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ABSTRACT

Construction and analysis of a model for the transmembrane domain of the
serotonin 2C G-protein coupled receptor

by

Juan Antonio Ballesteros

Advisor: Professor Harel Weinstein, D. Sc.

A model of the transmembrane domain of the serotonin 2C G-protein
coupled receptor (GPCR) complexed with its natural ligand, serotonin, has
been constructed and analyzed by energetic, experimental data, and functional
criteria. Interpretation of a thermodynamic framework for receptor activation
in terms of energy levels for the principal states suggests a metastable
activated receptor in the absence of G-protein. The modeling procedure was
based on the analysis of biophysical properties and their conservation patterns
observed in a multiple sequence alignment of neurotransmitter GPCRs. The
boundaries and orientations of seven transmembrane o-helices (TMH) were
predicted based on the analysis of a-helix periodicity in the conservation
pattern of several biophysical properties, which can identify and discriminate
between interior-facing and lipid-exposed residues. The helical periodicity of

non-conserved Arg/Lys occurring at the cytoplasmic boundaries, predicted to
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face the mostly negatively charged phospholipid headgroups, was identified
as a novel predictive tool which leads to a redefinition of a TMHs. Integration
of results from the various criteria results in TMH boundaries and
orientations that include most proposed G-protein coupling domains, and are
in agreement with results from NMR, SCAM and Spin labeling experiments.
Five organizing motifs characterize the TMH domain: The ligand binding site
is conected to an "aromatic cluster" motif, characterized by a proposed
“aromatic rotamer switch” in H6 which relates to receptor activation. The
aromatic cluster is connected to the H2-H7-H1 cluster of polar residues,
defined by involving D2.50 and N7.49 double revertant mutant constructs in
the GnRH and SHT2C receptors (Zhou 1994; Sealfon 1995). Two clusters of
charged residues at the cytoplasmic boundaries, the “Arg-Cage” involving H3-
H5-H6 and another cluster on H1-H2-H?7, comprise the most important G-
protein coupling regions. Conformational changes leading to receptor
activation are described in terms of these microdomains. Highly conserved
Pro-kinks are proposed as conformational hinges involved in the activation
mechanism. Molecular Dynamics simulations of the SHT2CR complex with
serotonin produce an energy-refined model, which is shown to be fully
consistent with available data and to have yielded specific guides for

experimental verifications that validate it.
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1. INTRODUCTION

The important pharmacological role of G-protein coupled receptors
(Ballesteros 1995) as therapeutic targets has driven an increasing interest in
their structure as a means for understanding their functional properties.
However, the difficulty in determining their structure by experimental
techniques has hindered this analysis. The interest in complementing the
structure-activity analysis at the level of the ligands with a structural
representation of the receptor level has lead to an increasing interest in the
use of molecular modeling and simulation techniques (Ballesteros 1995).
Such techniques have been applied in this work to provide a three-
dimensional model of the transmembrane domain of the serotonin 2C
receptor (SHT2CR) and to probe its structural and functional implications.

At the start of this thesis, in 1989, the structural data on
neurotransmitter GPCRs available to guide the modeling process was almost
nil. The primary sequences of these GPCRs were emerging at a rapid pace, and
site directed mutagenesis studies were just starting (Dixon 1988; Lefkowitz
1988). There was only one transmembrane protein structure known at high
resolution, the Photosynthetic Reaction Center (PRC) (Rees 1989b). The
theoretical methods available to predict the structure of a membrane protein
were essentially the hydrophobicity plot (Kyte 1982) and the hydrophobicity

moment (Eisenberg 1984). These methods predicted consistently 7
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transmembrane o-helices (TMH) for GPCR s. Given these shortcomings, the 9
A resolution structure of Bacteriorhodopsin (BR) published in 1990 by
electron cryo-microscopy (Henderson 1990) led to the acceptance of this 7
transmembrane structure as a template for modeling GPCRs (see (Ballesteros
1995) for a review). This assumption was based on the similarity between BR
and RH, both of which contain a retinal chromophore and 7 TMHs. However,
based on the divergent sequence between these proteins, we proposed that BR
was not an appropriate template to model GPCRs (Pardo 1992), a contention
later validated by the structure of RH obtained by similar techniques
(Schertler 1993; Schertler 1995; Davies 1996).

In the absence of sequence homology with a known structural template
and of appropriate modeling methods, we focused our interest on analyzing
known structures in the search for structural motifs that could be used as
guidelines to model GPCRs. Analysis of the only known TMH protein (the
PRC), lead to the discovery of the role of Arg/Lys motif at the cytoplasmic
boundaries facing the lipids at the level of the phospholipid headgroups (see
Section 2.1). This motif, later confirmed in all known TMH structures, led to a
redefinition of transmembrane segment boundaries (Ballesteros 1995). and
could be used to refine the prediction of TMH ends of GPCRs (Ballesteros
1995). The TMH ends defined in this work for the SHT2CR according to such
criteria lead to the inclusion of most G-protein coupling domains inside the

TMH domain, an inference that was validated recently by experimental data
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(Farahbakhsh 1995; Altenbach 1996). Another structural motif analyzed in
known structures that proved to be important for modeling the TMH
domain is the Pro-kink (Barlow 1988; Williams 1991; Sankararamakrishnan
1992; Ballesteros 1995), for which we discovered the presence of a “face-twist”
induced in the TMH structure (Ballesteros 1995).

To guide the modeling of secondary and terﬁaﬁ structures of GPCRs,
we focused our analyses first on the extensive primary structure data
available. These analyses involve the construction of a multiple sequence
alignment of GPCRs where the conservation pattern can be analyzed in detail
(Chapter 4). Analyses of the resulting conservation patterns have led to
specific predictions at each structural level, described in Chapter 5 (27Y
structure), Chapter 5 (37 structure), and Chapter 5 (three-dimensional model).

The methods available at the time to derive structural inferences from
the analysis of the conservation pattern were few and inconclusive, as
indicated in our published review (Ballesteros 1995) presented in Methods
(Section 2.1). Thus, new predictive tools were developed through the course
of this work. As will be described in Methods (Section 2.3), these include the
derivation of a global conservation index, the quantitative analysis of the
conservation of physicochemical properties (some not used before for
prediction purposes, such as the B-branched character), the Arg/Lys motif
mentioned above, a probability function to predict lipid-facing residues, and

the prediction of TMH tilting from the pattern of buried versus lipid

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



accessible residues.

The inconclusive nature of each one of these predictive tools taken

individually have led to the most important guiding principle in the
modeling process; First, many different and inconclusive methods are applied
independently, deriving specific predictions from each one. Second, we
integrate these predictions searching for consistency among their results for

the derivation of structural inferences. The consequence of _this

methodological approach is that a very extensive analysis is necessary to
derive structural hypotheses, and hence explains the length of this thesis.

Two main factors are responsible for this extensive exposition. First, the large
number of different methods applied, as they have become available with
time, that must be introduced; Second, the use of a variety of very specific
criteria required for the comparison of predictions derived from different
methods, based on different evolutionary or physicochemical considerations,
which need to be applied in order to resolve the inconsistencies found in the
integration of the results. Criteria to evaluate the relative strength among
predictions based on similar approaches (e.g. the conservation of physico-
chemical properties) are developed by reformulating these prediction in a
quantitative manner (e.g. the standard deviation of the mean hydrophobicity
found at a given locus is an estimate of the conservation of hydrophobic
character at this locus). Criteria for comparison among predictions based on

qualitatively different approaches required a detailed understanding of the
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relative strengths and pitfalls of each method applied. The expertise gained
through the application and development of all these methodological
approaches allowed us to write a comprehensive review (Ballesteros 1995) of
the methods available for modeling GPCRs that is very frequently quoted.

As the analysis and construction of the model progressed at every
structural level, an increasing wealth of experimental data pertinent to
structure for many different GPCRs has been constantly appearing in the
literature. The experimental results were based initially on mutagenesis
studies and were later followed by the application of more biophysical
approaches. Among this vast amount of data arising from the application of
molecular biology techniques to GPCRs, the most informative for structural
purposes is the finding of double revertant mutant constructs (Rao 1994;
Zhou 1994; Liu 1995; Sealfon 1995; Han 1996), which imply an interrelated
role between the residues involved, most likely achieved by spatial proximity.
We predicted the first residue-to-residue double revertant mutant in GPCR
between H2 and H7, a prediction that was validated experimentally in the
GnRH and S5HT2A receptors (Zhou 1994; Sealfon 1995) through a
collaboration with the laboratory of Dr. Stuart Sealfon. Among the
biophysical data, the most significant have been of course the electron cryo-
microscopy studies on bovine rhodopsin, which have provided the footprint
of the 7 TMHs onto which all modeling approaches have been based since its

publication. More recently, the biophysical methods of ESR and fluorescence
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6
microscopy are providing dynamic insight into structural changes related to
receptor activation, as described in a subsequent section that reviews the
literature since our review chapter was published (Ballesteros 1995) (Section
2.1).

The continuing development of experimental approaches to study
GPCR structure and function amplified the need for a structural context to
rationalize and interpret the experimental results. In the absence of a detailed
structure of GPCRs of atomic resolution, such a context was sought from
modeling studies. Consequently, I am grateful to have lived through and
contributed to the emergence of an increasingly synergistic collaboration
between experimental and theoretical laboratories, creating a network of such
interdisciplinary scientific collaborations to study the structure and function
of GPCRs. This has resulted in numerous publications pertaining to
combined theoretical and experimental approaches to study different receptor
systems, as different as the SHT2A (Sealfon 1995), SHT2C (Almaula 1996a),
dopamine 2 (Fu 1996), B2-adrenergic (Gether 1996), GnRH (Zhou 1994;
Ballesteros 1996), and cannabinoid (Bramblett 1995) receptors. In particular,
our initial and long standing collaboration with the laboratory of Dr. Stuart
Sealfon has resulted in specific structure-oriented studies such as the double
revertant mutants (Zhou 1994; Sealfon 1995), the role of residue 5.46 in ligand
selectivity between the SHT 2C and 2A receptors (Almaula 1996a), and the

more recent exploration of the Arg-cage motif in the GnRH receptor (see
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Section 7.3.2). The collaboration with Dr. Jonathan Javitch made possible the
probing of our predictions on the TMH boundaries and orientation. My
predictions described in this thesis were in agreement with the experimental
findings from a study of the accessibility of H7 residues to the binding site
crevice in the H7 segment of the D2 receptor by the Cys Substituted
Accessibility Method (SCAM) (Fu 1996).

The discovery of constitutively activating mutations (CAM) in the B2-
adrenergic receptor (Lefkowitz 1993; Samama 1993) lead to a redefinition of
the minimal set of different functional states of the receptor that need to be
considered to understand experimental data on receptor activation (Lefkowitz
1993; Samama 1993). The result was a proposed thermodynamic model of
receptor activation called the ternary complex or two-state model (Lefkowitz
1993; Samama 1993). In order to rationalize available experimental data in a
structural context relevant to these models, it became necessary to consider
the structural correlates of the defined functional sates of the receptor i.e., the
so called “conformational states”. In an article published recently in
collaboration with the laboratory of Dr. Brian Kobilka (Gether 1996), we
reinterpreted this thermodynamic model by analyzing the relative energy
levels of the different receptor states, and offered the insight that the activated
state of the receptor is a metastable, high-energy, and thus transient
conformational state of the receptor in the absence of G-protein. This was

validated experimentally by the work of Drs. Ulrik Gether and Brian Kobilka
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who showed the differences between wild type and CAM PB2-adrenergic
receptors in their observed fluorescence changes upon ligand binding, and
suggested that these could be rationalized by our proposal of a high-energy,
unstable and flexible activated state of the receptor (Gether 1996). These
achievements and the approaches used in the work are described in detail in
this thesis.

Multiple possible packing interactions have been found for several
regions of the receptor model, e.g. Pro kinks. Selecting a particular choice in
the modeling process, even in the presence of compelling inferences, does not
exclude a role for these other, alternative packing arrangements. Instead, it
may indicate either receptor flexibility and/or a role for these alternative

packing arrangements in the different conformational states that the receptor

may adopt. Thus, a recurrent dilemma throughout the modeling process is
the need to select among alternative structural arrangements in several
regions of the TMH bundle in order to model their interactions into a single

model of the TMH domain. Criterion for this selection is developed by first
exploring the conformational preferences of these localized motifs using
energy-based methods (e.g. MonteCarlo simulations of the Arg-Cage motif in
H3, Section 7.2). Because the possible alternative conformations resulting
from this procedure satisfy both structural and energetic criteria, selecting a
particular conformation for modeling purposes relies in functional

considerations. Functional criterion in this context is defined in terms of
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specific structure-function relationships that relate the alternative
conformations found to specific functional states of the receptor. For example,
in our studies of the Arg-cage motif (Section 7.2) the presence of an ionic bond
between D3.49 and R3.50 in MonteCarlo simulations of wild-type and mutant
constructs was negatively correlated with receptor activity, suggesting that
R3.50 is held in the inactive conformation by D3.49. Thus, this structure-
function correlation was used to select the conformation of the conserved
Arg3.50 to model the inactive state of the receptor. I have attempted to anchor
the selection among energetically feasible conformations on experimental
data, which requires the formulation of specific hypothesis relating the
observed structural features to functional correlates. In the absence of
experimental data to guide the selection process, I have resorted to the
structural inferences derived from the theoretical analysis, e.g. the analysis of
the conservation pattern.

This illustrates an important concept in modeling studies: first,
rationalization of the available experimental data in the context of the model
results in the derivation of specific structural hypothesis responsible for the
observed phenotype. Second, modeling structural domains where
experimental data is not available requires the derivation of specific structural
hypothesis based on theoretical considerations. The inferences obtained
through each of these approaches is then integrated into a common structural

template searching for consistency among the alternative conformations
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selected for these structural microdomains. For example, the proposed D3.49-
R3.50 interaction in the inactive state of the receptor is consistent with a
similar role proposed for the E6.30-R3.50 interaction (Section 7.4.1), and thus
both interactions are incorporated into the model. Therefore, rationalization
of available experimental data and generation of novel structure-function
hypotheses are both intrinsic components of the modeling process, performed
simultaneously in a synergistic approach, as described in this thesis. A
consequence of this approach is that the construction of a model for the TMH
domain of the 5HT2C receptor requires the generation of more novel
structure-function relationships that can or has been proven experimentally.

Multiple possible packing interactions have been found for several
regions of the receptor model, e.g. Pro kinks. Selecting a particular choice in
the modeling process, even in the presence of compelling inferences, does not
exclude a role for these other, alternative packing arrangements. Instead, it
may indicate either receptor flexibility and/or a role for these alternative
packing arrangements in the different conformational states that the receptor
may adopt. Interestingly, in addition to the flexibility provided by the Pro-
kinks in H5 and HS, I have identified above $3.39 and C3.44 in H3, and the
loop following P4.59 in H4, as potential sources of structural heterogeneity.
These “conformational hinges” in H3, H4, H5, and H6 define the spatial
relationship between the conserved inner core of the TMH domain, defined

above by the aromatic cluster (see Figure 7.7), and the more divergent
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“binding site crevice” towards the extracellular side (see Figure 7.21). Note the
correlation between the partition of the receptor based on the
“conformational hinges” identified in this work, and similar partitions of the
TMH domain based on conservation and/or functional criteria. This
correlation suggests that the sources for structural heterogeneity identified in
this work, i.e. the proposed “conformational hinges”, could play a role in the
interconversions among the “conformational states” defined in Section 3.1,
i.e. the different inactivated and activated forms of the receptor. An example
is the proposed conformational change of the PK in H6 upon activation
(Section 7.2.4). Alternatively, these same “conformational hinges” may have
been utilized through evolution as a source of functional specificity, as

proposed in Section 7.2.5.
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2. METHODS

Most methodological approaches and available experimental data that
can be used to model the SHT2C receptor were reviewed in our published
chapter in the series Methods in Neurosciences (Ballesteros 1995). Therefore,
the published chapter is presented below (Section 2.1), followed by two
sections where I describe new developments in the literature since the
chapter was written (Section 2.2), and new methods I developed not included

in the review chapter or in any other publication (Section 2.3).

2.1- Chapter neurosciences

Ballesteros, J.A. and H. Weinstein (1995). “Integrated Methods for Modeling

G-Protein Coupled Receptors.” Methods Neurosci. 25: 366-428.

Reprinted by permission of the publisher.
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Introduction

The rapid growth in cloning and expression of G-protein coupled
receptors (GPCR) offers attractive opportunities to probe and reveal the
structural basis of signal transduction mechanisms at the level of these cell
surface receptors. Major insights have emerged from comparisons and
classifications of amino acid (AA) sequences of GPCRs into families defined
by evolutionary developments and adapted to perform selective functions.
Mutation studies and chimeric constructs of the kinds described elsewhere in
this volume continue to serve in probing such insights and in relating them
to an understanding of the structural underpinnings of receptor function. Yet
it is quite clear that the interpretation of results from such explorations of
GPCR structure-function relations, as well as their integration into a
mechanistic description of the molecular process in which the ligand binding
signal is propagated to activate the receptor for subsequent interaction with
G-proteins, depend on a level of structural understanding that is not
currently available from direct experimental data.

Based on the increased rate of success achieved by molecular modeling
(e.g. see (Benner, 1991; Lesk, 1992; Rost, 1993; Thornton, 1991)) and
computational simulation methods (Brooks, 1988; Jahnig, 1992; McCammon,
1987; van Gunsteren, 1992; van Gunsteren, 1989; Weinstein, 1992a;

Weinstein, 1992b) in providing structural insights relevant to the functions of
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biological molecules, a variety of such theoretical approaches have already
been applied to the study of GPCRs (Cronet, 1993; Dahl, 1991; Donnelly, 1994;
Findlay, 1990; Hibert, 1991; Huggins, 1993; [Jzerman, 1992; Lewell, 1992;
Livingstone, 1992; MaloneyHuss, 1992; Nordvall, 1993; Smolyar, 1993;
Trumpp-Kallmeyer, 1992; Trumpp-Kallmeyer, 1993; Westkaemper, 1991;
Yamamoto, 1993; Zhang, 1993b; Zhou, 1994), as discussed in recent overviews
(Findlay, 1994; Hoflack, 1993b; Humblet, 1992; Kontoyianni, 1993b). However,
a coherent approach to such modeling and computational probing has not yet
emerged, as the early efforts have focused on disparate aspects in the wealth
of existing information about the GPCRs and other transmembrane proteins.
In contrast, this presentation of methods and approaches applicable to the
elucidation of structure-function relations of GPCRs at the atomic level of
detail attempts a hierarchical scheme for incorporating existing informaticn
into GPCR modeling. Thus, the sequence of steps in the modeling process is
organized to reflect the hierarchical but interrelated use of information about
the primary, secondary and tertiary structural properties of GPCRs, as well as
inferences from the experimental probing and biophysical analysis of
transmembrane proteins.

Structural data on GPCRs, based on biochemical, immunological and
biophysical approaches, has validated a consensus architecture of GPCRs with
an extracellular N-terminus, a cytoplasmic C-terminus and a transmembrane

domain comprised of seven transmembrane helical domains connected by
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loops. The fact that the transmembrane portion of GPCRs consists of seven
helices was recently revealed in the projection map of the electron density of
bovine rhodopsin (RH) on the membrane (Schertler, 1993), although the
structural details are not discernable in this low resolution (9 A) structure. To
date, the models of GPCR incorporate such a basic informatio, but a major
drawback in improving them is that functional data in the form of
pharmacological profiles and ligand structure-activity relations (SAR) appear
non-discriminant as a test of the models. This shortcoming is evident from
the claims of various authors that agreement with such pharmacological data
are achieved in spite of the significantly divergent models they present for
similar or identical receptors. Such lack of discrimination is especially
disturbing when the modes of ligand binding in the various receptor mode!
are compared to expectations from previous SAR studies, because many
different combinations of side-chain residues in the receptor can correspond
to the same qualitative predictions of a receptor binding pocket.
Consequently, very different GPCR models can claim ligand binding
arrangements that would be compatible with a given rank order of binding
affinities, if only a small number of compounds is being analyzed. The
ambiguities are exacerbated by the limited capability of mutagenesis
experiments to distinguish between a direct, as opposed to an indirect effect of
a mutation on ligand-receptor interaction if the sole assessment is the

measurement of affinity in mutant receptors (Colquhoun, 1993). Together,
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these difficulties have precluded a conclusive test of modeling hypotheses
and of the resulting GPCR models, because a variety of molecular
mechanisms can explain the observed changes in the measured properties
(Ward, 1990). These apparent ambiguities that burden the pharmacological
testing of GPCR models could be resolved with the use of structural
information about the receptor, about mutants, and about the changes
induced by ligand binding. Because direct structural determination remain
impossible by current means, several laboratories have been searching for
double-revertant mutants and/or chimeric constructs that impose more
stringent criteria for inferences on structural details such as helix-helix
interactions and spatial adjacencies of various domains in the GPCR proteins
(Pittel, 1994; Rao, 1994; Suryanarayana, 1992; Zhou, 1994). Such details can
provide essential information necessary for probing GPCR models at a
structural level. At the functional level, novel criteria for probing GPCR
models have emerged from the formulation of agonistic activity as a
measurable conformational change on the receptor model upon ligand
binding. Such considerations may prove to be a much more stringent
discriminant of the ability of a GPCR model to agree with pharmacological
data than the analysis of ligand binding modes in the model, as suggested by

the results of recent simulations of a serotonin 5-HT, receptor subtype

(Zhang, 1993b). At this time, the bulk of information required to interpret

results from both the structural and functional probing of receptor models is
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most likely to emerge from molecular modeling and computational
simulation, as the structural elucidation of transmembrane protein structures
is technically still a formidable task. Given the current state of the art, such
applications of molecular modeling will require considerable improvements
in techniques of receptor structure modeling, and augmentation with
powerful methods of computational simulation of the dynamic,
time-dependent behavior of the receptor molecules. Therefore, we have
oriented this discussion of methodological approaches towards an
understanding of the major capabilities and possible pitfalls of a variety of
modeling and computational methods used in the study of structural and

functional properties of GPCRs.

2.1.1- Primary structure of GPCRs: Conservation patterns and functional
divergence

The primary structural information about GPCRs is encoded in their
amino acid (AA) sequences. As it is not feasible to translate directly the AA
sequence into three dimensional (3D) structure, sequence comparisons are
used to identify the likely determinants for the structural commonality
expressed in the template of seven loop-connected transmembrane helices
(TMH) shared by the GPCRs. Moreover, such comparisons are used to identify
the basis for the differences expressed in the functional properties of these

proteins that determine their binding and response properties to the actions
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of a large variety of ligands. Consequently, a sequence alignment (SA) of
GPCR is one of the first and most crucial steps in the modeling process.

Two basic assumptions underlie the extraction of structural
information about GPCRs from a set of aligned sequences (Lesk, 1992): First,
that they all share a structural framework, as predicted for the TMH packing
arrangement of the GPCR superfamily (Baldwin, 1993; Donnelly, 1989;
Findlay, 1990; Trumpp-Kallmeyer, 1992). Second, that highly conserved
residues can be considered essential for the structural and/or functional
integrity of the receptor. For AA sites with a lower degree of conservation,
this second hypothesis implies that the degree of conservation observable
through the alignment is proportional to the role of these residues in
determining the structure and/or function of the GPCR.

The criteria guiding the construction of a sequence alignment of GPCR
are briefly reviewed in Section 2.1.1.1. The alignment makes possible an
analysis of the conservation pattern at individual AA sites, as discussed in
Section 2.1.1.2. Since the conserved residues are predicted to be molecular
determinants of the structure and/or function of the GPCR, their
identification should guide the modeling strategy. Identification of
structurally or functionally equivalent AA positions in the great variety of
GPCR sequences is facilitated by a general numbering scheme that reflects the
sequence alignment and makes possible direct comparisons of loci related

through this alignment. Such a general numbering scheme is presented in
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Section 2.1.1.3.

2.1.1.1- Criteria and inferences in the construction of sequence alignments.

A multiple sequence alignment is constructed so as to maximize
similarities at every AA site. This is an area of great general interest in
bioinformatics and an increasing variety of computational algorithms is
available to perform such tasks -for a review see (Chan, 1992). These
computerized methods will not be discussed here. Rather, we focus on
options and criteria that are useful to derive structural inferences from a
sequence alignment (SA) of GPCRs. These criteria pertain to the selection of
correct inputs for these alignments programs, and to structural considerations
applicable for checking and refining the SA of GPCRs generated by those
programs.

An important consideration is the selection of the proper set of GPCR
sequences for the SA. This selection depends on the information that is
sought and is determined by the extent of homology among the compared
sequences. Alignment of sequences with intermediate homologies (i.e.,
30-70%) among the GPCRs can identify continuous patterns of conservation
distributed over the entire sequence. Such patterns provide structural
inferences based on the relative degree of conservation among all AA sites,
such as the helical periodicity in the conservation pattern described in

Section 2.1.2.1.3.1. On the other hand, alignments with maximal (i.e., above
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80%) or minimal (i.e., below 30%) homologies are useful in pinpointing a few
residues that provide key information about structure or function. Thus,
divergent sites among highly homologous sequences (above 80%) are either
responsible for functional divergence -e.g. ligand binding specificity (Kao,
1992; Link, 1992; Oksenberg, 1992)- or are indicative of functionally
nonessential positions -e.g. lipid-facing residues (Baldwin, 1993). In the
comparison of highly divergent sequences (below 30%), conserved AA sites
are candidate molecular determinants of the 3D structure and/or of receptor
activation mechanisms (Baldwin, 1993; Donnelly, 1989; Findlay, 1990; Hibert,
1991), since both ligand binding and G-protein coupling have divergent
specificities (Baldwin, 1993).

A quantitative measure of the sequence homology identified by SA is
useful in determining the relation between AA conservation and structural
determinants. The “mutation matrix” provides such a measure for
individual AA-to-AA substitutions. The integration of the pairwise
measurements comprised in the mutation matrix for a set of AA
substitutions identified from comparing two sequences, provides a
quantitative estimate of their overall homology. The AA substitutions

(AAi->AAj) are quantified by the probability of their occurrence P(AAi->AAj),

where i and j connote natural amino acids or a gap indicative of an insertion

or deletion. The 21x21 possible mutation probabilities P(AAi->AAj) define a

matrix called the mutation matrix (Dayhoff, 1983) used in all alignment
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programs to quantify the extent of sequence homology between two proteins
which is proportional to the probability that one of them will convert into the
other by a series of mutations. Mutation matrices sometimes contain the
inverse of the mutation probabilities, the "mutation penalties”, but we will
refer here to mutation probabilities for the sake of clarity. It is convenient to
think of mutation probabilities as a parametrization derived from a set of
sequence alignments that are representative of the proteins under study, in
this case the GPCR. Two complementary criteria have been presented for the
selection of the most appropriate mutation matrix: one based on the degree of
evolutionary divergence, and the other based on structural considerations.
According to the first criterion, the mutation probabilities are calculated from
a set of protein sequences that are all within a similar evolutionary distance
of the GPCR, such as in the mutation matrix pam200 described recently
(Altschul, 1991). There are good reasons for using a set of sequences that are
all within the same evolutionary distance, based on the argument that a
given mutation will have a different probability to occur in 1 million than in
200 million years of evolution. The other criterion for an appropriate
selection of the mutation matrix is based on structural considerations. For
instance, it has been shown for soluble proteins that mutation probabilities
depend on secondary structure, i.e. that they are different for residues in an
o-helix compared to a B-sheet or random-coil (Overington, 1992). In addition,

mutation probabilities for surface exposed residues in TMHs are different
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from those in helices of soluble proteins (Donnelly, 1993b), in accordance with
the opposite polarity of the solvent in each case. Both the evolutionary and
the structural criteria pertain to the selection of the appropriate mutation
matrix for the GPCRs. From the structural standpoint, different mutation
matrices should be used for the TMHs and the loops. For the loop regions
connecting the TMHs, the mutation matrix could be derived from soluble
proteins disregarding structural considerations, and that covers the
evolutionary distances found in GPCR, e.g. as in pam200 (Altschul, 1991). For
the TMHs, both structural and evolutionary criteria could be met if the
mutation matrix is derived directly from a comprehensive alignment of
GPCR TMHs. However, because such a mutation matrix has not yet been
presented in the literature, a reasonable alternative would be a combination
of the mutation matrix for interior residues of soluble proteins in helical
segments (Overington, 1992) and the mutation matrix for residues exposed to
the lipid milieu from the PRC family (Donnelly, 1993b). The combination can
be achieved by averaging the two mutation matrices, or by selecting either of
them for individual AA sites depending on their predicted location in
interior or lipid-exposed helical faces. Those mutation matrices would fulfill
the structural criteria, although not the evolutionary criteria. However, since
mutation probabilities are proportional to the evolutionary distances and all
GPCR within a SA share a similar evolutionary distance, the absence of an

evolutionary criterion would be expected to alter only the absolute
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probabilities but not the relative degree of conservation among different AA
sites, from which structural inferences are derived. It should be noted that the
above considerations apply for the quantification of the extent of homology or
conservation within a SA of GPCRs. If the aim is to use a particular GPCR
sequence to search for homologous GPCR sequences against the entire protein
database then other considerations apply. For instance, the evolutionary
criteria becomes much more important because most proteins in the database
have evolutionary distances significantly different from other GPCRs.
Furthermore, for a database search we can not specify different mutation
matrices for TMH and loops with current algorithms, although because
TMHs are much more homologous than loops the structural argument
would favor a mutation matrix for TMH. Summarizing, for a database search
against all known protein sequences both evolutionary and structural criteria
are necessary and the best alternative would be to derive a mutation matrix
from GPCR TMHs fitted to that task.

In addition to their use in defining appropriate mutation matrices,
structural criteria can also be useful in the refinement of SA generated for the
GPCR by computer programs. Thus, the alignment can take into
consideration that insertions and deletions in helices are very rare events
(Pascarella, 1992) and should preferably occur in the loops. Any gaps inserted
in predicted TMHs by the computerized SA can probably be relocated to loops

without significant loss of homology. Furthermore, insertion of gaps in loop
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regions is more advisable where non-conserved Pro or Gly residues occur.
The reason is that the high flexibility of Gly or the high rigidity of Pro are
often found to have a specific structural role and thus would require
conservation. For example, conserved Gly or Pro in loops are suggestive of
specific structures such as turns. A non-conserved occurrence of these
residues indicates a structurally permissive site where gaps can better be

accommodated.

2.1.1.2- Analysis of the conservation pattern from the sequence alignments
Sequence comparisons and inferred degrees of conservation have been
used in most attempts to model the 3D structure of GPCRs (e.g., see (Baldwin,
1993; Hibert, 1991)), although few explicit methods for quantifying the degree
of conservation and its pattern have been presented. It is noteworthy,
however, that because the set of GPCR sequences available for SA is still
limited, it remains unclear whether a certain degree of conservation observed
from the alignment reflects a real property of that locus in the sequences, or
an artifact of the limitation in the size of the database. For example, if a
certain site contains 80% Tyr and 20% Leu, it is not clear whether the real
evolutionary distribution for the particular family of GPCR being modeled
would not be closer to 50:50 or 95:5 ratios if a complete sample were available.
Clearly however, the model must be consistent with the information that

both Tyr and Leu can be present at this locus. Therefore, the conundrum
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arises as to whether the conservation analyses should be based on the nature
of the different AA present at a given site, or on the frequencies of occurrence
of each AA. In our example, the conservation analyses could be based on the
existence of either Tyr or Leu at this locus, or on the 80:20 ratio of Tyr vs. Leu
appearance. As illustrated below, both approaches can be applied in a
sequential fashion to draw useful inferences. Alternatively, the selection of
GPCR sequences for a SA could be done stressing the representativity across
the evolutionary spectrum as suggested from evolutionary trees, and then the
analysis could more safely be based on the frequencies of occurrence of each
AA within the SA.

The first step in the conservation analysis consists of the quantification
of the global degree of sequence conservation at a given AA site. Thi:
information is obtained from the set of different AAs that are found to occu:
at this position in the aligned sequences. For GPCRs, a variability profile V
was proposed as the number of different AAs at a given position (Donnelly,
1989). The plot of V versus the AA number (naa) -Figure 2.1- provides the
global conservation pattern through the sequence alignment; V(naa).
However, this quantification ignores the distinctions -both physical and
chemical- among the natural AAs, and hence does not provide information
about the putative physico-chemical significance of the substitutions. A well
known measurement of the quantitative significance of AA substitutions is

the “mutation probability” that defines a mutation matrix, as described in
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TMH3

VARIABILITY

...............................

Figure 2.1:

Global conservation at each site of the TMH3 segment quantified through the
variability profile V(naa) as the number of different amino acids occurring at
the locus (naa). The plot is calculated from an alignment of dopaminergic,
adrenergic and serotonergic receptors. The sequence identified on the abcisa

corresponds to the human B,-adrenergic receptor, and the locus is identified
by the numbering scheme described in section 2.1.3. Note a periodicity of 3-4

residues for this conservation pattern, suggestive of o-helical character as
analyzed in section 2.1.2.1.
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Section 2.1.1.1, above. An alternative method to measure the global
conservation at a given AA site uses mutation matrices and has been
proposed for an analysis of the Photoreaction center II proteins (Svensson,
1991). It involves a similarity index defined as the average of all mutation
probabilities between the AA present at a given site (Svensson, 1991).

The conservation pattern obtained from the use of such quantification
methods is essential for extracting structural inferences. For example, the
analysis of the helical periodicity of a conservation pattern by Fourier
transform of the V(naa) (Donnelly, 1989; Rees, 1989b) provides a powerful
algorithm for predicting the boundaries of the TMH segments, as discussed
below in Section 2.1.2.1.3. Furthermore, Section 2.1.3.1.1 describes the use of
the conservation pattern as a guide for modeling of the 3D architecture of
GPCRs by suggesting TMH-TMH packings based on the correlation between
high conservation and surface inaccessibility (Donnelly, 1993b; Overington,
1990; Rees, 1989b).

The use of the V(naa) defined above as guides for the 3D modeling of
GPCR are based on the identification of those AA sites that are conserved
beyond a given threshold. However, additional information that is important
for the structural predictions resides in the detailed percentage presence of

each specific AA at a given position within the conserved set, e.g. that Tyr, oo

is 80% conserved because it occurs in 8 out of 10 GPCR aligned. This

information is useful because the nature of the AA present at every
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conserved site becomes a candidate molecular determinant of the structure
and/or function of the GPCR. Since those molecular determinants exert their
effects through physico-chemical properties, it is important also to quantify
the conservation of a given physico-chemical property at a given site. This
analysis should be done independently of the previous analysis of
conservation of AA character since there could be positions that conserve a
property such as hydrophobicity yet were not considered conserved by the
previous analysis. Methodologically, the analysis of conservation of
physico-chemical properties has been based in grouping the 20 natural AAs
into subclasses according to an associated property. For example, Baldwin
(Baldwin, 1993) regrouped the 20 AA into three classes according to their size:
small, medium and large. AA sites containing residues belonging to only one
size class or two neighboring classes were considered conserved, and thus
predicted to lie in helix-helix interfaces as other conserved residues. A clearly
significant physico-chemical property for membrane proteins is the
hydrophobicity /hydrophilicity. Again, the method used for its conservation
analysis was the classification of the 20 AA into polar or hydrophobic, with
the AA sites that conserve a polar character predicted in helix-helix interfaces
while positions that conserve an apolar character considered more likely to
face the lipids (Baldwin, 1993; Trumpp-Kallmeyer, 1992; Zhang, 1993b). Other
physico-chemical properties that can be identified by grouping AA are the

electrostatic charge (R,K or D,E), analogous H-bonding characteristics (S,T),
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aromaticity (F,Y,W,H), and these could serve in similar analyses leading to

structural predictions.

2.1.1.3- Numbering scheme for GPCR sequences.

To relate site-defined properties to the sequences of the many different
classes of GPCR proteins, we have developed a common numbering scheme
that is informative of the relative position of each AA, the AA present at that
position, and the real AA number in a particular GPCR. We will refer to these
three generalized numbers associated with each AA position in a GPCR
sequence as identifiers, and they are derived as follows: Every AA identifier
starts with the TMH number -e.g. 4. for TMH4- and followed by its position
relative to a reference residue among the most conserved AA in that TMH.
That reference residue is arbitrarily assigned the number 50. For example, the
most conserved AA in TMH4 is a Trp whose identifier would be 4.50, i.e.

W, 50- A Ser residue located 5 AA after W, ., will be S, ... This general

numbering scheme is illustrated in Figure 2.2 on the helical net

representation of the human B,-adrenergic GPCR. To relate the identifier to

the AA sequence of a particular GPCR protein, each identifier defined above
can be followed by the numbering in the particular sequence. For example,

W, 50 is number 136 in the human B,-adrenergic GPCR and would be referred

to as W, 55,58y for that specific receptor.
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Mutations are identified in this numbering scheme in the usual

manner, with the wild-type identifier followed by the mutant AA. For

example W4.50(158)F defines the Phe mutation of the Trp wild type. This

identification scheme allows for a systematic comparison of mutations done
in different receptors at the same loci.

Table 2.1 lists selected reference AAs in each TMH and illustrates the

new identifiers for TMHs of the B,-adrenergic receptor. The relative position

of each reference AA in the GPCR TMHSs can be seen in the helical net
representation of the human B2-adrenergic GPCR in Figure 2.2.

If the AA is in a loop, this numbering scheme could provide it with 2
different identifiers, e.g. L1.63=L2.34. For a specific AA site, the proximity to a
TMH boundary determines which identifier is actually used, although both
define uniquely the same position.

Table 2.1

Generalized numbering scheme for GPCR sequences.

TMH 100% conserved AA A2# in AA identifier

in Neurotr. GPCR identifier B2-ADR in B,-ADR
1 Asn N1.50 51 N1.50(51)
2 Asp D2.50 79 D2.50(79)
3 Arg R3.50 131 R3.50(131)
4 Trp wW4.50 158 W4.50(158)
5 Pro P5.50 211 P5.50(211)
6 Pro P6.50 288 P6.50(288)
7 Pro P7.50 323 P7.50(323)
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Figure 2.2:
Generalized numbering scheme illustrated on a helical net representation for

the human B,-adrenergic receptor. Highly conserved residues are shown in
bold letters. See Figure 2.9 for an explanation of helical net representations.
TMH ends are taken from (D. Donnelly, J.B.C. Findlay, A.M. MacLeod, and
T.L. Blundell, submitted (1994)).
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Figure 2.3:

Hydrophobicity profile for TMH6 of the human B,-adrenergic receptor used to
predict TMH boundaries. Note that the predicted helical ends by this criterion
would be residues 6.35 and 6.60 for the N- and C-terminus, respectively. The
locus is identified by the numbering scheme described in section 2.1.1.3.
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2.1.2- Secondary structure of GPCRs: Prediction and modeling of individual
transmembrane helices

The helical nature of the transmembrane domains of GPCRs (e.g., see
(Findlay, 1990)) was recently confirmed by the 9 A resolution structure of
bovine rhodopsin (RH) (Schertler, 1993), validating the prediction of 7 TMHs
for rhodopsin based on the hydrophobicity profile (Findlay, 1984).
Consequently, we assume the general validity of the parsing of GPCRs
sequences into sections representing the seven TMHs, and concentrate on
methods to predict the TMH ends, presented in Section 2.1.2.1. With the TMH
ends defined, the essential considerations for the 3D modeling of each TMH
at atomic detail are presented in Section 2.1.2.2. Finally, some approaches for
secondary structure predictions for the TMH-connecting loops as well as fo-

the N- and C-terminal domains are discussed in Section 2.1.2.3.

2.1.2.1- The prediction of TMH boundaries

The most common approach for predicting the transmembrane helical
domains from GPCR sequences rests on the hydrophobicity profile (Kyte,
1982), but at least four other useful approaches are available to achieve such
parsing of the primary protein structure. The five methods presented below
are qualitatively different, thus providing alternative paths to the prediction

of the TMHs. Slightly conflicting predictions are likely to occur due to the
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inconclusive nature of each of these methods when applied individually.
Consequently, the ability to quantify and compare predictions from each
method to pursue convergence among their results becomes a desirable aim
in the selection of the predicted TMH boundaries. As described below, the
application of these methods leads to a definition of the TMH domain that
goes beyond the limits provided by hydrophobicity criteria and extends the
TMHs into other physico-chemical environments such as the phospholipid
head-groups.

The predictions from the hydrophobicity profile presented in Section
2.1.2.1.1 are challenged in Section 2.1.2.1.2 by the hypothesis that Arg and Lys
adjacent to the predicted cytoplasmic ends belong to the TMHs, where they
supposedly interact with phospholipid head-groups. A combination of these
predictions leads to the redefinition of some TMHs that is supported by the
analysis of the a-helical periodicity in the AA sequence. The o-helical
periodicity of the sequence has been suggested as yet another approach to the
prediction of TMH ends, as discussed in sections 2.1.3 and 2.1.4, below. Other
approaches to predict the TMH boundaries rely on structural and
evolutionary considerations, such as the position of non-conserved Pro
residues (2.1.5). Finally, statistical methods based on the probability of each
AA to belong to a TMH are presented in Section 2.1.2.1.6. All these prediction
methods use the conservation analysis of the GPCR sequence alignment

described in Section 2.1.1, based on the assumption that the aligned GPCRs
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share a common structure, in this case similar TMH boundaries. This
assumption is verified by the comparison of the L versus M subunit of the
Photosynthetic Reaction Center (PRC) in the available crystal structure

(Deisenhofer, 1989).

2.1.2.1.1- The hydrophobicity profile as parsing criterion

In this approach, a sequence is scanned with a fixed window size and
the average hydrophobicity is calculated within that window (Kyte, 1982). The
plot of the average hydrophobicity against the sequence number identifies
regions with high overall hydrophobic character such as expected of the TMH
domains (Kyte, 1982). A hydrophobic region identified in the plot is predicted
as a TMH if it spans at least 18 AA, a length considered to represent the
minimum number of residues needed to traverse the cell membrane in an
a-helical conformation. This method has been extensively applied to
sequences suspected to encode GPCR proteins, although its focus has rarely
been to define the exact boundaries of the 7 TMHs. Nonetheless, TMH ends
have been inferred as the AA at which the sequence returns to residues with
high hydrophilic character, as shown in Figure 2.3, based on the assumption
that the hydrophobic environment of the membrane excludes the
hydrophilic residues. This assumption is likely to be more correct for the
region of the protein facing the lipid chains of the membrane than for the

ends of the TMH domains that are likely to be adjacent to the polar lipid
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head-group regions of the membrane. Consequently, TMH boundaries
predicted by the hydrophobicity profile should represent minimal TMH
boundaries, since the helices could actually extend into the more polar lipid
headgroup region of the membrane, as discussed in the following Section.
Although the hydrophobicity profile was originally derived for a single
sequence, it can also be applied through the sequence alignment of GPCRs in
the form of average hydrophobicities (Dahl, 1991). The advantage of this
“evolutionary averaged” hydrophobicity plots is that they may overcome
irrelevant deviations of the TMH hydrophobic pattern present in particular
GPCRs. The assumption of common TMH boundaries for the GPCR within
the SA allows for the analysis of the evolutionary consistency of these
predictions.

The optimal choices of a hydrophobicity scale from which the average.:
hydrophobicity is calculated, as well as the optimal window size and the
threshold values for the prediction of TMHs using the hydrophobicity profile
have been the subject of several studies (Degli Esposti, 1990; Edelman, 1993;
Edelman, 1989). The authors suggested the use of different hydrophobicity
scales, pursuing convergence among their results as the guiding predictive
principle. Notably, scales based on partition coefficients of peptides and/or
small molecules between aqueous and non-polar solvents yielded larger
errors than scales based on residue solvent accessibility in protein structures

or statistical occurrence of each natural AA within TMH segments. The
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evaluation of the optimal choice of the window size was also inconclusive;
small windows (e.g. 7 AA) offered better resolution but produced more false
positives (i.e., TMH-like regions), whereas larger windows reduced false
positives but also merged closely spaced TMHs. Since the aim is to predict
TMH ends with the total number of helices assumed to be fixed at seven, a
shorter window of 7 AA is expected to perform better due to its better

resolution.

2.1.2.1.2- The use of Arg and Lys residues to define the cytoplasmic ends.
Predicted to lie outside the TMH by the hydrophobicity profile, the Arg
and Lys residues positioned predominantly at the cytoplasmic ends of BR and
PRC, were actually found to belong to the TMH domains (Ballesteros, 19922}
in the available structures of these proteins (Deisenhofer, 1989; Deisenhofe:
1987; Henderson, 1990a), as shown in Figure 2.4 for BR. It is thus very likely
that when such residues appear in GPCRs next to the hydrophobic domains of
the putative TMHs, they actually belong to these helices and can be used to
define their cytoplasmic end (Ballesteros, 1992a). The mechanistic explanation
given for the observation that Arg/Lys residues are part of the TMH region in
BR and PRC is that these residues anchor the TMH to the membrane through
ionic interactions with phospholipid head-groups, as suggested by NMR

studies on other membrane proteins (Deber, 1986; Roux, 1989; Yeagle, 1982).
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Figure 2.4:

The seven TMH bundle of BR is shown by the Cq trace plus the Arg and Lys
residues. a) View parallel to the membrane plane. Note that 6-out-of-7
Arg/Lys residues are concentrated at the cytoplasmic boundaries. b) View
along the membrane axis from the cytoplasmic side. All 6 Arg/Lys at the
cytoplasmic boundaries shown in (a) belong to the TMH, and are protruding
into the lipid phase, presumably to interact with the phospholipid
head-groups through ionic bonds.
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This would explain the cytoplasmic localization of the Arg/Lys since it is
known that the inner leaflet of cell membranes is richer in negatively charged
phospholipids than in the outer one. For use as a criterion, it is reasonable to
predict any Arg/Lys at the cytoplasmic ends to lie inside a TMH if they appear
in the sequence with an a-helical periodicity (i,i+3 or i+4). An example is seen
in a helical net representation of TMH6 of the B,-adrenergic GPCR (see
Section 2.1.2.1.4 for definition), shown in Figure 2.5. In that helix, the patch

formed by {K ,q, K, 5,, K 55} is predicted to be part of the TMH and to face the

membrane environment. Such helical patches of Arg/Lys are often observed
in the representation of GPCR sequences continuing the hydrophobic patch of
the TMH core -see Section 2.1.3.1. This continuity of the helical domain,
shown by the analysis of the helical periodicity in Section 2.1.2.1.3 and 2.1.4,
integrates the predictions of TMH boundaries provided by the hydrophobicity
profile with the Arg/Lys criterion. Since the phospholipid head-groups are
considered the limit of the membrane in the intracellular face, the ends
predicted by this motif constitute maximal cytoplasmic TMH ends, as opposed

to the minimal ends predicted from the hydrophobicity profiles.
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Figure 2.5:

Prediction of TMH6 boundaries by the Arg/Lys cytoplasmic motif. The
sequence correspond to the human Bz-adrenergic receptor. Residues
highlighted by a thicker circle represent positions where there are Arg or Ly=
residues in any sequence within an alignment of neurotransmitter GPCRs.
Note that beyond the predicted TMH6 cytoplasmic end Arg/Lys occur at
consecutive positions, thus no longer consistent with an a-helical periodicity.
Highly conserved amino acids in a SA of adrenergic, dopaminergic and
serotonergic GPCRs are shown in bold letters.

The extension of the single TMH of M13 filamentous bacteriophage
from the hydrophobic core into the Arg/Lys region, in accordance with the

considerations described above, was confirmed with NMR measurements

(Henry, 1990). Notably, the three Arg/Lys residues present in M13 at the

cytoplasmic boundary were shown to be the energetic determinant of

M13-lipid interactions because mutation of these Arg/Lys to Glu/Asp
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converted M13 into a soluble protein (Gallusser, 1990). The authors concluded
from the properties of these mutants that the M13 protein anchors to the
membrane through electrostatic interactions, consistent with the proposed
role of the Arg/Lys in anchoring the TMH to the membrane through ionic
pairs with the phospholipid head-groups. The direct interaction between the
Arg/Lys side-chains and phospholipid head-groups has been measured by
3IP-NMR for a number of TMH-containing proteins using the signature of
the phosphorous group which displays an immobilized component due to
the presence of the protein (e.g. glycophorin (Yeagle, 1982)), an effect that can
be mimicked by poly-Lysine (Deber, 1986).

The picture of a typical TMH that emerges from this analysis is thus of
an hydrophobic core with polar ends facing the phospholipid head-groups,
especially in the cytoplasmic extension which is rich in basic residues, as
shown in Figure 2.6.

The extent of the refinement in the definition of cytoplasmic ends of
TMHs that results from the inclusion of these Arg/Lys in addition to the
predictions from the hydrophobic profile is dependent on the TMH topology,
i.e. whether the N-terminus of the TMH is at the cytoplasmic side

(N, -to-C_ ) or at the extracellular side (C,,-to-N_ .). TMHs with N, -to-C_.

out
topology would have a larger error in the cytoplasmic ends predicted with the

hydrophobicity profile than the TMHs with opposite topology (Cip-to-N_ )

The reason, illustrated in Figure 2.7, is that in an o-helix the direction of the
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C%->CP bond is always oriented toward the N-terminus. Therefore, Arg/Lys
residues for Nin—>C0ut TMHs (TMHS in Figure 2.7) can extend over 2 turns of

the helix (7 AAs) towards the cytoplasmic side to interact with the
phospholipid head-groups, while the hydrophobic portion of their
side-chains can interact with the lipid chains. On the other hand, Arg/Lys

residues for C; ->N_ , TMHs (TMH? in Figure 2.7) can barely extend one half

turn (2 AAs) towards the cytoplasmic side to reach the phosphate groups. This
observation explains the major errors committed in predicting TMH ends in
proteins for which experimental structural information has become available,
as shown for BR in Table 2.2. The differential error in the predicted
cytoplasmic ends has a topological dependence that not only agrees with, but
can be satisfactorily explained by, the observed presence of the Arg/ Lys in the
TMHs. The magnitude of the error in the prediction of TMH boundaries
using the hydrophobicity profile can now be estimated from Table 2.2. For
TMH with an N, -to-C_ . topology the error is around 7 AAs (TMH4 is not
well defined in BR), i.e. 25-30% (7/22) of an average TMH length. For TMH
with an N -to-C, topology the average error is insignificant. As discussed in
Section 2.1.3.2.2 below, the topological dependence of this error (i.e., even
numbered helices in GPCRs are affected more than the odd numbered ones)
could seriously affect the validity of helix-helix packing models if TMH

boundaries are taken from the hydrophobicity profile.
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Figure 2.6:

Emerging picture of the polarity pattern for a prototype TMH from the
inclusion of the phospholipid head-group regions. Note the complementarity
in the polarity distribution pattern at the TMH-Lipid interface, especially the
ionic complementarity of the Arg/Lys at cytoplasmic boundaries with the
negatively charged character of inner monolayers in biological membranes.
(Note that the extracellular polar extension of the TMH is drawn by analogy
to the cytoplasmic end, although no clear example has been presented for this
portion of the TMH). Residues on interior faces of the TMH bundle have
similar polarity properties to those found for soluble proteins.

Table 2.2
Predicted and Observed TMH of BR using the hydrophobicity profile

Helix Predicted Observed Cytoplasmic
Kyte-Doolittle Difference

1 10-34 10-32 2

2 44-68 38-62 6

3 78-102 80-101 1

4 106-130 108-127 -2

S 134-158 136-157 1

6 175-199 167-193 8

7 200-224 203-227 -3
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Figure 2.7:

TMH 6 and 7 of BR showing the Ca—CB trace plus the Arg/Lys residues, in a
view parallel to the membrane. TMH6 has the topology Nip->Cout while
TMH7 has Cja-->Ngut. The topological dependence of the error in the
predicted cytoplasmic ends using the hydrophobicity profile can be observed: 8
AAs for TMH6 and 2 AAs for TMH7. This topological dependence can be
explained by the Arg/Lys motif. The Co—>CB vector is always oriented toward
the N-terminus. Therefore, Arg/Lys residues for Nj;->Coyt TMHs (e.g., TMHS;
can extend over 2 turns of the helix (7 AA) towards the cytoplasmic side to
interact with the phospholipid head-groups. On the other hand, Arg/Lys
residues for Cin—~>Noyt TMHs (e.g., TMH?) can barely extend half turn (3 AA)
towards the cytoplasmic side to reach the phosphate groups. Note that the
actual helix-helix interface is offset from the cytoplasmic ends of the
hydrophobic segment by 7 AA.

Although the Arg/Lys criterion was originally derived for a single
sequence, it can also be applied through the sequence alignment of GPCRs.
The assumption of common TMH boundaries for the GPCR within the SA
allows for the analysis of the evolutionary consistency of these predictions.

For example, the positions where those Arg/Lys occurred within an

alignment of neurotransmitter GPCR are shown in Figure 2.5 on an helical
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net representation of TMHS6 in the B,-adrenergic receptor. Note the consistent

helical periodicity in the evolutionary disposition of the Arg/Lys in the
predicted TMH; they always occur in a single face of TMHS6 predicted to face
the lipids -see Section 2.1.3.1. Beyond the predicted cytoplasmic end of TMH6
there are six Arg/Lys residues occurring at consecutive AA sites, inconsistent

with helical periodicity.

2.1.2.1.3- Prediction of TMH segments from a-helix periodicity of properties
measured by Fourier transform analysis.

The regularity of a-helical structures, and more specifically their
characteristic periodicity of 3.6 AA/turn, can be used for prediction purposes
based on the assumption that if the profile of a given property -e.g.
hydrophobicity- within a segment of the sequence alignment displays ar
o-helical periodicity, this segment can be predicted to be a TMH. Properties
whose value for every residue along the sequence reflects a degree of surface
exposure, such as hydrophobicity (Eisenberg, 1984b; Rees, 1989b) or
conservation (Rees, 1989a; Rees, 1989b), would exhibit an amphipathic profile
in a TMH and can thus serve in the detection of the a-helical periodicity.

In the computational algorithm developed by Komiya et al. (Komiya,
1988) and Donnelly et al. (Donnelly, 1993a) to take advantage of these criteria
for TMH modeling, a property profile U is calculated for a sequence from the

individual properties U(j) assigned at each position j in a sequence alignment.
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U(j) can be the hydrophobicity H(j) or the conservation as measured by the
variability V(j) described in Section 2.1.1.2. Two methods are used to analyze
the a-helical periodicity of a property profile U(j): a Fourier transform
analysis presented in this Section, and the visual inspection of helical net
representations in search for continuous patches along the TMH surface,
presented in Section 2.1.2.1.4 below. The Fourier transform analyzes the
overall pattern throughout a sequence segment, e.g. the amphiphatic
character, whereas the analysis of continuous patches of AA with a common
property in a helical net representation identifies residues that fulfil the TMH
periodicity if they are separated by 3-4 AAs. Both approaches can be used to
predict TMH boundaries, or to define TMH-TMH versus TMH-lipid interfaces

as described below in Section 2.1.3.1.

In the Fourier transform analysis of the property profile U(j) over a
window size N (Eisenberg, 1984b; Komiya, 1988), the power spectrum P(w)
reveals all existing periodicities . If the sequence contained within the
window N adopts an a-helical conformation, a peak should appear around
©=105° the angle between adjacent side-chains for an a-helix viewed down

its axis. The power spectrum P() is calculated as:

N

P(w)=| Y (UG-U,)sinjw)

j=1

2 N 2
+[Z (UG -U,)cos(jw)

j=1
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where U_ is the mean value of U(j) over the window N. If U(j) is the

hydrophobicity H(j), the Fourier transform leads to the commonly used
hydrophobicity moment (Eisenberg, 1984b). An a-helix periodicity index (AP)
calculated from P(w) describes the extent of the periodicity in the helical

region compared to that over the entire spectrum, and is defined as

1200
(1/30) [ P(w)dw
900
1800
(1/180) | P(w)dw
oo

AP=

A value of AP>2 was suggested as a significant indication of a-helica’
character based on an analysis of the known TMH structure of the PRC (Rees
1989b), although parameters such as the window size and number of
sequences within the alignment can affect the AP value. Since AP measures
the extent of a-helix periodicity, a plot of AP versus the residue number
calculated by scanning the sequence or sequence alignment with a constant
window size N can be used to identify the TMHs (Rees, 1989b) and to infer
their boundaries (Donnelly, 1993a). The sequence segment at which the AP

value drops significantly indicates the N or C terminus of the TMH.
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Figure 2.8:

a-Helix periodicity of the variability profile measured by Fourier transform
analysis used to predict TMH boundaries for TMH1-2 (in panel A) to TMH?
(in panel F). The plots were calculated with a scanning window of 12 AAs
shown at the abscisa. TMH ends predicted by this criterion are indicated by
arrows, the occurrence of Arg/Lys residues by positive signs, and the

suggested significance threshold for a-helix periodicity is marked by a dotted
line. Note the presence of Arg/Lys residues inside predicted TMH segments at
the cytoplasmic side, i.e. C-termini for odd TMHs and N-terminal for even

TMHs. The degree of a-helical periodicity was calculated from an alignment
of adrenergic, dopaminergic, and serotonergic GPCRs.
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For an illustrative example of the application of this procedure to
define the putative ends of TMHs, we have scanned a sequence alignment of
dopaminergic, adrenergic and serotonergic GPCRs calculating the AP values
for each consecutive segment of 12 AA. The plots obtained for each of the
seven TMHs (Figure 2.8) clearly identify each of them as a region of increased
AP values within the AP plot, indicating the presence of significant helix
periodicity within these regions. The TMH boundaries predicted by these
plots are determined from the first 12 AA segment at which the AP changes
from a basal value to one indicating significant helix periodicity and then
back again, as indicated by arrows in Figure 2.8. If this change occurs in the 12
AA window at the N-terminus of the TMH, the predicted beginning of this
TMH is the first AA within this window, e.g. residue 6.27 in TMHS6. Similarly,
if the drop in AP value is in the 12 AA window at the C-terminus of th:
TMH, the predicted end of this TMH is the last AA within this window, e.g.
residue 6.55 in TMH6. Note, however, that the predicted C-terminus of TMH6
could be either 6.55 or 6.54 since the drop in the AP plot is not very sharp.
Some additional considerations are necessary in the interpretation of
the TMH boundaries predicted by the Fourier transform of the conservation
pattern (Figure 2.8). First, the assumption that lipid-exposed residues are less
conserved than residues facing the interior of the TMH bundle is based on
structural premises. But interior residues that are functionally divergent -e.g

determining ligand binding specificity- may induce a similar variability on
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both helix faces thus leading to a loss of helical periodicity. This seems to be
the case for the C-terminus of TMH2 that shows a subtype-specific AA
distribution at positions 2.60 and 2.64. Second, the distortion of o-helix
character induced by a Pro residue includes a face-twist of the helical portions
N- and C-terminal from the Pro (Ballesteros, 1992a; Sankararamakrishnan,
1992) -see also Section 2.1.2.2.2 and Figure 2.10. The periodicities are offset by
this Pro-induced shift, thus diminishing the AP value for window segments
that include the Pro-kink region as defined in Section 2.1.2.2.2 below. Another
artifact in the AP plot produced by a Pro residue occurs when it is facing the
lipids and yet it is highly conserved. Such an apparent departure from the
general expectation that lipid facing residues are not conserved, applies
specifically to Pro because this AA can exert its structural effects without

facing the protein interior -e.g. Pro, ., in TMH6 according to Baldwir.

(Baldwin, 1993). To correct for this occurrence, Donnelly et al (Donnelly,
1993b) proposed to alter the Pro variability to an average value in order to
increase the detection of the helical periodicity. A consequence of the presence
of Pro in TMHs 2, 4, 5, and 6 in the GPCR aligned for Figure 2.8 is that the
extracellular segments of the helix relative to the Pro residues are shorter
than the 12 AA window chosen for the Fourier analysis. This is responsible
for decreasing the AP values (e.g., see Figure 2.8) and prevents the accurate
prediction of the extracellular TMH boundaries for these helices. Donnelly et

al. argued that the presence of AA sites whose variability was significantly
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Figure 2.9:
The helical net representation, illustrated by two consecutive TMHs with

opposite topologies. Each circle represents the position of a Ce of an ideal

a-helix on the surface of the cylinder enveloping a helix with the same axis.
When this cylinder is unwrapped, it provides a two dimensional surface of

the envelope of an ideal a-helix. The positions of the C® on this envelope
constitute the helical net. The path described by consecutive residues can be
followed in this figure from the residue numbers. Note that consecutiv -
residues on the continuous cylinder surface can appear at the opposite
margins of the helical net, e.g. see residues 4 and 5. Thus, residue 5 (AAs)
should be considered for all purposes as if it was positioned next to AA,4. Note
the handedness of the helical net progressing from the N- to the C-termini.

This reflects the right handed symmetry of the o-helix that is not reversed for
an even- relative to an odd-numbered TMH for the GPCRs. The nearer
neighbors helix periodicity that positions on the same “face” of the helix
those residues separated by 3 to 4 other AAs, is reflected in the helical net by
the fact that the Cx of such pairs are adjacent in position, above and below,
respectively. These representations allow the exploration of a-helical
periodicity by visual inspection, as described in section 2.1.3.1.2. For example,
note the continuous helical patch defined by residues 3-6-10-13-17-20-24-27
shown shaded, which runs parallel to the TMH axis and thus appears on a
single face of the TMH. Helical nets representations also identify continuous
patches that run at a certain angle from the TMH axis, as the one defined by
residues 38-42-46-50-54-58-62 shown by thicker circles. This later patch would
result from a tilted and/or supercoiled TMH relative to the membrane axis.
Note that by tilting the helical net, the direction of this patch would become
parallel to the membrane axis defined by the first helix.
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Figure 2.10:

Non-local deviations from an ideal a-helix induced by a Pro-kink,
characterized by a bending and twisting of the regular a-helix halves both N-
and C-terminal from the Pro-kink region. The TMH is schematically
represented by a cylinder with two distinct faces. Note that the twist induced
by the Pro-kink on the square face would be expected to offset the periodicities
of these two halves, thus hindering the analysis of helical periodicity that
assume a continuous helix such as the Fourier transform analysis described
in section 2.1.2.1.3.
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larger (or smaller) than the average within a window can dominate the

Fourier transform and thus induce inaccuracies. They proposed a smoother

profile (either conservation or hydrophobicity) by modifying the U(j) values
(Donnelly, 1993b).

Based on the special considerations and possible artifacts in the
calculation of AP plots, the prediction of TMH boundaries by the Fourier
transform method may be incomplete and should be augmented by
predictions using other methods presented in this Chapter. Convergence of
results from several different methods can be sought to secure the prediction
of TMH ends. This is illustrated by a comparison of the TMHs predicted from
the AP plots in Figure 2.8 (e.g. 6.27 for TMH6 N-terminus) with the
predictions shown in Figure 2.3 obtained using the hydrophobicity profile
(6.36 for TMH6 N-terminus). As discussed in Section 2.1.2.1.2 above, the TMH
boundaries predicted from AP plots in the cytoplasmic side of TMHs can
extend beyond the boundaries predicted by the hydrophobicity profile, due to
the Arg/Lys motif. The implication from this comparison is that the
hydrophobic core of the TMH predicted by the hydrophobicity profile is an
o-helix that is continuous with the cytoplasmic extensions predicted by the
Arg/Lys motif since they have the same helical periodicity as measured by
Fourier transform. If a break existed in the helix between the hydrophobic
core facing the lipid chains and the Arg/Lys region facing the phospholipid

head-groups, the corresponding AP values of this non-helical portion would
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be significantly smaller. Such a conclusion was reached by Donnelly et al. in
their analysis of the TMHs in the antenna complexes (Donnelly, 1993a). Thus,
it appears that the redefinition of a TMH as suggested in Figure 2.6 is
validated by the analysis of the helical periodicity. Interestingly, the TMH
boundaries on the extracellular side show the opposite pattern whereby the
AP plots suggest sherter TMHs (e.g. 6.55 for TMH6 C-terminus) than the
hydrophobicity plots (6.59 for TMH6 C-terminus). The reason here seems to
be the above mentioned inaccuracy in the prediction of extracellular ends by
the Fourier transform of TMH 2, 4, 5, and 6 due to the presence of Pro
residues close to the end of the helix; in this case predictions made using the
hydrophobicity profile would be more reliable than the Fourier transform.

In addition to the use of conservation and hydrophobicity profiles for
the analysis of a-helical periodicity using Fourier transform methods,
Donnelly et al. proposed the use of another property, namely an estimate of
the extent to which a position is exposed to the solvent as evaluated from
environment-dependent substitution tables calculated from either lipid
facing or aqueous facing residues (Donnelly, 1993a; Donnelly, 1993b).
However, no significant improvement was reported for the prediction of
TMH boundaries using this set of parameters. Nevertheless, these properties
are useful in the prediction of the lipid and interior faces of the TMHs, as

described below in Section 2.1.3.1.
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2.1.2.1.4- Prediction of TMH segments from a-helix periodicity measured by
surface patches on a helical net representation.

Since a-helices have a periodicity of 3.6 AA/turn, individual residues
separated by 3 or 4 AA and sharing a given property such as hydrophobicity or
conservation would define a continuous patch on the helical surface. Since
any such patch is characteristic of an a-helix, the limits of these patches in the
sequence are predicted to be the TMH boundaries. For example, Donnelly et al
(Donnelly, 1994) predicted TMH ends by the limit of helical patches consisting
of AA sites where hydrophilic residues are excluded. This method is
analogous to the Fourier transform method described in the previous
Section, since both measure the same property -i.e. a-helical periodicity of a
given property. The difference between these two methods is that the Fourier
transform is applied to a property profile over the entire sequence, rather
than to individual residues. This difference allows for a better prediction
using helix patches than the Fourier transform for TMH ends close to
Pro-kinks. The Fourier transform method has difficulties with such
structures for reasons described in the previous Section.

The analysis of helical patches is best undertaken on helical nets, which
are a correct two dimensional representation of positions on a

three-dimensional cylinder defined by the C o atoms of an o-helix. Due to

their value as analytic tools of helical periodicity as described in this Chapter,

Figure 2.9 depicts in detail this mode of representation and its translation to
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3-D.

2.1.2.1.5-Analysis of the occurrence of Pro residues within putative TMH
segments as indication of helix ends

Due to the characteristic distortion produced by a Pro residue on an
o-helix -see Section 2.1.2.2.2 below- single Pro residues within TMHs are
generally highly conserved (Williams, 1991). Single Pro residues that are not
conserved are common at the ends of helices and can be used for prediction of
TMH ends. It has been shown that such single and non-conserved Pro
residues can occupy the first three positions at the N-terminus and at most
the last position at the C-terminus without significantly distorting the helix
(MacArthur, 1991; Strehlow, 1991). The reasons for these position preferences
are 1) that an amide hydrogen at the N-terminus in an o-helix is not required
to H-bond and 2) that the Pro ring within an o-helix produces a steric clash
with the AA in the preceding turn, but not with residues following the Pro.
Within an a-helix, Pro-Pro or Pro-X-Pro motifs never occur at the C-terminus
and are severely restricted at the N-terminus where they could adopt a
poly(Pro) helix conformation (MacArthur, 1991). In fact, the four Pro-Pro
motifs that appear in the PRC structure are all in an extended conformation
located in extracellular loops. Such a motif appears towards the C-terminus of

TMH4 in many neurotransmitter GPCRs.
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2.1.2.1.6- Methods for defining TMH ends based on the statistical probability of
occurrence of specific AA in TMHs.

A statistical method based on conformational preference functions has
been proposed to predict TMHs (Juretic, 1993), in which the probability for
each AA in a sequence to belong to a TMH is calculated and used for
prediction. The accuracy of this method was around 79% for 5 membrane
proteins. Granatir et al (Granatir, 1994) combined this method with
hydrophobicity-based methods of the type described in Section 2.1.2.1.1. The
authors provided a consensus algorithm where different methods are applied
and their respective predictions of TMH ends are compared pursuing a
convergent or consensus prediction among them. The statistical combination
of different approaches is expected to improve the results due to the
inconclusive nature of each of these methods applied individually. A similar
conclusion was reached by Edelman (Edelman, 1993) from a more complex
mathematical formulation applied to derive TMH predictions based on
known structural data. Although all these methods represent algorithmic
improvements relative to the hydrophobicity profile, their predictive power
does not seem substantially improved. The reason may be that all these
methods are restricted to revealing the hydrophobic core of the TMHs either
by their definition -e.g., based on calculated hydrophobicity- or through the
database from which the frequencies of residue occurrence in TMHs was

derived. Because ignoring the Arg/Lys motif can lead to the major errors
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described above for BR in the prediction of the TMH boundaries by the
hydrophobicity profile, the absence of this additional criterion in all these
methods may preclude a significant predictive improvement. For instance,
the test of Edelman’s method on the BR and PRC structures (29 TMHs total)
yielded a total error of 4 residues at the extracellular boundaries, compared to
53 residues at the cytoplasmic side where the Arg/Lys motif is located. It is
likely that the addition of the Arg/Lys motif criterion to this type of methods

could significantly improve their predictive power.

2.1.2.2- Modeling of the 3D structure of individual transmembrane helices.
Modeling the three-dimensional structure of the helix bundle is greatly
facilitated by the availability of structural information about preferred
backbone and side-chain dihedral angles in a-helices (Gray, 1984; McGregor.
1987; Piela, 1987a), giving rise to side-chain rotamer libraries (Dunbrack, 1993;
Ponder, 1987) that can be used in GPCR modeling (MaloneyHuss, 1992). The
allocation of appropriate torsional angles to residues in the TMHs is
important because inappropriate rotamers may hinder helix packing
interactions. The (o,y) backbone dihedral angles for a TMH are the same as
for a soluble protein o-helix judged by the PRC crystal structure (Deisenhofer,
1989), i.e. -60°, -40°. Side-chain dihedral angles can be classified broadly
according to their relative energy minima: {-60, 180, 60} for all side-chain

angles, except when preceding a bond with pi-electron character such as for
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{F,YWHDN,E,Q,R} in which case the values are +/-90°. An o-helix

environment significantly restricts X, for all AA to values around -60° and

180° (McGregor, 1987). The reason is the steric overlap between the side-chain
atom in position gamma of residue i and the carbonyl oxygen of the third
preceding residue (N-terminal to i), denoted C=0_ ,. The statistical analysis of
X, distributions in helical environments in high resolution crystal structures
clearly supports this generalization, particularly for aromatic side-chains
(McGregor, 1987). Two sets of residues have additional specific interactions
between their side-chains and the helix backbone that give rise to preferential
X, rotamers:

Ser/Thr/Cys: The ability of these residues to H-bond their side-chain to the

C=0,, of the preceding turn, and the significant preference observed in the

PDB for structures with such conformations, constrains the starting rotamers
for the modeling purpose to -60° (Gray, 1984; McGregor, 1987). Since this
criterion arises from favorable interactions rather than steric hindrances,

these residues could also adopt other X, rotamers -e.g. X,=180° for Ser and

Cys- although they appear with much lower frequency. Thr residues are

generally restricted to X;=-60° due to the Cg-branched character of the

side-chain, as explained below.

Val/lle/Thr: CB—branched AA in an o-helix are restricted to one rotamer as
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suggested by the relative rotamer populations observed in the PDB structures,
as well as by results from computational energy minimizations (see Table III
in Ref. (Piela, 1987a)). The reason for this preference is the above mentioned

steric clash of a CY atom at X,=60 with the C=O_ ,. Because CB-branched AAs

have two atoms at position v, the only rotamer that avoids the steric clash at

60° is the one that places the two y atoms at X, values of -60° and 180°. For
reasons of nomenclature, this rotamer corresponds to X,=-60° for Ile and Thr

and X,=180° for Val.

The choices of torsional angles mentioned above as preferred starting
values for the construction of TMHs assume standard helical conformations.
However, this is not true for TMHs including internal Pro due to the
disruption of the helical character by the presence of Pro-kinks (PK), as found
in TMHs 2, 5, 6 and 7 of the GPCR. The geometry of the PK regions within
a-helices is characterized by backbone dihedral angles that deviate from

a-helical values for the residues comprised between the Pro, and the amino
acid at position i-4 from the Pro termed AA, , (Barlow, 1988). These local
distortions produce a highly exposed, and H-bond free C=0, ; and C=0_,

(Woolfson, 1990). The loss of two helical H-bonds in one turn suggests a
significant intrinsic flexibility of the TMH at the PK region. This flexibility has
been demonstrated by NMR (Bazzo, 1988; Pastore, 1989) and computational

molecular dynamics simulations (Sankararamakrishnan, 1993; Yun, 1991).
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There are also non-local deviations from an ideal a-helix induced by a PK,
characterized by a bending (Barlow, 1988; Piela, 1987b; Sankararamakrishnan,
1992) and twisting (Ballesteros, 1992a; Sankararamakrishnan, 1992)) of the
regular a-helix halves both N- and C-terminal from the PK region, as
illustrated in Figure 2.10. The disruption of a-helical character occurs due to
steric clashes of Pro rings with the preceding turn, and the loss of a helical
backbone H-bond due to the lack of the amide H in Pro. These reasons, and
the intrinsic flexibility of a PK, confer to these positions in a TMH some
crucial structural, and possibly also functional roles (Ballesteros, 1992b;
Sansom, 1992; Williams, 1991; Woolfson, 1991). However, de novo structural
modelling of PK regions is currently problematic due to three interrelated
factors:

1- Their intrinsic flexibility at the level of secondary structure increases
significantly the exploration of the conformational space necessary to find the
preferred packing.

2- In known structures, PK regions can adopt a variety of (¢,y) angles,
making it difficult to model PK de novo in TMH structures.

3- The non-local disruption of the TMH pattern by PK implies large
deviations of the relative 3D localization of the helical portions before and
after the PK. The non-local perturbation of helical character can be separated
into a bend and a twist of the helical portions N- and C-terminal to the PK, as

shown schematically in Figure 2.10. These distortions produce a twisting of
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the helix “face” (Ballesteros, 1992a: Sankararamakrishnan, 1992) , as
illustrated in Figure 2.10, which may hinder the analysis of helical periodicity
as mentioned in Section 2.1.2.1.3 for the Fourier transform method. In known
structures, the bending and twisting angles vary between {9°,40°} and {-44°,87°}
respectively (Sankararamakrishnan, 1992).

Sankararamakrishnan et al. suggested specific backbone dihedral angles
for modeling PKs (Sankararamakrishnan, 1990). Use of these initial angles for
the PK is preferable over modeling PK-containing TMHs as ideal a-helices
and relying on energy minimizations to produce the appropriate
conformations, because the latter approach produces structures that differ
from known PK geometries (Nordvall, 1993). Due to the intrinsic flexibility
of the PKs, those starting values will usually be modified through the
modeling process so as to optimize tertiary structure interactions. Fo:

example, a specific H-bond between Asn, ,; and the C=0, 4 from Pro, ., (i.e.

C=0, ,,) could dictate the conformation of the PK of TMH?.

The last step in modeling individual TMHs is the conformational
search among feasible side-chain rotamers within each TMH, pursuing both
the absence of steric conflicts as well as the presence of specific stabilizing
intrahelical side-chain to side-chain interactions. For example, Donnelly et al.

(Donnelly, 1994) found that N, ,4 can H-bond the backbone C=0, 4¢ Of the

Pro-kink in TMH?.
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2.1.2.3- Secondary structure prediction for the loops, N- and C-terminal
domains.

The secondary prediction methods applied to extramembranal portions
of GPCRs (Dahl, 1991; MaloneyHuss, 1992) are those commonly used for
prediction in soluble proteins, e.g. see (Fasman, 1989; Rost, 1993), and will not
be reviewed here. For predicting the conformation of short loop structures
connecting TMHs, additional constraints are imposed by the TMHs and these
can be used for prediction purposes (see Section 2.1.3.3, below). For example,
the identification of sequence motifs favoring specific conformationally
defined turns, or the use of conformational selection based on statistical
trends, can be combined with energy minimization to model backbone
conformations for these regions (Hilbert, 1993; Summers, 1991). A note of
caution is necessary in the application of secondary structure prediction
methods derived from soluble proteins to extramembranal portions of
GPCRs, because interactions between these protein regions and the adjacent
membrane environment may lead to physico-chemical situations not
considered in the development of such methods for soluble proteins, thus
vitiating their predictive powers. This seems to be the case for the cytoplasmic
portions of GPCRs, due to the tendency of Arg/Lys residues to be
predominantly localized at these regions where they can interact with
negatively charged phospholipid head-groups, as discussed above (Section

2.1.2.1.2).
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2.1.3- Modeling the tertiary structure of the three-dimensional model of a
GPCR.

Modeling the interactions that determine the tertiary structure of the
GPCRSs can be divided into three procedural steps, discussed below in sections
3.1, 3.2 and 3.3 respectively. The first involves the prediction of the
orientation of each TMH relative to the protein and the protein interior. This
entails predicting for each TMH the residues that lie in the helix-helix or the
helix-lipid interface. Throughout this Chapter, the terms helix-helix or
TMH-TMH interfaces is used to refer to the protein interior of the
transmembrane helix bundle of GPCRs. The second step involves the packing
of the seven TMHs into a bundle that fulfills the predictions from step 1, and
represents the transmembrane domain of the GPCR. The third step proceed.
to the completion of the 3D model with protein portions that lie outside the

membrane environment, such as the loops and the N- and C-termini.

2.1.3.1- Prediction of TMH-TMH vs. TMH-Lipid interfaces.

All methods for predicting the orientation of TMHs towards the lipid
or towards other TMH interfaces rely on the same conservation or polarity
criteria that served in the definition of TMH segments (see Sections 2.1.3 and
2.14, above). Based on the conservation criterion, the face of the TMH

containing more conserved residues is predicted to face the protein interior.
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The rationale for this criterion is the common observation that
surface-exposed residues are less conserved than interior residues, a prevalent
assumption that was corroborated for TMHs in an analysis of the PRC (Rees,
1989b). The second criterion for defining the orientation of each TMH in the
helix bundle is based on the complementarity of the surface polarity between
a TMH and the membrane lipids. Such complementarity considerations must
differ in character for the hydrophobic region of the TMHs compared to the
cytoplasmic extensions of these TMHs that contain the Arg/ Lys patches: in
the hydrophobic core, the more apolar face of the TMH is predicted to be
oriented towards the membrane lipids, whereas for the Arg/Lys patches, the
more hydrophilic face (containing the basic residues) of the TMH cytoplasmic
extension is oriented towards the membrane at the level of the phospholipid
head-groups (Figure 2.6). Since all these considerations rely on a-helix
periodicity, the methods available for the analysis of the conservation and
hydrophobic profile presented above for the detection of helix periodicity
(Sections 2.1.3 and 2.1.4) can be used for prediction of TMH-TMH versus
TMH-lipid interfaces. While the Fourier transform procedure would thus
predict the orientation of a TMH, the identification of TMH patches formed
by AAs located at the same interface is very useful in predicting the extent to

which each TMH is exposed to the lipids or buried among other TMHs.

2.1.3.1.1- The hydrophobic or conservation moment predicts the relative
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orientation of helices in the transmembrane bundle.

The formulation of the Fourier transform analysis of a given property
profile -e.g. the conservation U(j), was described in Section 2.1.2.1.3. Donnelly
et al. (Donnelly, 1989; Donnelly, 1993b) showed that the same methodology
can be applied to predict the TMH orientation. The orientation of the
internal, protein-facing side of a TMH can be estimated from the direction of
the moment (P(®))!’2 when ©®=100°. This is the moment produced by the
property profile U(j) when the sequences form an ideal a-helix. The angle ®
describes the direction of the moment relative to the first residue (j=1) and

can be calculated as

N

Y if LZ (U(j)—Um)sin(ja))]>O
j=1

0= .

360-vy, if LZ (U(j)—Um)sin(jm)]<0
=1

N

¥ (UG- U )eos(j)

y =arcos | = where 0° <y < 1800

A P(@)

When the conservation or variability profile V(j) is used, the vector of

the property moment points towards the protein interior. When the
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hydrophobicity profile H(j) is used, the moment points towards the more
hydrophobic face of the TMH (Eisenberg, 1984a). However, this direction is
not always facing the TMH-lipids interface. Although the hydrophobic core of
the TMH the hydrophobicity moment is predicted to point towards the
membrane lipid, the Arg/Lys region on the cytoplasmic side the high
hydrophilic character of these basic residues inverts the direction of the
hydrophobic moment 180 degrees away from the lipid interface. These
conflicting orientations predicted for a continuous TMH face explain the
surprising observation about the seemingly chaotic direction of the
hydrophobic moments calculated for the TMHs in the BR structure (Cronet,
1993). The reason was that the Arg/Lys region of the TMH was included, as it
is present in the BR structure -see Figure 2.4- and therefore the calculated
moments were a composite of two different moments of opposite direction.
as discussed above.

Most authors have applied the hydrophobic moment method to the
TMH boundaries as predicted by the hydrophobicity profile, which do not
include the Arg/Lys region, resulting in predictions that were consistent with
expectations. Thus the surprising situation arises that the hydrophobic
moment as originally presented by Eisenberg et al (Eisenberg, 1984a) has
yielded useful predictions although in its test with a real TMH structure it
failed to predict correctly the TMH orientations (Cronet, 1993). The proper

application of this methodology was recently presented by Donnelly et al.
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(Donnelly, 1993a) where the presence of the Arg/Lys extensions of the TMH
are taken into account and used for prediction purposes. An analysis of the
antenna complexes showed the opposite directions of the hydrophobic
moment depending on which segment of a TMH is considered. The angle
between the moment for the hydrophobic core of the helix and the Arg/Lys
extension was indeed close to 180° degrees (Donnelly, 1993a). The authors
suggested this 180° difference as a useful tool for prediction purposes. A
schematic representation of the relative direction of each property moment is
shown in Figure 2.11.

Properties other than the variability and/or hydrophobicity profiles can
be used in a similar manner to predict TMH orientation. In particular,
Donnelly et al. (Donnelly, 1993a; Donnelly, 1993b) used the estimate of the
extent to which a position is exposed to solvent as predicted from
environment-dependent substitution tables. These tables were calculated
from either lipid-facing (Donnelly, 1993b) or water-facing (Overington, 1992)
residues. These two properties are directly related to the prediction of the
orientation of TMH with respect to their TMH-TMH versus TMH-lipid
interfaces. In fact, the direction of moments calculated for these properties
where shown to predict correctly the orientation of the seven TMHs in BR

(Donnelly, 1993b).
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Figure 2.11:

Directionality of the hydrophobic (open arrows) and conservation (closed
arrows) moments relative to helix-helix or helix-lipid interfaces. While the
conservation moment consistently points towards the protein interior, note
the opposite orientation (i.e. 1800) of the hydrophobic moment depending on
the helical portion of the TMH. For the hydrophobic core, the hydrophobic
moment points towards the TMH-lipid interface. For the Arg/Lys cytoplasmic
extensions facing the phospholipid head-groups, the hydrophobic moment
point towards TMH-TMH interfaces.
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2.1.3.1.2- Patches on the TMH surface identify TMH-TMH versus TMH-lipid
interfaces

Similar to their use in identifying helix ends (see Section 2.1.2.1.4)
“patches” of AAs sharing a particular property can be useful as an alternative
method to predict the face of each TMH that is in contact with either the lipid
or the other TMHs. Individual residues separated by 3-4 AAs and predicted
from their properties to be likely to face a given environment, e.g. the lipids,
will appear as continuous property-sharing patches on a helical net
representation. The orientation of such patches defines the predicted interface
of a TMH according to the shared property, e.g., the lipid interface identified
from a hydrophobic patch. An alternative representation to helical nets for
the identification of such patches is the helical wheel representation in which
the helix is projected along its axis, as used by Balwin (Baldwin, 1993). To
summarize the use of AA patches to identify the nature of TMH interfaces we
present first the criteria for predicting a lipid or interior environment for
individual AA sites. We then show how these positions can be identified as
continuous patches on a helical net representation to become the predicted
TMH-TMH or TMH-Lipid interfaces (Baldwin, 1993). Because these
predictions are done at the level of single residues, as opposed to a global
orientation for a TMH segment provided by the Fourier transform method
described above, we will show how this method can be used to estimate the

extent to which each TMH is exposed to the lipid phase. This degree of surface
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exposure will become a constraint used in the subsequent packing of the TMH
into a model of the transmembrane domain of the GPCR, as illustrated in the
subsequent Section 2.1.(3.2).

The two major criteria for predicting whether a given residue is facing
the lipid milieu or other TMHs, are based on the same two AA properties
discussed in previous sections: the conservation and the degree of polarity.
Consequently, the same general guidelines apply for the use of these two
properties as described in the previous sections. In evolutionary terms,
conserved AAs are predicted to be at TMH-TMH interfaces while
nonconserved sites are likely to face the lipid environment. The
quantification of the degree of conservation as presented in Section 2.1.1
leaves unspecified the criterion of a conservation threshold for prediction
purposes, and different authors have used different thresholds. In the most
comprehensive conservation analysis presented to date, Baldwin (Baldwin,
1993) considered the extent of conservation at different levels beyond a
conservative threshold -i.e. 66% presence of a given AA. Selecting a
conservative threshold avoids the exclusion of residues that are significantly,
but not absolutely conserved. The subdivision of these selected AA sites into
different levels of conservation is useful for the comparison of their
respective types of predictions that can be expected: Thus, predictions derived
from more conserved positions are stronger than predictions derived from

less conserved positions, so that if contradictory predictions arise from any
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two AA sites, the prediction derived from the most conserved position
prevails. The polar character of an AA site can also serve as a criterion
(Zhang, 1994), because polar sites are predicted to be at TMH-TMH interfaces,
while hydrophobic AA are predicted to face the lipid. These expectations are
validated by data from known structures of transmembrane proteins (e.g. see
(Rees, 1989a; Zhang, 1994)). As discussed in the previous sections, this polarity
pattern is reversed in the Arg/Lys regions towards the cytoplasmic boundaries
of TMHs where these basic residues are predicted to face the membrane
environment at the level of the phospholipid head-groups. Although similar
conservation or polarity criteria are used in the helical patches method and
the Fourier transform method (see Section 2.1.3.1.1), the former has the
advantage that the criteria can be applied to only a few AA sites within TMHs,
because a continuous profile over a sequence segment is not required. This
allows not only the modification of criteria based on conservation or polarity
properties, but also makes possible the use of qualitatively different criteria
such as experimental data on ligand or lipid interaction sites for GPCR. These
three sets of criteria are described below:

(1) The conservation analysis as presented in Section 2.1.1 identifies
specific residues that can be predicted to lie either at lipid- or interior-facing
positions. For example, Baldwin (Baldwin, 1993) predicted that divergent
residues among highly homologous and functionally equivalent GPCR

would face the lipid environment, because these sites are likely to occur in
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functionally non-important positions. Baldwin also proposed the
conservation analysis at the level of physico-chemical properties rather than
chemical identity. Thus, she identified residues that conserve a similar size
during evolution and predicted them to face TMH-TMH interfaces (Baldwin,
1993). Zhang and Weinstein (Zhang, 1994) analyzed the conservation of polar
character at positions where more than 90% of the GPCR sequences
considered retained polar residues. These positions, called “polarity
conserved positions” (PCPs) were predicted to be at TMH-TMH interfaces, as
verified by the structure of BR family (Zhang, 1994).

There are notable exceptions to the validity of predictions using the
conservation analysis. An accepted exception to the rule that conserved
residues point towards the protein interior is the case of Pro residues because
they can exert their effects from a lipid facing position (Baldwirn, 1993:
Donnelly, 1993b), as discussed in Section 2.1.2.1.3. Similarly, an exception to
the rule that a poorly conserved AA site is facing the lipid would be the case
of a residue responsible for functional divergence, such as ligand binding;
such a residue is expected to face the interior of the TMH bundle in the ligand
recognition pocket.

(2) The criterion of a polar complementarity between the TMH and the
lipid phase can also identify specific residues predicted to face the lipid or
protein interior phase. For example, Donnelly et al. (Donnelly, 1994)

identified a continuous patch of AA sites not containing polar residues and
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predicted them to face the lipid. Similarly, Arg and Lys residues at the
cytoplasmic boundaries are predicted to face the phospholipid head-groups
(Ballesteros, 1992a). A note of caution is necessary in defining the polar
character of each AA in a TMH. The polar character of the 20 natural AAs that
is relevant to the predictions discussed here may differ from the polarity
assigned by hydrophobicity scales, due to specific interactions within TMHs.
Such is the case of Ser, Thr, Cys, Pro and Tyr. In the first group, {Ser, Thr, Cys}

residues are generally found (Gray, 1984) to H-bond back to the carbonyl

backbone of the preceding turn, i.e. CB-O(S)"-H...O=Ci 4 Such as arrangement

decreases the polarity of the face they present for interaction so that this AA
site can be exposed to the lipid milieu (Gray, 1984). For example, 45% of the
Ser residues in BR are exposed to the lipid phase. In the second group, Pro
residues induce a characteristic kink in TMH, as described in Section 2.1.2.2,
that results in the two carbonyls of the preceding turn being highly exposed
and H-bond free. This arrangement enhances the polar effect of a Pro residue
relative to the hydrophobicity scale. This indirect polar character of Pro
residues would suggest that they are likely to be positioned facing the protein
interior, as suggested by Woolfson (Woolfson, 1991) based on an analysis of
the hydrophobic moments of Pro-containing a-helices. On the other hand,
Tyr residues have been observed facing the lipid head-groups in the
structures of BR (Henderson, 1990a) and bacterial porins (Cowan, 1992; Weiss,

1991).
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(3) Some experimental data on GPCR are available concerning the
exposure of AA sites to the membrane lipid or the protein interior. Such
information includes i) the identification of covalent attachment sites for
activated probes; ii) the identification of residues proposed from mutagenesis
experiments to be in direct contact with the ligand; iii) data on specific
TMH-TMH interactions implying that the residues involved should face the
protein interior. In particular, experiments on adrenergic GPCR identified

positions W7‘40 (Wong, 1988) and {82-6.3, Fnd/ or H2_64} (Dohlman, 1988) as

ligand attachment sites from alkylation experiments, thus identifying AAs
lying at TMH-TMH interfaces. Covalent attachment AA sites identified for
the bovine rhodopsin GPCR belong to two classes, from hydrophilic (Findlay,
1984) and hydrophobic (Davison, 1986a; Davison, 1986b) probes respectively.
The hydrophilic probes were predicted to label AA sites exposed to the
aqueous phase or at least lying in the phospholipid head-group region. The
hydrophobic probes, on the other hand, were predicted to label AA sites
exposed to the lipid milieu. The alkylation experiments thus provided a
powerful discriminant of TMH-TMH versus TMH-Lipid interfaces. Using
similar arguments, AA sites proposed to lie in direct contact with receptor
ligands based on mutagenesis experiments were also useful to predict
TMH-TMH interfaces, e.g Maloney-Huss et al (MaloneyHuss, 1992), Hibert et
al (Hibert, 1991) and Baldwin (Baldwin, 1993). However, the strength of those

predictions is less than those obtained from covalent attachment sites because
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they are not supported by evidence of direct contact. Finally, some
considerations were proposed for predicting specific interactions among
TMHs based on interactions of specific AAs. Such is the case of the interaction

between the conserved Dz.50 and N 749 loci. A double-revertant mutant of the

gonadotropin-releasing hormone receptor (GnRHR) (Zhou, 1994) showed

that the pair N, ;,/D, ,, in the GnRHR has the same ligand binding

properties as the D2.50/N7.49 pair found in most GPCRs, thus identifying a
TMH2-TMHY interaction. These inferences will be discussed below in the
context of modeling the packing of TMHs in the transmembrane bundle.
Once the prediction of a tertiary environment has been achieved for
individual AA sites, the regularity of an a-helix implies that residues
predicted in a common eavironment -either TMH-TMH or TMH-Lipid-
should lie on a common face of the TMH. The consistency of the predicted
TMH-TMH or TMH-Lipid environment at the level of individual AA sites
was shown by Baldwin using helical wheel representations for the seven
TMHs (Baldwin, 1993). As an illustration, her resulting predictions are shown
for TMHS6 in Figure 2.12.a. Note that when the Arg/Lys criterion is added to

the Baldwin predictions, the resulting helix-lipid interface is continuous.
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b)

Protein interior face

) PROUECTION

Hdix-Lipid interface

Figure 2.12:
Prediction of TMH-TMH versus TMH-Lipid interfaces shown on a helical net
representation (a) and its projection on a helical wheel representation (b) of

TMHS6 of the human B,-adrenergic GPCR. a) Highlighted are the predictions
made of AA facing the lipids (shaded) or the interior of the TMH bundle (bolc
letters) by Baldwin (J.M. Baldwin, Embo ] 12, 1693 (1993)), as well as the
Arg/Lys motif towards the cytoplasmic boundaries (thicker circles) predicted
by Ballesteros and Weinstein (J.A. Ballesteros and H. Weinstein, Biophys J 6.
107 (1992)). Note the remarkable consistency among different prediction
methods, so that a continuous TMH between the hydrophobic core and the
Arg/Lys cytoplasmic extension is supported by the continuity in the helical
periodicity suggested by a common TMH-lipid interface. b) A helical wheel
projection of the individual AA predictions shown in (a) serves to
characterize the degree of surface exposure in section 2.1.3.2.1.
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From these predictions of TMH interfaces, one can estimate the extent
to which each TMH is exposed or buried within the TMH bundle. A helical
wheel projection of the individual AA predictions, as shown in Figure 2.12.b
for TMHS, serves to characterize the degree of surface exposure. Because those
predictions should be consistent with the final 3D-model, the predicted extent
of lipid exposure (or TMH exposure) of any given helix becomes a constraint
for modeling the helix packing arrangement of the seven TMHs (see Section
2.1.below). An extensive analysis of a sequence alignment of 204 GPCRs
leading to comprehensive predictions of the degree of surface exposure for
each TMH has been presented by Baldwin (Baldwin, 1993); the degree of lipid
exposure in decreasing order was TMH 1, 4, 5, followed by TMH 6, then TMH
2,7, and finally TMH 3 which is predicted to have very little lipid-facing area,
mostly at the extracellular end. The author used these predictions (combined
with other criteria) to identify each TMH on the experimentally determined
electron density projection map of rhodopsin at 9 A resolution. It should be
noted that the degree of surface exposure for a TMH may vary along the
membrane height, i.e., a TMH could be more exposed on the extracellular
than on the intracellular side of the membrane.

No single packing arrangement is expected to fulfill all the predictions
for each AA site on a helix for which a TMH-TMH or TMH-Lipid
environment have been defined, because the approach is integrating a set of

predictions emerging from different criteria and considerations. Therefore, as

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78
for the predictions at the secondary structure level, conclusions are based on
the comparison and mutual reinforcement among different methods.
Convergent or contradictory structural inferences from such an analysis can

be integrated and explored in a 3D-model at atomic detail (see below).

2.1.3.2- Modeling the tertiary structure of GPCR: Packing the TMHs in the
transmembrane bundle.

Modeling helix-helix packing interactions among the seven TMHs
leads to a 3D-model of the transmembrane domain of a GPCR, a major
objective of any receptor modeling strategy. Until recently, this modeling step
has been the subject of controversy over the use of the known structure of BR
as a suitable template for GPCR (e.g., see (Baldwin, 1993; Hoflack, 1994; Pardo,
1992; Zhang, 1994). The use of the structure of BR as a template for GPCR
modeling requires the assumption of a common 3D-fold between these two
distant families of transmembrane proteins. Its attractivity is that it
significantly simplifies the modeling process, since the seven TMHs of a
GPCR can be superimposed onto the BR backbone following an alignment of
their respective TMH sequences (Cronet, 1993; Dahl, 1991; Findlay, 1990;
Hibert, 1991; [Jzerman, 1992; Lewell, 1992; Livingstone, 1992; Nordvall, 1993;
Trumpp-Kallmeyer, 1992; Yamamoto, 1993). The arguments supporting the
structural similarity are the following: first, BR and the opsin GPCR seem to

be evolutionarily related, as reflected by a similar architecture based on seven
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TMHs surrounding a retinal chromophore attached through a Schiff-base to a
Lys residue on TMH?. This functional similarity in the "ligand" and the
conformational changes associated with it during activation by light do not
extend to the signal transduction mechanism; BR pumps protons out of the
cell while rhodopsin (RH) activates the G-protein transducin. Although there
is no detectable sequence homology between the BR and GPCRs (Henderson,
1990b), detectable homologies have been found if evolutionary events such as
exon shuffling (Pardo, 1992) and/or gene duplication (Taylor, 1993) are
hypothesized. However, these similarities do not in themselves suggest a
specific alternative 3D-fold for the GPCR because only few TMHs are
involved. The possibility remainded that the AA sequences of BR and GPCR
would be similar at the level of physico-chemical properties in the absence of
direct AA homology, but a recent report indicates that the pattern of polarity
conserved positions through their sequences is clearly divergent (Zhang,
1994). Since helix-helix interactions are significantly driven by
complementarity of their polar-apolar surfaces, this result suggests that the
TMH packing arrangement is likely to be significantly different between BR
and the GPCR.
Recently, the projection map of the electron density of bovine RH
confirmed the suspected divergence in the packing arrangement of the seven
TMHs in BR compared to GPCRs (Schertler, 1993). However, the low

resolution (9 A) of the RH projection map precluded the experimental
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identification of the individual TMHs as well as the identification of the view
as cytoplasmic or extracellular. Although the helix packing arrangements
appeared to be significantly different in RH compared to BR, the low
resolution prevented a more detailed comparison between the structures. A
comprehensive attempt to identify the view side and the individual TMHs of
RH in the projection map has been undertaken by Baldwin (Baldwin, 1993);
the results share with most GPCRs models and with BR the sequential and
anti-clockwise order (viewed from the extracellular side) of the seven TMHs.
However, the details of the helix arrangement and packing are different, as
discussed by Baldwin (Baldwin, 1993).

Currently, a GPCR model is expected to comply with the projection
map of RH, although due to the short time since its publication only two such
models have been presented to date, Baldwin’s (Baldwin, 1993) and ours
(Zhou, 1994) (Figure 2.13). The projection map of the seven TMHs for RH
thus becomes a starting point for modeling helix-helix interactions. Having
modeled the seven individual TMHs as described above, methods can be used
to position the individual TMHs on the projection map of RH as described in
Section 2.1.3.2.1, as a point of departure for modeling the transmembrane
bundle. De novo modeling methods that can be used to infer the relative
axial displacement among the seven TMHs to produce a specific 3D model at
atomic detail are described in Section 2.1.3.2.2. Methods used to model GPCRs

based on the structure of BR as a template are described in Section 2.1.3.2.3,
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since a similar strategy would be useful once a comparable 3D structure of RH
becomes available, and because of the interest these models have evinced as
hypotheses generators in mutagenesis studies.

In developing a general method for helix-helix packing in the
transmembrane helix bundle of GPCR, a note of caution is necessary
regarding the assumption that all GPCRs share a common template. The
ability to predict structural similarity is actually modulated by two factors:
First, it would depend on the extent of sequence homology across members of
the superfamily, 50% having been proposed as a threshold for structurally
homologous proteins (Chothia, 1986). Second, it would depend on the extent
to which the presence of AA substitutions can be expected to entail significant
structural modifications, such as the non-local structural effects of Pro in
TMHs discussed above, or new anchors for TMH-TMH interactions. As GPCR
subfamilies differ in the degrees of homology among them as well as in the
presence and relative positions of Pro residues in TMHs 2, 4 and 5, significant
differences in the TMH bundle packing may occur, and these may have been

exploited by evolution for functional differentiation.
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Figure 2.13:

(a) Our model of the gonadotropin releasing hormone receptor. This model
was constructed so as to comply with the electron density projection map of
RH and was based on criteria described in this Chapter. (b) The criterion that
highly conserved residues interact among themselves is illustrated for a
proposed interaction between Njsq and Dy 49 which received experimental
support through the double-revertant mutant character observed
experimentally (W. Zhou, C. Flanagan, ].A. Ballesteros, K. Konvicka, J.S.
Davidson, H. Weinstein, R.P. Millar, and S.C. Sealfon, Mol Pharm 45, 165
(1994)).This criterion focuses attention to clusters of conserved AA in the 3D
model that are very useful in predicting the detailed helix packing among the
TMHs involved. Note the presence of Arg/Lys at the cytoplasmic side facing
the lipid head-groups, as discussed in Sections 2.1.2.1.2 and 2.1.3.1.
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2.1.3.2.1- Inferences for TMH packing from methods used to identify the
individual TMHs on the projection map of RH.

Baldwin (Baldwin, 1993) identified the TMHs on the RH projection
map (Schertler, 1993) based on three criteria: First, the minimum length of all
inter-helical loops over the whole GPCR family (6 to 13 AA) was considered
short enough to suggest a sequential packing arrangement where each TMH
is in contact with the two adjacent TMHs in the sequence. Second, the extent
of lipid exposure predicted for each TMH -see Section 2.1.3.1.2- should be
consistent with the observed lipid exposure for each TMH on the RH map.
Thus TMH3 would be most buried, TMH2, 6 and 7 have intermediate
exposure, and TMH], 4 and 5 are most exposed. Application of the surface
exposure criteria assuming a sequential helix packing arrangement led to two
alternative assignments of the seven TMHs in the RH map. These
alternatives differ in having either clockwise or anti-clockwise connectivity
when viewed from the intracellular side of the membrane, as shown in
Figure 2.13.a for the clockwise arrangement prepared after Figure 3 of Baldwin
(Baldwin, 1993). Note that the solvent accessible surface for each helix around
the TMH bundle agrees fairly well with the predicted degree of lipid exposure,
perhaps with the exception of TMH2. Third, criteria based on proposed
ligand-GPCR interactions favored the clockwise connectivity (Figure 2.13.a)
because the anti-clockwise could not explain a variety of proposed sites of

interaction for the retinal (in RH) and adrenergic ligands based on
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mutagenesis experiments. The required consistency between the predicted
(GPCR) and the observed (RH) degree of lipid exposure for each TMH
provides yet another criterion for testing the suitability of BR as a template for
GPCR (Baldwin, 1993). The predicted degree of surface exposure for each
GPCR TMH is not consistent with the observed degree of lipid exposure for
each TMH in BR, as shown in Figure 2.13.b (Figure 5 in (Baldwin, 1993)); note
that the solvent accessibility surface around the TMH bundle indicates that
according to the GPCR properties, TMH 2, 3 and 7 in BR are overexposed

while TMH4 is underexposed.

2.1.3.2.2- Modeling TMH-TMH packing on the RH template

Throughout this Chapter several methods incorporating a variety of
criteria have been presented at every structural level, up to the level of
TMH-TMH packing in three-dimensions in an atomic resolution model of
the TMH bundle in GPCR. Having predicted the relative positions of the
seven TMHs in a 2-dimensional projection on the membrane plane from the
RH map, modeling considerations now face the problem of the axial
displacement of each TMH in the TMH bundle, and the detailed
residue-to-residue interactions among them. An initial axial positioning of
each TMH can be accomplished by aligning the respective TMH ends
positions so as to maximize TMH-TMH contacts. If the TMH ends have been

predicted from the hydrophobicity profile, the resulting axial displacements of
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the TMHs relative to each other corresponded to their hydrophobic cores,
thus missing the helical portions facing the phospholipid head-groups
defined by the Arg/Lys motif (see Section 2.1.2.1.2). The error in this initial
relative axial displacement among adjacent TMH has been estimated to be 3-4
residues (e.g., (Baldwin, 1993)). However, larger errors can be expected due to
the topological dependence of the cytoplasmic extensions of TMH based on
the Arg/Lys motif as discussed in Section 2.1.2.1.2. This was shown for BR in
Table 2.2, where the average error in the predicted TMH end at the

cytoplasmic side with an N; —>C_, topology is 7 AAs, while for TMHs with
an N —->C, topology the average error is minimal. As a result, because any

two TMHs adjacent in the GPCR sequence have an opposite topology, their
respective cytoplasmic helix ends (predicted from the hydrophobicity profile)
would be in average offset by 7 residues or two turns of an a-helix , thus
inducing a similar error in the subsequent helix-helix packing. Notably, if a

length of 22-28 AAs is assumed for a TMH. the error_in the modeled axial

displacement between adjacent TMHs predicted only from the hydrophobicity

profile, could amount to 25-30%. This error induced by the Arg/Lys motif

would be predicted to affect current GPCR models whose TMH boundaries

were derived from hydrophobicity criteria (Cronet, 1993; Findlay, 1990; Hibert,
1991; Hoflack, 1993b; Huggins, 1993; IJzerman, 1992; Kontoyianni, 1993a;
Lewell, 1992; Livingstone, 1992; MaloneyHuss, 1992; Nordvall, 1993; Trumpp-

Kallmeyer, 1992; Trumpp-Kallmeyer, 1993; Yamamoto, 1993; Zhang, 1993b). In
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a most illustrative example of such possibility, this error was shown to vitiate
models of the BR TMH bundle in which TMH boundaries were predicted by
hydrophobicity criteria before the structural elucidation of BR (J ahnig, 1990).
In an interesting molecular dynamics approach to packing the seven TMHs of
BR based on the electron density projection map of the helices on the
membrane -an approach that is very similar to the current situation with
RH-, the authors (Jahnig, 1990) found that the best model could be improved
both in energy and in residues involved in retinal binding by shifting TMH6
two turns upwards. Figure 2.7 illustrates that these two turns in TMHS6
actually correspond to the helical portion of TMH6 missed due to the Arg/Lvs
motif. Furthermore, the TMH6-TMH? packing in the structure of BR shown
in Figure 2.7 illustrates that the actual helix-helix interface is offset from the
cytoplasmic ends of the hydrophobic segment by seven AAs -see predicted vs.
observed TMH boundaries for these. When the same authors repeated these
calculations with the same predicted TMH boundaries after the structure of
BR was elucidated, they reached similar conclusions (Jahnig, 1992).
Interestingly, in this case they could modify the cytoplasmic end of TMHS to
include the previously missed Arg/Lys portion, thus improving the accuracy
of their models (Jahnig, 1992). Although we have used the Arg/Lys
redefinition of the TMH boundaries as an illustrative case, the general
conclusion is that inaccuracies in the prediction of TMH boundaries could

seriously affect the modeling of TMH packing arrangements.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

The problems described above for the modeling of TMH-TMH packing,
can be circumvented with methods to predict interhelical residue-to-residue
interactions that could guide the TMH packing independent of the selected
TMH boundaries. This is a most difficult step in the modeling process, as
illustrated by the fact that few approaches have been offered to determine
specific residue to residue contacts among the seven TMHs. Even in cases
where specific residues are predicted to interact, or to bind a ligand, the
resulting constraints imposed by such information on the possible helix
packings at atomic level are rather weak. The ambiguity arises from the
intrinsic conformational degrees of freedom of the residue side-chain and/or
the ligand, as well as the different possible orientations of the TMHs in a 3D
space that can satisfy the proposed interactions. As a consequence, a similar
set of criteria considered by several authors has yielded significantly different
3D models of highly homologous GPCR. For example, significant differences
are present in the details of models of GPCR that have used a common 3D
template, such as BR, to infer the interhelical contacts -see Section 2.1.3.2.3
below- even within the same laboratory (Hibert, 1991; Trumpp-Kallmeyer,
1992). The lack of appropriate theoretical methodologies is echoed in the lack
of appropriate experimental data to derive information on inter-helical
contacts. Notably, recent attempts to find double-revertant mutants in GPCR
has shed some light in what promises to become the most valuable source of

experimental testing of GPCR models. The assumption of spatial proximity
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between residues shown to display a double-revertant mutant character is
based on the hypothesis of direct interaction among them (Ward, 1990). Thus,
we present below first those methods that are useful to predict residue-
to-residue interhelical contacts, and then a description of the two reported
double-revertant mutants for the GPCR family. The methodology used to
predict specific interhelical contacts for GPCRs is based on the proposed
ligand-interaction sites, as well as polarity or conservation criteria.

Proposed ligand-GPCR contacts have been widely used in modeling
TMH-TMH packing arrangements. The most solid case is the use of
covalently bound ligands where the attachment site has been identified

experimentally. The retinal attachment site (K, 45) in rhodopsin is an example

in which the combination with the proposed counterion to the Schiff base

(E5 ,¢) leads to constraints in the relative position of TMH?7 and TMH3 -see

Oprian (Oprian, 1992) for a review. Similarly, Maloney-Huss et al
(MaloneyHuss, 1992) used structural inferences from the binding of a

pindolol derivative that labels Ser, (3 and/or His, , of the B,-adrenergic

receptor to infer on the relative positioning of TMH2 and TMHS3; this ligand
could be accommodated in their model structure with the alkylation group
pointing towards residues 2.63-2.64 and the protonated amine making an

ionic bond with the Asp, ,, in TMH3. The proposed ionic interaction between

the protonated amine moiety of neurotransmitters and the corresponding
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conserved Asp, ,, in the cationic neurotransmitter GPCRs is the most widely

accepted ligand-receptor interaction site inferred from mutagenesis studies.
Another set of widely accepted ligand interaction sites from
mutagenesis experiments involve Ser and Thr residues occurring at positions
5.42-5.43-5.46 in a variety of neurotransmitter GPCRs (Gantz, 1992; Ho, 1992;
Kao, 1992; Link, 1992; Mansour, 1992; Pollock, 1992; Strader, 1989). These three
positions, that define a common patch on the TMH surface (see Figure 2.2),
are differentially used in homologous receptors for ligand binding and/or
activation. The strongest support for a direct interaction of some ligands at
this site came from systematic double modification of the hydroxyl groups in

the adrenergic catecholamine ligands and the B,-adrenergic receptor (Strader,

1989).

The other AA site extensively studied by mutagenesis experiments,
that has been proposed to be in direct contact with the ligand for a variety of
receptors (Smolyar, 1993), is position 7.39. Interestingly, the RH projection
map with the TMHs identified by Baldwin (Baldwin, 1993) brings close in

space the key residues D ,, S/T 1, < 43 < .o and AA, ., consistent with a large

body of pharmacological and structure-activity data pertinent to the nature of
the ligand recognition sites on GPCRs.

Molecular models of the recognition site obtained earlier from
structure-activity considerations and computational probing have also served

as a source for predicted ligand-receptor interaction sites. For example,
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following a precise definition of the residues forming the binding site of the

5-TH2 GPCR, Zhang and Weinstein (Zhang, 1993b) used this approach as a

primary criterion to model the TMH bundle.

The criterion of residue polarity predicts a preferential interaction of
residues with similar polarity, i.e. polar-polar and apolar-apolar contacts. Yet
this criterion in itself is rather general in the context of putative interactions
among the many residues of each kind in the TMHs. Additional constraints
are needed to predict specific residue-residue contacts. The constraints
established so far for the packing arrangement of the seven TMHs
significantly restrict the possibilities of residues interacting based on their
polar character. A clear example is provided by GPCR modeling based on the
BR template -see below- where the superposition of the GPCR TMHs onto the
BR backbone severely restricts the possible combinations of polar-polar
interactions within the TMH bundle. The same criterion can become a test of
the model: Maloney-Huss and Lybrand (MaloneyHuss, 1992) found a glutamic
acid in position 3.39 that had no polar counterpart in their model and was
significantly exposed to the lipids. An explanation is provided by the

projection map of RH which indicates that TMH3 at the level of Ej 59 is

significantly more buried among the other TMHs than initially predicted by
these authors, calling for a refinement of the packing in this region of the
model. Zhang and Weinstein (Zhang, 1994) proposed to combine the polarity

criterion with the conservation analysis by identifying AA sites that
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conserved their polarity across more than 90% of the aligned GPCR, and
called these loci “polarity conserved positions” (PCPs). When applied to the
BR structure, these PCPs were shown to preferentially interact among
themselves compared to other polar residues within the sequence (Zhang,
1994).

The last set of criteria to predict residue-to-residue interactions to be
discussed here as guides of the packing of the seven TMHs is based on the
dégree of evolutionary conservation. The final 3D-model is expected to
explain the observed degrees of conservation for each AA site, which
becomes a constraint for modeling the detailed packing of the seven TMHs.
Because highly conserved residues are candidate molecular determinants of
the structural and/or functional integrity of the GPCR, the final 3D-model
should encompass specific interactions involving these residues that are
responsible for their apparent structural and/or functional requirement
through evolution. These molecular determinants exert their effects through
physico-chemical properties such as charge, aromaticity, volume, H-bonding
ability, so that the characteristic properties of each conserved residue should
be engaged in specific interactions within the model. For example, a residue
that conserves its volume through evolution should be significantly buried,
surrounded by a closely packed environment. Similarly, the acidic character

of D, ., should have a counterpart within the TMH bundle that stabilizes a

charge in a protein interior environment. Because the counterpart of a
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conserved residue should be equally preserved through evolution, highly
conserved residues are predicted to interact among themselves. This
criterion focuses attention to clusters of conserved AA in the 3D model that
are very useful in predicting the detailed helix packing among the TMHs
involved. An example of such clusters involves TMH1, 2 and 7 at the level of

the conserved residues (N, ., D, 50- N; 49 P70 Y, 55} as proposed by several

authors (Donnelly, 1994; MaloneyHuss, 1992; Trumpp-Kallmeyer, 1992;
Zhang, 1993b; Zhou, 1994). An illustration of such a predictive criterion is
given in Figure 2.13 for a model of the gonadotropin releasing hormone

receptor where a proposed interaction between N, 5o and D, o received

experimental support trough the double-revertant mutant character observed
experimentally (Zhou, 1994), as outlined briefly below in the context of
coordinated conservation patterns.

A recent variation of the conservation analysis seems especially well
suited for the prediction of tertiary structure interactions. Thus, Benner et al.
(Benner, 1991) and Altschuh et al. (Altschuh, 1987) have proposed to identify
for this purpose the AA sites where mutations during evolution show a
coordinated or parallel pattern in which mutations at one site are
accompanied by mutations at a distant position. For example, the conserved
AA sites 2.50 and 7.49 appear to be an example of such evolutionary

correlation, because when D, ., changes to N, s, in the gonadotropin

releasing hormone receptors (GnRHR), then residue N./..49 changes to D7_49.
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Residues that display a coordinated AA substitution pattern are thus
predicted to interact among themselves, either through functional coupling
and/or through direct contact (Ward, 1990). The initial translation of the
steric constraints offered by these coordinated AA sites into 3D structures is
based on the simple assumption of direct interactions, because this hypothesis
was found to be almost always correct for 5 different protein families with
known structures (Altschuh, 1987; Altschuh, 1988; Pastor, 1990). Benner et al.
have applied the same criteria for structural predictions, achieving a
remarkable success in the secondary structure prediction of the catalytic
domain of protein kinases (Benner, 1991). From an evolutionary standpoint,
step-by-step AA substitutions imply successive adaptations of the structure,
the driving force being to optimize function. Assuming a common
framework for the GPCR within the alignment means that the structural
changes during this adaptation process are local in character, without gross
alterations of TMH-TMH packing arrangements. This hypothesis allows the
evaluation of which structural frameworks, i.e. which TMH packing
arrangements, are consistent with the set of identified correlated AA sites. It
should be noted that the initial criterion that conserved AA interact among
themselves can now be seen as a particular case of co-ordinated AA
substitution patterns. Although the structural hypothesis of spatial proximity
between co-ordinated AA sites has been applied to infer tertiary structure

contacts, the correlated mutation pattern may arise also from functional
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coupling among non-interacting residues. The identification of such related
sites may provide a molecular basis for understanding how functional
diversity is achieved across a protein family (Benner, 1991) such as the GPCRs.

Experimentally, tertiary structure interactions can be probed by the
construction of double-revertant mutants. If the phenotype of a single mutant
can be reverted back to wild-type by a second mutation at another site, it is
likely that these two residues interact with one another, the simplest manner
being a direct contact. Kobilka’s laboratory (Suryanarayana, 1992) proposed an
interaction between position 7.39 (TMH?7) and TMH1-TMH2 based on
chimeric constructs between adrenergic receptors; the deleterious phenotype

of a N7.39F mutation in the B,-adrenergic receptor was suppressed by
chimeras containing the first two TMHs of the a, subtype. Applying the same

logic, Pittel and Wess (Pittel, 1994) proposed the adjacency of TMHs 1 and 7 in
the muscarinic GPCR. More recently, double revertant mutagenesis studies
on RH by Rao et al. (Rao, 1994) suggested that the retinal attachment site,
K7.43(296), is in proximity to G2'57(90) in addition to its wild-type counterion
E3.28(113)’ thus positioning TMH? adjacent to TMHs 2 and 3. Notably, double
revertant mutants can be predicted as a special case of coordinated AA
substitutions, when two AA sites predicted to affect function significantly

have a coordinated AA substitution pattern that is complementary in nature

and is restricted to two residues within the sequence (see above). The simplest
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case would be a reciprocal exchange between two conserved AA sites, as the

above mentioned D, ;4->N, ;, and N, 49->D, ;o occurring in the GnRHR.

Zhou et al. (Zhou, 1994) showed the double-revertant mutant character
between these two loci in the GnRHR, thus providing a bridge between
theoretical prediction methods and the equivalent experimental counterpart,
used to validate the models. Note that distinct double-revertant mutant
experiments involve different residues within the same TMHs (i.e. 7.39,
7.43-2.57-3.28, 7.49-2.50), so that when combined these experiments provide
significant structural constraints for modeling the relative placement and
mutual interactions of the TMHs involved.

A seemingly powerful and stringent test of a 3D model of the
transmembrane domain of a GPCR is to require a packing density for interior
residues similar to that commonly observed for known protein structures
(Kontoyianni, 1993a; MaloneyHuss, 1992), including membrane proteins as
shown for the PRC (Rees, 1989b). These techniques, as implemented in the
program QPACK (Gregoret, 1990), have been applied in the Lybrand
laboratory to provide with one of the most stringent and helpful tools for the
modeling process (Kontoyianni, 1993a; MaloneyHuss, 1992). While it is
always possible to pack seven TMHs into a model of the transmembrane
domain of a GPCR, it is quite difficult to attain a closely packed interior of the
seven helix bundle that resembles the packing density found for known

structures (Chothia, 1981). The application of this method to probe and
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improve current GPCR models is likely to increase significantly in the near
future, since it provides not only a valuable modeling tool, but also a
quantitative measurement of the “correctness” of the modeled structures that

constitutes an objective measure for comparisons among different models.

2.1.3.2.3- Assembly of the TMH bundle according to a BR template.

As discussed at the beginning of this Section 2.1.(3.2) and illustrated
throughout, the use of the helix bundle packing observed for BR (Henderson,
1990a) as a direct template for GPCR modeling is likely to be inappropriate.
Nevertheless, the procedural steps and the inferences that can be drawn from
the application of a known structural template to the specific modeling of
GPCR merit scrutiny because structural information at the same level as
currently available for BR is likely to emerge shortly for RH -a member of the
GPCR family.

Modeling helix-helix interactions based on the BR template involves
three sequential steps, as illustrated in many of the reported modeling studies
that have utilized this approach (Cronet, 1993; Dahl, 1991; Findlay, 1990;
Hibert, 1991; IJzerman, 1992; Lewell, 1992; Livingstone, 1992; Nordvall, 1993;
Smolyar, 1993; Trumpp-Kallmeyer, 1992; Yamamoto, 1993): 1) alignment of
TMH sequences for proteins in the BR and GPCR families 2) superposition of
the modeled GPCR TMH backbone onto the structurally known BR backbone,

and 3) refinement of the side-chain dihedral angles in order to relieve steric
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clashes and to improve inter-residue interactions. Although the process
seems straightforward, several caveats and considerations apply. First, a
meaningful alignment of the GPCR sequences with BR is hindered by the lack
of significant sequence homology among them. Solutions to this problem
have involved a “structural” alignment whereby residues predicted to face
the lipids (or the protein interior) in the GPCR are aligned with residues
known to face the lipids (or protein interior) in the BR structure. However,
because the degree of predicted lipid exposure for the GPCR sequences does
not match the observed exposure in the BR structure (see discussion above
and Figure 2.14.b), this “structural” alignment is not unique so that different
alignments have been proposed in the literature. The published TMH
alignments are offset from each other by 1 to 4 residues (compare (Hibert,
1991) vs. (Hibert, 1993) vs. (Nordvall, 1993)) depending on the particular
helix. The structural implications of these differences in the alignments are
very significant, and can be estimated from the parameters of an ideal a-helix:
1.5 A pitch and 105° degrees per residue. When the same GPCR TMH is
superimposed on its BR counterpart based on two different alignments, the
resulting positioning of the same TMH on the respective GPCR models can
deviate up to 6 A axially, and their faces could be displaced by a rotation of up
to 150°. As a result, GPCR models derived from different alignments would

position residues critical for ligand binding quite differently. However,
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a) RH template

b) BR Template

Figure 2.14:

Predicted degree of surface exposure for each GPCR TMH (J.M. Baldwin,
Embo ] 12, 1693 (1993)) superposed on a cytoplasmic view of the projection
map of RH (a) and BR (b), where it can be compared with the extent of solvent
accessibility for each TMH, marked with a continuous line surrounding the
TMH bundle. (a) The identification of the RH seven TMHs follows that of
Baldwin (J.M. Baldwin, Embo J 12, 1693 (1993)) for a sequential and clockwise
helix packing arrangement. Note that the solvent accessible surface for each
helix around the TMH bundle agrees fairly well with the predicted degree of
lipid exposure (see text). (b) The predicted degree of surface exposure for each
GPCR TMH is not consistent with the observed degree of lipid exposure for
each TMH in BR, thus suggesting the inadequacy of using BR as a template
for GPCR modeling (see text).
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because these problems are due to an ambiguous alignment of the modeled
and template sequences, they should not be expected when the RH template
becomes available for use in the modeling of the highly homologous GPCRs.
It is important to note that the superposition of a GPCR TMH backbone
onto the BR backbone is even more ambiguous when the position of Pro
residues in these two proteins is not conserved, as occurs for all TMHs except
TMH]1. The kink introduced in the TMH by a Pro residue (see Section 2.1.2.2)
renders the two helical portions of the TMH that flank the Pro discontinuous
both in the directions of their helical axis and in the orientations of their
"faces” (see Figure 2.10). Whether kinked TMHs are superimposed onto
straight TMHSs or viceversa, the superposition could be done for either helical
portion, or for a combination of both. Nordval et al (Nordvall, 1993) found
that superimposing the GPCR helices on only one of the two helical portions
of kinked helices led to unacceptable steric clashes or large openings between
TMHs, thus suggesting an averaged full backbone superposition. Notably, the
non-conserved character of Pro-kinks applies also among members of the
GPCR family. For example, the Pro in TMH2 occurs at different positions
within the alignment and is even absent in some receptors. Since the
cytoplasmic half of the TMHs in GPCRs is much more conserved than the
extracellular half (Baldwin, 1993), and sequence conservation suggests
structural preservation, these helices should probably be modeled

superimposing their helical portions closer to the cytoplasmic side. The
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consequence is thus that the extracellular portion of TMH2 and others (e.g.
TMHS) is structurally more divergent, and significant alterations of the
helix-helix packing interactions are likely to occur at these loci. This
hypothesis is also consistent with functional considerations, the extracellular
half being more likely to have to accommodate chemically divergent ligands
while the intracellular half is responsible for the activation mechanism that

could be shared by all members of the GPCR family.

2.1.3.3- Modeling extramembrane segments of the GPCRs.

Modeling the interhelical linkers, termed loops, has become
increasingly important due to information obtained from mutagenesis
experiments that have identified some of these protein segments as binding
sites in peptide receptors (Fong, 1992), or G-protein coupling domains
(Cheung, 1992). Modeling the N- or C-terminal domains of the GPCR is a very
different task from that concerned with interhelical loops, and will not be
discussed here. For loop modeling, a number of loop searching algorithms
have been used, some of them implemented in standard modeling software
packages (e.g. as used by Trump-Kallmeyer et al (Trumpp-Kallmeyer, 1993) to
model the neurokinin 1 GPCR). These computational algorithms search
structural data bases for protein fragments that have AA sequences
homologous to portions of the loops. The yield of such searches is usually

low, and the validity of structural predictions for such short, inherently
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flexible fragments remains unclear. Maloney-Huss and Lybrand
(MaloneyHuss, 1992) generated the structure of interhelical loops using a de
novo procedure based on molecular dynamics (MD) simulations carried out
at a low temperature and applying a series of constraints. Each loop segment
was first assigned a completely extended structure(all ¢,y=180°), and then
attached to the end of one target helix via a trans peptide linkage, before a
short constant temperature (10-20° K) MD run was initiated. Weak harmonic
constraints (5-10Kcal/mol) were used to pull the free end of the loop into
position to form a trans peptide bond with the end of the second target helix.
The final conformation defined for loops from such a procedure is probably
one among many possible structures, due to the predicted flexibility and high
degree of dynamical motion observed in such segments of soluble proteins.
As a consequence, no reliable methods are currently available to suggest the
specific modes of interaction between these loops and the TMH bundle. An
exception is a disulfide bridge between the top of TMH3 and the TMH4-TMH5
linker shown in adrenergic (Raymond, 1990) and muscarinic (Savarese, 1992b)
receptors, as well as in opsins (Findlay, 1990), and by analogy assumed to exist
in most other GPCRs.

Of the six interhelical loop segments, the one that has attracted the
most attention is intracellular loop ITI, whose N- and C- terminal ends have
been implicated in the interaction of GPCR with the G-proteins (Savarese,

1992a). These portions of loop III, adjacent to the cytoplasmic ends of TMH5
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and TMH6, were predicted to be in an «-helical conformation by
Maloney-Huss and Lybrand (MaloneyHuss, 1992). This prediction was
substantiated by extensive mutagenesis studies (Cheung, 1992), with the
authors concluding that the N- and C-terminal ends of the loop were a
continuous helix extending from TMH5 and TMHS into the cytoplasm where
they could interact with the G-protein. Notably, these cytoplasmic extensions
of TMHS and 6 agree with the predictions of TMH boundaries made by the

Arg/Lys motif discussed in Section 2.1.2.1.2.

2.1.4- Probing of GPCR models based on molecular energy criteria.

Minimum energy-based criteria can be used throughout the modeling
process at every structural level, but it is only when a 3D model of the GPCR
is nearly complete that a full energetic refinement of the model can be
undertaken. Computational methods ranging from quantum mechanical
calculations (Clementi, 1991; Hirst, 1990; Weinstein, 1981) to energy
minimizations by molecular mechanics (MM) and the search for structures
with the lowest free energy with molecular dynamics (MD) simulations are
available for this purpose (Brooks, 1988; Jahnig, 1992; McCammon, 1987; van
Gunsteren, 1992; van Gunsteren, 1989; Weinstein, 1992a; Weinstein, 1992b).

The energy-based probing of the GPCR model requires an exploration
of the conformational space around the 3D model searching for structures

with increasingly lower energies. This procedure is continued until
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convergence is reached, i.e. when the lowest energy structure has been
identified within the limitations of the computational algorithms used. The
two major computational algorithms that have been used for this task,
molecular mechanics (MM) minimizations and molecular dynamics (MD)
simulations, are applicable in order of increasing complexity. While MM
minimization performs an optimization of the structure based on gradients
of the potential energy surface, MD simulates the dynamic behavior of the
protein where the incorporation of kinetic energy allows the algorithm to
cross higher barriers of the potential energy surface exploring a wider portion
of the conformational space available to the 3D model towards an "average
structure” that corresponds at least to a local free energy minimum. As the
computational requirements for MD simulations make this procedure much
more costly than MM calculations, most published reports of models of GPCR
have used only the former. However, for the purpose of energetic probing of
the 3D model, MD simulations are much more stringent than MM: While
MM will always reach a local minimum providing a minimized structure, in
MD simulations the 3D model may fall apart if it lacks energetic consistency
whereby the attractive forces do not prevail over dynamic fluctuations at
room temperature. It is noteworthy, however, that Maloney-Huss and
Lybrand found that excessive use of energy minimization lead to structures
that are too densely packed (MaloneyHuss, 1992), thus hindering the model

building process due to the difficulty to "loosen” the model structure for
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further modeling explorations. The same effect of excessive compactness was
observed for energy minimizations in wvacuo of the entire model
(Kontoyianni, 1993b; MaloneyHuss, 1992), although in this case the problem
could be overcome by a treatment of the protein environment (Kontoyianni,
1993a), as described below.

Methodological improvements and a probing of the effects of the
environment, both lipid and aqueous, are required for further validation and
quantitative evaluation of the GPCR models. Progress in that area is hindered
by the lack of structural information at atomic detail of the protein-lipid
interface, and by the necessary simultaneous treatment of a lipid and an
aqueous environments for a complete model of the receptor structure. An
exploration of the effects of the environment on a GPCR model has been
presented by Kontoyianni and Lybrand (Kontoyianni, 1993a). MD simulations

of a complete model of the B,-adrenergic receptor were carried with three

different considerations of the environments: 1) simulation of the GPCR
model in vacuo, 2) a simulation in vacuo with an explicit model of the
membrane consisting of 60 DPPC lipid molecules surrounding the receptor,
and 3) a continuum solvent model for the aqueous phase combined with the
explicit treatment of the DPPC bilayer as in point 2. Although the last and
more sophisticated representation of the environment produced the most
physically reasonable behavior for the receptor models, the authors report

that no major qualitative differences were observed among these three
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simulations except in the loop regions and TMH bundle surface residues.
Residues of the TMH portions that would be exposed to lipids were found to
be packed against the TMH backbone when explicit lipids were not included.
On the other hand, the loop regions collapsed onto the lipid head-group
regions when the explicit bilayer model was included without a model for the
aqueous phase, producing an unlikely physical situation. As a result, the
authors have suggested the application of MD methods with an in vacuo
explicit bilayer model where only the TMH bundle is included, in order to
optimize TMH-TMH packing contacts. The resulting transmembrane models
could then be completed by a subsequent addition of the loop regions.
Although other authors have used different approaches, such as restricting
the model to the transmembrane portion where a low dielectric environment
can be assumed (Trumpp-Kallmeyer, 1992; Zhang, 1993b) or simulating the
entire receptor model with an homogenous dielectric environment (Dahl,
1991), in the future MD simulation of the form described by Kontoyianni and
Lybrand (Kontoyianni, 1993a) are likely to provide GPCR models that are
more reliable in their description of the extramembranal and
juxtamembranal regions.

An alternative treatment of the membrane environment was proposed
by Jahnig and Edholm (Jahnig, 1990; Jahnig, 1992) in a MD simulation study of
alternative TMH packing arrangements of BR. To simulate the membrane

environment, the authors added to the potential energy function an
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hydrophobic potential term that applies only to surface atoms. These MD
simulations for BR bear special significance for the study of GPCR models
because their aims and procedures parallel those applicable to GPCR models
(Jahnig, 1990), but the availability of the BR structure makes possible a test of
the adequacy of the structures resulting from the computations (J ahnig, 1992).
Using the electron density projection map of BR (Henderson, 1990a) as a
starting point for modeling helix-helix packings, the ability of energy-based
criteria to distinguish the correct helix packing arrangement among
alternative models was tested by MD simulations. Although the sequential
and anti-clockwise packing arrangement of the BR structure was found to be
lower in energy than any other structural alternative considered by the
authors, the energy differences were not significant enough to substantiate
the ability of MD simulation to guide the packing of the seven TMHs of BR
(Jahnig, 1992). A particularly significant conclusion of these studies is that
differences in the relative axial displacements among adjacent helices
discussed in Section 2.1.3.2.2 was not overcome by the MD simulations
(Jahnig, 1990), thus stressing the importance of the modeling approaches
described in Section 2.1.3 of this Chapter to model TMH-TMH packing at
atomic detail. However, a caveat of these studies is that the authors did not
use the experimentally known TMH boundaries, but rather those predicted by
hydrophobicity criteria (see table 4 of (Jahnig, 1992)), which can be in error by

up to 7-8 AA as described in Section 2.1.2.1.2. Interestingly, these criteria for
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the selection of TMH ends parallel those used for most published GPCR
models (Cronet, 1993; Findlay, 1990; Hibert, 1991; Hoflack, 1993b; Huggins,
1993; IJzerman, 1992; Kontoyianni, 1993a; Lewell, 1992; Livingstone, 1992;
MaloneyHuss, 1992; Nordvall, 1993; Trumpp-Kallmeyer, 1992; Trumpp-
Kallmeyer, 1993; Yamamoto, 1993; Zhang, 1993b), thus providing an
indication of the consequences of the expected inaccuracies in the prediction
of TMH boundaries. As described in the discussion of the results obtained by
Jahnig and Edholm in Section 2.1.3.2.2, errors in the predicted TMH
boundaries seriously vitiated the BR models constructed, so that the correct
ligand-receptor interactions were obtained only after shifting TMH6 two turns
towards the extracellular side (Jahnig, 1990). Note that this correction is
precisely what would be expected to be required according to the criterion that
calls for including Arg/Lys patches at the cytoplasmic ends of the GPCR
helices, as illustrated in Figure 2.7. In summary, it appears that at the present
stage of modeling MD simulations are best suited to refine carefully built 3D
models, but are not likely to provide a good approach to helix packing from a

crude starting structure.

2.1.5- Computational approaches to probe structural details and functional

mechanisms of GPCR
Pharmacological profiles, in the form of ligand binding affinities, or

data on the efficacy of a ligand in eliciting a response (i.e. degree of agonism or
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antagonism), are available for probing 3D models of GPCRs with respect to
functional data. The approaches required to relate the models of
ligand-receptor complexes to the binding properties are far less elaborate, and
turn out to be much more ambiguous than the equivalent methodological
approaches required to relate the receptor models to the experimental data on
receptor response. Probing the constructed models of GPCRs against rank
orders of binding affinity for various ligands is discussed in Section 2.1.5.1.
The apparent lack of discriminatory power of these criteria in probing the
results of modeling approaches makes necessary the use of the receptor
models in the prediction of relative ranks of pharmacological efficacies, as
described below in Section 2.1.5.2, in order to achieve more stringent tests of

the structural and functional details.

2.1.5.1- Ligand binding properties as criteria for probing GPCR models

The most widely used approaches for probing GPCR models by criteria
related to their pharmacological properties relate to their ability to rationalize
ligand binding affinities. Models of ligand-receptor complexes have been
proposed for each of the modeled receptors, and validation of the models
were sought on the basis of a proposed agreement between the ligand binding
scheme in the receptor model and the experimentally determined rank order
of affinities and stereoselectivities of various ligands (Donnelly, 1994; Findlay,

1990; Hoflack, 1993a; IJzerman, 1992; Lewell, 1992; Livingstone, 1992;
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MaloneyHuss, 1992; Nordvall, 1993; Smolyar, 1993; Trumpp-Kallmeyer, 1992;
Yamamoto, 1993; Zhang, 1993a; Zhang, 1993b). To translate binding affinities
into ligand-receptor interactions at the atomic level, structure activity
relationships (SAR) of the ligands were used to infer on the nature of the
chemical groups of the receptor that make direct contact with the ligands. For
example, an H-bond acceptor or an aromatic ring may be proposed to interact
with specific moieties of the ligands under consideration, based on the
identified environment of the ligand binding pocket in the receptor model.
However, such structural requirements in the ligand binding pocket can be
fulfilled by different combinations of side-chains from residues in different
TMHs of the receptor model, thus producing a high degree of ambiguity in
the fulfillment of structural criteria. This lack of stringency in the criteria
applied to receptor probing based on the mere fit of ligands in a
predetermined binding pocket may be responsible for the apparent agreement
of dissimilar GPCR models with the same affinity data and SAR
considerations (cf. claims made for structurally very different models for the

B,-adrenergic receptor (Findlay, 1990; Lewell, 1992; MaloneyHuss, 1992;
Trumpp-Kalimeyer, 1992); or for the different models for the 5-TH, receptor
(Edvardsen, 1992; Trumpp-Kallmeyer, 1992; Zhang, 1993a; Zhang, 1993b)).
Consequently, the application of more stringent criteria related to the

functional response of the receptor to the binding of agonist appears necessary

for the validation of GPCR models. These criteria require the application of a
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more complex set of computational approaches in which the effect of agonist
binding on the time-dependent structural rearrangements of the receptor
model are compared to experimental data about the pharmacological
efficacies of the ligands and the structural elements involved in

receptor-effector coupling, as described below.

2.1.5.2- Criteria based on computational simulation of receptor activation
mechanisms

The most challenging task in computational modeling in support of
the efforts to understand structure-function relations of GPCR and their
complexes with ligands remains the incorporation of the various available
experimental results connecting structural information to functional data for
the receptor. New and experimentally testable hypotl';eses must be derived
from such approaches, based on the behavior of models for the receptors and
their ligands, and on the computational exploration of their interactions. For
this exploration, methods of static energy minimizations and molecular
dynamics (MD) simulations have been presented in the literature (Brooks,
1988; McCammon, 1987; van Gunsteren, 1989). A detailed discussion of the
computational methods providing functional inferences from the simulation
of molecular mechanisms such as ligand-receptor interactions, is beyond the
scope of this Chapter. However, the significant methodological and practical

differences between molecular modeling of receptor structure, and the
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computational simulation of receptor dynamics required to probe receptor
function, merit some emphasis. As discussed recently (Weinstein, 1992a) and
summarized in Figure 2.15, the computational simulation of the
time-dependent behavior of the molecular model of a GPCR in the presence
and absence of bound ligand can provide essential clues about the relation
between structural details and the properties of the receptor. Consequently,
such simulations provide a much more reliable basis for understanding the
effects of mutations and chimeric constructs than mere inferences from static
models. This is because subtle structural rearrangements could redistribute
local interactions at mutated sites so as to compensate for modifications
intended to be introduced by the mutations. It follows that modified proteins
may maintain structural and functional integrity through rearrangements
that can be predicted from computational simulations, but not from the
analysis of the static models. Similarly, computational simulations of the

signal transduction mechanism triggered in a model of the 5-HT, subtype of

the serotonin GPCR by the binding of a ligand have revealed a characteristic
series of structural rearrangements produced by the binding of agonists that
differ from the structural effects of antagonist binding (Zhang, 1993a; Zhang,
1993b). Consequently, it is to be expected that mutations affecting the
structural rearrangements, not the actual interactions between ligands and
the receptor, would affect the measured affinities of agonists and antagonists.

Such mutations would thus be difficult to discern from mutations affecting
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the actual binding sites if only affinities are compared, making it difficult to
interpret the results of mutagenesis probing of receptor structure (e.g., see
(Colquhoun, 1993)). The combined use of ligand affinity and functional
probing of the effects of structural modifications of GPCR can overcome such
difficulties if the results are interpreted with the help of insight obtained from
simulations of the consequences of these modification for both the structural

and the dynamic properties of the GPCR.
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Computational Simulation Approaches

Offer: A formal framework for computational
explorations of the structure, dynamics and functional
properties of specific molecular systems.

Features include:

- rigorous definitions of the explored
systems (e.g., boundary conditions;
nature of the environment);

- systematic explorations of specific
hypotheses;

- control experiments.

Best applications: To predict the behavior of the systems in
new experiments designed to test specific
hypotheses resulting from the analysis of
their dynamic behavior.

Figure 2.15:

Differences in the Definitions and most appropiate uses of computational
approaches to molecular modeling and computational simulation.
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The computational simulation studies that can provide dynamic
information about the receptor proteins are complex and fraught with
methodological pitfalls and shortcomings related to the special properties of
the membrane-bound species (Jahnig, 1992; Kontoyianni, 1993b; Zhang,
1993b). Nevertheless, the validation of some of the inferences obtained from
such studies by comparison to the known properties of the simulated system
can help substantiate their use in probing the properties of the system. For
example, the simulation of the complexes between a model of the

transmembrane portion of the 5-HT, receptor with ligands chosen to

represent full agonists, partial agonists and an antagonist (Zhang, 1993a;
Zhang, 1993b) produced results that were in full agreement with the
pharmacological properties of the ligands and with experimental data
concerning the structural rearrangements expected from receptor activation
(Zhang, 1993b). The detailed mechanistic insights provided by these
simulations at the atomic level of structure, identified the steps in the
propagation of the signal produced by ligand binding to the region of the
receptor molecule that governs the interaction with G-proteins. Key residues
responsible for these interactions were identified (Luo, 1993) in a manner not
feasible with structural inferences alone. It is important to note that
experimental probing (e.g, by mutagenesis) of these specific structural and

functional inferences should provide valuable information not only about
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the validity of the specific 3D model of the 5-HT, GPCR, but also about the

detailed nature of a process of intramolecular signal transduction that may be

common to many if not all GPCR families.

2.1.6- Concluding remarks

By focusing this description of a methodological approach to GPCR
modeling and probing on the hierarchical use and intrinsic caveats of each
available method, we have attempted to illustrate the extent to which each
method is inconclusive taken individually, but can gain great predictive
value if applied appropriately in conjunction with complementary
approaches. Therefore, major inferences and conclusions guiding the
construction and functional probing of 3D models of GPCR should be reached
by comparing predictions from different methods with valid experimental
data, while pursuing convergence among the results of the various prediction
methods. This procedure requires an understanding of the basis and
limitations of each available method, as sought from the juxtaposition and
discussion of these approaches in the present overview. It is clear, however,
that a deeper and more rewarding understanding of the methods, approaches
and inferences presented here will be achieved when a correct three
dimensional structure of a GPCR (e.g. a refined structure of RH) will be
available at atomic detail for use in the exploration of convergent or

contradictory structural inferences from the diverse analyses presented here.
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This exploration should provide the required preparation for a complete
structural and functional modeling of individual proteins from the great
variety of GPCRs that are likely to exhibit tantalizing differences related to

their specific functions and localizations.
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2.2- New developments in the literature since the review chapter was written.
There has been an increasing number of theoretical and experimental

approaches to study the structure and function of GPCRs in the years since the
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publication of our review chapter (Ballesteros 1995). Fortunately, several
databases have been constructed and made available to the scientific
community through the World Wide Web (WWW) that organize the
enormous wealth of biochemical, pharmacological, genomic, and theoretical
data related to these receptors. There are five databases of this kind available
in the WWW: the national Institutes of Health (NIH) database constructed by
Drs. M. Van Rhee and K. Jacobson at the National Center for Biomedical
Applications (NCBI), which uses our proposed numbering scheme for
sequence alignments and their mutation database, and which includes an
introduction to modeling GPCRs based on the methodological approaches
described in our review chapter (Ballesteros 1995) and Section 2.1). The
“GRAP” database constructed at the laboratory of Dr. Edvardsen in Norway
and which contains quite detailed pharmacological data attached to their
mutant database (binding and activation effects), as well as links to the
SWISS-PROT database of protein sequences for each GPCR represented. The
GCRDB information system set up by Dr. G. Vriend at the EMBL site in
Heidelberg (Germany), contains also similar information as the previous
databases but is different than the previous two databases in that it contains a
database for theoretical models. The mutations and alignment have also links
to the SWISS-PROT protein sequence database on the ExPASy Molecular
Biology Server. There are also the GCRDb database constructed by Dr. L.F.

Kolakowski Jr. at UTHSC, San Antonio, USA, and an Olfactory Receptor
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Database (ORD) at Yale, USA.

The most significant novel theoretical approach to model GPCRs is the
use of automated computational procedures to model GPCRs based on the
large number of experimentally derived TMH-TMH interactions proposed
recently in the literature (reviewed below). These approaches utilizes the
algorithms developed originally to derive protein structures from NMR
constraints (Herzyk 1995; Pogozheva 1997). The particular selection of distance
constraints, TMH ends, the representations of the membrane environment,
the extent of conformational freedom allowed in these procedures, and other
parameters in these published studies is debatable and likely to affect
significantly the results, as shown by the different models obtained by two
different automated approaches (Herzyk 1995; Pogozheva 1997). The
simulated annealing MonteCarlo procedure presented by Herzyk et al.
(Herzyk 1995) utilized ideal TMHs thus devoid of the kink induced by Pro
residues in these helices and the ensuing flexibility at this locus (see Figure 7.1
for an illustration of the degree of conformational uncertainty and flexibility
induced by the PKs present in the SHT2CR). The more recent distance
geometry approach presented by Pogozheva et al. (Pogozheva 1997) represents
a significant improvement in that it includes the flexibility induced by PKs
and many of the interhelical interactions proposed recently in the literature,
used in this thesis and reviewed below. However, none of these studies

(Herzyk 1995; Pogozheva 1997) includes the TMH portions at the cytoplasmic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



119

side predicted based on the Arg/Lys motif discovered in this thesis. Because in
the procedure used by Pogozheva et al. (Pogozheva 1997) the structure of the
TMH domain is established by interhelical H-bonds, they argue that the
precise identification of TMH ends was not crucial.
However, the TMH segments at the cytoplasmic side that I have included in
the model and are missing in Pogozheva’s model (Pogozheva 1997) are very
rich in polar (or charged), H-bonding groups proposed to interact with
residues included in both models. Thus, inclusion of these TMH extensions
present in the model derived in this thesis is likely to change significantly the
resulting TMH model applying this automated procedure (e.g. see Arg-cage
manuscript in Section 7.3.2). Nonetheless, the debatable applications of
automated procedures to model the TMH domain of GPCRs as presented
nowadays in the literature do not invalidate these methods. On the contrary,
the increasing amount of experimental data pertinent to secondary as well as
tertiary structure for these receptors, and the ensuing constraints for
modeling purposes, would be expected to facilitate these automated
approaches, which are likely to become our main modeling tool in the future.
There are several functional and conformational states of the receptor
that need to be considered in order to interpret current experimental data in
terms of structure-function relationships, and thus to use this data for
modeling purposes. The minimal states of the receptor that need to be

considered have been defined by the ternary model of receptor activation
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(Lefkowitz 1988), later expanded by the addition of the activated receptor in
the absence of G-proteins and renamed the two-state model (Samama 1993).
This thermodynamic framework has been extended by the inclusion of
multiple G-proteins that can be activated by a single receptor (Costa 1992) as
well as other considerations (e.g. sodium modulation (Costa 1992)). Recent
reports by Perez et al. (Perez 1996) have shown the inadequacy of this
thermodynamic model to explain the presence of multiple and different
activated states of the receptor (Perez 1996), as well as ligand induced coupling
selectivity (Perez 1996). The changes necessary in the formulation of a
thermodynamic model of receptor activation to explain this new data are
beyond the scope of this thesis and would thus not be considered. In a
collaborative effort with the laboratory of Dr. B. Kobilka (Gether 1996), we
have furthered our understanding of the proposed thermodynamic model of
receptor activation by considering the different states of the receptor in an
energetic context (see Section 3.2). Based on these considerations, we have
proposed that the activated state of the receptor, in the absence of the
G-protein, is a high energy, metastable and thus transient state, resulting in a
more unstable and flexible receptor conformation. The observed changes in
fluorescence of a Cys-labeled purified B2-adrenergic receptor upon ligand
binding could be rationalized in terms of the energetic levels proposed
(Gether 1996), as described in Section 3.3.

The most relevant experimental studies in recent years have been the
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advance in the structural characterization of GPCRs by experimental
techniques. The new developments can be classified into direct structural

determinations (Section 2.2.1) and indirect structural inferences (Section

2.2.2), described below.

2.2.1.- Direct structural determination of GPCRs.

The initial electron density map of bovine rhodopsin obtained by
electron cryomicroscopy (Schertler 1993) has been complemented by similar
studies on frog (Schertler 1995) and squid (Davies 1996) opsins. The same
architecture and salient structural features are observed for all three opsins,
the main difference among these species variants being the oligomeric
contacts observed in frozen two-dimensional crystals. Because these divergent
oligomeric contacts pertain to sequence motifs divergent among the opsins
and with respect to other GPCRs (Davies 1996), they are not pertinent to the
studies presented in this thesis.

NMR techniques have been applied to isolated segments of a variety of
GPCRs. The peptide corresponding to the seventh transmembrane segment of

the NKIR, Ac-AMSSTMYNPIIYSSL-NH,, has been studied by NMR
techniques in various solvents of mixed polarity, including Me,SO perfluoro-

tert-butanol); little structure was found for the peptide, although the authors
proposed a gamma turn at the NP motif thus creating an Asx-turn (Berlose

1994). This NP conformation induces a sharp bend in the helix of nearly
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+-90°. These finding agree with the conformational preference of the NP
motif in water-soluble protein of known structure, as substantiated by Karel
Konvicka in this laboratory (Konvicka 1995) and others (Berlose 1994), where
the NP motif is presented as a strong N-capping motif for a-helices. The
agreement of the conformation proposed for the NP motif in quite polar

solvents (MeZSO) with the conformations observed for water-soluble proteins

leaves unanswered the question of how this conformation would be
maintained in a membrane environment, because it generates several
H-bond free backbone groups which would be energetically unfavorable in a
hydrophobic environment, but not in the native aqueous medium where
these conformations are normally found. Furthermore, the authors (Berlose
1994) observed few constraints, insufficient to delineate uniquely the
structure, and observed multiple conformations co-existing thus complicating
the analysis because it was not possible to know whether observed NOEs
corresponded to the same conformation or to different conformers. They note
"a strong CaHAsn8-CdH2Pro9 NOE crosspeak indicates that Asn8 is
preferentially in an extended orientation with 120 < psi < 180. The presence of
a weak CaHPro9-NHIlell NOE, daN(i,i+2), suggest the participation of a 3-10
helix or beta-turn structure” (Berlose 1994). I would constrain psi of N7.49 to
these boundaries, and will favor their 3-10 helix versus the turn hypothesis
(Section 7.4).

Other NMR studies have focused on isolated fragments of the receptor
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that belong to extramembranal domains, thus avoiding the difficulties that
the membrane environment imposes on NMR techniques. The most
significant and conclusive study was performed on the so called “intracellular
loop 4” of the avian B-adrenergic receptor (Jung 1996). The peptide comprising
residues 7.56(345)-7.70(359) was observed to adopt a regular o-helical
conformation in the presence of phospholipid micelles or small unilamellar
phospholipid vesicles. This peptide was also shown to strongly inhibit
receptor-mediated adenylate cyclase activity (Jung 1996), thus likely to be
involved in the G-protein coupling mechanism. Other NMR studies on the
intracellular loops (IC) I, I, I, and C-terminal fragment of rhodopsin (Yeagle
1995a; Yeagle 1995b; Yeagle 1997) and the ICIO loop of the B-adrenergic
receptor (Jung 1995) resulted in either questionable structural determinations,
or were pertinent to receptor domains evolutionary highly divergent and
thus with no direct implications for the structure of the SHT2CR.

Further direct structural determination pertains to the conformation or
interactions of specific residues in rhodopsin, mostly by spectroscopic
techniques, whose interpretation involved comparison of the conformational
changes upon activation, often aided by the analysis of receptor mutant
constructs. Because the data per se are pertinent to the native receptor
structure, they are included in this section. The conserved Asp in H2 (D2.50)
has been shown to be much more strongly H-bonded upon rhodopsin

photoexcitation (Fahmy 1993; Rath 1993; Lin 1996). Another conserved acidic
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group, belonging to the DRY motif at the cytoplasmic boundary of H3 (D3.49),
has been shown to undergo protonation upon rhodopsin activation (Fahmy
1993; Arnis 1994). A second protonation site was detected (Arnis 1994), though
the specific acidic residue involved was not identified. The side chain
conformation of the conserved W6.48 was observed to change upon
rhodopsin activation (Lin 1996): The transition dipoles of the indole were
reoriented upon activation towards an orientation parallel with the
membrane plane. As described in Section 7.3.3, this rearrangement can be
interpreted in terms of the side chain dihedral angle x1 adopting a gauche+
rotamer in the inactive and a trans rotamer configuration in the active state
of the receptor. The indole NH of W6.48 was observed to participate in
H-bonding interactions in the inactive, but not in active, state of rhodopsin
(Lin 1996). The opposite case was observed for W4.50 using similar
spectroscopic approaches; W4.50 was not H-bonded in either state and its side
chain conformation did not change significantly upon activation (Lin 1996).
Other spectroscopic studies of rhodopsin were pertinent to the retinal binding
site and other domains which are structurally divergent from the
neurotransmitter GPCRs and thus not considered in this study. An exception
would be the proposed interaction between the protonated Schiff base of the
retinal linked to K7.43(296), and the E3.28(113); this interaction, which would
impose significant constraints for modeling the packing of H3 and H7 in the

TMH domain, has been questioned in the recent literature based on NMR
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experiments (Han 1993) showing a decreased electron density for the C12, not
the Schiff base, related to the counter ion of the protonated retinal, which is

likely to involve also structural water molecules. Thus, this constraint was

not used for modeling the SHT2CR.

2.2.2.- Indirect structural determination of GPCRs.

These experimental approaches often involve modification of the
amino acids present in the native receptor by either site directed mutagenesis
or chemical derivatization. The essential assumption to interpret these sets of
data is that the overall structure of the receptor is maintained, which is not
always the case as will be discussed in detail for some of this data in the
context of a three-dimensional model of the receptor TMH domain (Section
7). These experimentally derived structural inferences can be classified into
three classes: experiments pertinent to the TMH boundaries and orientation
(Section 2.2.2.1), experiments pertinent to TMH-TMH interactions (Section

2.2.2.2), and proposed ligand-receptor interaction sites (Section 2.2.2.3).

2.2.2.1- Experimental data pertinent to TMH ends and orientations.

Recently, the ability of Cys residues to undergo chemical modification
by specific probes has been used to study the structural and dynamic
properties of several GPCRs. A continuous stretch of residues is first mutated

to Cys one at the time. The accessibility of the substituted Cys is then studied
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by the availability of these Cys residues to undergo chemical derivatization by
different probes. Chemical derivatization by spin labeling probes can be
confirmed spectroscopically by means of ESR techniques, and has been used to
characterize the cytoplasmic side of H3-H4-H5-H6 in rhodopsin (Farahbakhsh
1995; Altenbach 1996; Yang 1996b). Spin labelling experiments permit the
precise characterization of the environment of the labeled sites in terms of
solvent polarity (lipid, interior protein, or water exposed), flexibility of the
labeled probe, and the changes in these properties upon rhodopsin
photoexcitation. Chemical derivatization by highly hydrophilic and Cys-
specific reagents added to intact receptor-expressing cells can be determined by
the perturbations induced in ligand binding to the modified receptors, and
has been used to characterize residues accessible to the ligand binding crevice
for the extracellular side of H3-H5-H7 in the D2 receptor (Javitch 1995a;
Javitch 1995b; Fu 1996). The latter technique is called the Substituted Cys
Accessibility Method (SCAM).

Gether et al. have used Cys-specific fluorescent probes to label native
Cys residues in the purified B2-adrenergic receptor (Gether 1995). The
observed increase or decrease in fluorescence upon ligand binding showed a
correlation with the intrinsic efficacies of these ligands, thus indicating that
the fluorophores were reporting conformational changes in the receptor
structure related to the activation mechanism. The Cys responsible for that

effect were identified as C3.44(125) and C6.47(285) (Gether 1996). The
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fluorescence of the IANBD probes attached to these two Cys indicated a

predominantly hydrophobic environment.

2.2.2.2- Experimentally derived TMH-TMH interactions.

Specific TMH-TMH interactions in GPCRs have been proposed based
on spin labeling (Farrens 1996; Yang 1996a), fluorescence labeling, Cys
crosslinking (Yu 1995; Farrens 1996; Kono 1996), engineered Zn binding sites
(Elling 1995; Elling 1996; Sheikh 1996), and double revertant mutant
constructs (Rao 1994; Zhou 1994; Liu 1995; Sealfon 1995; Han 1996). The
multiple results from these studies are mentioned below in that order, listed
in Table 2.1 arranged by the proposed helix-helix contacts, and are also
illustrated schematically in Figure 2.16 on a rhodopsin-like arrangement of
the seven TMH represented by helical wheels assuming ideal helical
conformations. Note the general consistency among these results, as will be
explored in detail in the context of a three-dimensional model of the TMH

domain of the SHT2CR (Section 7.1).

Table 2.3

Experimentally derived TMH-TMH interactions ordered by the helix pair
involved and shown schematically on a projection map in Figure 2.16.
Interactions are indicated by the residue identifier, the AA of the
corresponding receptor including the subsequent mutant, receptor involved,
conformational state (active or inactive ) and experimental technique, the
latter indicated by the following codes: Cys-Cys (Cys crosslinking), Zn-His
(engineered Zn binding site), Spin (spin labeling of Cys residues), 2rm (double
revertant mutants), Lig (Ligand binding residues, included as links to D3.32).
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IMH-TMH AA_<--> A7 Technigque GPCR Copf. state (R.R*)
H1-H7
T1.39A <--> H7.36T 2rm MUSC R
H1.60C <--> C7.63 Spin RHO d(R)<10 A 4(R*)>10 A
H2-H7
D2.50 <--> N7.49 2rm S5HTZ2a, GNRHR
K7 .43 <--> G2.57G 2rm RHO R*
H2-H3
Y2.64H <--> H3.28 Zn-His NK1 R
H3-HS
N3.29H <--> ES5.35H Zn-His NK1 R
D3.32 <--> S5.42 Lig DOP/ADR
D3.32 <--> ST5.43 Lig SHT/DOP/ADR
D3.32 <--> S5.46 Lig SHT2a/DOP/ADR
H3-H6
V3.54C <--> E6.30C Cys-Cys RHO R, not R~*
V3.54C <--> E6.31C Cys-Cys RHO R, not R*
V3.54C <--> E6.32C Cys-Cys RHO R, not R*
V3.54C <--> E6.33C Cys-Cys RHO R, not R*
V3.54C <--> E6.34C Cys-Cys RHO R, not R~*
V3.53H <--> T6.3<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>