitin conjugates occurs in an ATP-dependent reaction
within a large protease complex, the 268 proteasome (review: Baumeister et al., 1998).
The substrate protein is degraded to peptides in the 26S proteasome, while the ubiqui-
tin is released and again available to form protein conjugates.

The 26S proteasome is composed of two protein aggregates, a 19S and a 20S particle.
The main proteolytic component of the 26S proteasome is the 20S particle, the struc-
ture of which from an archaebacterial system and a yeast system has been solved
(Lowe et al., 1995, Groll et al., 1997).

The structure of the 20S proteasome (fig. 2.16) from Thermoplasma acidophilum
displays four rings stacked upon each other surrounding a central cavity in which pro-

Fig. 2.16. Structure of the 20S prote-
osome of Thermoplasma acidophi-
lum. The figure shows the schematic
structure of the 20S proteosome
(Loewe et al., 1995). Four stacked
rings can be identified in the 20S pro-
teosome, each consisting of 7 proto-
mers. The two external rings contain
7 copies of the 26kDa a-subunit of
the proteosome, while the inner rings
are composed of 7 copies of the
22kDa p-subunit. The rings form a
central channel with three chambers.
The catalytic centers of proteolytic
cleavage are localized on the -sub-
units of the inner chamber and are
— 13 A {  represented in the figure as spheres.

148 A
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teolysis takes place. A N-terminal threonine has been identified as an essential active
site residue of the protease center. The OH-group of the threonine functions as a
nucleophile during hydrolysis of the petide bond. A similar mechanism of hydrolysis
has been shown for other hydrolases that, due to this property, are now included in
the family of N-terminal nucleophile hydrolases. For some (-subunits of eucaryotes
the N-terminal threonine is generated by autoproteolysis of a N-terminal prose-
quence.

The presence of the protease center in the central cavity ensures that the proteolysis

is compartmentalized and shielded from the surrounding media. The substrate prote-
ins are accessible to the proteolytic center only via a ring-shaped opening at the end of
the 20S proteasome and require the assistance of the 19S particle. The structure of the
20S proteasome also indicates that proteins are accessible to the catalytic center only
in the unfolded state.
The 20S proteasome from yeast has a similar overall structure as the archaebacterial
proteasome. However, the proteasome from yeast and from higher eucaryotes is com-
posed of seven different a- and [3-subunits that occupy specific positions in the protea-
some. By exchange of $-subunits different 20S complexes can form which function in
specific degradation reactions. The proteasome from yeast and of higher eucaryotes
clearly is of a more complicated structure, however it is functionally more versatile
than that of archaebacteria and distinct variants of it can be used in specific degrada-
tion reactions.

The binding of ubiquitinylated substrates requires the 19S complex of the protea-
some, which possesses a ubiquitin binding site and several ATPase sites. It is assumed
that the recognition and ATP-dependent unfolding of the substrate protein occurs
within the 19S complex.

2.7.2.3 Recognition of the Substrate in the Ubiquitin-Proteasome Degradation
Pathway

By far not all cellular proteins are subject to ubiquitinylation. It is therefore evident
that the target proteins must exhibit unique features in order to ensure ubiquitin con-
jugation. It is now generally assumed that the E3 ubiquitin ligases are responsible for
the selection of proteins for ubiquitinylation and subsequent degradation. The search
for recognition signals in target proteins has led to the classification of ubiquitin ligases
into four categories which differ strongly in the complexity of the poteins involved, in
the nature of the target sequences recognized and in the regulation of their function
(Hershko and Ciechanover,1998).

e N-end rule E3 enzymes

This class of E3 enzymes recognizes the nature of the N-terminus of target proteins. As
shown by Varshavsky (1992), yeast proteins may be selected for ubiquitinylation accor-
ding to the ‘N-end rule’. Proteins containing basic or bulky-hydrophobic amino acids
at the N-terminus are recognized by distinct N-end rule E3 enzymes of which the E3a
enzyme (UBRI1 protein in yeast) is best characterized.
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e Hect domain E3 enzymes

The discovery of this family of E3 enzymes started from the studies on the targeted
degradation of the p53 tumor suppressor protein. Ubiquitinylation and degradation of
pS3 can be mediated by the papillomavirus E6 oncoprotein (see below) in collabora-
tion with a further protein, E6-AP (E6 associated protein). E6-AP was the first mem-
ber of a large family of E3 enzymes, the Hect (homologous to E6-AP C-terminus )
domain family. These proteins contain an essential active site Cys residue near the C-
terminus and one or several WW domains ( see Chapter 8.2.6).

o Cyclosome, Anaphase promoting complex (APC)

The cyclosome (or APC) is a high molecular weight complex that degrades proteins
containing a specific recognition sequence, the destruction box (see chapter 13.2.4).
Substrates are cell cycle regulators as e.g. cyclins, kinase inhibitors and spindle-associa-
ted proteins. Importantly, some forms of the cyclosome require phosphorylation in
order to be active (fig. 2.15B). It is still unclear which of the many subunits carries the
E3 enzyme activity.

o Phosphoprotein-ubiquitin ligase complexes

Another type of multisubunit ubiquitin ligase is also involved in the degradation of cell
cycle regulators, such as the CDK inhibitor Sicl and G1 cyclins (see 13.2.4). It is cha-
racteristic for this class of ubiquitin ligases that the substrates must be phosphorylated
in order to be recognized as a substrate for the ubiquitin ligase complex (fig. 2.15B).
Protein degradation in this system can be highly regulated since signal pathway media-
ted phosphorylation can convert a substrate into an active form that is susceptible to
ubiquitinylation by the ligase complex. Very often the regulatory phosphorylation
events are found in sequence elements called PEST sequences (see 13.2.4).

2.7.2.4 Regulatory Function of Ubiquitin Conjugation and the Targeted
Degradation of Proteins

The normal functioning and growth of a cell requires that the life span, and thus the
activity, of regulatory proteins and key enzymes be limited. To this end, ubiquitin con-
jugation and the subsequent proteolysis in the proteasome represents an important
tool.

Ubiquitin conjugation has been correlated with the following cellular functions:

— degradation of proteins under stress situations

degradation of denatured and damaged proteins

targeted degradation of regulatory proteins: oncoproteins, tumor suppressor proteins
transmembrane receptors, mitotic cyclins, transcription activating proteins
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— modulation of the activity of cell surface receptors
— protein import into cellular organelles

— repair of DNA

— processing and presentation of antigens

— assembly of ribosomes

Of particular interest for regulatory processes are mechanisms by which the activity of
growth regulating proteins and central transcription factors are controlled via ubiquiti-
nylation. Often the cell uses signal pathway mediated protein phosphorylation in order
to induce the regulated degradation of a signal protein. Examples are the G1 cyclins,
the tumor suppressor p53 and the inhibitor IxB.

Two examples will be discussed in more detail.

Tumor Suppressor Protein p53

The p53 protein assumes an important role in the control of growth of higher orga-
nisms. It functions as a tumor suppressor, that is, it suppresses the growth of tumors
(see chapter 14). An inactive, mutant form of p53 is found in nearly half of all human
tumors.

p53is degraded via the ubiquitin-proteasome pathway. The signals which induce p53
degradation are only partially understood (see 14.4.4.4). An interesting aspect of the
p53 degradation is the finding that the oncoprotein E6 of human papilloma virus can
mediate the ubiquitinylation of pS3. The ubiquitinylation of p53 then leads to its degra-
dation, resulting in the loss of an important growth control in the cell (Scheffner et al.,
1993). Recognition and conjugation in the ubiquitin system occurs in a complex bet-
ween the viral E6 protein, a protein associated with E6, E6-AP and p53 (see fig. 2.17).
In this reaction, p53 is first bound by the E6 protein. E6-AP functions as the E3
enzyme; it recognizes the p53-bound E6 protein and transfers the ubiquitin in collabo-
ration with the appropriate E2 enzyme to an acceptor lysine on p53. The ubiquitinyla-
tion, initiated by the E6 protein, and the ensuing degradation of p53 results in a loss of
pS3 function, thus offering an explanation for the tumor causing effect of the papil-
loma virus.

NEB

The transcription activator NF,B regulates a variety of genes involved in the immune
response and the inflamatory process. NF, B is required for the expression of genes for
the light x-chain of immunoglobulins, interleukin 2 and 6, as well as for interferon b
(see chapter 11).

The function and regulation of NF, B is shown schematically in fig. 2.18. The active
form of NF, B is a heterodimer consisting of one pS0 and one p65 subunit. In the cyto-
sol NF,B is found in an inactive complex bound to the inhibitor J,B. I,B masks the
nuclear translocation signal of the heterodimer, thus preventing its transport into the
nucleus. The activity of NF, B is highly regulated.

NF,B is activated upon extracellular stimuli, e.g. the action of growth factors, cyto-
kines (see chapter 11) or the exposure to UV light. The signal pathway that leads to
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Fig. 2.17. Degradation of the tumor suppressor protein p53 by the ubiquitin-proteosome system.
The oncoprotein E6 of the human papilloma virus (HPV) forms a specific complex with the p53
protein and can thus induce the degradation of p53. The E6-p53 complex is recognized by E6-AP,
a E3 enzyme of the ubiquitin pathway, as a target protein, whereby a ubiquitin residue is transfer-
red to a lysine residue of p53. In this process, the E6 protein serves as the recognition element for
ubiquitin ligation of p53.

A

phosphorylation and subsequent degradation of I,kB has been well characterized for
the cytokines IL-1 and for Tumor Necrosis Factor (review: Maniatis, 1997). Following
binding of a cytokine to its transmembrane receptor, a family of specific protein kina-
ses, including a high molecular mass I,kB kinase complex, is activated to phosphory-
late the inhibitor I,kB. This phosphorylation is the signal for ubiquitinylation and
degradation of I,kB . NF,kB is thus released from its inhibited state to translocate in
the nucleus and activate transcription of target genes. .

The ubiquitin-proteasome pathway participates in the regulation of NF,kB at two
points:

e The p50 subunit of NF,kB results from the proteolytic processing of a 105 kDa pre-
cursor protein (p105) in the cytosol. The processing requires the poly-ubiquitinyla-
tion of p105 mediated by the 26S proteasome.

e The degradation of the inhibitor protein I,kB involves the ubiquitin-proteasome
pathway.
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Fig. 2.18. Regulation and ubiquitinylation of NFxB and its inhibitor IxB.

The ubiquitin-proteasome path participates by two ways in the regulation of the transcription fac-
tor NFxB. The 50 kDa subunit of the heterodimeric NF»B is generated by ubiquitin-dependent
proteolysis from a 105 kDa precursor. NFxB is found in the cytosol in a latent, inactive state,
bound to the inhibitor IxB. External signalling molecules ( e.g. the cytokine IL-1 or TNFa) acti-
vate a signal path that finally leads to the phosphorylation of IxB. At least two different protein
kinases, the NIK (a MAPKKK, see chapter 10) and the IxB kinase complex are involved in this
signalling. The phosphorylated IxB is recognized by a E3/E2 complex and is ubiqutinylated and
targeted for proteolysis in the proteasome. NF»B is now released from the inactive state and can
be translocated into the nucleus where target genes (e.g. immunoglobulin genes) are activated.



References Chapter 2 117

The ubiquitin-proteasome system thus has significance for NF, kB in two ways. On the
one hand, it participates in the specific processing of the p105 precursor protein to the
small subunit of NF,kB. On the other hand, NF,kB is activated due to the degradation
of I.kB.

This example illustrates nicely how extracellular signals can induce the ubiquitinyla-
tion and degradation of specific proteins. As shown by the processing of the p105 pre-
cursor, ubiquitinylation can be also used for partial proteolysis and for specific activa-
tion of a regulatory protein.
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Chapter 3

Function and Structure of Signaling Pathways

3.1 General Function of Signaling Pathways

The enormous structural variety and functional capacity of multicellular organisms
is due to their ability to coordinate the biochemical reactions of the various cells of
the total organism. The basis for this coordination is the intercellular communica-
tion, which allows a single cell to influence the behavior of other cells in a specific
manner.

We currently know of various forms of communication between cells (fig. 3.1):

a) Chemical Messengers: cells send out signals in the form of specific chemical messen-
gers that the target cell transmits into a biochemical reaction. Signaling cells can
simultaneously influence many cells via chemical messengers so as to enable a tem-
porally coordinated reaction in an organism.

b) Gap Junctions: Communication between bordering cells is possible via direct con-
tact in the form of ,,gap junctions®. Gap junctions are channels that connect two
neighboring cells to allow a direct exchange of metabolites and signaling molecules
between the cells.

¢) Cell-cell interaction via cell surface proteins: Another form of direct communication
between cells occurs with the help of surface proteins. In this process a cell surface
protein of one cell binds a specific complementary protein on another cell. As a con-
sequence of the complex formation, an intracellular signal chain is activated which
initiates specific biochemical reactions in the participating cells.

A further intercellular communication mechanism relies on electrical processes. The
conduction of electrical impulses by nerve cells is based on changes in the membrane
potential. The nerve cell uses these changes to communicate with other cells at specia-
lized nerve endings, the synapses (see chapter 16). It is central to this type of intercellu-
lar communication that electrical signals can be transformed into chemical signals (and
vice versa, see chapter 16).

Intercellular signaling influences nearly every physiological reaction. It ensures that
all cells of a particular type receive and transform a signal. In this manner, cells of the
same type react synchronously to a signal. A further function of signaling pathways is
the coordination of metabolite fluxes between cells of various tissues.

In higher organisms intercellular signaling pathways have the important task of
coordinating and regulating cell division. The pathways ensure that cells divide syn-
chronously and, if necessary, arrest cell division and enter a resting state.

Cellular communication assumes great importance in the differentiation and deve-
lopment of an organism. The development of an organism is based on genetic pro-
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Fig. 3.1. Principal mechanisms of intercellular communiciation. a) communication via extracellu-
lar messengers and receptor systems. b) communication via gap junctions. Gap junctions are
direct connections between cells. They are coated by proteins (drawn as circles) that can have a
regulatory influence on the transport. ¢c) communication via cell surface proteins.

grams that always utilize inter- and intracellular signaling pathways. Signal molecules
produced by one cell influence and change the function and morphology of other cells
in the organism.

Signaling pathways are also critical for the processing of sensory information. Exter-
nal stimuli, such as optical and acoustic signals, stress, gradients of nutrients, and so on,
are registered in sensory cells and are transmitted to other cells of the organism via
signaling pathways.
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3.2 Structure of Signaling Pathways

Intercellular communication relies on the creation of specific signals by a signaling cell.
The signals are registered by a target cell and are thereupon transmitted and processed
further with the help of intracellular signal chains.

3.2.1 The Principle Mechanisms of Intercellular Communication

In the communication between cells of an organism the signals (chemical messengers

or electrical signals) are produced in specialized cells. The signal-producing function of

these cells is itself regulated, so that the signal is only produced upon a particular sti-

mulus. In this way signaling pathways can be coupled to one another and coordinated.
The following steps are involved in intercellular communication (fig. 3.2):

1) Formation of a signal in the signal-producing cell as a result of an external trigger

2) transport of the signal to the target cell

3) registration of the signal in the target cell

4) further transmission of the signal into the target cell

5) transformation of the signal into a biochemical or electrical reaction in the target
cell

6) termination of the signal

A target cell that receives a signal within the framework of intercellular communica-
tion transmits the signal in intracellular pathways. These signaling pathways are cha-
racterized by the following parameters:

1) the nature of the triggering, external signal
2) mechanism of the registration of the signal
3) mechanism of the transmission and termination of the signal
4) nature of the biochemical reaction induced in the target cell

The sum of these reactions determines the response of the target cell.

Nature of the External Signal

Cells can receive and process signals in the form of chemical messengers, and electri-
cal, optical and other stimuli.

Reception of Signals by Receptors

Specialized proteins, termed receptors, are utilized for the reception of signals. The
reception of the signals by the receptor is equivalent to the binding of a chemical mes-
senger on the receptor or the transmission of physical stimuli into a structural change
in the receptor.



122 3 General Function of Signaling Pathways

trigger for
signal formation
signalling
cell signal formation

[
signal: @

chemical — . transport of signal

messenger
# receptor

target signal detection
cell

signal

s intracellular
transmission

signaling chain

4
‘g' biochemical
R

A B response

Fig. 3.2. The individual steps of intercellular communication. Upon reception of a triggering sti-
mulus, the signal is transformed into a chemical messenger within the signaling cell. The messen-
ger is secreted and transported to the target cell, where the signal is registered, transmitted fur-
ther, and finally converted into a biochemical reaction. Not shown are processes of termination or
regulation of communication which can act at any of the above steps.

There are two principal ways by which target cells can process incoming signals.

o Cell surface receptors receive the signal (e.g. a chemical messenger) at the outside
of the cell, become activated and initiate a signaling chain in the interior of the cell.
In such signaling pathways the membrane bound receptor transduces the signal at
the cell membrane so that it is not necessary for the signal to actually enter the cell.

e The chemical messenger enters into the target cell and binds and activates the
receptor localized in the cytosol or nucleus.

Transmission of the Signal

Upon receiving a signal a receptor becomes activated to transmit the signal further.
The activated receptor passes the signal onto components, usually proteins, further
downstream in the signaling pathway which then become activated themselves for fur-
ther signal transmission. A chain of serially operating, intracellular signal transduction
processes results. Finally, a specific biochemical process is triggered in the cell, which
represents the endpoint of the signaling pathway.
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Regulation and Termination

Signaling pathways always possess multiple mechanisms to regulate the intracellular
signal transduction. This allows a specific attenuation or termination of the signal. Very
often different signaling pathways communicate with one another. This communica-
tion is called crosstalk.

3.2.2 Components of the Intracellular Signal Transduction

In the following we will deal with the basic components and principles of intracellular
signal transduction and signal processing. The specific reactions and levels of signal
transduction will be dealt with in detail in later chapters.

Components of the intracellular signal transduction are proteins and small molecule
messengers (fig. 3.3). An incoming signal is passed on from the receptor to down-
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Fig. 3.3. Components of intracellular signal transduction. The reception of an extracellular signal
by a membrane receptor, shown here as binding of a hormone H to its receptor, activates the
receptor for further signal transduction. The activated receptor R* passes the signal onto down-
stream effector proteins E. Often adaptor proteins mediate and organize the communication bet-
ween effector proteins. The transduction of signal from the receptor to its downstream effector is
frquently a membrane-associated process. The example shown in the diagram above is only to be
construed as an example for the composition of a generic signaling pathway. The structure of the
intracellular signaling pathways of a cell are highly variable. There are signal transduction path-
ways that are simpler than the one represented in the figure above, and others that involve many
more components and are much more complicated.
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stream proteins, which themselves have other proteins as the next partner in the signal
cascade. In this manner, further signaling proteins are recruited to act in the signaling
chain. The participating signaling proteins can be enzymes or they can act as connec-
tors to recruit the other proteins in the signaling pathway. The latter type of proteins
are termed adapters. The activation of signaling pathway enzymes often leads to the
formation of diffusible chemical messengers which transmit the signal further.

Diffusible Intracellular Messengers

The intracellular activation of enzymes in a signaling chain can lead to the formation
of diffusible chemical signaling molecules in the cell. These intracellular signaling
molecules are also termed second messengers. The second messenger molecules acti-
vate and recruit cognate enzymes for the further signal transduction.

Proteins as Element of Signal Transduction

The most important components of intracellular signal transduction are the protein
kinases, protein phosphatases, regulatory GTPases and adapter proteins:

Protein Phosphorylation

A central tool for signal transmission in a cell is phosphorylation of proteins via pro-
tein kinases. Proteins can be reversibly activated or inactivated via phosphorylation.
The phosphorylation status of a protein is controlled by the activity of both protein
kinases and protein phosphatases (see chapter 7). Both classes of enzymes are elemen-
tary components of signaling pathways and their activity is subject to manifold regula-
tion.

Regulatory GTPases

The regulatory GTPases function as switches that can exist in an active or inactive
form. In the active form the GTPases can transmit signals to downstream components
in the signaling chain. In the inactive form signal transmission in repressed.

Adaptor Proteins

Adaptor proteins mediate the signal transmission between proteins of a signaling
chain by bringing these proteins together. They function as clamps to co-localize prote-
ins for an effective and specific signaling. Furthermore, adaptor proteins help to target
signaling proteins to specific subcellular sites and to recruit signaling molecules into
multiprotein signaling complexes. In the latter case, the adaptor proteins may function
as a scaffold or docking site for organizing different signaling molecules at distinct
sites. The proteins are then also termed docking or scaffolding proteins.
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3.3 Extracellular Signaling Molecules

The signal-producing cells release their chemical signaling molecules either by exocy-
tosis or passive diffusion into the extracellular space. The messengers reach their target
cells via the circulatory system. In special cases, as in the communication between cells
of the immune system, membrane bound proteins are also used as signaling molecules.
Communication is then only possible upon direct contact between the target cell with
the surface of the signaling molecules (fig. 3.1).

Signaling molecules for the communication between cells are known as hormones.
Hormones that are proteins and regulate cell proliferation are known as growth fac-
tors.

3.3.1 The Chemical Nature of Hormones

The chemical nature of hormones is extremely variable. Hormones can be:

— proteins

— peptides

— amino acids and amino acid derivatives
— derivatives of fatty acids

— nucleotides

— steroids

— retinoids

— small inorganic molecules, such as NO

Table 3.1 shows a selection of hormones from mammals and man.

Table 3.1.

a) Examples for hormones that bind to nuclear receptors

Steroids biochemical and/or physiological funktion
Progesterone Preparation of the uterus for implantation of the embryo,
maintenance of early pregnancy
H3C\
C=
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Table 3.1. continued

Estradiol
stradio OH
HO : {
Testosterone
OH
07 : {
Cortisol
ortiso (‘\H20H
C=0
HO ---OH
O
Aldosterone
H,OH
OH
I C=0

Steroid-related hormones
1, 25-Dihydroxychol-
ecalciferol

(from vitamine Dj)

Preparation of the uterus to receive the blastocyst,
control of uterine constraction,
generation of secretory system of breasts during pregnancy

Differentiation and growth of the male reproductive tract,
stimulation of male secondary sex characteristics,
sceletal muscle growth

Metabolism of carbohydrates, lipids and proteins,
anti-inflammatory, immunsuppressive

Induction of Tyr-aminotransferase
and of Trp-cyclooxygenase

Water and ion balance, backresorption of ions in the kidney

Metabolism of Ca**- and phosphate, bone mineralization,
resorption of Ca® und phosphate in the intestine

i OH
HO OH
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Table 3.1. continued

Other hormones

3,5,3-Triiodothyronine, Increased oxygen consumption and increased heat formation,

Ts-Hormon stimulation of glycolysis and of protein biosynthesis,

e
H O CH,—CH—COOH
|
Retinoids
All-trans-retinoic acid Formed from all-trans-retinal,
broad effect on differentiation and morphogenesis
COOH

NIRRT

9-cis-VitA-Saure

S
\

x
COOH

b) Examples of hormones, that bind to transmembrane receptors
Hormone Function and biochemical action

Epinephrine Raise of blood pressure, contraction of smooth muscles,
glycogen breakdown in liver,

HO, lipid breakdown in adipose tissue
@
HOO?H—CHT—W

OH CH3
Norepinephrine Contraction of arteria
HO
(<]
HO (|3H—CH2—NH3

OH
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Table 3.1. continued

Histamine

@

H™ F

Derivatives of arachidonic

acid
Prostaglandin E,
0

HO OH

Relaxation of blood vessels

Contraction of smooth muscles

COOH

Peptide hormones and protein hormones

Glucagon
polypeptide, 29 aa

Insulin

polypeptid, A-chain, 21 aa,

B-Kette 30 aa,

Gastrin
polypeptidw, 17 aa,

Secretin
polypeptide, 27 as,

Adrenocorticotropin
polypeptide, 39 aa,

Follicle stimulating
hormone (FSH)
polypeptide,
a-chain 92 As,
B-chain 118 As

Thyrotropic hormone
Hormon (TSH)
polypeptide,

a-chain, 92 aa,
B-chain, 112 aa

Glycogenolysis in liver, release of fatty acids from triglycerides
in adipose tissue

Stimulation of:

glucose uptake in muscle and adipose tissue, catabolism of
carbohydrates,

storage of triglycerides in adipose tissue, protein synthesis, cell
proliferation

Inhibition of glycogenolysis,

Secretion of HCI und pepsin in stomach

Stimulation of sekretion of pancreatic proteases

Biosynthesis in anterior pituitary, stimulation of formation of
corticosteroids in adrenal cortex,
release of fatty acids from adipose tissue,

Stimulation of growth of oocytes and follicle

Release of thyroxine (T, hormone) and of T; in thyroid gland
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Table 3.1. continued

TSH-Releasing-Hormon Formation in hypothalamus,

peptide 3 aa, stimulates synthesis and release of TSH in anterior pituitary

Vasopressin Formation in posterior pituitary,

peptide, 9 aa, backresorption of water in the kidney, contraction of small blood
vessels

Parathyroid hormone Formation in parathyroid gland,

polypeptide, 84 aa increase of Ca®" in the blood, mobilization of Ca** from the bone

3.3.2 Hormone Analogs: Agonists and Antagonists

The modification of hormones can lead to compounds that are known as agonists or
antagonists.

Antagonists are hormone derivatives that bind to a receptor but do not initiate signal
transduction. Antagonists block the receptor and thus terminate signal transduction.
Hormone antagonists find broad pharmaceutical and medical application since they
specifically interfere with certain signal transduction pathways in the case of hormonal
disregulation. Antagonists with a much higher affinity for a receptor than the unmodi-
fied hormone are medically very interesting. Such high affinity antagonists require
very low dosages in therapeutic applications. A few important antagonists and agonists
of adrenaline are shown in fig. 3.4. Propranolol is an example for a medically impor-
tant hormone antagonist. Propranolol binds with an affinity three orders of magnitude
greater than its physiological counterpart, adrenaline, on the $-adrenergic receptor. In
this manner a very effective blockage of the adrenaline receptor is possible.

Hormone analogs that bind specifically to a receptor and initiate the signal transduc-
tion pathway in the same manner as the genuine hormone are termed agonists. Appli-
cation in research and medicine is found especially for those agonists which posses a
higher affinity for a receptor than the underivatized hormone.

3.3.3 Endocrine, Paracrine and Autocrine Signaling

Various forms of intercellular communication can be discerned based on the range of
the signal transmission (fig. 3.5).

Endocrine Signaling

In endocrine signaling the hormone is synthesized in specific signaling, or endocrine,
cells and exported via exocytosis into the extracellular medium (e.g. blood or lympha-
tic fluid in animals). The hormone is then distributed throughout the entire body via
the circulatory system so that remote regions of an organism can be reached.
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Fig. 3.4. Structure of important agonists and antagonists of adrenalin and their affinity for the (3-
adrenergic receptor (source: Lefkowity et al., 1976).

Paracrine Signaling

Paracrine signal transduction occurs over medium range. The hormone reaches the tar-
get cells from the hormone-producing cell by passive diffusion. The producing cell
must be found in the vicinity of the receiving cells for this type of communication. The
signaling is rather local and the participating signaling molecules are termed tissue hor-
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Fig. 3.5. Endocrine, paracrine and autocrine signal transduction. a) endocrine signal transduc-
tion: the hormone is formed in the specialized endocrine tissue, released into the extracellular
medium and transported via the circulatory system to the target cells. b) paracrine signal trans-
duction: the hormone reaches the target cell, which is found in close juxtaposition to the hormone
producing cell, via diffusion. c¢) autocrine signal transduction: the hormone acts on the same cell
type as the one in which it is produced.

mones or local mediators. A special case of paracrine signal transduction is the synaptic
neurotransmission in which a nerve cell communicates with either another nerve cell
or with a muscle cell (see chapter 16).

Autocrine Signaling

In autocrine signaling, cells of the same type communicate with one other. The hor-
mone produced by the signaling cell affects a cell of the same type by binding to recep-
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tors on these cells and initiating an intracellular signal cascade. If an autocrine hor-
mone is secreted simultaneously by many cells then a strong response occurs in the
cells. Autocrine mechanisms are of particular importance in the immune response (see
chapter 11).

3.3.4 Direct Modification of Protein by Signaling Molecules

A special case of signal transduction is represented by a class of small, reactive signa-
ling molecules, such as NO (see chapter 6.10). NO is synthesized in a cell in response
to an external signal and is delivered to the extracellular fluid. Either by diffusion or in
a protein-bound form, the NO reaches neighboring cells and modification of target
enzymes ensues, resulting in a change in the activity of these enzymes. NO is characte-
rized as a mediator that lacks a receptor in the classical sense.

3.4 Hormone Receptors

3.4.1 Recognition of Hormones by Receptors

Hormones are usually produced by specialized cells and initiate a reaction in only a
certain cell type. Only those cells that possess a cognate protein, the receptor of the
hormone, can act as target cells. Receptors specifically recognize and bind the cognate
hormone based on their chemical nature. The binding of the hormone to the receptor
in the target cell induces an intracellular cascade of reactions at whose end lies a defi-
ned biochemical response. The pathway from receptor bound signaling molecule to
final biochemical response is complex and occurs under the participation of many pro-
teins.

The receptors of the target cell can be divided into two classes: the membrane bound
receptors and the soluble cytoplasmic or nuclear localized receptors (fig. 3.6).

Membrane bound receptors are actually transmembrane proteins; they display an
extracellular domain linked to an intracellular domain by a transmembrane domain.
Binding of a hormone to the extracellular side induces a specific reaction on the cyto-
solic side, which then triggers further reactions in the target cell. The mechanism of
signal transmission over the membrane will be discussed in more detail in chapters 5,
8 and 11. Characteristic for signal transduction via membrane bound receptors is that
the signaling molecule does not need to penetrate the target cell to activate the intra-
cellular signal chain.

In the case of intracellularly localized receptors the hormone must enter the cell in
order to be able to interact with the receptor. The hormone usually penetrates the tar-
get cell by passive diffusion. The nuclear receptors can be classified as ligand-control-
led transcription activators. The hormone acts as the activating ligand; the activated
receptor stimulates the transcriptional activity of genes which carry DNA elements
specific for the receptor.
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3.4.2 The Interaction between Hormone and Receptor

Receptors are the specific binding partners for signaling molecules; the former are able
to recognize and specifically bind the latter based on their chemical structure. The
binding and recognition are governed by the same principles and the same non-cova-
lent interactions as for the binding of a substrate to an enzyme, namely H-bonds, elec-
trostatic interactions (including dipole-dipole interactions), Van der Waals interactions
and hydrophobic interactions. Signaling molecules bind their cognate receptors with
an affinity greater than usually observed for an enzyme and substrate.

The binding of a hormone to a receptor can in most cases be described by the simple
reaction scheme:

R and k. [ [R]
[H] + [R] = [HR], and K}, = TR

where [H] is the concentration of free hormone, [R] is the concentration of the free
receptor, and [HR] is the concentration of hormone-receptor complex. The value for
the equilibrium constant, Kp, usually lies in the range of 10 to 10" M. The binding
curve for hormones and receptor are, according to the above simple equilibrium,
hyberbolic in form (compare binding curve for O, to myoglobin, fig. 2.3).

Decisive for the intensity of the signal transmission is the concentration of the hor-
mone-receptor complex, since the activation of the signal pathway requires that this
complex be formed. The concentration of the hormone-receptor complex depends on
the concentration of the available hormone, the affinity of the hormone for the recep-
tor, as well as the concentration of the receptor. All three parameters represent, at
least in principle, control points for signal transduction pathways. The variable signal,
whose change is registered to thereby activate a signal transmission, is in most cases
the concentration of the freely circulating hormone.

Synthesis and release of the hormone in endocrinic tissue is triggered in many hor-
monally regulated processes by an external signal. As a consequence, the concentra-
tion of the circulating hormone is increased, which implies an increased concentration
of the hormone-receptor complex at the surface or within the target cell, and thus an
increased activation of the downstream components of the signal pathway. For an effi-
cient signal transduction, it is important that the change in concentration of the circula-
ting hormone is approximately proportional to a change in the degree of occupation of
the hormone receptor. This condition is fulfilled when the concentration of the hor-
mone is in the range of the equilibrium constant, Kp.

The switch for the activation of an intracellular signaling pathway is in most cases an
increase in the concentration of the freely circulating hormone. This leads to an incre-
ase in the concentration of the hormone-receptor complex, which results in an increa-
sed activation of subsequent reactions in the cell. The concentration of the circulating
hormone is thus the main regulatory parameter in cellular communication. The rela-
tion between hormone concentration, binding of the hormone to the receptor, and
subsequent reaction in the cell is illustrated in fig. 3.7 for the case of adrenaline and the
B-adrenergic receptor.

An increase in the hormone concentration is the main regulating element when a
rapid activation of a signaling pathway is required. Hormones can be stored in the
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Fig. 3.7. Receptor binding and stimulation of the synthesis of cAMP by adrenaline, noradrena-
line and isoproterenol. Adrenaline is the first member of a signal transduction chain that begins
with the binding of of adrenaline to the 3-adrenergic receptor. The signal is transmitted to adeny-
lyl cyclase via a G-protein. The activated adenylyl cyclase forms cAMP, which serves as a diffusi-
ble intracellular messenger (see ch. 5& 6). The activation of cAMP synthesis and the binding to
the B-adrenergic receptor as a function of hormone concentration in frog erythrocytes is shown in
the figure above. a) A cell suspension is incubated with different concentrations of the three hor-
mones, the cells are lysed and the adenylyl cyclase activity determined. b) The degree of binding
of adrenaline, noradrenaline and isoproterenol to the f-adrenergic receptor of frog erythrocytes
as a function of hormone concentration. The curves show that the ability of a hormone to bind the
[B-receptor in a particular concentration range is highly correlated with the stimulation of adenylyl
cyclase.The concentration of hormone required for half-maximal receptor binding is approxima-
tely the same as required for half-maximal adenylyl cyclase stimulation. Of the three ligands, iso-
proterenol binds the receptor the tightest and noradrenalin the weakest. Accordingly, stimulation
of adenylyl cyclase is already observed at a very low isoproterenol concentration, while for the
weaker binding noradrenaline much higher concentrations are required to stimulate the adenylyl
cyclase. After Lefkowitz et al. (1976).
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signal producing cell in specialized organelles from which they can be quickly released
when the appropriate external stimulus is received.

A modulation and regulation of signaling is also possible at the level of the receptor
by varying the affinity of the receptor for the hormone or by specifically altering the
concentration of the receptor. A change in the affinity of the receptor can be achieved
by, for instance, phosphorylation of the receptor protein. The concentration of recep-
tor available on the cell surface can be decreased either by degradation of the receptor
as well as by internalization of the receptor (see chapter 5). Both processes affect the
intensity of the signal transduction on a long time scale.

3.4.3 Variability of the Receptor and Signal Response
in the Target Cell

Hormone-receptor systems and the corresponding signaling chains display great varia-
bility and flexibility (fig. 3.8). There are often many different receptors for a given hor-
mone with similar binding specificity that activate different signaling pathways. Fur-
thermore, there exist subtypes of receptors, which differ in their affinity to the hor-

T

/
/

|
oh GD b ox
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cell type 1 cell type 2

Fig. 3.8. Variability of receptor systems and signal pathways. a) For one receptor of a given bind-
ing specificity (binding to hormone H) there can be different subtypes in the same cell (R1, R2)
or in other cell types (R1’). b) The hormone H can induce different reactions (X, X’) upon bind-
ing the different receptor types (R1, R2). The receptor types R1 and R2 can be found simulta-
neous in one cell. ¢) the binding of two different hormones (H, H’) to different receptors (R1’,
R3) can induce the same intracellular reaction. The characteristics a) and b) contribute to a high
degree to the diversity and variability of hormonal signal transduction. Point c) illustrates the
principle that important cellular metabolites or reactions can be controlled by different signal
transduction pathways.
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mone, in the nature and intensity of the reaction triggered in the cell, as well as in their
capacity for regulation. Thus, the same hormone can trigger very different reactions in
different tissues. An example for such a phenomenon is adrenaline, which on the one
hand can initiate a cAMP-mediated signal transduction and, on the other hand, an ino-
sitol triphosphate-mediated reaction (see chapter 6). The variability of the receptor
system is also illustrated by the fact that in the same cell different receptors for the
same signaling molecule can exist which trigger different secondary reactions. An
external signaling molecule can thus induce a broad spectrum of biochemical reactions
in a cell and a pleiotropy of biological responses.

The highly variable nature of signaling pathways is also expressed by the fact that
different receptors and signaling pathways can induce the same biochemical reaction
in a cell. This is exemplified by the release of Ca®*, which can be regulated via different
signaling pathways (see chapters 5-7).

3.5 Signal Amplification

Signal pathways commonly amplify the initial signal received by the receptor during
the course of the signal transduction (fig. 3.9). In many cases only a few molecules of
a hormone are sufficient to initiate an enzymatic reaction in a cell, in which many sub-
strate molecules are turned over.

The extent of amplification, or amplification factor, varies greatly at the different
levels of the signal transmission.

An initial amplification often occurs at the level of the hormone-receptor complex.
An activated receptor is capable of activating many downstream effector proteins.

The signal amplification at the level of the hormone-receptor complex depends
upon many factors:

Life Span of the Hormone-Receptor Complex

The life span of the hormone-receptor complex is controlled primarily by the dissocia-
tion rate of the bound hormone.

Frequency of the Reaction with the Effector Protein

An activated receptor can only transmit the signal further if it encounters an effector
molecule. The frequency with which this occurs depends on the concentration and rate
of diffusion of both components.

Deactivation of the Hormone-Receptor Complex

The signal transmission by the hormone-receptor complex can be actively inhibited via
covalent modifications (e.g. protein phosphorylation) which deactivate the hormone-
receptor complex. Another mechanism for termination of signaling pathways is the
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Fig. 3.9. Mechanisms of amplification in signal transduction pathways. Starting from an activated
receptor R* many downstream effector molecules can be activated. E1* passes the signal on to
E2, which is then converted to E2*. If E2 possesses enzymatic activity, and forms a diffusible mes-
senger in its activated form, then a further amplification can occur at this step. The figure also
emphasizes that, apart from the steps with a high amplification factor, there are also steps that are
not accompanied by amplification (here E1* — E2%).

internalization of the hormone-receptor complex. During internalization a section of
the membrane, together with the proteins bound to it, is pinched off and transported
into the interior of the cell. There the receptor can be returned to the cell membrane
or be degraded. The internalization can affect the free receptor as well as the hormo-
ne-receptor complex.

Amplification of Signaling during the Visual Process

One of the few examples for which the amplification factor at the level of the activated
receptor could be determined is for the visual signal transduction pathway (review:
Lamb, 1996).

In the visual process a light signal is received by the photoreceptors, rhodopsin, of
the rod cells which are then converted to the activated state, R*. The activated rhodop-
sin passes the signal on to the cognate G-protein, transducin, which in turn activates
the next effector molecule, a cGMP phosphodiesterase. The phophodiesterase hydro-
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lyzes cGMP to GMP. In the first step of the signal transduction, from the activated
photoreceptor R* to transducin, there is a high amplification factor: one activated rho-
dopsin molecule can activate 1000-2000 molecules of transducin per second. No ampli-
fication occurs for the signal transmission from transducin to cGMP phosphodieste-
rase, since each activated transducin molecule only activates one phophodiesterase
molecule. A further increase of the signal is found at the level of the activated phos-
phodiesterase, which rapidly hydrolyzes cGMP to GMP (k. ca. 4000 sec-1).

The life time of the activated state of a signaling protein is an important regulatory
point in the signal cascade. As will be discussed later in more detail for the regulatory
GTPases (see chapters 5,9), an extension or shortening of the activated state of a signa-
ling protein can lead to an enhancement or attenuation of the signal transmission.

An exact determination and analysis of the amplification factor of signaling cascades
in vivo is rarely possible. To determine the amplification factor, the life span of the
activated state of a signaling protein, the concentration of the signaling protein and its
cognate effector molecule, as well as the extent of deactivating processes in the cell
must be known. These parameters are very difficult to determine experimentally. The
concentration of the participating proteins is an especially elusive parameter. A fur-
ther complicating factor is the membrane association of many signaling pathways
which hinders an accurate concentration determination.

3.6 Regulation of Inter- and Intracellular Signaling

The result of communication between the signaling and receiving cells is a defined bio-
chemical reaction in the target cell. The nature and extent of this reaction depends on
many individual processes that participate either directly or indirectly in signal trans-
duction.

Beginning with the hormone-producing cell, the following processes are all contri-
buting factors for hormonal signal transduction in higher organisms (fig. 3.10):

1) biosynthesis of the hormone

2) storage, secretion of the hormone

3) transport of the hormone to the target cell

4) reception of the signal by the hormone receptor

5) transmission and amplification of the signal, biochemical reaction in the target cell
6) degradation and excretion of the hormone

All of the above steps are subject to regulation. Thus, the effective concentration of a hor-
mone at the target cell can be adjusted to a wide range according to numerous mecha-
nisms. The biosynthesis of a hormone can, for example, be controlled by other signal
transduction pathways. There are signals to trigger the secretion of stored hormones. The
distribution of a hormone in an organism contributes to the accessibility of that hormone
at a particular location. In addition, degradation and secretion of the hormone also plays
an essential role in the effective concentration of the hormone in the cell.

The amount, activity and specificity of receptors at the target cell influences the
extent of the final biochemical reaction. The induced reaction cascade in the target cell
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Fig. 3.10. Schematic representation of processes that may influence hormonal action in a cell. To
note is the possibility for feedback in the framework of intercellular communication. A signal
released in the target cell can regulate the hormone producing cell by, for example inhibiting the
synthesis or secretion of the hormone. Furthermore, the possibility of a hierarchical structure and
the mutual influence of different signaling pathways should also be noted.

can be modulated at many positions by, for example, phosphorylation and subsequent
changes in the activity of central proteins.

A signal transduction chain can not be viewed as an isolated event within an orga-
nism, but should rather be interpreted in the context of other signaling pathways. The
cell possesses a large repertoire of mechanisms by which the extent of signal transduc-
tion can be regulated and by which different signaling pathways communicate. Many
of these mechanisms will be dealt with in detail in later chapters.

Every individual cell of a multicellular organism is programmed to react to the many
external signals in a characteristic and specific manner. The reaction pattern of a cell
type depends on the unique pattern of receptors and the corresponding coupled reac-
tion pathways. This furthermore determines the function and morphology of the cell to
a large extent. This pattern of regulation and networking of pathways is not constant
during the course of development of an organism, but rather is subject to a genetically
determined variation.



3.7 Membrane Anchoring and Signal Transduction 141

3.7 Membrane Anchoring and Signal Transduction

Transmission of signals over the cell membrane requires cooperation of the signaling
proteins, each of which either exist as transmembrane proteins or are associated with
the membrane. Extracellular signals are initially transmitted across the membrane with
the aid of transmembrane proteins. In many cases the further signal transduction is tig-
htly coupled to the membrane. This signal transduction, localized at the cytoplasmic
side of the membrane, occurs with proteins whose function is tightly coupled with an
association with the cell membrane.

An example for such a signal transduction can be found in the pathway leading to
the production of cAMP, in which the signal is transmitted from a G-protein-coupled
receptor to the cytoplasmic side of the membrane (see chapter 5) where membrane-
anchored heterotrimeric G-proteins become activated and transmit the signal to dow-
nstream transmembrane adenylyl cyclases. The entire activation process occurs in tight
association with the cell membrane. A tight coupling between the membrane and
signal transduction process is also observed for enzyme activation initiated by signaling
processes where the substrate is localized in the membrane. Examples for such proces-
ses are found in phospholipases and PI3 kinases (see 5.6).

Often the cell accomplishes the association of signal proteins with the membrane by
post-translationally affixed lipid anchors composed of hydrophobic residues, such as
fatty acids, isoprenoids or complex glycolipids (see fig. 3.11). These lipid moieties of
lipidated proteins favor membrane association by inserting themselves into the phos-
pholipid bilayer.

lipid examples of modified proteins site of modification
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Fig. 3.11. Structure of lipid anchors and representative examples for lipid-modified signal pro-
etins.
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The main function of lipidation is to promote membrane association of signaling
proteins. Lipid anchors target proteins to the membrane, as is the case for the cytoplas-
mic protein tyrosine kinases, so that they can participate in membrane-associated
signaling pathways. Furthermore, protein lipidation is thought to mediate protein-pro-
tein association and/or stabilize protein conformations (review: Casey, 1995).

Switch Function of Lipid Anchors

Lipid anchors can be also used as a switch in signaling pathways. Depending on the
conformational state of the signaling protein, lipid anchors may be buried in the hydro-
hobic interior of the protein or they may be exposed on the protein surface and acces-
sible for membrane insertion. The transition between the two states may be controlled
by specific ligands in a signal pathway controlled manner (fig. 3.12). Examples are the
Ca*-myristoyl switch of recoverin (see 6.7.3) and the GTP-myristoyl-switch of the
ARF GTPase (Goldberg, 1998). In both cases ligand-induced conformational changes
of the signaling protein are coupled to membrane binding.

membrana
effector
protein
signal
protein
L +— signal
g membrane

)

membrane ¢ offector
anchoring! nH / protein
signal
protein

Fig. 3.12. Model of the switch function of the myristoyl anchor in signal proteins.

The myristoyl anchor of a signal protein can exist in a state accessible for membrane insertion or
in a state buried in the interior of the protein. The transition between the two states may be con-
trolled by specific cellular signals (e.g. Ca**, GDP/GTP exchange). In the membrane-associated
form, interactions with membrane-bound effector proteins become possible and the signal can be
transduced further.
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3.7.1 Myristoylation

Myristoylated proteins contain a saturated acyl group of fourteen carbons, myristoic
acid (n-tetradecanoic acid) added cotranslationally via an amide bond to the amino
group of the NH,-terminal glycine residue. The consensus sequence for myristoylation
is Gly-X-X-X-Ser (X:any amino acid), where the residue following the glycine is often
a cysteine (review: Resh, 1994). A clumping of basic amino acids at the N-terminus can
serve as additional signal for myristoylation (fig. 3.13). An example for this is c-Src
(see chapter 8), which displays a net charge of +5 at the N-terminal region. Clusters of
basic residues at the C-terminus also aid to anchor the protein to the interface of the
membrane, as observed in the example of the K-ras protein (see chapter 9 and fig.
3.12). The basic amino acids help to anchor the protein to the cell membrane via elec-
trostatic interactions with the negatively charged head groups of the phospholipids.

Mpyristoylation is generally considered a constitutive process and a permanent modi-
fication. As shown above the myristoic anchor may function as a switch during regula-
ted membrane anchoring. Examples for myristoylated proteins are the cytoplasmic
protein tyrosine kinases (family of the Src-kinases, chapter 8), as well as the a-subunit
of the heterotrimeric G-proteins (chapter 5).
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Fig. 3.13. Lipid anchors and basic regions as elements of the membrane association of proteins.
Examples for proteins which exhibit basic residues near a lipid anchor. a) Src kinase (see ch. 8)
possess a myristoyl anchor at the N-terminus as well as a stretch of basic residues. b) In Ki-Ras
proteins (see ch. 9) there is a farnesyl residue at the C-terminus that serves as a lipid anchor, as
well as a stretch of Lys residues. Negatively charged head groups of phospholipids are shown as
filled circles. X: any amino acid.
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3.7.2 Palmitoylation

Palmitoylated proteins contain a long-chain fatty acid, such as palmitoic acid (n-hexa-
decanoic acid), or other long chain fatty acids connected to the protein via a labile thi-
oester bond to cysteine residues. The thioester bond of palmitoylated proteins is less
stable than the amide bonds of the myristin anchor. The lability conveys a reversible
character to the modification and thus permits regulation of the membrane anchor.
The reversible palmitoylation of signal proteins is thus a potential instrument for the
modulation or regulation of signaling pathways. In the activation of G-protein-media-
ted signal pathways (see ch. 5), the palmitoic acid anchor on the Ga-subunit is exchan-
ged (review: Mumby, 1997). The distribution of the signal protein between the mem-
brane and cytosol is possibly regulated via a cyclic acylation and deacylation. The acy-
lation and deacylation enzymes have only been partially characterized.

Palmitoylation is, after myristoylation, the most common modification of the a-sub-
unit of the heterotrimeric G-proteins (see chapter 5). The a-subunit of G-proteins can
be lipidated in a two-fold manner, with a myristoic acid and a palmitoic acid anchor at
the N-terminus. It appears in this case that two lipid anchors are necessary to mediate
a stable association of the protein with the membrane. The lipidation of cytoplasmic
protein tyrosine kinase also includes both myristoylation and palmitoylation. H-Ras
protein also requires, apart from C-terminal farnesylation (see below), a palmitoyl
modification in order to bind to the plasma membrane. In all mentioned examples the
fatty acid anchors play an essential role in the signal transduction.

3.7.3 Farnesylation and Geranylation

Proteins with an isoprenoid modification possess either a Cl5-farnesyl residue or a
C20-geranyl-geranyl residue. Both residues are bound via a thioester linkage to a
cysteine residue. As with myristoylation, these are constitutive, stable modification
performed by farnesyl or geranyl transferases.

The isoprenylation occurs at the Cys-residue of the consensus sequence Cys-A-A-
X-COOH, whereby the nature of the C-terminal X-residue determines if farnesylation
or geranylation occurs (fig. 3.13+14). After the isoprenoid residue is appended the
three C-terminal residues are removed and the new COOH-group of the Cys-residue
is methylated to increases the hydrophobicity of the C-terminus. A two-fold geranyla-
tion is found on two Cys residues of the Rab protein (see chapter 9).

The isoprenoid modification can be found, among others, on the Ras protein and
other members of the Ras superfamily (see chapter 9), as well as with the a-subunit of
G-protein (see chapter 5). The By-complex of G-proteins is also associated with the
membrane via geranylation.

3.74 The Glycosyl-Phosphatidyl-Inositol Anchor (GPI Anchor)

GPI is an extracellular anchor for proteins. The GPI anchor consists of a phospholipid
with an appended glycosyl and ethanolamine residue in a complicated arrangement
(fig. 3.15). It is the most commonly employed anchor for the surface proteins of Trypa-
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Fig. 3.14. Farnesylation at the C-terminus. The signal sequence for farnesylation is the C-termi-
nal sequence CAAX. In the first step a farnesyl moiety is transferred to the cystein in the CAAX
sequence. The farnesyl donor is farnesyl pyrophosphate and the responsible enzyme is farnesyl
transferase. Subsequently, the three C-terminal amino acids are cleaved (A: alanine, X: any amino
acid) and the carboxyl group of the N-terminal Cys-residue becomes methylated.

nosoma brucei and prevalent in yeast (review: Takeda and Kinoshita,1995). The fun-
ction of the GPI anchor in mammals is not yet understood in detail. Cell surface prote-
ins associated with the membrane via a GPI anchor participate in the uptake of
nutrients, cell adhesion, and cell-cell interactions in the immune system. In T-lympho-
cytes, GPI-anchored proteins participate in signal transduction processes which lead to
the activation of T-lymphocytes.
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Fig. 3.15. Typical strucutre of a glycosyl phosphatidyl inositol (GPI) anchor. Ins: inositol;
GlIceN: 2’-amino, 2’-deoxy-glucose; Man: mannose; Etn: Ethanolamine, P: phosphate.
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Chapter 4

Signaling by Nuclear Receptors

Nuclear receptors regulate gene expression in response to binding small lipophilic
molecules and are thereby involved in the control of a diversity of cellular processes.
These proteins are ligand-activated transcription factors that are localized in the cyto-
plasm and/or in the nucleus. The hormone ligands pass the cell membrane by simple
diffusion and bind to the cognate receptors in the cytoplasm or in the nucleus. By bind-
ing to cognate DNA elements the ligand-bound receptor activates target genes and
thus transmits hormonal signals into a change of gene expression.

4.1 Ligands of Nuclear Receptors

The naturally occurring ligands of nuclear receptors are lipophilic hormones, among
which the steroid hormones, the thyroid hormone T3, as well as derivatives of vitamin
A and D have been long known as central regulators. These hormones play a signifi-
cant role in metabolic regulation, organ function and in development and differentia-
tion processes. The most important natural ligands of the nuclear receptors are shown
in fig. 4.1; the cognate receptors and their DNA elements are summarized in table 4.1
(see Mangelsdorf, 1995).

The primary regulating factor for signal transduction via nuclear receptors is the
hormone concentration. The amount of a hormone available for intracellular binding
to the receptor is controlled by a number of processes:

Formation and Secretion of Hormones in Endocrine Tissue

The biosynthesis and secretion of a hormone is regulated by a number of mechanisms
and they themselves are involved in complex regulatory schemes. An informative
example is the hierarchically ordered hypothalamus-hypophysis system which regula-
tes the biosynthesis and secretion of many hormones of the nuclear receptors.

The hypothalamus is a top-level regulatory switch which registers and integrates
electrical and chemical signals. The signals are transmitted further in the form of
releasing factors to the downstream hormone-producing organ, the hypophysis, or
pituitary gland where glandotropic hormones are synthesized and secreted which reach
the endocrine organs, such as the adrenal cortex or gonads, by way of the bloodstream.
In the target organs the production and secretion of specific hormones is induced. The
hormones secreted by the endocrine organs are transported in the bloodstream to the
target cells where they bind and activate cognate receptors. In the target cells intracel-
lular signal pathways are activated which determine the biochemical response of the
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Fig. 4.1. Natural ligands of nuclear receptors.
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Tabelle 4.1. Ligands and structure of HREs of selected nuclear receptors from mammals.

Receptor Hormone Half site sequence  configuration of
HRE
Glucocorticoid receptor, Cortisol AGAACA IR-3
GR
Mineralcorticoid receptor, Aldosterone AGAACA IR-3
MR
Progesterone receptor, PR Progesterone AGAACA IR-3
Androgen receptor, AR Testosteron AGAACA IR-3
Estrogen receptor, ER Estrogen RGGTCA IR-3
Farnesoid receptor, FXR Farnesoids AGGTCA IR-1, DR-5
Thyroid hormone receptor, 3,5,3’-L- RGGTCA IR-0, DR-4, ER-6,8
T3R triiodothyronine,
T; hormone
Receptor for vitamine D, 1,25-Dihydroxy RGKTCA DR-3
VDR vitamine Dj
Receptor fiir 9-cis retinoic ~ 9-cis retinoic acid, = AGGTCA DR-1
acid, RXR Terpenoids
Receptor for all-trans all-trans retinoic acid AGTTCA IR-0, DR-2,5; ER-8
retinoic acid, RAR
Peroxisome proliferator- 15-Deoxy-A12,14-  AGGTCA DR-1
activted receptor, PPAR prostaglandin J,
COUP-TF(a, B, v) ? RGGTCA DRs, IRs
NGFI-B,( o, B, v) ? AAAGGTCA NR, DR-5, IR-O
ROR (a, B, v) ? YYCYRGGTCA NR

Abbreviations: IR: “inverted repeat”; DR: “direct repeat”; ER: “everted repeat”; NR: “no
repeat”. Numbers of the HREs give the number of pairs separating the half-sites. R: purine, Y:
pyrimidine. NGFI: Nerve growth factor induced receptor; COUP-TF: Chicken ovalbumin
upstream promoter transcription factor; ROR: Retinoic acid related orphan receptor. a, § und y
are receptor subtypes coded by distinct genes. After Mangelsdorf et al., 1995.

target cell to the hormonal stimulation. The communication within the various levels
of this control system occurs via hormone receptor systems.

The system is constructed hierarchically which allows an amplification of the signals
registered in the hypothalamus. The hypothalamus-pituitary path can uptake nerve
impulses and translate them into specific hormone production. A further characteristic
of the system are regulatory mechanisms with whose help the formation and secretion
of hormones can be controlled. The circulating hormone exerts a feedback inhibition at
various levels thus ensuring that an overproduction of hormones is avoided.

The hypothalamus-pituitary system is of particular importance for steroid hormones.
The formation of steroid hormones in the adrenal cortex is controlled by the pituitary
hormone corticotrophin (ACTH), whose formation in turn is regulated by the corre-
sponding releasing factor of the hypothalamus, corticotrophin releasing hormone
(CRH).
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In addition to biosynthesis and secretion the degradation and excretion of hormones
also influences their concentration in the body.

Availability of Hormones in the Cytosol

The intracellular availability of a hormone can be modulated by its binding to a speci-
fic intracellular storage proteins. For the binding of all-trans-retinol and all-trans reti-
noic acid there exist specific binding proteins which participate in the storage and con-
centration of both retinoids. The cytoplasmic storage forms can have a regulatory inf-
luence on the metabolization and availability of a hormone in the cytosol. Further-
more, there are examples known of hormones produced from a pre-hormone in the
target cell (see 4.5.3).

Modifications of the Hormone in the Target Tissue

After the hormone enters the target cell it can be specifically modified such that the
concentration of active, binding-proficient hormones is controlled by the modification.



152 4 Signaling by Nuclear Receptors

An example of the importance of enzymatic modification of hormones for the tissue
specificity of hormone action is the effect of the mineral corticoid aldosterone in the
presence of a large excess of the glucocorticoid cortisol. Aldosterone regulates the
Na*-export and K*-retention in the kidney by binding on the aldosterone receptor.

Aldosterone circulates in the blood at much lower concentration than the most
important glucocorticoid cortisol. In view of the fact that the aldosterone receptor dis-
plays the same affinity to aldosterone as for cortisol, it was long puzzling how aldoste-
rone could exercise a specific regulatory effect on the kidney in the presence of the
large excess of cortisol. An explanation was provided when it could be shown that the
kidney performs a specific modification of the cortisol via an 113-OH-steroid dehydro-
genase (fig. 4.3). The enzymatic conversion of the 11-OH group of cortisol to an 11-
keto group eliminates the binding capacity to the aldosterone receptor (Funder, 1988).
The dehydrogenase, however, does not act on the aldosterone because it is protected
at the 11 position. The formyl group of aldosterone reacts with the 11-OH-group under
the formation of an aldehyde hydrate. The specific occurrence of the 113-OH-deydro-
genase in the kidney cells thus ensures the signal transduction by aldosterone in the
presence of excess cortisol. This example demonstrates the important contribution of
tissue specific modification toward the tissue specificity of hormone action.

GHZOH CHo0H
C=0 . . C=0
HO L kidney: 0 _OH

11-p-OH-dehydrogenase

o o]
Cortisaol inactive
no binding to
aldosterone receptor
CH,OH
CH e -
idney:
o—&H y
=0

H 11-p-OH-dehydrogenase

1 no modification
I

binding to aldosterone receptor possible

Aldosterone

Fig. 4.3. Example of a tissue-specific hormone inactivation. Cortisol is enzymatically converted
to an keto compound at the C11 position. The modified cortisol compound can no longer bind
and activate the aldosterone receptor. Aldosterone can not be turned over by 11-B-dehydroge-
nase because the OH group at position 11 forms a half-acetal with the formyl group (C18).
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4.2 Principles of Signaling by Nuclear Receptors

Signal transduction by nuclear receptors is shown schematically in fig. 4.4. The natural
ligands of nuclear receptors are lipophilic hormones that can enter the cell in a passive
manner. A transmittance of the signal at the cell membrane, is not necessary, as is the
case in the signaling via transmembrane receptors. Once inside the cell the hormone

cell membrane

® " w
B

%

nucleus

dimeric transcription
activated initiation
receptor complex
+1
DNA
— gene
—_— — ’
— —p transcription
HRE activation

Fig. 4.4. The principle of signal transduction by nuclear receptors. Nuclear receptors are ligand-
controlled transcription factors that bind cognate DNA sequences, or hormone responsive ele-
ments (HRE). The hormone acts as a regulating ligand. Most nuclear receptors bind their cognate
HREs, which tend to be symmetrically organized, as homo- or heterodimers. The DNA-bound,
activated receptor stimulates transcription initiation via direct or indirect protein-protein interac-
tions with the transcription initiation complex. The arrows demonstrate the different possible
configurations of the HRE (see also 4.6). H: hormone; Hsp: heat shock protein.
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ligand binds the cognate receptor which is localized in the cytosol and/or in the
nucleus. The hormone binding activates the transcription regulation function of the
receptor. In the case of the cytosolic receptors, the hormone binding induces transloca-
tion into the nucleus where the hormone-receptor complex binds a cognate DNA ele-
ment and alters the transcription of the target gene.

A detailed review of the structure and function of nuclear receptors is found in Man-
gelsdorf et al. (1995); Beato et al. (1995); Kastner et al. (1995), Mangelsdorf and Evans
(1995), Perlman and Evans, 1997).

The nuclear receptors are localized in the cytosol or nucleus. Due to their lipophilic
nature the natural ligands of the nuclear receptors can cross the cell membrane in a
passive manner and bind the cognate receptor in the cell interior. Binding by hormo-
nes activates the transcription regulatory effect of the receptor.

The nuclear receptors are specific DNA binding proteins which bind particular
DNA sequences termed hormone responsive elements (HREs). Accessible to regula-
tion by nuclear receptors are genes whose promotors carry cognate HREs. Often the
hormones together with nuclear receptors function as inducers of gene expression. The
response to a hormone signal in this case is an enhanced transcription level of neighbo-
ring genes.

In order to distinguish nuclear receptors from membrane-bound receptors, the for-
mer are sometimes referred to as soluble receptors. They can be found in the cyto-
plasm or nucleus. Their regulatory function is always performed, however, in the
nucleus.

In comparison to signaling pathways which utilize transmembrane receptors (see
chapter 5, 8, 11), signaling via nuclear receptors is of relatively simple structure. The
pathways lead directly, with only a few participating protein components, from the
extracellular space to the level of the DNA in the nucleus. Most important protein
components of the signal pathway are known and well characterized. Nevertheless,
we understand very little of the mechanism by which the activated receptors lead to
a transcription initiation. This is due to the extreme complexity of transcription
initiation in eucaryotes (see 1.2). Both the variety of proteins involved in the forma-
tion of a competent initiation complex, as well as the influence of chromatin struc-
ture, make it difficult to elucidate the exact function of nuclear receptors in transcrip-
tion initiation.

Regulation processes which act at the level of transcription are slower than those
which affect the activity of already existing enzymes. The latter process is used mainly
to induce a rapid reaction in an organism to an external signal or to achieve a rapid
communication between cells. Signal transduction by nuclear receptors, on the other
hand, is intended to achieve long-term changes in the activity of enzymes, whereby the
speed of the regulatory process is not very prominent. Regulation with the aid of
nuclear receptors is therefore used mainly to adapt the activity of key metabolic enzy-
mes to modified external conditions or a change in the function of an organism.

Signaling via nuclear receptors is paramount for the development and differentia-
tion of higher organisms, since these processes do not require a rapid response but do
require long-lasting functional changes. Accordingly, many hormones of the signal
transduction pathways involving nuclear receptors participate in the development and
differentiation of organs. Examples are the sexual hormones, the thyroid hormone, the
D; hormone, as well as retinoic acid.



4.3 Classification and Structure of Nuclear Receptors 155

4.3 Classification and Structure of Nuclear Receptors

The first receptors to be characterized were those for the glucocorticoids, for estrogen
and for progesterone. Many other receptors could be identified based on common
structural and functional features. This family of nuclear receptors, sometimes termed
the family of steroid receptors or the family of intracellular receptors, carry out similar
functions. The nuclear receptors display a high degree of homology at the level of
amino acid sequence, which indicates that they operate with similar functional princip-
les. For many receptors the cognate hormone and their function in the cell remain
unknown. Such ,,orphan receptors* were usually identified with the help of screening
techniques employing DNA probes based on known receptors. The most important
representatives of the nuclear receptors are summarized in table 4.1.

Extensive deletion and mutation studies, as well as sequence comparisons, have
shown that the nuclear receptors are constructed modularly. At the level of the pri-
mary structure the steroid hormone receptors can be divided into five different
domains (fig. 4.5), each with specific functions.

A typical nuclear receptor contains a domain responsible for the DNA binding
(domain C), the ligand binding and dimerization (E), and for the transactivation and
other protein-protein interactions (A,B,E,F). Furthermore, there are also nuclear locali-
zation signals (D).

Especially the domains for DNA binding and ligand binding display characteristics
of independently folding structural units. The single domains can therefore be exchan-
ged using recombinant DNA technology and their functionality in other protein envi-
ronments examined in ,,domain-swapping“ experiments (see 1.4.2, fig. 1.33).

4.3.1 DNA Binding Elements of Nuclear Receptors, HREs

The steroid hormone receptors are sequence specific DNA binding proteins whose
cognate DNA elements are termed ,,hormone responsive elements“ (HREs). The
HREs known to date possess a common structure. They are composed primarily of two
copies of a hexamer sequence. In table 4.1 are listed the hexamer sequences of the
HRESs of important nuclear receptors.
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Fig. 4.5. Domain structure of the nuclear receptors. Functional domains of nucear receptors are
portrayed in a one dimensional, linear fashion.
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The identity of a HRE is determined by the sequence, polarity, and distance of the
hexamers. Mutation and duplication of an ancestral recognition sequence have allo-
wed the creation of many various DNA elements during the course of evolution,
whose sequence, polarity and distance is characteristic for a given hormone receptor or
receptor pair (review: Glass, 1994; Mangelsdorf, 1995; Beato, 1995). The configuration
of a HRE is determined by the polarity and spacing of the hexamers. Fig. 4.6 illustrates
on the example of the HREs for the RXR heterodimer (see 4.5.1) the various configu-
rations of an HRE.

The receptors bind to the cognate HRE mainly as dimers, allowing the formation of
homodimers as well as heterodimers between various receptor monomers. We know of
very few nuclear receptors whose HRE contains only a single copy of the recognition
sequence. These receptors bind as monomers to the cognate HRE.

consensus sequence of hexamer AGGTCA

a) inverted repeat’ —'

lind i
palindromic AGGTCA (B p)n ACTGGA

n=01

b) 'everted repeat’ “— —"

ACTGGA (Bp) AGGTCA
n

n=6,8
c) 'direct repeat’
receptor binding: RXR RAR, VDR, T R, PPAR

} l

AGGTCA (Bp}n AGGTCA

n=1-5

Fig. 4.6. HRE structure of the RXR heterodimer. Shown is the consensus sequence of the HREs
of the RXR heterodimers (see Fig. 4.7) and the different possible arrangements of the hexameric
half-site sequences. The hexamers can be arranged palindromically as inverted repeats (a), as
everted repeats (b), or as direct repeats (c). n indicates the number of base pairs that lie between
the two hexamers. RXR: receptor for 9-cis retinoic acid; RAR: receptor for all-trans retinoic acid;
T;R: receptor for the T; hormon; PPAR peroxisome proliferator-activated receptor; VDR: recep-
tor for vitamin Dj;.
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Based on the subunit structure of DNA bound receptors and on the structure of the
HREg, four classes of nuclear receptors can be distinguished (fig. 4.7).

Dimers of the Steroid Hormone Receptors

The HREs of the steroid hormone receptors posses a palindromic structure, compa-
rable to the DNA binding elements of procaryotic repressors (see fig. 4.7a). The gluco-
corticoid receptor, for example, binds as a homodimer to the two-fold symmetrical
recognition sequence, whereby the receptor is already dimerized in solution. In com-
plex with the DNA each subunit of the dimer contacts one half-site of the HRE. As a
consequence of the two-fold repeat of the recognition sequence, a high affinity binding
of the receptor dimer results (compare 1.2.4).

Heterodimers containing RXR

The DNA binding element of the nuclear receptors for all-trans retinoic acid, for 9-cis
retinoic acid, for the T; hormone and for the vitamin D; hormone usually exhibit a
direct repeat of the recognition sequence, resulting in formation of heterodimers on
the DNA (fig. 4.7b). One of the partners in the heterodimer is always the receptor for
9-cis retinoic acid, RXR, and which usually occupies the 5’ side of the HRE.

Of particular importance for receptor binding on HREs with direct repeats of the
recognition sequence is the fact that the hexamers of these HREs are arranged head to
tail and thus require a polar arrangement of the receptor dimers.

HREs of this type display a further unique characteristic: half-site sequences can
be used to create different HREs by varying only the spacing between the repeats.
The spacing can vary between 1 and 5 bp of any sequence, so that with one given
repeat five different HRESs can exist ( see also fig. 4.6). In this case the spacing bet-
ween the recognition sequences determines which hetero- or homodimer can form.
Further multiplicity is achieved by combining different half-site sequences in a single
HRE.

Dimeric Orphan Receptors

The ,,orphan receptors* derive their name from the fact that the cognate hormones for
these receptors were originally unknown or little understood. Orphan receptors bind
as homodimers to recognition sequences arranged as direct repeats (fig. 4.7c). The
receptor for 9-cis vitA acid, which also binds as a homodimer an HRE with two half-
sites in direct repeats, is also considered a member of this class of receptors.

Monomeric ,,Orphan Receptors*

There are also orphan receptors known which bind as monomers to asymmetric recog-
nition sequences (fig. 4.7d). The function of these receptors is still poorly characteri-
zed.
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Fig. 4.7. Oligomeric structure of nuclear receptors and structure of the HREs. The nuclear
receptors can be subdivided into four groups based on structures of the receptors and HREs.
Shown above are some representative examples. a) binding of a homodimeric receptor to a two-
fold symmetric palindromic DNA element, GR: gluccocorticoid receptor. b) binding of a hetero-
dimeric receptor to a DNA element with direct repeats of the recognition sequence, whereby the
5’ side of the HRE is occupied by 9-cis retinoic acid receptor (RXR). RAR: receptor for all-trans
retinoic acid, T;R: receptor for the T; hormone; PPAR: peroxisome proliferator-activated recep-
tor; VDR: receptor for vitamin D;. c¢) binding of RXR as a homodimer to an HRE with direct
repeat of the recognition sequence. d) binding of a monomeric receptor to an asymmetric recog-
nition sequence, NGFI-B: nerve growth factor induced receptor, is involved in the regulation of
enzymes of steroid biosynthesis. After Mangelsdorf et al., 1995.
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4.3.2 The DNA Binding Domain of Nuclear Receptors

The binding of receptors to their cognate HRE occurs via a DNA binding domain,
which are largely independent folding domains. Within the family of nuclear receptors,
the DNA binding domain is the most conserved structural element and is located in
region C of the primary structure (see fig. 4.8a). The DNA binding domain possesses
structural elements that mediate the specific recognition of the HRE, as well as for the
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Fig. 4.8. Functional domains, DNA-binding and HRE structure of the steroid hormone recep-
tors. a) domain structure of the steroid hormone receptor. AF1, AF2 domains that mediate the
stimulation of the transcription. b) schematic representation of the two Zn*-Cys, binding motifs
of the DNA -binding domains. ¢) Complex formation between the dimeric DNA -binding domains
of the gluccocorticoid receptor and the HRE. The black spheres represent Zn** ions. After Luisi
et al., 1991. d) Consensus sequence and configuration of the HRE elements of the steroid hor-
mone receptor.
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dimerization of the receptor on the HRE. The core of the DNA binding domain inclu-
des a span of 70—-80 amino acids, in which all information for the specific recognition of
the cognate half-site is contained.

In the core of the DNA binding domain are two Zn,Cys,-motifs. As shown in fig. 4.8,
the Zn-motifs serve to position a recognition helix in the major groove of the DNA. It
is not involved in any direct interactions with the bases of the DNA (Luisi et al., 1991).
Via the recognition helix specific contacts are formed with the hexamer half-site of the
HRE. The Zn-motifs of the nuclear receptor are an integral part of the overall struc-
ture of the DNA binding domain and do not represent an independent structural ele-
ment, as is the case with TFIITA or ZIF268 (compare 1.2.1 as well as fig. 1.3 and 1.4).
The two Zn-motifs assume non-equivalent positions in the DNA binding domain.
While the N-terminal Zn-motif participates in the positioning of the recognition helix
and the interactions with the sugar-phosphate backbone, the C-terminal Zn-motif ser-
ves to impart a certain functionality to the dimerization surface and to contact the
phosphate backbone of the DNA.

4.3.3 HRE Recognition and Structure of the HRE-Receptor
Complex

It is a characteristic feature for the structure of HREs that the recognition sequences
of different receptors are actually very similar, and that they differ primarily in the
polarity and spacing of the sequences. It is therefore not surprising that the structure of
the receptor dimers is accurately adapted to the exact orientation and spacing of the
recognition sequences. High resolution structures of DNA -bound homo- and heterodi-
mers have confirmed this aspect of receptor-DNA recognition.

In the case of the palindromically arranged recognition sequences the binding occurs
mostly via pre-formed homodimers of the receptor in solution. Sequence and spacing
of both recognition sequences in the HRE are highly complementary to the binding
surface of the recognition helix, as well as to the spacing between the DNA binding
domains of the dimeric receptor. The spacing of the recognition sequences is firmly
pre-determined by the structural elements of the receptor participating in the dimeri-
zation. The geometry of the dimer determines, furthermore, what spacing of the recog-
nition sequences is tolerated in the formation of a high affinity complex.

For direct repeat HRES, the spacing of the two half-sites is often the decisive, if not
only, element based on which the receptor (homodimer or heterodimer) recognizes its
own HRE and discriminates against related HREs. The solution of the structure of a
DNA-bound receptor-heterodimer composed of a DNA binding domain of RXR and
the Tj-receptor (Rastinejad et al., 1995) has shown how these receptors can distinguish
between highly related HREs (fig. 4.9).

The HRE sequence used for the structure determination (AGGTCA(N),
AGGTCA) consists of two identical hexamers in direct repeat and separated by 4 bp
(D-4 arrangement). The heterodimer RXR-T;R binds in a polar manner on the HRE,
with RXR occupying the 5’-side of the HRE. Both hexameric sequences lie on the
same side of the DNA double helix and are contacted by an a-helix of each of the
receptors in a nearly identical manner. In the complex, the DNA binding domain of
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T3R

Fig. 4.9. Structure of the RXR-T;R heterodimer in complex with DNA. Illustrated is a complex
between the DNA-binding domain of the RXR-T;R heterodimer and an HRE with direct repeats
of the sequence AGGTCA separated by 4 bp. The two receptor subunits contact the hexameric
sequences with a recognition helix in a manner very similar to that of the gluccocorticoid receptor
(see Fig. 4.7). The Zn atoms are drawn as spheres. The figure illustrates the polarity of the binding
of the two subunits. The interaction between the two subunits is mediated mainly via an extension
of the C-terminal DNA-binding domain of the T;R. A greater or smaller distance between the
two hexamers of the HRE would act contrary to the interaction between the two subunits as
shown. MOLSCRIPT drawing (Kraulis, 1991).

TR interacts more with the half-site than does RXR. Different structural elements of
each of the monomeric receptors are involved in the dimerization process, leading to
the polar configuration of the monomers on the DNA.

The structure determination confirmed the importance of the spacing of the two
hexamers as a discrimination factor in an impressive manner. A spacing of only 3 nuc-
leotides between the two hexamers would lead to steric overlap of both receptors; a
high affinity, cooperative binding would not be possible. With a spacing of more than
4 nucleotides a high affinity complex could also not be formed due to the relative rigi-
dity of the two monomers.

The dimeric structure of the receptors thus plays an important role in the discrimi-
nation between closely related hexamers. The structural elements of the receptors
which participate in the dimerization ensure that the recognition helices assume a
defined mutual spatial arrangement adapted to the spacing of the hexamers of the
cognate HRESs. Only in this configuration is a high affinity, cooperative binding possi-
ble. For a correct binding it is necessary that both recognition helices optimally con-
tact both repeat sequences. If, as a result of an incorrect spacing of the hexamers,
only one of the two recognition sequences bind, then a high affinity complex can not
be formed.
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4.3.4 Ligand Binding Domains

The ligand binding domain (section E in fig. 4.5) of the nuclear receptors harbors seve-
ral functions. Apart from the specific binding site for the hormone, one finds further
structural elements in this domain which mediates dimerization of the receptors as well
as structural elements important for the ligand-mediated transactivation.

A contribution to the dimerization of the receptors — in addition to that from the
DNA binding domain — is provided by a dimerization element in the ligand binding
domain. The structure of the ligand binding domain of RXR without bound hormone
shows a homodimer with a symmetric dimerization surface, formed essentially from
two antiparallel a-helices (Bourguet et al., 1995). The folding of the dimerization sur-
face is supported by the periodic arrangement of hydrophobic amino acids with a 7
residue spacing, similar to the configuration of leucine residues found in leucine zip-
pers (see 1.2). These hydrophobic amino acids, however, do not participate directly in
the dimerization.

The structures of the ligand binding domains of two nuclear receptors with bound
hormone (RAR, Renaud et al., 1995; T;R, Wagner et al., 1995) show that the hormo-
nes are bound in the hydrophobic core of the ligand binding domains. The ligand bind-
ing induces a distinct conformation change of an amphipathic o-helix, the essential ele-
ment of the activation domain AF2 (see 4.3.5). The AF2 domain is also involved
directly in ligand binding, which suggests that the activation domain assumes a differ-
ent conformation in the presence or absence of ligand.

During ligand binding, the hormone and binding pocket of the receptor undergo
mutual structural adjustments. An exception is found in the PPARy-receptor. Structu-
ral studies showed that the synthetic ligand thiazoladinedione only partially occupies
the binding pocket. There appear to be several alternative possibilities for ligand bind-
ing by this receptor (Oberfield et al., 1999).

4.3.5 Transactivating Elements of the Nuclear Receptors

A structural element necessary for the ligand-dependent transcriptional activation is
found within the C-terminal region of the ligand binding domain. An essential structu-
ral feature of this transactivating domain, designated AF-2, is an a-helix with amphipa-
tic character. All known structures to date and extensive experimental data indicates
that this helix is involved in communication with components of the transcrptional
apparatus. The amphipathic a-helix of the transactivating domain possesses a hydro-
philic and a hydrophobic face. Upon ligand binding the helix alters its position and
forms a part of the ligand binding pocket with its hydrophobic face (Renaud et al.,
1995; Wagner et al., 1995).

A further structural element with transactivating function is localized the N-terminal
A/B domain of the receptor. This region, termed AF-1, is structurally and functionally
only partially characterized.
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4.4 The Signaling Pathway of the Steroid Hormone
Receptors

The receptors of steroid hormones were the first representatives of the family of
nuclear receptors to be characterized. With the characterization of further receptors it
became clear that the signaling pathway of the nuclear receptors differ significantly in
detail. Based on the receptor activation mechanism the nuclear receptors can be divi-
ded into two basic groups:

In the first group, those of the steroid hormone receptors, the receptors can be loca-
lized in the nucleus or in the cytoplasm. The receptors of the other group are always
localized in the nucleus. Representative ligands of these receptors are the derivatives
of retinoic acid, the T; hormone and VitD;.

Signal transduction by steroid hormones is distinguished by the fact that the recep-
tors can be found either in the cytoplasm or in the nucleus. The steroid hormone recep-
tor receives the hormonal signal in the cytosol, becomes activated by hormone binding,
at which point it enters the nucleus to regulate the transcription initiation of cognate
genes. Fig. 4.10 shows the most important steps in the signal transduction by steroid
hormones.

4.4.1 Activation of the Cytoplasmic Apo-Receptor Complexes

The steroid hormones are distributed throughout the entire organism by means of the
circulatory system. Transport often occurs in the form of a complex with a specific
binding protein. An example for such a binding protein is transcortin, which is respon-
sible for the transport of the corticosteroids. The steroid hormones enter the cell by
diffusion and activate the cytosolic receptors.

In the absence of steroid hormones the receptors remain in an inactive complex,
designated the apo-receptor complex (review Pratt, 1993; Bohen, 1995). In the apore-
ceptor complex the receptor is bound to proteins belonging to the chaperone class.
Chaperones are proteins whose levels are increased as a result of a stress situation,
such as a rise in ambient temperature. The chaperones assume a central function in the
folding process of proteins in the cell. Chaperones aid proteins in avoiding incorrectly
folded states. They participate in the folding of proteins during and after ribosomal
protein biosynthesis, during membrane transport of proteins, as well as in the correct
assembly of protein complexes.

With the help of co-immunoprecipitation it could be shown that the receptors of ste-
roid hormones interact with at least three chaperones, Hsp90, Hsp70 and Hsp56 (fig.
4.10). The term ,,Hsp* (Heat shock protein) is derived from the observation that these
proteins were produced at higher levels following heat treatment. Furthermore, one
finds a 23 kDa acidic protein in the apo-receptor complex whose function is not yet
clear.

It is assumed that the receptor, when complexed with Hsp90, Hsp56 and p23, is fixed
in an optimal conformation for hormone binding. The activation of the receptor by the
hormone requires the presence of Hsp90, which binds the receptor as a dimer. Hsp90
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Fig. 4.10. Principle of signal transduction by steroid hormone receptors. The steroid hormone
receptors in the cytosol are found in the form of an inactive complex with the heat shock proteins
Hsp90 and Hsp56 and with protein p23. The binding of the hormone activates the receptor so that
it can be transported into the nucleus where it binds to its cognate HRE. It remains unclear in
which form the receptor is transported into the nucleus, and to which extent the associated prote-
ins are involved in the transport. One mechanism of activation of transcription initiation involves
activation of a histone acetylase and remodeling of chromatin. Furthermore, the receptors
interact directly or indirectly with components of the RNA polymerase II holoenzyme (e.g.
SUG1).

binds preferentially on partially unfolded proteins and it is believed that Hsp90 holds
the receptor in a partially unfolded conformation. It is assumed that Hsp70 facilitates
the correct association of Hsp90 with the receptor. In this function, Hsp70 is supported
by a further heat shock protein which belongs to the Dnal family. Hsp70 is possibly
also involved in partially unfolding the steroid binding domain, a process which appe-
ars to be necessary for hormone binding. The binding of the hormone to the aporecep-
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tor complex leads to activation of the receptor and initiates the translocation of the
receptor into the nucleus. The activated receptor possesses an accessible nucleus locali-
zing sequence and is furthermore capable of DNA binding and transactivation. The
ability to transactivate implies that the transactivating domain is properly positioned,
as a result of the hormone binding, to allow stimulatory interactions with the transcrip-
tion apparatus.

Details of the activation and transport into the nucleus remain unknown. It is assu-
med that the complex between receptor and hormone and the loosely associated heat
shock proteins reaches the nucleus via a protein transport system. After dissociation of
the heat shock proteins, the hormone-receptor complex is capable of specific binding
on the HRE and of transactivation.

The chaperones are used as tools in this system for regulation of activity of the ste-
roid hormone receptors. The function of the chaperones is obviously to fix the receptor
in a conformation which allows high affinity binding to the hormone and the subse-
quent steps of specific DNA binding and transactivation. For the steroid hormone
receptors this means that they must exist in functionally different conformations. It
may be a function of the chaperones to stabilize the particular conformation optimal
for hormone binding.

4.4.2 DNA Binding and Transactivation

The HREs are components of the control region of hormone-regulated promotors.
Typically, the binding of the activated, hormone-bound receptor to the HRE stimula-
tes the expression of the cognate genes. The mechanisms of transcription activation
still remains speculative. Many proteins have been identified which act as coactivators,
i.e. they interact with the activated receptor (review: Glass et al., 1997). The nature of
these proteins suggest that at least two, separate but not mutually exclusive pathways
of transcription activation must be considered:

— interaction of the transactivating domain with components of the transcription
initiation complex
— active remodeling of the chromatin

Due to the complex structure of the initiation complex it remains unclear which inter-
actions are responsible for the first mechanism. The coupling between the transactivat-
ing domain and the initiation complex can be direct or indirect. There is evidence
which indicates that proteins with co-activator function mediate the interaction bet-
ween HRE-bound receptors and the transcription initiation apparatus. One such pro-
tein is RIP-140, which mediates the transcription activation of the estrogen receptor.
The AF2 domain can also directly contact the transcriptional apparatus. One compo-
nent of the RNA polymerase II holoenzyme, the SUG1 protein, has been identified as
a binding partner for the AF2 domain. The SUGT1 protein has the function of a co-acti-
vator in transcription initiation and is considered a mediator (see 1.4.3.2).

A second mechanism by which transcriptional activation occurs via remodeling of
the chromatin. Steroid receptors, in cooperation with other proteins, can induce a
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structure of chromatin which promotes transcription. A large protein complex takes
part in this remodeling. Some of the proteins in the complex, like the CBP/p300 pro-
tein (see also 1.4.6), possess histone acetylase activity. The activated, DNA-bound
receptor possibly recruits a histone acetylase to the chromatin. It can thus create the
conditions necessary for the formation of a transcription initiation complex by this
histone modification.

4.4.3 Transcription Repression by Steroid Hormone Receptors

The steroid hormone receptors can not only activate transcription, but can also
repress transcription (review Beato, 1995). This function is mechanistically poorly
understood. Repression by nuclear receptors has been observed for genes whose
control regions have, apart from the HREs, binding sites for other transcription fac-
tors, e.g. AP-1 and NF«B. In AP-1 and NF»B controlled genes it has been observed
that the steroid hormone receptors have an inhibitory effect on the transcription
activation of both transcription factors. The mechanism of this mutual interaction
remains unclear.

The transcription factors AP-1 and NF«B are at the end of a signal cascade activated
by growth factors (see chapters 9, 10, 11). The ability of steroid hormone receptors in
certain situations to nullify the effect other transcription factors demonstrates that two
different signaling pathways can converge at the level of transcription.

The observation that steroid hormone receptors act as activators as well as repres-
sors of gene activity suggests that receptors can assume an activating and a repressing
conformation. In the latter state, the transcriptional activating domain of the receptors
is masked.

4.4.4 Regulation of the Receptor Activity by Phosphorylation:
Crosstalk

The steroid hormone receptors are phophoproteins which are usually phosphorylated
on several positions. The phosphorylation sites are mainly found in the N-terminal
region of the receptors. Serine phosphorylation prevails. One rare example of tyrosine
phosphorylation is described for the case of estrogen receptors. The consequences of
phosphorylation for the receptor proteins are varied. It is conceivable, and in some
cases experimentally proven, that it has influence on hormone binding, nuclear trans-
port, DNA binding and transactivation.

Regulation by phosphorylation is well studied in the case of the estrogen receptor.
The estrogen receptor is, among others, activated by phosphorylation on Ser111, which
is located in the AF-1 domain. As a result of the phosphorylation the hormone-indu-
ced activation of the receptor is further enhanced. The kinase function was identified
to come from a mitogen-activated protein kinase (MAPK, see chapter 10; Kato et al.,
1995). The MAPK pathway is activated by growth factors and includes participation of
the Ras protein. The phosphorylation of the estrogen receptor by MAP-kinases allows
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mitogens, i.e. cell division signals, to branch into and modulate the signaling pathway
of the steroid hormone receptors.

There has also been a report of activation of the estrogen receptor mediated by the
neurotransmitter dopamine (Power et al., 1991). This mechanism of activation is inde-
pendent of that by the hormone.

The modification of nuclear receptors by protein phosphorylation is an example of
»crosstalk“ between the signaling by nuclear receptors and other signaling pathways.
Protein phosphorylation is a tool by which other structured signaling pathways can inf-
luence the signal transduction by the steroid hormone receptors. At the level of the
steroid hormone receptor both the hormonal signals and mitogenic signals arising from
growth factors, can be received and processed.

4.5 Signaling by Retinoids, Vitamin D;,
and the T;-Hormone

Ligands of the RXR-heterodimer group and the ,,orphan“ receptors are chemically
more diverse than the ligands of the steroid family. Representative ligands of this
group are the retinoids all-trans retinoic acid, 9-cis retinoic acid, the T; hormone and
vitamin D; (fig. 4.1).

In contrast to signal transduction by the steroid hormone receptors there are multi-
ple pathways by which the ligands of this group are made available for receptor activa-
tion (fig. 4.11):

— the hormone ligands can be secreted in the classical endocrinological pathway and
transported to the target cell where they bind the receptor.

— the active hormones can be formed intracellularly from inactive precursors. The
inactive precursor is transported through the bloodstream to the target cell where it
is enzymatically converted to the active hormone. An example for this pathway is
that of 9-cis retinoic acid, which is synthesized from the alcohol of vitamin A (vit-
amin Al; retinol).

— the hormone is synthesized in the same cell in which receptor activation takes place.
The ligand is synthesized intracellularly and is not secreted. An example for such an
intracellular hormone is prostaglandin J,.

A further, more dramatic difference to the steroid hormone receptors is the localiza-
tion of the receptors. The receptors for the retinoids (RAR and RXR, see table 4.1),
the T; hormone (T;R) and vitamin D; (VDR) are mainly localized in the nucleus and
their activity is not controlled by the heat shock proteins. The receptors also bind the
corresponding HRE in the absence of hormone, in which case they can then act as
repressors of gene activity. In the presence of the hormone an activation of gene
expression is usually observed.

Initial studies on the receptors of all-trans retinoic acid, vitamin D; and the Ts-hor-
mone assumed that these receptors bound their HRE’s in homodimeric form. It
became clear with the discovery of the receptors for 9-cis retinoic acid that this simple



168 4 Signaling by Nuclear Receptors

®

aj

® \@_’ ® m\\
nV T~ ®-\"

apo-hormone v @ _ ®/-‘ ﬁ E‘E
—_ @ "”"/

(] |

g \ = )

1

+1 transcription

Fig. 4.11. Principle of signal transduction by RXR heterodimers. The activated hormone can be
made available to the RXR heterodimer in three different ways. a) The hormone (e.g. T; hor-
mone) is synthesized in endocrinal tissue and reaches the DNA-bound RXR-T;R heterodimer in
the nucleus via passive transport. b) The active hormone is formed in the cytosol from an inactive
apo-hormone (as for, e.g. 9-cis-retinoic acid). ¢) The hormone is synthesized intracellularly. In all
three cases, the binding of the hormone-RXR-heterodimeric complex is the signal that induces
transcription activation of the downstream genes. After Mangelsdorf and Evans, 1995.

picture would have to be replaced by a more complex one. The source of this comple-
xity is the possibility for the formation of heterodimers or of homodimers, as well as
the many combination possibilities in the composition of the corresponding HRE’s.

The receptors for all-trans retinoic acid, vitamin D; and the T;-hormone (as well as
other receptors of this class, see table 4.1) usually perform their regulatory function as
heterodimers. RXR plays a special role in the formation of heterodimers: the receptor
for 9-cis retinoic acid is usually one of the binding partners in the heterodimer.

4.5.1 The Structure of the HREs of RXR-Heterodimers

The HREs and RXR-heterodimers are usually composed of two identical or nearly
identical copies of the hexamer sequence AGGTCA in direct repeat. The apparently
simple structure of the HREs leads to the question of how the receptors of this class
can distinguish between the various HREs. Studies with artificial HRE constructs, as
well as of naturally occurring HREs, indicate a complicated cooperative effect bet-
ween HRE structure on the one hand and homo- or heterodimer formation of the
receptors on the other hand.

The following points were identified as important for the recognition and discrimi-
nation of a particular HRE:
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e In the case of identical hexamer sequences of a HRE the spacing between the hexa-
mers is a specificity determining element (n-rule). The spacing can be between 1-6
bp. Grounds for the discrimination based on spacing is the structure of the receptor
dimer. A given receptor demands a particular spacing of the hexamers in the HRE
due to steric requirements. If the distance requirement is not met, the high affinity
and cooperative formation of a dimer on the HRE is not possible.

o The receptor for 9-cis retinoic acid (RXR) usually occupies the 5’ position in the
heterodimer. The RXR serves quasi as a vehicle to bring other receptor monomers
to the 3’ half-site of the HRE.

e Apart from the spacing, the sequence of the hexamers is also important for the dis-
crimination. In naturally occurring HREs one finds sequences very closely related
to the consensus sequence AGGTCA; the nature of the sequence also contributes to
the identity and specificity of a HRE as well.

e for heterodimers out of VDR and T;R it could be shown that the hormone concen-
tration necessary for activation depends on which of the two monomers occupies
the 5’ and which the 3’ position in the HRE.

4.5.2 Complexity of the Interaction between HRE, Receptor and
Hormone

There is an altogether complex interaction between HRE, receptor and hormone in
the group of receptors for retinoids, vitamin D; and the T;-hormone. The complexity is
determined by the following factors:

Formation of the Homo- or Heterodimer

To what extent hetero- or homodimers are formed depends upon the concentration of
the various receptors in the particular cell type. The receptor concentration can fur-
thermore be regulated via the general mechanisms as described in chapters 1 and 2,
whereby regulation at the level of expression of the receptors is particularly impor-
tant.

Multiplicity of the HREs

The identity of an HRE is determined by sequence, spacing and polarity of the hexa-
mer sequences. There are many possible combinations of these specificity determi-
nants, such that the hormonal activation of a gene decidedly depends on the nature of
the cognate HRE. There is an additional, poorly understood influence from the neig-
hboring sequences, and, furthermore, HREs are often arranged tandemly. Another
factor which can influence HRE activity is the occurrence of several, different regula-
tory elements on one promoter. Often times further DNA elements are found in the
neighborhood of the HRE which can serve as further transcriptional activators, such
as, for example, AP1. In this manner, other transcriptional activators can act cooperati-
vely with or antagonistically against the receptor.
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Multiplicity of the Receptors

Among the receptors for the retinoids (RAR and RXR) there are at least three subty-
pes characterized, known as RARa, f, and v (RXR o,f and vy). The various subtypes
differ from each other mainly in their amino acid sequence and are encoded in each
case by their own gene. Furthermore, one finds isoforms of some of the receptors crea-
ted by alternative splicing of the primary transcript. Altogether, the repertoire of the
various receptor variants is enormously increased through the existence of the subty-
pes and by alternatively spliced receptors. Because the individual variants differ in
their ability to form hetero- and homodimers as well as in their ability to activate and
bind ligands, this results in a great variety of functionally different receptors.

Binding and Activation via Hormones

With regard to ligand binding, heterodimer formation brings a further element of com-
plexity into the picture. The ligand concentration necessary for activation varies
strongly depending upon the nature of the heterodimer. For example, there are RXR-
heterodimers, such as RXR-T;R, in which the RXR binding site for 9-cis retinoic acid
is not accessible. In this case, the RXR is a ,,silent“ partner. In other combinations (e.g.
RXR-PPAR) the ligands of both receptors are required for full activation of the hete-
rodimers.

The hormone concentration necessary for the binding and activation of a receptor
dimer can be very different for the various dimers. The available hormone concentra-
tion in a particular cell type thus plays an important role in receptor activation. The
effective intracellular concentration of a hormone is furthermore subject to a diverse
regulation mechanism (see 4.1).

The picture sketched above for the function of the receptors of the retinoids and the
T;- and Vitamin D;-hormones is in many points still incomplete. The cooperation of the
activated receptors with other transcription factors, their interactions with the trans-
cription apparatus and the influence of chromatin structure are still poorly understood.

4.5.3 Ligand Binding, Activation and Corepression
of the RXR-Heterodimers

The ligands for the RXR-heterodimer group control — as with the steroid hormones for
the steroid hormone receptor — the receptor function in a decisive manner. An active
conformation of the receptor is induced upon binding of the ligand. Activation results
upon DNA binding by the receptor, whereby the hormone is not necessary for DNA
binding. It is assumed that a conformational change in the amphipathic helix of the
transactivating domain occurs upon binding, resulting in the activation of the receptor.
In the activated state, the transactivating domain can interact stimulatory with the
transcription apparatus.

The receptors for the Ts-hormone (T;R) and for the all-trans-vitaminA acid (RAR)
exist in mammalian cells in two states. In the absence of hormone they exercise a
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repressive influence on transcription activity and thus act as transcriptional repressors.
In the hormone-bound state, on the other hand, they stimulate transcription.

The understanding of the biochemical principles of repressive function is still in its
initial stages, and thus only models for their mode of action can be currently offered:

Repression

In the case of the T3R and RAR specific repressor proteins have been identified which
bind to the receptor and mediate an inhibition of transcription (Hoerlein et al., 1995).
The repressor proteins are also termed co-repressors Among the repressors are found
proteins with histone deacetylase activity (see 1.4.6). The RXR heterodimers possibly
stabilize the repressed state of chromatin by recruiting a histone deacetylase to the
chromatin.

Activation

The binding of the ligand to the DNA-bound receptor reverses the repression and
leads to an active transcriptional enhancement. One model assumes that the hormone
induces dissociation of the repressing proteins so that interactions with the co-activa-
tors can occur. This leads to stimulation of transcription initiation.

Activation is a complex process in which various types of co-activators participate.
Among these are found histone acetylases (see 1.4.6).

The diversity of nuclear receptor systems is also demonstrated by the fact that
orphan receptors exist, which exercise a constitutive repressive or activating function
independent of ligand.
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Chapter 5

G-protein Coupled Signal Transmission
Pathways

5.1 Transmembrane Receptors: General Structure and
Classification

During intercellular communication, extracellular signals are registered by the cell and
converted into intracellular reactions. Signal transmission into the cell interior takes
place by reaction chains, in which several individual reactions generally run in
sequence and involve many signal proteins. The nature of the extracellular signal can
be very diverse and may include extracellular signal molecules, such as low molecular
weight messenger substances or proteins, or sensory signals such as light signals.

The first step in signal transmission is always the reception of the signal by the target
cell. Signals can be registered and transmitted by the cell by two principal means.
Firstly, the signal molecule may penetrate the target cell and bind to corresponding
receptors in the cell interior, as explained in Chapter 4 for the nuclear receptors.
However, in a multitude of signaling pathways, a conversion of the extracellular signal
takes place with the help of a transmembrane receptor. The signal molecule does not
penetrate the target cell, but rather it binds on the extracellular side to the transmem-
brane receptor. This conducts the signal into the interior of the cell and sets an intra-
cellular signal chain in motion, which finally triggers a defined biochemical response of
the target cell (Fig. 5.1a).

An example of a transmembrane receptor that registers sensory signals is rhodopsin.
Rhodopsin is a sensory receptor that plays a role in vision, by receiving light signals
and converting them into intracellular signals.

In addition to reception of hormonal signals by transmembrane receptors or nuclear
receptors, the cell also has other means to conduct signals into the cell interior.

One simply designed path of signal transmission is found in neuronal communica-
tion (see Chapter 16). Transmembrane receptors are also used for signal transmis-
sion here. These have the character of a ligand-gated ion channel (Fig. 5.1b). Binding
of a ligand (neurotransmitter or neurohormone) to the transmembrane receptor
leads to a conformational change of the receptor that enables the flow of ions thro-
ugh the membrane. In this case, the receptor presents itself as an ion channel with an
open state controlled by ligand binding to the outer side (or also to the inner side).

Another mechanism uses changes in membrane potential. A change in membrane
potential induces the opening of an ion channel and ions cross the membrane (see
Chapter 16). In this case, the change of the ion’s milieu is the intracellular signal. Ion
channels with an open state regulated by changes in membrane potential are known as
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Fig. 5.1. Mechanism of signal transduction at membranes. a) Signal transmission via ligand-con-
trolled transmembrane receptors. The ligand L binds to the extracellular domain of a transmem-
brane receptor, whereby the receptor is activated for signal transmission to the cytosolic side. The
cytosolic domain of the activated receptor R* transmits the signal to signal proteins next in
sequence. b) Signal transduction via ligand-gated ion channels. The ligand binds to the extracellu-
lar side of a receptor that also functions as an ion channel. Ligand binding induces the opening of
the ion channel, there is an ion efflux and a change in the membrane potential. ¢) Signal transduc-
tion via voltage-gated ion channels. A change in the membrane potiential AV is registered by an
ion channel which transitions from the closed to the open state.
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voltage-gated ion channels (Fig. 5.1c). The potential-driven passage of ions through ion
channels is the basis for stimulation in nerves.
Transmembrane receptors have the following roles in signal transduction:

— Reception of the signal via specific binding of the ligand at the outer side of the
membrane and/or registering a change in membrane potential. Reception of the
signal is synonymous with activation of the receptor for further transmission of the
signal.

— Further transmission of the signal through the membrane. The activated receptor
conducts the signal to the inner side of the membrane. Transmission of the signal
implies specific communication with the next component of the signal transmission
pathway on the inner side of the cell membrane. In the case of volatage- or ligand-
gated ion channels, reception of the signal is linked to opening of the channel.

Intracellular Activation of Receptors

We also know of receptors for which the reception of the signal and activation take
place on the inner side of the membrane. The cGMP-dependent ion channels involved
in signal conduction in the vision process (see Chapter 16) are ligand-regulated ion
channels with an open state controlled by intracellularly created cGMP. Another
example are the receptors for inositol triphosphate which are localized in the mem-
brane of Ca*" storage organelles and also have the character of ligand-controlled ion
channels. Inositol triphosphate is an intracellular messenger substance that binds to
the cytosolic side of the corresponding receptor. Ligand binding leads to opening of
the ion channel via a conformational change and thus to influx of Ca**-ions from the
storage organelle into the cytosol (see 6.5).

5.2 Structural Principles of Transmembrane Receptors

Transmembrane receptors are integral membrane proteins, i.e., they possess a structu-
ral portion that spans the membrane. An extracellular domain, a transmembrane
domain and an intracellular or cytosolic domain can be differentiated within the struc-
ture (Fig. 5.2a).

5.2.1 The Extracellular Domain of Transmembrane Receptors

In many receptors, the extracellular domain contains the ligand binding site. Glycosy-
lation sites, i.e., attachment sites for carbohydrate residues, are also located nearby in
the extracellular domain.

The structure of the extracellular domain can be very diverse and is determined by
the number of transmembrane sections, as well as the subunit structure of the recep-
tor.

The extracellular localized protein portion may be formed from a continuous pro-
tein chain and may include several hundred amino acids. If the receptor crosses the
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membrane with several transmembrane segments, the extracellular domain is formed
from several loops of the protein chain that may be linked by disulfide bridges.

Transmembrane receptors may show homotrophic composition (identical subunits)
or heterotrophic composition (different subunits Fig. 5.2b), so that the extracellular
domain may be made up of several identical or different structural elements.
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Fig. 5.2. Structural principles of transmembrane receptors. a) Representation of the most impor-
tant functional domains of transmembrane receptors. b) Examples of subunit structures. Trans-
membrane receptors can exist in a monomeric form (1), dimeric form (2) and as higher oligomers
(3,4). Further subunits may associate at the extracellular and cytosolic domains, via disulfide brid-
ges (3) or via non-covalent interactions (4). ¢) Examples of structures of the transmembrane
domains of receptors. The transmembrane domain may be composed of an a-helix (1) or several
a-helices linked by loops at the cytosolic and extracellular side (2). The 7-helix transmembrane
receptors are a frequently occurring receptor type (see 5.3). Several subunits of a transmembrane
protein may associate into an oligomeric structure (3), as is the case for voltage-controlled ion
channels (e.g., K* channel) or for receptors with intrinsic ion channel function (see Chapter 17).
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We also know of receptors in which only one subunit spans the membrane, whilst other sub-
units are bound to this subunit on the extracellular side via protein-protein interactions or via dis-
ulfide bridges (Fig. 5.2b and examples in Chapter 11).

5.2.2 The Transmembrane Domain

The transmembrane domains have different functions, according to the type of recep-
tor. For ligand-controlled receptors, the function of the transmembrane domain is to
pass the signal on to the cytosolic domain of the receptor. For ligand-controlled ion
channels, the transmembrane portion forms an ion pore that allows selective passage
of ions (see Chapter 16).

The transmembrane receptors span the ca.5nm thick phospholipid bilayer of the
cell membrane with structural portions known as transmembrane elements. The inner
of a phospholipid layer is hydrophobic and, correspondingly, the surface of the structu-
ral elements that come into contact with the inner of the phospholipid double layer
also has hydrophobic character.

The transmembrane domain may be made up of one or many transmembrane ele-
ments. Generally, the transmembrane elements include 20-25 mostly hydrophobic
amino acids. At the interface with aqueous medium, we often find hydrophilic amino
acids in contact with the polar head groups of the phospholipids. In addition, they
mediate distinct fixing of the transmembrane section in the phospholipid double layer.
A sequence of 20-25 hydrophobic amino acids is seen as characteristic for membrane-
spanning elements. This property is used in analysis of protein sequences, to predict
possible transmembrane elements in so-called ,,hydropathy plots*.

Structure of Transmembrane Elements

High resolution structural information about the transmembrane elements of mem-
brane receptors is not currently available, since it is not yet possible to obtain trans-
membrane receptors in crystalline form for structural analysis. Due to the hydrophobic
nature of the transmembrane elements, crystallization is very difficult.

Thus, the important question of the secondary structure of the transmembrane ele-
ments can only be addressed with models and by structural comparison with other
transmembrane proteins for which the structure has been resolved. Detailed informa-
tion on the structure of transmembrane elements is available for the photoreaction
center of Rhodopseudomonas viridis (review: Deisenhofer and Michel, 1989), cyto-
chrome c oxidase (Iwata et al., 1995) and the OmpF porin of E. coli (Cowan et al.,
1992; Fig. 5.3), amongst others. In addition, high resolution electron microscopic inve-
stigations and X-ray studies of bacteriorhodopsin, a light-driven ion pump with seven
transmembrane elements, have yielded valuable information on the structure and con-
figuration of membrane-spanning elements (Henderson et al., 1990; Kimura et al.,
1997; Pebay-Peyrula et al., 1997; Fig. 5.4). With the successful crystallization of the
photoreaction center of Rhodopseudomonas viridis, a membrane protein was displa-
yed at atomic resolution for the first time (Deisenhofer et al., 1985). The membrane-
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positioned structural elements of the photoreaction center have — in agreement with
the prediction — an a-helical structure. For bacteriorhodopsin, the high-resolution
electron microscopy and the X-ray investigations confirm earlier predictions that the
transmembrane elements have a-helical character.

In contrast, the transmembrane domain of the bacterial OmpF porin is made up of
B-elements. The -elements, in this case, are not mostly made up of hydrophobic amino
acids.

Fig. 5.3. Structure of the OmpF porin of E.
coli. The porin is a bacterial membrane pro-
tein with (-sheet structures as transmem-
brane elements. The structure of a monomer
of the OmpF porin is shown. In total, 16 3-
bands are configured in the form of a cylin-
der and form the walls of a pore through
which selective passage of ions takes place.
L1—LS8 are long loops, T1,2,3 and T7,8 are
short bends (T turn) that link the (3-sheets.
According to Cowan et al. (1992), with per-
mission.

Fig. 5.4. Structure of the bacteriorhodopsin
from Halobacterium halobium. Ribbon dia-
gram of bacteriorhodopsin and retinal as a
ball-and-stick model. Bacteriorhodopsin
crosses the membrane with seven a-helices
that are arranged in a bundle form with the
chromophore retinal bound in the interior.
According to Kimura et al. (1997), with per-

Extracellular side mission.




5.2 Structural Principles of Transmembrane Receptors 179

At present, it is generally assumed that transmembrane receptors span the cell mem-
brane as a-helices. However, it is not known how often other structural elements occur
in the transmembrane domains of receptors. Thus, the presence of -sheet structures,
particularly in the case of receptors with complex structures, cannot be excluded
(Hucho et al., 1994).

Composition of the Transmembrane Domain

The transmembrane domain may consist of one or several transmembrane elements
(see also Fig. 5.2). In the latter case, these are arranged in the form of bundles, as
shown in Figure 5.4 for bacteriorhodopsin. In the case of ion channels, in which several
subunits are involved in formation of the transmembrane domain (see acetylcholine
receptor, Fig.16.12), prediction of the structure of the membrane portion is very diffi-
cult. The different transmembrane elements are no longer equivalent in these cases.
Part of the element is involved in formation of the inner wall of the pore, other structu-
ral elements form the surface to the hydrophobic inner of the phospholipid bilayer. It
is evident that the polarity requirements for the amino acid side chains vary according
to the position of the transmembrane elements (see Chapter 16).

In these cases, how the different transmembrane elements associate to an ordered
structured transmembrane domain can only be discussed based on electron micros-
copy and crosslinking experiments and affinity marking. Predictions based on these
experiments are really more like models.

5.2.3 The Intracellular Domain of Membrane Receptors

Two basic mechanisms are available for conduction of the signal to the inner side of the
membrane (Fig. 5.5).

— Via specific protein-protein interactions, the next protein component in the signal
transmission pathway, the effector protein, is activated. Activation of the effector
molecule must be preceeded by activation of the receptor by a signal.

— Aurrival of the signal triggers enzyme activity in the cytosolic domain of the receptor
that, in turn, pulls other reactions along with it. The enzyme activity of the cytosolic
domain is often tyrosine kinase activity; however, there are other examples where
tyrosine phosphatase or Ser/Thr-specific protein kinase activity is activated. In all
these examples, the cytoplasmic domain carries an enzyme activity regulated by
ligand binding. The enzyme activity may be an integral part of the receptor, or it may
also be a separate enzyme associated with the receptor on the inner side of the mem-
brane (cf. Chapter 8 and Chapter 12).

Starting from the activated receptor, a large number of reactions can be set in motion
(Fig. 5.5). One main route of signal transmission takes place by activation of G-prote-
ins, another via activation of tyrosine-specific protein kinases, and a further route is via
activation of ion channels. In the further course of G-protein mediated signal transmis-
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Fig. 5.5. General functions of transmembrane receptors. Extracellular signals convert the trans-
membrane receptor from the inactive form R to the active form R*. The activated receptor trans-
mits the signal to effector proteins next in the reaction sequence. Important effector reactions are
the activation of heterotrimeric G-proteins, of protein tyrosine kinases and of protein tyrosine
phosphatases. The tyrosine kinases and tyrosine phosphatases may be an intrinsic part of the
receptor or they may be associated with the receptor. The activated receptor may also include
adaptor proteins in the signaling pathway or it may induce opening of ion channels.

sion, secondary diffusible signals are often formed, the ,,second messenger* molecules
(see Chapter 3 and Chapter 6). These function as effectors and activate further enzyme
systems in the sequence, especially protein kinases.

The activated receptor can also associate with adaptor molecules, which serve as
coupling elements for further signal proteins.

5.2.4 Regulation of Receptor Activity

A physiologically important aspect of signal transmission via transmembrane receptors
is its regulation. The cell has various mechanisms available, with the help of which the
number and activity of transmembrane receptors can be regulated. The aim of regula-
tion is, for example, to weaken signal transmission via the receptor during conditions
of long lasting hormonal stimulation. The structural elements involved in regulation of
receptor activity are generally located in the cytosolic domain. These are, above all,
protein sequences that permit phosphorylation of the receptor by protein kinases.
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Phosphorylation at Ser/Thr or Tyr residues of the cytosolic domain may lead to inacti-
vation or activation of the receptor and thus weaken or strengthen signal transmission.
In this way, Ser/Thr-phosphorylation is used in the process of internalization of recep-
tors, in order to remove the receptor from circulation after it has been activated (see
5.3.4). Furthermore, Ser/Thr phosphorylation can be used as a switch for coupling a
given receptor to different G, subunits. Protein kinase A mediated phosphorylation of
the B-adrenergic receptor has been shown to switch coupling of the receptor from G;
to G; and initiate a new set of signaling events (Daaka et al., 1997).

The cytosolic domain thus carries sequences important for short-term or long-term
regulation of receptor activity.

5.3 G-protein Coupled Receptors

Of the transmembrane receptors that receive signals and conduct them into the cell
interior, the G-protein coupled receptors are of central importance. Vertebrates con-
tain ~1000 different G-protein coupled receptors that may be activated by extracellu-
lar ligands or sensory signals. The ligands include biogenic amines, such as adrenaline
and noradrenaline, histamine, serotonin, retinal derivatives, peptides such as bradyki-
nin and large glycoproteins such as luteinizing hormone and parathormone (see also
Tab. 3.1.).

Activation of receptors can also be mediated by proteolytic cleavage of the extracel-
lular domain of the receptor by proteases like thrombin. For these protease activated
receptors, a proteolytically produced peptide functions as the activating ligand.

In addition, physical stimuli such as light signals are registered and converted into
intracellular signals by G-protein coupled receptors; they are also involved in percep-
tion of taste and smell.

Ligand binding or reception of a physical signal is linked to activation of the G-pro-
tein coupled receptor. As a consequence, the receptor undergoes a conformational
change that is transmitted to the inner side of the membrane, whereby the next
sequential member of the signal chain, a G-protein, is activated. This conducts the
signal further via other reaction pathways (see Fig. 5.14). A review of G-protein cou-
pled receptors is given in Strader et al. (1994).

5.3.1 Structure of G-Protein Coupled Receptors

Based on sequence data of a large number of G-protein coupled receptors, a distinct
structual homology can be demonstrated. The comparable function of the different
receptors is reflected in the appearance of common structural elements.

The occurrence of seven sequence segments, each made up of 20—25 amino acids, is
characteristic for the G-protein coupled receptors. From this, it is assumed that they
form transmembrane domains, and span the membrane in the form of a-helices. The
transmembrane elements are linked by loops of various sizes on the outer and inner
side.
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Due to the common appearance of 7 transmembrane helices, the family of G-protein
coupled receptors is also known as the family of the 7-helix transmembrane receptors.
The G-protein coupled receptors are also sometimes called the serpentine receptors,
pointing to the serpentine-like configuration of transmembrane helices.

Figure 5.6 shows the primary sequence of the f-receptor for adrenaline with the
assumed topology of the seven transmembrane helices. The highest sequence homo-
logy of the G-protein coupled receptors is found in the transmembrane elements,
whilst the hydrophilic loop regions show stronger divergence between different recep-
tors.

The G-protein coupled receptors are often glycoproteins. Glycosylation sites are
located in the extracellular region, e.g. in the form of the consensus sequence Asn-X-
Ser/Thr for an N-linked glycosylation.
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Fig. 5.6. Topology of the 3-adrenergic receptor of hamster. The primary structure is shown of the
[-receptor for adrenaline from hamster, with the assumed topology of the seven transmembrane
helices. The extracellular domain is shown at the top of the picture. The interface of the cell mem-
brane is indicated by the dashed line. The filled squares show glycosylation sites. Amino acids not
required for ligand binding, according to mutagenesis studies, are shown as open squares. Reprin-
ted with permission of the American Journal of Respiratory Cell and Molecular Biology (1989), 1,
No.2, p.82.
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The extracellular loops contain frequently conserved Cys residues. It is assumed that
these stabilize the conformation of the extracellular domain, via disulfide bridges.

Posttranslational modification in the form of palmitoylation of the cytosolic domain
(see 3.7.2) has been demonstrated for the a- and f-adrenergic receptor. The palmitoy-
lation takes place on a Cys-residue localized at the C-terminus on the membrane inner
side. The modification may possibly serve to anchor the C-terminus in the membrane.

The currently accepted structural models of the G-protein coupled receptor tend
strongly towards the well established structure of bacteriorhodopsin (Fig. 5.4) that is
also a 7-helix transmembrane protein. The model assumes that the seven helices are
bedded bundle-wise in the membrane. Detailed structural information on the confor-
mation of the extracellular and intracellular structural portions is still lacking.

5.3.2 Ligand Binding

The area of ligand binding has been particularly well defined for the receptors of small
ligands, with the help of targeted mutagenesis and pharmacological investigations. The
receptors, to which small ligands are assigned, bind these in the interior of the trans-
membrane domain. In agreement with this idea, it has also been shown that the extra-
cellular and intracellular sequence portions of the receptors are not needed for ligand
binding in these cases.

For the receptors that have peptides or proteins as ligands, structural portions of the
extracellular domain, in addition to areas of the transmembrane domain, are involved
in ligand binding.

5.3.3 Mechanism of Signal Transmission

The mechanism by which the activated receptor talks to the G-protein is only partially
understood. Generally, the switch function of the receptor is considered in terms of
allosteric conformational changes of the 7-helix membrane bundle (review: Bourne,
1997). According to this representation, changes in the structure of the transmembrane
bundle are passed on to the cytoplasmic loops of the receptor. Communication with
the a-subunit of the heterotrimeric G-protein takes place via these loops.

Electron microscopic investigations of 2D crystals of rhodopsin show a bundle-sha-
ped structure of the seven transmembrane helices, in which three helices are vertical
and the others are at more of an angle to the membrane. It is assumed that ligand bind-
ing is associated with a change of the mutual configuration of the helices, whereby
separation of helices is also under discussion. As a consequence, a conformational
change takes place of the intracellular loop of the receptor, which creates a binding
surface for high affinity binding of the a-subunit of the G-protein.

The heterotrimeric G-protein, which exists as the inactive GDP form, now binds via
its a-subunit to the activated receptor and is activated itself. An exchange of GDP for
GTP takes place and the By-subunit of the G-protein dissociates (see 5.5.3). Once the
G-protein is activated, it frees itself from the complex with the receptor, which either
returns to its inactive ground state or activates further G-proteins.
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5.3.4 Switching off and Desensitization of G-Protein Coupled
Receptors

A phenomenon often seen in transmembrane receptors in general, and in G-protein
coupled receptors in particular, is desensitization (Fig. 5.7). Desensitization means a
weakening of the signal transmission under conditions of long-lasting stimulation by
hormones, neurotransmitters or by sensory signals. Despite the persistent effect of
extracellular stimuli, the signal is no longer passed into the cell interior, or only in a
weakened form, during desensitizing conditions. This is a mechanism with which both
short-term and long-term regulation of receptor activity is possible.

The best investigated is the desensitization of the adrenaline receptor type 2 and of
rhodopsin. Rhodopsin has the function of a light receptor in the process of vision. It
receives light signals and conducts them to the relevant G-protein, transducin. The key
reaction in desensitization of both systems is the phosphorylation of the receptor at the
cytoplasmic side by specific protein kinases.

Two classes of protein kinases are involved in the phosphorylation and desensitiza-
tion (review: Freedman and Lefkowitz, 1996):

Phosphorylation by cAMP-dependent Protein Kinases

Phosphorylation of the cytoplasmic domain of G-protein coupled receptors can take
place via cAMP-dependent protein kinases (protein kinase A) or via protein kinase C
(Chapter 7) (Fig. 5.8). This is a feedback mechanism: the hormonal activation of the
receptor leads, via G-proteins and adenylyl cyclase/cAMP, to activation of protein
kinases of type A (see 5.6.1, 6.1 and Chapter 7). The activated protein kinases phos-
phorylate the receptor in the region of the cytoplasmic domain on Ser/Thr residues
(see Fig. 5.6).

sitization of G-protein-coupled recep-
tors. Desensitization of a hormone-

S Z :[ 1// Fig. 5.7. General principle of densen-

) bound receptors can take place by two
R @ principle routes, schematically repre-
sented in the figure. A suppressing inf-
© l © S l S/ luence may be exerted on the receptor
l l system via proteins (X) of a signal
chain, triggering activation of the
l l signal chain. Receptor systems may
also mutually influence one another in
@ that a signal protein X formed in one

/ \ signal chain mediates the densensitiza-
l Y i l tion of another receptor system R*,

and vice versa.
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Fig. 5.8. Desensitization of G-protein-coupled receptors via cAMP-dependent protein kinases.
Starting from an activated receptor R*, the signal is transmitted via the G,-subunit of the G-pro-
tein to adenylyl cyclase. The latter is activated and forms cAMP. This activates a protein kinase of
type A that passes the signal in the form of a Ser/Thr-specific protein phosphorylation to sub-
strate proteins. One of the substrates is also the receptor that is phosphorylated in the region of
the cytoplasmic domain by the activated protein kinase A. The ligand-bound receptor is preferen-
tially phosphorylated. As a consequence of phosphorylation, activation of further G-proteins by
the receptor is suppressed.

Phosphorylation via G-protein Coupled Receptor Protein Kinases (GRK)

Well characterized GRKs (review: Pitcher et al., 1998) are those for rhodopsin, rho-
dopsin kinase and for the 2 adrenaline receptor, the (-adrenergic receptor kinase
(BARK). The GRKSs are protein kinases that are not regulated via cAMP. Phosphory-
lation of the receptor takes place in the C-terminal region and/or in the third cytoplas-
mic domain. Only the activated, i.e. occupied by an agonist, receptor is phosphoryla-
ted. It is assumed that the GRK is transported from the cytosol to the inner side of the
membrane to phosphorylate the receptor. During translocation of the GRK to the
membrane-localized receptor, the By-subunit of the G-protein is thought to play an
important role (see Fig. 5.9 and 5.5.7). Furthermore, binding of phosphatidyl-inositol-
messengers (see Chapter 6) to the PH-domain (see Chapter 8) of GRKs helps to trans-
locate the GRK to the membrane.
Phosphorylation of the receptor can have two consequences (Fig. 5.9):

Translocation

The phosphorylated receptor is brought into the cell interior. It is internalized in the
membrane-associated form, dephosphorylated and then transported back to the cell
membrane. The translocation into the cell interior serves, in particular, to weaken
signal transmission during conditions of long-lasting hormonal stimulation.
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Fig. 5.9. Receptor desensitization: translocation and arrestin binding. The fy-complex released
on activation of the G-protein associates with the -adrenergic receptor kinase (BARK) and rec-
ruits this to the membrane. Consequently, the BARK phosphorylates the activated f-receptor and
removes it from the signal chain. Arrestin binds to the phosphorylated receptor. In the arrestin-
bound form, the signal can no longer be transmitted to the G-protein and signal conduction is dis-
rupted. The phosphorylated receptor is transported in the form of vesicles into the cell interior
(internalization) and, after dephosphorylation, is returned to the membrane (recycling).

e

Binding of Arrestin

Phosphorylation of the receptor may lead to creation of a specific binding site for pro-
teins known as arrestins. Binding of arrestins at the phosphorylated receptor decouples
the receptor from the interaction with the G-protein next in the sequence so that signal
transmission is suppressed. Arrestin binding serves, e.g. to rapidly weaken signal trans-
mission during the vision process, during conditions of long lasting light stimulus.
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5.4 Regulatory GTPases

The G-proteins belong to the large family of regulatory GTPases; these bind GTP and
hydrolyze it, thereby functioning as a switch in central cellular processes. The family of
regulatory GTPases is also called the GTPase superfamily.

5.4.1 The GTPase Superfamily: General Functions and Mechanism

Proteins of the GTPase superfamily are found in all plant, bacterial and animal
systems. The following examples illustrate the central functions of the regulatory
GTPases in the cell.

Regulatory GTPases are involved in:

— Protein biosynthesis on ribosomes

— Signal transduction at membranes

— Visual perception

— Sense of smell and taste

— Control of differentiation and cell division

— Translocation of proteins through membranes
— Transport of vesicles in the cell

The members of the GTPase superfamily show an extensively conserved reaction
mechanism. A common trait is a switching function that enables a reaction chain to be
switched on or off (review: Bourne et al., 1990).

The Switch Function of the GTPases

The regulatory GTPases are involved in reaction chains by functioning as a switch. The
switch function is based on a cyclical, unidirectional transition between an active, GTP
bound form and an inactive, GDP bound form (Fig. 5.10). The binding of GTP brings
about the transition into the active form. Hydrolysis of the bound GTP by an intrinsic
GTPase activity converts the protein into the inactive, GDP bound form. In both inac-
tive and active forms, the proteins of the GTPase superfamily possess a specific affinity
to other proteins employed earlier or later in the reaction chain. In the active GTP
form, the signal can be passed on to the effector molecule next in sequence. Conver-
sely, if the GTPase is in the inactive, GDP bound form, the reaction chain is disrupted.
To reactivate the reaction chain, the GDP must be exchanged for GTP. This takes
place by dissociation of GDP from the inactive complex, a process that generally
occurs by interaction with upstream protein components of the signaling chain.

The GTPase Cycle

The GTPases bring about the transition between the active and inactive states in a cyc-
lic process that can only run in one direction, due to the irreversible hydrolysis of GTP.
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Fig. 5.10. The switch function of the regulatory GTPases. The GTP form of the regulatory GTPa-
ses represents the ,,switched on“ form of the GTPase, the GDP form, in contrast, the ,,switched
off* form. The switch function of the regulatory GTPases may be controlled by guanine nucleo-
tide exchange factors, by GTPase activating proteins (GAPs) and by G-nucleotide dissociation
inhibitors (GDIs). The regulatory GTPases run through a GTPase cycle which signals flow into
via GEFs and are conducted further in the form of the GTPase-GTP complex to effector molecu-
les further down the sequence. Hydrolysis of the bound GTP ends the activated state. The rate of
GTP hydrolysis is either intrinsically determined or may be accelerated via GAPs.

At least three different GTPase states can be differentiated in the GTPase cycle: the
active GTP form, the inactive GDP form and an ,,empty* form of the GTPase, which
is generally a short-lived state.

The switch function of the GTPase is based on the specific ability of the different
functional states of the GTPase to interact with the proteins that precede and follow in
the signal chain. A particular GTPase is characterized by the proteins with which the
active and inactive forms interact. A special characteristic of the active GTP form is
that it may activate effector enzymes further on in the reaction chain, e.g., adenylyl
cyclase, and thus actively transmits the signal.
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Modulation and Regulation of the Switch Function

How effectively a signal can be transmitted by a GTPase depends on the relationship
of the concentration of the active GTP form to the inactive GDP form. This, in turn, is
determined by the relationship of the rate constant for the dissociation of GDP, ks gpp
to the rate constant of GTP hydrolysis, K..gre:

GTPAse - GTP _ kdissGDP

GTPAse - GDP kcal,GTP

This relationship is valid if it can be assumed that the GTP concentration is not limited
and that GTP binds very rapidly to the ,,empty“ form of the GTPase. A special charac-
teristic of the regulatory GTPases is that both rate constants may be regulated by spe-
cific proteins. The proportion of GTPase that exists in the active form can be altered by
at least three processes:

1. Acceleration of the dissociation of GDP increases the proportion of the active form.
The rate of dissociation of GDP may be increased by specific proteins. These prote-
ins are known as guanine nucleotide exchange factors (GEF). For the heterotrimeric
G-proteins, the agonist-bound, activated receptor is the exchange factor.

2. Dissociation of GDP may be inhibited by specific proteins known as guanine
nucleotide dissociation inhibitors (GDI). Proteins with this function are found in all
members of the Ras family (see Chapter 9). The GDIs have the function, above all,
to provide a cytosolic pool of inactive, GDP-bound proteins (see Chapter 9.1).

3. Increasing of the rate of GTP hydrolysis by GTPase activating proteins (GAP) redu-
ces the lifetime of the active, GTP-bound state. The GAP protein class is an impor-
tant instrument for control of the rate of signal transmission. Activation of the GAPs
leads to termination or weakening of signal transmission. Often, the activity of the
GAPs is regulated by other signaling pathways. Thus, a regulatory influence on
signal transmission via G-proteins can be achieved from another signaling pathways.

The various GTPases may differ to a large extent in the rate of GTP hydrolysis and
thereby in the influence of GTPase-activating proteins. The Ras protein and the G,
known as transducin, involved in the process of vision, are cited as examples.

The Ras protein has low intrinsic GTPase activity. This may be increased ca. 10°-fold
by the corresponding GTPase-activating protein (see also Chapter 9). In comparison,
the intrinsic rate of GTP hydrolysis of transducin is ca. 100-fold higher that that of the
Ras protein. The effector molecule next in the reaction chain, the cGMP phosphodi-
esterase, functions as the GAP here and stimulates GTPase activity of the transducin
100-fold.

5.4.2 Inhibition of GTPases by GTP Analogs

Non-hydrolyzable GTP analogs are an indispensable tool in identification and structu-
ral and functional characterization of GTPases. The GTP analogs shown in Fig. 5.11,
GTPyS, B,y-methylene GTP and B,y-imino GTP, are either not hydrolzed by GTPases
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Fig. 5.11. Examples of non-hydrolysable GTP analogs.

or only very slowly. Addition of these analogs fixes the G-protein in the active form,; it
is permanently ,,switched on“. For cellular signal transduction, this means permanent
activation of the signal transmission pathway. In many cases, a role of G-proteins in a
signal chain was concluded from the observation that non-hydrolyzable GTP analogs
bring about a lasting activation of signal transmission. The GTP analogs were equally
important for structural determination of the activated form of GTPases. Formation of
a stable complex between the non-hydrolyzable GTP analog and different GTPases
has enabled crystallization of the complex in its activated form.

5.4.3 The G-Domain as Common Structural Element
of the GTPases

A common property of the GTPases is the enzymatic activity of GTP hydrolysis. GTP
binding and hydrolysis takes place in a domain of the GTPases known as the G-
domain. Fig. 5.12 shows the G-domain of the bacterial elongation factor EF-Tu. In all
GTPase structures known at present, the G-domain has very similar architecture and
very similar means of binding the guaninine nucleotide. The sequence element
GX,GK(S/T) is a consensus sequence for guanine nucleotide binding; this sequence is
involved in binding the - and y-phosphate of GTP and GDP and is also known as the
P-loop. Other consensus sequences, such as RX,T and DX,G are both involved
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Fig. 5.12. Structure of the G-domain of
the elongation factor EF-Tu from 7. ther-
mophilus with bound GppNHp, accor-
ding to Berchthold et al., (1993). The
non-hydrolysable analog GppNHp, the P
loop and the switch regions I and II are
shown, which play an important role in
transition from the inactive GDP form to
the active GTP form (see also 5.5.6 and
9.2.1). MOLSKRIPT representation
according to Kraulis, (1991).

in binding the y-phosphate and in the GTPase reaction (X = any amino acid). A
further consensus sequence (N/T)(K/Q)XD and SA interacts with the guanosine.

5.4.4 The Different GTPase Families

The superfamily of GTPases with their more than hundred members are divided by
sequence homologies, molecular weight and subunit structure into further (super)fa-
milies. These are the families of the heterotrimeric G-proteins, the Ras/GTPase superfa-
mily and the family of initiation and elongation factors (Fig. 5.13).

The heterotrimeric G-proteins are built of three subunits, with the GTPase activity
localized on the largest subunit (see 5.5). The members of the Ras/GTPases, in cont-
rast, are monomeric proteins with a molecular weight of ca.20 kDa (see Chapter 9).

A further functionally diverse class is made up of the proteins involved in protein
biosynthesis and membrane transport. GTPases with functions in protein biosynthesis
include the elongation factors, termination factors and peptide translocation factors.
These are mostly monomeric proteins with molecular weights of 40-50 kDa. GTPases
of this class are also found in protein complexes such as the ,,signal recognition par-
ticle“ (SRP) and the corresponding receptor. Both protein complexes are needed
during ribosomal protein biosynthesis, for transport of newly synthesized proteins
through the endoplasmic reticulum.
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Fig. 5.13. The GTPase superfamily.

5.5 The Heterotrimeric G-Proteins

The heterotrimeric G-proteins are the specific reaction partners in signal transmission
via 7-helix transmembrane receptors, which is why these receptors are also known as
G-protein-coupled receptors. From the G-protein, the signal is then passed on to the
effector protein next in the sequence (review: Hepler and Gilman, 1992; Neer, 1995).

A common structural feature of the G-proteins is their construction from three sub-
units (Fig. 5.14), a large a-subunit of 39-46 kDa, a §-subunit of 37 kDa and a y-subunit
of 8 kDa. The a-subunit has a binding site for GTP or GDP and carries the GTPase
activity. The - and y-subunits exist as a tightly associated complex and are active in
this form. All three subunits show great diversity, so that at least 20 different genes for
o-subunits, 5 for 3-subunits and 12 for y-subunits are known in mammals. Some G-pro-
teins are ubiquitous, whereas others only occur in specialized tissue.

Specificity of the switch function is mostly determined by the o-subunit: the a-sub-
unit carries out the specific interaction with the receptors preceding in the signal chain
and with the subsequent effector molecules. The By-complex may also be involved in
signal transmission to the effector proteins.

5.5.1 Classification of the Heterotrimeric G-Proteins

The important functions of signal transmission by G-proteins are realized by the a-
subunit. Since different G-proteins interact with very different partners, there are
significant differences in the structure of the a-subunits. Due to the common GTPase
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Fig. 5.14. Structure and activation of the heterotrimeric G-proteins. Reception of a signal by the
receptor activates the G-protein, which leads to exchange of bound GDP for GTP at the a-sub-
unit and to dissociation of the fy-complex. Further transmission of the signal may take place via
Ga-GTP or via the fy-complex, which interact with corresponding effector molecules. The a- and
v-subunits are associated with the cell membrane via lipid anchors. Signal reception and signal
transmission of the heterotrimeric G-proteins take place in close association with the cell mem-
brane. This point is only partially shown in the figure.

domain and the common interaction with the y-subunits, however, there are also con-
siderable sequence homologies. Based on the sequence of the a-subunits, the G-prote-
ins may be divided into four families (Hepler and Gilman, 1992). These families are
summarized in Table 5.1, together with representative members and their characteri-
stic properties. Classification based on homology of amino acid sequences does not
give any information about the functional properties of the different a-subunits.

G, Subfamily

Members of the G, subfamily are activated by hormone receptors, by odor receptors
and by taste receptors. G,-proteins mediate, e.g., signal transmission by adrenaline
receptors of type P and by glucagon receptors. During perception of taste, the taste
receptors are activated, which then pass the signal on via the olfactory G-protein G.
Perception of ,sweet” taste is also mediated via a Gy-protein. Transmission of the
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Table 5.1. Classification of the heterotrimeric G-proteins according to the o-subunits

Subunit tissue Examples of Effector protein,
receptors function

Gs

O ubiquitous BAR, glucagon adenylyl cyclase 1
receptor Ca” channels 1

Ololt nasal epithelium olfactory receptor adenylyl-cyclase 1

G;

Qi , O, Oz mostly ubiquitous o, adrenergic K* channels 1
receptor Ca’*channels |

Ooa brain o, adrenergic K*-channels 1
receptor Ca**-channels |

o, transducin retina rhodopsin c¢GMP specitic

phosphodiesterase 1

O taste buds

a, brain adenylyl cyclase |

Gq

O ubiquitous o, adrenergic phospholipase C 1
receptor

Oly1, Olyg, Olgs, Oy,

G12

Olyp, Olg3, ubiquitous

signal further involves an adenylyl cyclase in all cases, the activity of which is stimula-
ted by the G,-proteins. Characteristic for the members of the G, subfamily is that they
are inhibited by cholera toxin (see 5.5.2).

G; Subfamily

The first members of the G; subfamily to be discovered displayed an inhibitory effect
on adenylyl cyclase, thus the name G;, for inhibitory G-proteins. Further members of
the G; subfamily have phospholipase C as the corresponding effector molecule. Signal
transmission via phospholipase C flows into the inositol triphosphate and diacylglyce-
rol pathways (see Chapter 6).

The G- and G,-proteins are also classed as G;-proteins, based on sequence homolo-
gies. The G- and G,-proteins are involved in transmitting sensory signals. Signal trans-
mission in the vision process is mediated via G-proteins known as transducins (G,). The
G-proteins are activated by the photoreceptor rhodopsin and are located in the rods
and cones of the retina. The sequential effector molecules of the Gi-proteins are
cGMP-specific phosphdiesterases (see Fig. 17.9).

Perception of bitter taste can take place via G-proteins; the a-subunit of these G-
proteins is know as gustducin and is highly homologous with transducin. The corre-
sponding receptors are just beginning to be characterized (Hohn, 1999). A phosphodi-
esterase with specificity for cyclic nucleotides and a cyclic nucleotide-gated ion channel
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have been implicated as downstream components of the signaling cascade. Signal
transmission evidently takes place here in a similar way to the vision process.

Apart from a few exceptions (G,), the members of the G; family are characterized by
inhibition by pertussis toxin (see 5.5.2).

G, Subfamily

The members of the G, subfamily are not modifiable by pertussis toxin or cholera
toxin. The signal protein next in the reaction sequence is generally the B-type of phos-
pholipase C.

G12 Subfamily

Activation by thromboxane and thrombin receptors has been described for the Gy,
subfamily. The effector molecules are not known at present.

The many a-, B- and y-subunits now known present a large number of possibilities
for subunit combination in heterotrimers. With the subunits identified at present, close
to 1000 different heterotrimers could theoretically be formed. Although only a fraction
of these exist in the cell, this nevertheless emphasizes the enormous complexity and
diversity of regulation by G-proteins.

5.5.2 Toxins as Tools in Characterization of Heterotrimeric
G-proteins

Two bacterial toxins, namely pertussis toxin and cholera toxin, were of great impor-
tance in determining the function of G-proteins. Both toxins catalyze ADP ribosyla-
tion of proteins. During ADP ribosylation, an ADP-ribose residue is transferred from
NAD" to an amino acid residue of a substrate protein (Fig. 5.15).

Cholera toxin catalyzes the ADP-ribosylation of an arginine residue (Argl74 in G,
Arg201 in G,,) in various a-subunits. The Argl74 residue of G, contacts the phosphate
group of the bound GTP and is thus directly involved in GTP binding and possibly also
in GTP hydrolysis. Modification of Argl74 by ADP-ribosylation interferes with this
function and inactivates the GTPase activity of the G-protein. Consequently, the
intrinsic deactivation mechanism of the G,-protein is suspended. The G-protein is con-
stitutively activated; the downstream effector molecules are — without any hormonal
stimulation — permanently activated.

Constitutive activation of G,-proteins by cholera toxin is the cause of the devastating
effect of the cholera bacterium, Vibrio cholerae, on the water content of the intestine.
Due to the lack of deactivation of the G,-protein, adenylyl cyclase next in the reaction
sequence is constantly activated, so that the level of cAMP in the cells of the intestinal
epithelium is greatly increased. This, in turn, leads to increased active transport of ions
and an excessive efflux of water and Na' takes place in the intestine.

Pertussis toxin, formed by Bortedella pertussis, the causative organism of whooping
cough, carries out an ADP-ribosylation at a cysteine residue close to the C-terminus of
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Fig. 5.15. ADP-ribosylation of the Ga-subunit of transducin by cholera toxin. Cholera toxin
catalyzes the ADP-ribosylation of the a-subunit of the G-protein transducin. During the reaction,
the ADP-ribose residue of NAD" is transferred to Argl74 of Ga,, which inactivates the GTPase
activity of Ga,.

a-subunits. The modification prevents activation of the G-protein by the receptor,
whereby the signal transmission is blocked.

5.5.3 The Functional Cycle of Heterotrimeric G-Proteins

Signal transmission via G-proteins takes place in close association with the inner side
of the cell membrane. Both the a-subunit and the fy-complex are associated with the
membrane via membrane anchors (see 5.5.8).

Like all regulatory GTPases, the heterotrimeric G-proteins run through a cyclical
transition between an inactive, GDP-bound form and an active, GTP-bound form. Fig.
5.16 sketches the different functional states and the role of the individual subunits.

Inactive Ground State

In the inactive ground state, the G-proteins exist as Ga.- GDP- (fy)-heterotrimers. The
receptor is not occupied by the hormone; the sequential effector molecule is inactive.
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Fig. 5.16. Functional cycle of the heterotrimeric G-proteins. a) The G-proteins exist in the
ground state as a heterotrimeric complex (G, - GDP)- (fv). b) The activated receptor binds to the
inactive heterotrimeric complex of the G-protein and leads to dissociation of the bound GDP and
the fy-complex. c) Binding of GTP to the ,,empty“ G,-subunit transforms the latter into the
active G, - GTP state. G, - GTP interacts with an effector molecule in the sequence E1 and activa-
tes the latter for further signal transmission. The released y-complex may also take part in signal
conduction by binding to a corresponding effector molecule E2 and activating the latter for fur-
ther signal conduction. d) Hydrolysis of the bound GTP terminates the signal transduction via the
a-subunit.
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Activation

Binding of extracellular signal molecules (hormones, neurotransmitters) to the recep-
tor initiates activation of the G-protein. The activated receptor associates with the a-
subunit of the heterotrimeric complex G, - GDP-(By) and induces a conformational
change that leads to dissociation of GDP. It is assumed that cytoplasmic structural ele-
ments of the receptor interact with the C-terminal tail of G, and induce an extensive
conformational change that propagates to the nucleotide binding site and leads to dis-
sociation of GDP. The heterotrimer is now in an ,,empty“ state in which it possesses
high affinity for the activated receptor. The free nucleotide binding site is immediately
occupied by GTP since GTP exists in a large excess compared to GDP in the cell and
because the G,-subunit binds GTP more strongly than GDP.

GTP binding

GTP binding has two consequences: firstly, the fy-complex dissociates and secondly,
the binding to the activated receptor is cancelled. The free a-subunit with bound
GTP represents the activated G, - GTP form of the G-protein and transmits the
signal further. The receptor released from the complex can activate other G-proteins,
enabling amplification of the signal. For a detailed model of Ga. activation see Iiri et
al., (1998).

Transmission of the Signal

The interaction of G, - GTP with the corresponding effector molecule leads to inactiva-
tion of the former and thus to initiation of the next step in the signal transmission
chain. The y-complex released during activation can also perform a signal-mediating
function (see 5.5.7).

Termination of the Signal

Hydrolysis of GTP by the intrinsic GTPase activity of the a-subunit ends signal trans-
mission at the level of the G-proteins. The rate of GTP hydrolysis functions as an inner
clock for signal transmission; it determines the lifetime of the activated state and the
extent of the reactions next in sequence. At this point, regulatory mechanisms may
take effect in which proteins with the character of GTPase-activating proteins (GAPs)
specifically stimulate the GTPase activity of the a-subunit. Proteins known as regula-
tors of G-protein signaling (RGS) can increase the GTPase activity by more than one
order of magnitude (see 5.5.9).

The rate of GTP hydrolysis may also be increased via the downstream effector mole-
cule. Phospholipase C-f1 stimulates the intrinsic GTPase activity of the corresponding
G,.11 by close to two orders of magnitude (Bernstein et al., 1992). A further effector
molecule, adenylyl cylase, has been shown to function as a GAP for the monomeric
G,-GTP state (Scholich et al., 1999).
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5.5.4 Mechanistic Aspects of the Switch Function of G-Proteins

G-proteins are enzymes that can exist in different conformations, and that can undergo
regulatory interactions with different partners. For a detailed understanding of the dif-
ferent functions of G-proteins, it is essential to comprehend the structural and mecha-
nistic basis of their reactions. To this end, we need to answer the following question:

Which mechanism is the basis of GTPase activity and which residues of the a-sub-
unit are involved in catalysis?

What is the structural difference between the active and inactive state of the Ga-
subunit?

Answers to these questions are currently founded on the highly resolved structure of
transducin G, a G;-subunit and on many biochemical experiments, in particular with
mutated proteins. Furthermore, comparisons with the highly resolved structures of
other regulatory GTPases (Ras protein, bacterial elongation factor EF-Tu) have hel-
ped to identify common mechanisms and structural principles for GTPases, even tho-
ugh the different GTPases have significant structural differences in subdomains, due to
different effector molecules.

5.5.5 Mechanism of GTP Hydrolysis

The G,-subunit possesses a slow GTPase activity, which is synonymous with a long life-
time of the activated GTP state. For transducin G, the k., value for GTP hydrolysis
is in the region of 0.05sec’’. This value is, however, close to two orders of magnitude
higher than that of the Ras protein (see Chapter 9). The k, for GTP hydrolysis may be
increased by up to two orders of magnitude by GTPase activating proteins (GAP, see
below) for some G,-proteins. A much larger increase, namely 10°-fold, is observed for
the GAP belonging to the Ras protein (see Chapter 9).

It is generally assumed that hydrolysis of the y-phosphate bond proceeds via an Sy2
mechanism, as shown in Fig. 5.17. The hydrolysis proceeds by an ,,in-line* attack of a
water molecule on the y-phosphate, in which the GDP residue is displaced from the vy-
phosphate.

hic)
H. [®) O\e H\ O\ /Oe //O
~, X R <}
Q> Sp——0—GDP—> _ O---;--P--~--0—GDP — HO—P~0® + GDP
" o/ A 0o
© H O

pentavalent transition state

Fig. 5.17. ,In-line“ attack in GTP hydrolysis. Hydrolysis of GTP takes place via an ,,in-line*
attack of a water molecule at the y-phosphate. The reaction passes through a pentavalent transi-
tion state in which the ligands of the y-phosphate adopt a trigonal bipyramidal configuration. The
mechanism by which the water molecule is activated for the attack on the y-phosphate is not
shown in the figure. Possible mechanisms are presented in Fig. 5.18.
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In the postulated transition state, the y-phosphorus atom is penta-coordinated, whe-
reby the ligands are configured in the form of a triagonal bipyramid. Mg?* is indispen-
sable for the catalysis; it is needed for binding of substrate and product, as well as for
the catalysis itself. Activation of the water molecule for nucleophilic attack at the vy-
phosphate requires involvement of side groups of the protein in the sense of a general
base catalysis.

For the structural determination of the activated form of the a-subunit, use of
AIF, as a ligand was of great importance. AlF, is an activator of GDP-bound a-sub-
units and due to this characteristic — in addition to the bacterial toxins mentioned
above — is often used for detection of G-proteins and for their structural characteri-
zation. In the presence of AlF,, permanent activation of the G-protein is observed:
G, GDP is fixed by binding of AIF, in a conformation that permits activation of the
effector molecule.

Comparison of the structure of the active conformation of G;,- GDP- AlF, and
G, - GTPyS has brought important insights into the mechanism of GTP hydrolysis
and the function of the catalytic residues of the a-subunit (Coleman et al., 1994).
Using the same experimental method, it was also possible to postulate a structure of
the transition state of GTP hydrolysis for the a-subunit of the transducin, G, (Son-
dek et al., 1994). The same result was obtained for both systems. The structure of the
G, GDP- AlF, complex shows that the AlF, is bound at the position of the y-phos-
phate of G,,*GTPgS, whereby there are noticeable differences for two residues of
the protein, namely GIn204 and Argl78, between the GTP structure and the
GDP- AIF; structure. In the G;,- GDP - AlF,structure, GIn204 and Argl78 adopt a
position that is very well suited to stabilize the postulated transition state and to nuc-
leophilically activate the hydrolytic water molecule. The X-ray structure indicates
that GDP- AlF, has the role of a transition state analog, in which the AlF,” adopts the
position of the y-phosphate in the supposed transition state of GTP hydrolysis (Fig.
5.18a). It is assumed that the transition state is stabilized by interaction of Argl78
and GIn204 with the oxygen atom of the y-phosphate and that GIn204 helps to acti-
vate the hydrolytic water molecule (Fig. 5.18b). In the ground state of the reaction,
represented by the GTPyS structure, both residues do not interact with the hydroly-
tic water molecule and the y-phosphate. In the case of G, the same amino acids are
involved in stabilization of the transition state. In Fig. 5.18c, an alternative mecha-
nism for stabilization of the transition state is presented. According to this mecha-
nism, the oxygen atom of the y-phosphate has the function of a base that nucleophili-
cally activates the water molecule. The model is supported by theoretical considerati-
ons and is increasingly accepted.

In comparison to the Ras protein (see Chapter 9) and bacterial EF-Tu, there are dif-
ferences in the details of the residues involved. The general hydrolysis mechanism, as
formulated in Fig. 5.17, also applies to these proteins, however.

In all, the o-subunits of the G-proteins possess a slow GTPase activity. A reduction
of the lifetime of the activated G, - GTP state and thus weakening of the signal trans-
mission, can be achieved by binding of specific GTPase activating proteins such as the
RGS proteins (see 5.5.9) to G, - GTP. The RGS proteins stimulate the GTPase activity
of different a-subunits by close to two orders of magnitude. Mechanistically, the
GTPase-activating activity of the RGS proteins is explained, in particular, by stabiliza-
tion of the transition state. It is assumed that the RGS proteins fix the catalytic residue
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Fig. 5.18. Postulated transition state and mechanism of GTP hydrolysis. a) Binding of
GDP - AlF, at the active center of G,,. The representation is based on the structure of the
Gy, - GDP - AIF,;” complex. The coordination sphere and the distances from AIF, (in A) to
Argl78, GIn204, the Mg** ion and other residues of the GTPase center are shown. The catalyti-
cally important residues GIn204 and Thr181 fix a water molecule that is located ,,in line“ to an
oxygen atom of the y-phosphate of GDP. b) Model of the transition state of GTP hydrolysis at the
active center of Gy,. The structure is modeled on the structure of the G;,- GDP- AlF, complex.
The P atom of an assumed trigonal ,,PO; group* (y-phosphate of GTP) was projected onto the
aluminum atom of the AIF,” grouping and the levels of the ,,PO; group*“ were placed on the level
of the AIF,". The water molecule fixed by GIn204 and Thr181 is located at a favorable distance for
a nucleophilic attack on the y-phosphate. ¢c) Mechanism of GTP hydrolysis involving the y-phos-
phate as an activating base. A postulated mechanism of GTP hydrolysis is shown for the a-sub-
unit of transducin, G,, in which the O atom of the y-phosphate prepares the catalytic base for
activation of the water molecule. The water molecule is precisely positioned and fixed by GIn200
(corresponds to GIn204 of G,,) and Thr 177 (corresponds to Thr181 of G;,).
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of the GTPase center and bring it into a position favorable for the hydrolysis. GTPase
stimulation of the Ras protein by the corresponding GAP proteins proceeds, in cont-
rast, by another mechanism (see 9.2.2).

5.5.6 Structural Basis of the Activation of the a-Subunit

The switch function of the a-subunit of the heterotrimeric G-proteins is founded on
the change between an active G,-GTP confirmation and an inactive G,-GDP confor-
mation. The structural difference between the two conformations was explained for
the transducin, G,,, by crystallization and structural characterization of the inactive
GDP form and the active GTPyS form (Lambright et al., 1994). The structures of both
forms of G, are shown in Fig. 5.19.

G, is made up of two domains, a GTPase domain and a helical domain. The GTPase
or G-domain indicates that G, is a member of the superfamily of regulatory GTPases.
In addition, G, possesses a helical domain, which represents a characteristic feature of
the heterotrimeric G-proteins. The nucleotide binding site is in a cleft between the two
domains. It is assumed that the presence of the helical domain is the reason that bound
nucleotide dissociates only very slowly from transducin and that the activated receptor
is therefore necessary to initiate the GDP/GTP exchange.

The y-phosphate group of GTP must be assigned the function of a trigger of activa-
tion of G,,. The comparison of the active and inactive conformations gives an insight
into this function. In all, the active and inactive forms of G,, have a very similar struc-
ture. Significant conformational changes on transition between the two functional sta-
tes were found for three structural elements, known as switch I, IT and III, that include
only 14 % of the amino acids of transducin. The y-phosphate interacts with three
amino acids that move switch [ upwards and thus cause a coupled movement of swit-
ches II and III (Fig. 5.19).

The GTP binding to G, has several consequences:

Firstly, it is assumed that the conformational changes in switch II triggered by GTP
binding lead to dissociation of the fy-complex. The fy-complex binds to the switch
regions I and II of the a-subunit.

A further consequence of the conformational change in the a-subunit induced by
the y-phosphate is the activation of the effector molecule next in sequence. The bind-
ing site of the sequential effector molecule adenylyl cyclase includes the switch II (Tes-
mer et al., 1997). It is therefore assumed that the conformational change of switch II
also mediates the binding and activation of the effector molecule. The binding site for
the effector and for the fy-complex partially overlap, so that a binding of the effector
is only possible if the fy-complex has dissociated.

The question of the structural basis and explanation of the dissociation of the activa-
ted receptor from the y-complex is little understood. Equally open is the question of
the structure of the nucleotide-free heterotrimeric state, postulated as a short-lived
intermediate form in the activation cycle of the G-protein.

Highly resolved structures are also available for the G, - GDP - fy-complex (Wall et
al., 1995; Lambright et al., 1996). From these structures, the y-complex binds in the
region of the switch regions I and II and in the region of the N-terminus of the a-sub-
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Fig. 5.19. GTP and GDP structures of transducin. The Go., subunit of transducin possesses—in
contrast to Ras protein and to other small regulatory GTPases—an a-helical domain that hides
and closes the G-nucleotide binding pocket. The conformational changes that accompany the
transition from the inactive G,,- GDP form (a) into the active G- GTP form (b), are restricted
to three structural sections that are known as switches I, II and III. Switch I includes the link of
the a-helical domain with (32, switch II affects in particular helix 02, and switch III, the 3 —a3
loop. Switch III includes a sequence that is characteristic for the a-subunits of the heterotrimeric
G-proteins. The conformational changes of switches II and III affect structural sections that are
assumed to be binding sites for the effector molecule adenylyl cyclase (AC) and the y-subunit of
cGMP-dependent phosphodiesterase (PDEY), based on mutation experiments and biochemical
investigations. MOLSKRIPT representation according to Kraulis, (1991).
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unit. The structure of the Py-complex has an interesting configuration of 7 p-sheet
structures for the B-subunit. These are in the form of a propellor with 7 configured lea-
ves. The y-subunit is located at the side of the B-subunit and does not itself interact
with the a-subunit.

As a consequence of binding of the 3y-complex, significant conformational changes
are observed in the a-subunit. These affect, in particular, the switch regions I and II
and the N-terminal a-helix.

The By-complex does not show any great structural differences in the free and G,-
bound forms. Activation of the fy-complex for the interaction with the corresponding
effector molecule (see below) appears to be based only on its release from the inactive
Ga -GDP: By complex. The G,-subunit has the function of a negative regulator here,
that inactivates the fy-complex by masking the interaction region for signal proteins
next in the sequence.

For the Ras protein and the EF-Tu from Thermus thermophilus, highly resolved
structures of the active GTP form and the inactive GDP form are also available. The
analogous switch elements I and II are also present in Ras protein (Fig.9.3) and EF-Tu
(Fig. 5.12), even though little sequence homology is visible between the analogous
structural elements. The switch element III is, in contrast, characteristic for the hetero-
trimeric G-proteins. On activation of Ras protein, the conformational changes are limi-
ted to the structural elements involved in binding the y-phosphate (Pai et al., 1990).
For EF-Tu, in contrast, the nucleotide exchange leads to a greater structural rearrange-
ment (Berchthold et al., 1993). The conformational changes associated with activation
thus differ significantly for these three GTPases.

5.5.7 Function of the fy-Complex

Originally, it was assumed that the fy-complex only played a passive role in the functi-
onal cycle of the G-proteins. It soon became apparent, however, that the fy-complex,
in addition to binding to the a-subunit, also carries out other functions and interacts
specifically with corresponding effector molecules (review article: Neer, 1995). The Bvy-
complex must be assigned its own regulatory function; it takes part itself in the propa-
gation and termination of signal transmission.

The first evidence of the special function of the y-complex was obtained for adeny-
lyl cyclase. Some of the adenylyl cyclases occurring in the brain are inhibited by the -
complex (see below); others, in contrast, are stimulated by the fy-complex, whereby
stimulation only takes place in the presence of the a-subunit.

Other effector molecules of the By-complex are specific subtypes of phospholipase
C, and K*- and Ca**-specific ion channels. In the case of Ca®* channels, a direct interac-
tion between the y-complex and cytoplasmic loops of the a-subunit of the ion channel
has been demonstrated (De Waard et al., 1997). Regulation of the activity of ion chan-
nels is thus a further important role of the y-complex.

Mutational analysis has revealed the structural elements of the By-complex that
interact with the effectors (Ford et al., 1998). The interaction sites with different effec-
tors overlap partially and are only available for binding in the absence of the a-sub-
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unit. This organization of the interaction regions allows the key regulator G,, to control
Gy;signal transmission to multiple effectors.

The interaction of the py-complex with G-protein coupled receptor kinases (see 5.3.4,
[-adrenergic receptor kinase, BARK) appears to be of special regulatory importance. The
function of the By-complex in this system is shown in Fig. 5.9. The y-complex binds speci-
fically to the BARK and translocates this to the cell membrane. The translocation of
BARK is necessary to switch off and modulate signal transmission via adrenaline.

The structural element of BARK that interacts specifically with the fy-complex is
localized in the C-terminal third of the ARK sequnce (Inglese et al., 1994). It posses-
ses the characteristics of an independently folding protein domain and is ranked with
the pleckstrin homology domains (PH domains). The PH domains are protein modules
(see Chapter 8) , found in many proteins, that by binding of inositol lipids (see Chapter
6) mediate protein-membrane interactions.

5.5.8 Membrane Association of the G-Proteins

Signal transmission via G-proteins is inseparably linked with their membrane associa-
tion. The preceding reaction partners are transmembrane proteins and the subsquent
effector molecules, such as adenylyl cyclase, are either also transmembrane proteins or
they are associated with the membrane (Fig. 5.20).

The membrane association of the G-proteins is mediated by membrane anchors that
are introduced in the course of a posttranslational modification at the N-terminus of
the a-subunit and at the C-terminus of the y-subunit (cf. Section 3.7).

The a-subunits of G; and G, subtypes possess a lipid anchor in the form of a myristo-
ylation at the N-terminal glycine residue. The y-subunits have a membrane anchor in
the form of prenyl residues, in a similar way to Ras protein. In addition, the terminal
carboxyl group is esterified with a methyl group which further increases the hydropho-
bicity of the C-terminus. The length of the appended isoprenoid grouping is variable.
Whilst the y-subunit of the G, protein has a farnesyl chain encompassing 15 C atoms,
a modification with a C,, geranyl-geranyl subunit is to be found in y-subunits of G,-
proteins in the brain.

5.5.9 Regulators of G-Proteins: Phosducin and RGS Proteins

Signal transmission via G-proteins and the corresponding receptors is subject to tissue-
and cell-specific regulation at different levels. The regulation is mostly of a negative,
suppressing character and serves two purposes in particular: Firstly, the cell must try to
weaken the cytoplasmic answer under conditions of persistent activation of the recep-
tor. Secondly, the cell needs mechanisms to rapidly terminate the signal. Typically, the
rate of GTP hydrolysis of the a-subunit is very slow, about 4 min™. The cell must be
able to shorten the associated long lifetime of the activated state in a regulatable way.

The most important regulatory attack points at the level of the G-proteins and their
receptors are:
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Fig. 5.20. Membrane anchor of the heterotrimeric G-proteins. The lipid anchoring in the system
of G-protein-coupled receptors and the corresponding G-proteins is shown. In the figure, it is
assumed that the lipid anchors are located in the membrane. A possible involvement of the lipid
anchor in protein-protein interactions is not shown. The G-protein-coupled receptor carries a pal-
mitoic acid anchor at the C-terminus. The o-subunit of the heterotrimeric G-protein is associated
with the membrane via a myristoic acid anchor at the N-terminus, whilst the y-subunit of the fy-
complex u