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Structure and Function Reveal Insights
in the Pharmacology of 5-HT Receptor Subtypes

Richard B. Westkaemper and Bryan L. Roth

Summary

The purpose of this review is to examine experimental information
concerning the structure and function of the G protein—coupled serotonin
receptors in the three-dimensional context provided by the structure of
rhodopsin. A critical examination of the suitability of rhodopsin as a
template for serotonin receptor modeling from the level of sequence
alignment to interpretation of biochemical experiments of relevance to
the issues of structure—function relationships is presented.
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1. Introduction

The six G protein—coupled (GPCR) 5-HT receptor classes consist of the
5-HT,, 5-HT,, 5-HT,, 5-HT;, 5-HT, and 5-HT,, which are further divided into
a total of 13 subfamilies. GPCRs have long been known to consist of a single
polypeptide chain having extracellular, intracellular, and membrane embedded
domains. The membrane domain consists of seven o-helical segments con-
nected by extracellular and intracellular loops with the N-terminus located
extracellularly and the C-terminus located intracellularly. Signal transduction is
initiated by ligands that bind in a site defined by the transmembrane helices
and, perhaps, components of the extracellular loops. The intracellular domains
are thought to interact with cytoplasmic proteins sensitive to agonist-induced
conformational changes in receptor structure, ultimately giving rise to signaling
that modulates cell function (see ref. I for a recent review).
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2. Structure-Function Relationships

Both direct and indirect methods can be used to explore structure—function
relationships in GPCR systems. Often, indirect sequence-based observations can
identify target residues, the role of which can be investigated by mutagenesis or
other biochemical experiments. Multiple sequence alignments can reveal residues
and sequence motifs that are conserved throughout a family of GPCRs. Such
conserved features could be important in maintaining structure, thus determining
function. Discrete differences in sequence between subtypes or species might
point to residues that may be responsible for functional differences such as ligand
selectivity. Sequence-based secondary structure prediction as well as location of
and periodicity of amino-acid-residue physiochemical properties can assist in the
identification of structural domains. For example, segments corresponding to the
transmembrane domains of GPCRs have been identified as sequence segments
with high hydrophobicity occurring in an amphiphilic pattern.

Site-directed mutagenesis is a widely used experimental method that can
help directly establish the identity of residues particularly important for recep-
tor structure and function. Mutagenesis studies have been used to identify
residues lining the ligand-binding site, to determine the disposition of residues
with respect to the aqueous pore and lipid layer, and to detect proximity of
multiple residues to each other (2,3). In such studies, single-point mutations
that affect receptor properties (ligand affinity, activation, constitutive activity,
etc.) are often presumed to be directly responsible for the effects observed; it is
inferred that these residues line the ligand-binding site, making contact with
bound ligand, or directly mediate conformational change reflecting the activa-
tion state. However, the possibility that mutated residues may indirectly affect
receptor properties can seldom be conclusively ruled out. The demonstration
that changes in properties induced by a single-point mutation that can be
reversed or eliminated by complementary changes in a structurally associated
feature, either ligand or second receptor residue (reciprocal mutations), pro-
vides strong evidence that the observed effects are the result of direct inter-
action between target residues rather than being an indirect consequence of
long-range perturbation of the structure. Evaluation of the effects of native or
engineered cysteine disulfide bond crosslinking can provide evidence for the
proximity of the studied residues. Evaluation of the effects of metal ions (Zn?*)
on receptors with native or engineered ion-binding sites can also provide evi-
dence for the proximity of the coordinating residues to a receptor histidine.
Site-directed spin labeling can introduce nitroxide labels by disulfide bond for-
mation with native cysteines or residues mutated to cysteine. The distance
between labeled residues and changes in the distance between residues can
be estimated by electron paramagnetic resonance spectroscopy. Amino acid
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residues are individually mutated to cysteine in the substituted cysteine acces-
sibility method (SCAM). The disposition of the targeted residue (solvent
accessible, lipid accessible) is estimated by disulfide bond formation with
water- and/or lipid-soluble labeling reagents. The location of a residue in the
ligand-binding site can be further inferred from ligand protection studies.
Several recent reviews provide compilations of the results of such studies with
numerous GPCRs (2—4).

3. Structure of the 5-HT Receptors

Data from structure-related experiments has little meaning in the absence of
a structural hypothesis (i.e., a three-dimensional receptor model that allows the
evaluation of experimental observations in a structural context). Most early
5-HT receptor model construction was based on the experimental structure of
bacteriorhodopsin, although not a GPCR, and later on the low-resolution pro-
jection structures of rhodopsin (reviewed in ref. 5). The solution of the crystal
structure of the visual pigment bovine rhodopsin has opened new horizons in
modeling GPCR structures (6). There has been considerable discussion con-
cerning the suitability of the rhodopsin structure as a template for the con-
struction of models of other GPCRs (2,3,7-9). The purpose of this review is to
examine experimental information concerning the structure and function of
the GPCR 5-HT receptors in the three-dimensional context provided by the
structure of rhodopsin, a central issue being the suitability of rhodopsin as a
template for 5-HT receptor modeling.

4. Rhodopsin as a Template for 5-HT Receptor
Model Construction

Although several 5-HT receptors have been subjected to extensive structural
studies (reviewed in ref. /0), this review will focus on those of particular rele-
vance to the validity of rhodopsin as a homology modeling template for hypo-
thetical 5-HT receptor models. Establishing an alignment between the sequences
of templates of known structure with sequences of the model protein is the first
and most crucial step in any homology modeling exercise. Although sequence
homology between the GPCRs and rhodopsin is very low, there are several
highly conserved residues and motifs in the transmembrane helices that are
common to both rhodopsin and nearly all other GPCRs (Fig. 1) (/7). Thus, if it
is assumed that the number of residues in the corresponding helical segments of
rhodopsin and the model target are identical, models of the transmembrane
helices can be readily constructed. By far, most model building studies start
with the assumption that there are no differences in the lengths of the trans-
membrane (TM) segments. This may not always be the case since irregularities
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Fig. 1. CLUSTAL W (1.82) multiple sequence alignment for serotonin receptors

and rhodopsin.
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Fig. 1. (continued)

in the three-dimensional structure of the a-helices of rhodopsin (- and 3,-helix
segments in TMS5 and TM7, respectively) could accommodate single amino acid
insertions or deletions in modeled helices without perturbing the overall dimen-
sions of the segment (/2,13). A major limitation to the use of rhodopsin as a
template for modeling nonhelical domains of 5-HT receptors is the large differ-
ences in the lengths of corresponding structural elements. Fortunately, the largest
discrepancies in sequence length occur in the N-terminus and C-terminus and
intracellular loops, which are less likely to affect the structure of the ligand-
binding site than the helices and extracellular loops. Where differences in seg-
ment length are too great to be modeled directly from the rhodopsin structure,
investigators usually elect to generate a candidate loop structures, not from the
rhodopsin structure but from the database of known protein structure using geo-
metric (e.g., end-to-end distance) and sequence homology criteria. Unfortu-
nately, there are usually no existing substructures with even modest homology to
the 5-HT receptor sequences being modeled. Thus, loops created in this fashion
are of questionable validity, particularly when the target sequences are signifi-
cantly longer than those corresponding to rhodopsin. A final limitation in the
existing structural data is that only the “dark™ or inactive form of rhodopsin has
been determined. The 5-HT receptor models derived from this structure are
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thought to represent the inactive, resting, or antagonist occupied form of the
receptor. The active form of rhodopsin would probably be the most appropriate
template for the active or agonist occupied form of the GPCRs. Even though an
experimental structure has not been determined directly, numerous biophysical
approaches have provided insight into the nature of the conformational changes
that rhodopsin undergoes on conversion to the light or activated form of the
receptor (/4). To date, there has been at least one computational investigation
directed toward simulating conformational changes on rhodopsin activation and
-adrenergic receptor activation based on distance constraints derived from bio-
physical experiments using constrained molecular dynamics simulations (4).
A similar approach might ultimately prove useful for generating models of the
active form of 5-HT receptors.

The following is an examination of each structural element of rhodopsin and
its suitability as 5-HT receptor model building templates. Figure 2 shows a
graphic model of the 5-HT,, receptor constructed from the rhodopsin template.

5. Extracellular Domains

5.1. N-Terminus

The N-terminal segment of GPCRs is highly variable in length (11-879
residues) (15). The 5-HT receptor N-termini lengths range from 16 to 78 residues
in length with very little conservation of sequence, with the possible exception of
the first few residues in each sequence (Fig. 1). Given the total differences in
length, it is difficult to envision a common N-terminus three-dimensional (3D)
structure or function among the 5-HT receptors and rhodopsin. The rhodopsin
N-terminus consists of a compact structure roughly parallel to the membrane that
lies on top of the extracellular loops. If directly incorporated into 5-HT receptor
models, this structure could limit the flexibility and disposition of the remaining
extracellular loops. Deletion of the N-terminus from the 5-HT,, receptor does not
appear to affect receptor function (/6). Although no systematic mutagenesis stud-
ies have appeared, several single-nucleotide polymorphisms (SNPs) have been
identified in the N-terminus of the 5-HT,, (/7) and 5-HT,, (/8) receptors, none
of which affect receptor function. Together these observation suggest that explicit
consideration of the N-terminal segment might not be necessary or desirable in
the generation of 5-HT receptor models.

5.2. Extracellular Loop 1 (el)

The first extracellular loop of rhodopsin directly connects TM2 and TM3
with a very short linker (six residues). With the exception of a single trypto-
phan, there is little sequence homology among the el loops of the 5-HT recep-
tors. Fortunately, the lengths of the 5-HT receptor el segments are similar (six
to seven residues) to the rhodopsin el loop. Thus, the rhodopsin el loop is



46 Westkaemper and Roth

A2

(‘./
Y4

{ 7
S

2

<
/
.
&

NV
b4

>,
s Y

2

L\‘

Fig. 2. A 5-HT,,-receptor model constructed from the rhodopsin crystal structure.
Serotonin is shown as a space-filled structure. Magenta colored backbone traces rep-
resent modeled structures of low reliability (N-terminus, C-terminus, and i3) as well as
segments generated by insertion into or deletion of rhodopsin residues (el, €2, €3, and
i3 loops). Stick structures of the side chains of conserved residues (yellow), ligand-
binding site residues (red), and residues involved in receptor activation are shown.
(Illustration appears in color in insert that follows p. 240.)

likely to be a viable template for 5-HT receptor model structures. Even if the
structure of the rhodopsin el loop is not considered explicitly, it is likely that
protein database search-based generation of this segment will likely produce
geometrically acceptable results for all of the 5-HT receptors.

5.3. Extracellular Loop 2 (e2)

One of the most striking features of the rhodopsin structure is the complexity
and compactness of a helix bundle “cap” or “plug” formed from the extracellu-
lar interhelix loops and N-terminal segment (/9). Together, the N-terminal
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sequence and the three loops el (TM2 to TM3), e2 (TM4 to TM5), and e3 (TM6
to TM7) form a layered, interlocking structure consisting partly of B-sheet loops.
The bottommost of these is the e2 B-hairpin, which traverses the entire helix
aggregate, extending from its origin at TM4 and its terminus at TMS toward
TMI1 and TM7. The e2 loop is tethered to TM3 (Cys3.26) via a disulfide bond
between the two highly conserved cysteines. The e2 loop of rhodopsin comes
within the van der Waals distance of the covalently bound retinal chromophore
forming the bottom of the plug, equivalent to the top of the retinal binding site.
Thus, the relevant question becomes, is there an analogous structure that forms
part of the ligand-binding site of neurotransmitter G protein—coupled receptors?
It has been suggested that such a complete enclosure of the ligand-binding site
is not likely for receptors that, unlike rhodopsin, must reversibly associate with
the ligand (7). With the exception of the 5-HT4 receptor (30 residues), most
5-HT receptors have relatively short e2 loops (16-21 residues) compared to the
rhodopsin €2 loop (26 residues). The difference in lengths of the corresponding
5-HT and rhodopsin segments makes it difficult to model e2 structures directly
from the rhodopsin template. However, the existence of the disulfide bond
between TM3 and e2 does provide a geometric constraints that might help elim-
inate irrelevant structures generated by searching structural databases. It has
been argued that the e2 loop of the 5-HT,, receptor might not encroach as
severely into the ligand-binding site as the corresponding structure for rhodopsin
(20) because of the shorter length of the 5-HT,, €2 loop. There have been no
systematic mutagenesis studies conducted with the e2 loops of the 5-HT recep-
tors. The P184L mutation did not affect 5-HT, , receptor function in response to
a wide range of agents (/7). Evaluation of chimers between 5-HT,; and 5-HT
has led to the suggestion that the e2 loop might contribute to ligand selectivity
(21) for some but not all investigated ligand (/0) receptors. A recent SCAM
study of the short e2 loop (approx 15 residues) supports the notion that the loop
does in fact contribute to the ligand-binding site of the D2 receptor (22). Thus,
with caveats, the e2 loop of rhodopsin is a reasonable model of, if not a directly
transferable template for, the general structural features of the e2 loops of 5-HT
receptors.

5.4. Extracellular Loop 3 (e3)

The eight residue e3 loop of the rhodopsin receptor spans TM6 and TM7 on
the periphery of the helical aggregate. The lengths of the €3 loop for the 5-HT
receptors (7-11 residues) range from 1 fewer to 3 greater than the number of
residues in the e2 loop of rhodopsin. Given the relatively remote disposition of
the loop and the similarities in sequence length, it is expected that the rhodopsin
e3 loop will be a reasonably good template for homology modeling. There have
been no mutations of this segment reported for 5S-HT receptors.
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6. Intracellular Domains

6.1. Intracellular Loop 1 (i1)

The rhodopsin structure places the il loop adjacent to the short eighth
membrane-embedded o-helix. With the exception of the 5-HT,, receptor (six
residues), the 5-HT receptors have the same length as the rhodopsin loop (seven
residues). Interestingly a XKKLXXX motif is conserved between the rhodopsin
sequence and the majority of the 5-HT sequences, suggesting that the i1 loops
of rthodopsin and the 5-HT receptors could have a common structure. System-
atic mutagenesis studies have not been conducted.

6.2. Intracellular Loop 2 (i2)

The second intracellular loop of rhodopsin consists of 11 residues that span
TM3 and TM4 peripherally, extending into the membrane away from the helix
aggregate. All 5-HT receptors are one residue longer, with the exception of
5-HT,, which contains two additional residues compared to the rhodopsin
sequence. Even in the absence of any sequence homology, the similarities in
length suggest that the i2 loop of rhodopsin is at least a reasonable starting
point for 5-HT receptor modeling.

6.3. Intracellular Loop 3 (i3)

The i3 loop has been shown to be a major site of receptor—G protein interac-
tion and might have a potential role in mediating interhelical interactions. The
large difference in sequence lengths in the i3 loop of 5-HT receptors and
rhodopsin suggests that this feature represents the largest structural divergence
between rhodopsin and the 5-HT receptors. The rhodopsin loop is relatively
short (21 residues) and traverses the perimeter of the helix aggregate, extending
slightly into the membrane near the membrane surface (away from the bundle).
The 5-HT i3 loops are much longer, ranging from 57 to 121 residues. Because
of the differences in sequence length, this feature cannot be modeled using
rhodopsin as a template with any accuracy. Because there are no protein data-
base structures with any degree of sequence homology to the GPCR loop, it is
unlikely that this loop can be modeled with any accuracy. In one approach
reported for 5-HT, , and 5-HT,, receptor models, the (113-residue) i3 loop was
constructed in a stepwise fashion from segments with predicted o-helices
(2 helices, 8 and 19 residues long) and B-conformations (two segments, 8 and 13
residues long) (23). Backbone structures of segments predicted to be of random
conformation were selected from sequences retrieved from a protein database
search. It is not clear, however, how the tertiary structure of the loop was deter-
mined during this process. An alternative solution has been to omit the i3 loop
from 5-HT (and other GPCR) models rather than explicitly including a structure
that is most certainly wrong.
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6.4. C-Terminus

The C-terminus of rhodopsin consists of 399 residues, only the first 18 of
which are included in the crystal structure. A short eighth o-helical segment
(approx 12 residues) initiates the C-terminus near the C-terminus of TM7. TM8
is approximately parallel to the membrane surface and perpendicular to the
helix aggregate and is at the cytoplasm-lipid interface. The rhodopsin TMS is
preceded by the NPXXY (X); (F motif of TM7, a motif shared with 5-HT recep-
tor sequences. Disruption of hydrophobic interaction between Y306/F313 alters
HS8 conformation and allows activation, suggesting that TM8 of rhodopsin acts
as a membrane-dependent conformational switch-mediating activation (24).
The importance of an analogous interaction for 5-HT, receptors has been eval-
uated experimentally and results are consistent with models based on the
rhodopsin structure (25). It is likely that the N-terminus of rhodopsin including
the eight helices is a reasonable 5-HT receptor model-building template.

6.5. Transmembrane Helix 1 (TM1)

The 3D structure of rhodopsin shows a kink in TM1 on the intracellular half of
the helix. Rhodopsin has a proline at the 1.48 position (P53) that results in dis-
placement of the extracellular portion of the helix toward and between TM2 and
TM7 referenced from the extracellular side. There is no corresponding proline
residue in any of the 5-HT receptors, suggesting that this helix irregularity might
not be conserved. However, six subtypes (5-HT,, 5-HT,,, 5-HT,,, 5-HT,,
5-HT,g, and 5-HT),) have either a glycine residue at 1.48, or 1.49, or both. Because
glycine residues are often the site of irregularity in helices, the kink might very
well be conserved in at least some these receptors. Because the cytoplasmic end
of TM1 is tied to the cytoplasmic end of TM2 by the very short i2 loop in both the
5-HT and rhodopsin sequences, removal of the kink by replacement with an ide-
alized helix in models of non-glycine-containing subtypes (5-HT,,, 5-HTp,,
5-HT,g, 5-HT,g, 5-HT;, and 5-HT,) would displace the intracelluar portion of
TM1 away from TM2 and TM7. Interestingly, it has been pointed out with refer-
ence to other A-type GPCRs (2) that the region of helix irregularity might be a site
of dynamic flexibility. None of the TM1 residues has been strongly implicated as
being part of the ligand-binding site. Because TM1 is basically on the outside of
the aggregate formed by the remaining helices, the precise nature of the geome-
try of TM1 might not be important in 5-HT receptor model generation, at least
with respect to the ligand-binding domain. The role of 5-HT residues at 1.48 and
1.49 have not been investigated by site-directed mutagenesis to date.

6.6. Transmembrane Helix 2 (TM2)

The rhodopsin structure shows a helix irregularity in the extracellular half of
TM2, placing it toward TM1, which is initiated by a pair of glycine residues
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(2.56, 2.57) followed by three threonine residues (2.59-2.61). The threonine
sequence appears to stabilize the helix bend with side chains hydrogen-bonding
to the i-4 residue backbone carbonyl atoms (2). Although none of the 5-HT
receptor sequences have the threonine repeat, each has a conserved proline at
2.59, suggesting that this helix irregularity might be a structurally conserved
feature of the 5-HT receptors. Several TM2 residues have been evaluated using
site-directed mutagenesis. Mutation of the conserved aspartate (D2.50) to alanine
abolished agonist affinity (26) for 5-HT, , receptors. Mutation to asparagine in
5-HT,, and 5-HT,, receptors has been shown to selectively affect ligand affin-
ity in an unpredictable fashion (27). In a separate study (28), the D2.50N muta-
tion of the 5-HT,, receptor did not affect agonist or antagonist affinity but
reduced G protein coupling. The effect was reversed by a rescuing TM7 muta-
tion N7.49D, which strongly suggest that residues at 2.50 and 7.49 are directly
interacting with each other. The rhodopsin structure places both resides at posi-
tions within interacting distance, suggesting that the orientation of TM2 and
TMT7 represented by rhodopsin might also apply to 5-HT receptors.

6.7. Transmembrane Helix 3 (TM3)

The TM3 helix of rhodopsin deviates slightly from an ideal o-helix in that
its axis has a slight precession creating a subtle S-shape. Backbone hydrogen-
bonding residues at 3.33 and 3.43 (T118 and S127) might be responsible for the
slight precession. All of the 5-HT receptors have multiple backbone hydrogen-
bonding residues (Cys/Ser/Thr) at various positions (not conserved), suggesting
that similar helix irregularities might be present in the 5-HT receptors. Whereas
differences in structure of 5-HT TM3 segments might vary only slightly from
rhodopsin, significant changes in function could result from changing the
immediate environment by several structurally important residues, particularly
TM3 D3.32 and TM3 D3.49. Numerous mutagenesis studies have supported
the role of D3.32 and the ammonium ion counterion (27,29-33). In addition,
interaction of D3.32 with other receptor residues has been proposed for several
GPCRs. In particular, interaction of D3.32 with a TM7 asparagine (N7.36) was
proposed to maintain the receptors in the inactive state. Disruption of the inter-
action by ligand association (a “salt-bridge switch”) was proposed to result in
activation (33) for the adrenergic receptor. The observation that D3.32A, -E,
-Q, and -N all result in receptors with decreased rather than increased consti-
tutive activity is contradictory to the “salt-bridge” proposal but was consistent
with an early 5-HT,, receptor model (30). Examination of the rhodopsin crys-
tal structure indicates that residues at the 3.32 and 7.36 positions are in fact not
within interacting distance.

The demonstration of potential interactions between the arginine (R3.50) of
the highly conserved D(E)RY motif near the intracellular end of TM3 and a
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glutamate (E6.30) near the intracellular end of TM6 is of particular importance
to 5-HT,, receptor structure and activation. The fact that this interaction stabi-
lizes the inactive conformation of the receptor is suggested by the observation
that interruption of the interaction by mutagenesis results in a high constitutive
activity (34). It has been suggested that activation of the 5-HT,, receptor
involves the relative displacement of the intracellular end of TM3 and TM®6, as
has been proposed on the basis of mutagenesis and biophysical studies for a
variety of GPCRs. It was further suggested the displacement of TM6 is
mediated at the TM6 kink located at the highly conserved P6.50 (35) for the
adrenergic receptor. Residues and the 3.50 and 6.30 positions are in fact within
interacting distance in rhodopsin, further suggesting that the rhodopsin TM3 is
a viable template for 5-HT receptor models.

6.8. Transmembrane Helix (TM4)

The TM4 helix of rhodopsin is a short helix on the outer face of a helix
“wall” around the ligand-binding site formed by the aggregate of TM2, TM3,
and TMS. TM4 is a regular helix from the intracellular end up to a highly con-
served proline at (P4.59) that results in the remaining few helix turns being
displace away from the TM2 and TM3 helix ends toward lipid. Contrary to the
assumption that highly conserved residue might be important for ligand
binding, a highly conserved tryptophan residue (W4.50) faces the TM2/TM3
interface shielded from direct contact with the ligand-binding site in rhodopsin-
based models. The relatively remote location of the rhodopsin TM4 is consis-
tent with the observation that most 5-HT receptor mutations in TM4 have little
effect on ligand affinity (reviewed in ref. /0).

6.9. Transmembrane Helix 5 (TM5)

It has been suggested because sequence variability of all transmembrane
helices among all GPCRs is greatest for TMS5, much of the specificity of GPCRs
could be attributable to TMS5 properties (1/3). All of the 5-HT receptors and
rhodopsin share a highly conserved proline (P5.50) residue near mid-helix. The
rhodopsin TMS is relatively “straight” despite the proline residue, but it shows
a significant deviation from ideal helical periodicity in that it has a single
“underwound” mt-helix turn (residues 5.44-5.49) near P5.50. Although relatively
rare in general, it has been suggested that a 7-helix might be a universal feature
of all class A GPCRs because of the highly conserved nature of P5.50 (/3). In
addition, there is some evidence that m-helices are frequently associated with
ligand-binding domains (13,36,37). Many experimental studies have suggested
that portions of TMS interact with the ligand. A hydrogen bond donating serine
is present at either the 5.42 or 5.43 position in all 5-HT receptors. With the
exception of the 5-HT, subtypes, a hydrogen bond donating residue is present at
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both the 5.43 and 5.43 positions. The rhodopsin structure places these residues
is a ligand-accessible position. Although not entirely self-consistent, mutation
data for the 5-HT,, suggest that a hydrogen bond donor might interact with a
ligand having a hydrogen bond acceptor in a position analogous to that of the
5-OH group of 5-HT (reviewed in ref. 19). If the helical “bulge” were replaced
with a idealized helix, positions 5.42 and 5.43 would be rotated clockwise, plac-
ing both residues more toward the TM4-TMS interface inaccessible to the
ligand-binding site, suggesting that this helix irregularity might well be con-
served in the 5-HT and other class A GPCRs. A phenylalanine at the 5.47 posi-
tion is conserved in all 5-HT receptors. The neighboring 5.48 position is
occupied by either a phenylalanine or tyrosine residue. The structure of
rhodopsin places the 5.47 in a ligand-accessible orientation, but a 5.48 residue
is clearly in lipid or at the TM5-TM6 interface. Mutation of each of these
residues to alanine has been shown to selectively affect ligand affinity and both
mutations reduce potency and efficacy of 5-HT-stimulated PI hydrolysis (38),
partially inconsistent with the lipid orientation of position 5.48. The partial
discrepancy between the orientations of side chains dictated by the rhodopsin
structure and mutagenesis data have led to the hypothesis that helix flexibility at
the conserved proline 5.50 position and/or ligand-induced helix rotation might
account for the inconsistencies (2,10).

6.10. Transmembrane Helix 6 (TM6)

Rhodopsin TM6 has a pronounce kink at the uniformly conserved proline
and position 6.50, tilting the extracellular half toward TMS5. Evidence points to
a major conformational change in this helix (particularly with respect to TM3)
in the conversion of the inactive to the active state of rhodopsin. Spin-labeling
and cysteine crosslinking studies in rhodopsin are consistent with a displace-
ment of the cytoplasmic side of TM6 away from TM3 upon rhodopsin activation
(39,40). In addition, rhodopsin activation is prevented in a rhodopsin-containing
engineered metal-ion-binding site (4/). It has been proposed that the conserved
proline at this position represents a conformationally flexible hinge, the bending
of which meditates TM6 conformational change on activation. An alanine scan-
ning mutagenesis study of residues 6.28 through 6.40 on the intracellular half of
TM6 of the 5-HT,, receptor suggests that none has a direct effect on ligand
binding (34) and all of these residues are distant from the ligand the ammonium
ion-binding residue D3.32 of TM3. Single and reciprocal mutagenesis studies of
E3.60 and R3.50 support the hypothesis that a salt bridge between these TM6
and TM3 residues might mediate receptor activation, as discussed earlier (34).
The rhodopsin structure in consistent with the potential presence of such an
interaction in the inactive sate. Mutagenesis studies of conserved residues on
the extracellular half (W6.48 and F6.52) of the receptor suggest that these
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residues might be important for ligand binding for the 5-HT,, receptor (42).
The aromatic side chains of both are in the proposed ligand-binding site in
proximity to D3.32 of TM3 in a rhodopsin-based 5-HT,, model (20).

6.11. Transmembrane Helix 7 (TM7)

The 5-HT and rhodopsin receptors contain a highly conserved asparagine/
proline pair at position 7.49 and 7.50. In addition to inducing a pronounce kink
at this position, an unusual helix conformation occurs on the intracellular side of
the kink consisting of a tightly wound 3,,-helix (7.43-7.46). This feature of the
rhodopsin structure might be a consequence of retinal covalently bound to K296
(7.43), which is obviously not a property shared with the 5-HT receptors.
Double-revertant studies of the 5-HT,, receptor residues D2.50 on TM2 and
N7.49 suggest that disruption of a hydrogen bond between these residues might
be important for activation. Potential interaction between these two residues is
evident in the rhodopsin structure and is consistent with a rhodopsinlike abnor-
mal helix in this region (28). In addition, a SCAM study of the D, receptor is
more consistent with a 3,,-helix than a more regular, kinked o-helix (43).
Mutation of the highly conserved Y7.53 of NPXXY motif led to constitutively
active 5-HT,. receptors, suggesting that this locus has a role in receptor activa-
tion (44). Further investigations of double-revertant Y/F pairs suggest that
activation might, in part, be dependant on disruption of a direct interaction of
Y7.53 and Y7.60 of the C-terminal helix 8 (25), as has been proposed for
rhodopsin. Such an interaction is readily apparent in the rhodopsin structure.

7. Conclusion

With a few notable exceptions, the rhodopsin structure appears to be a useful
starting point for the generation of 3D models of the serotonin receptors that
can be used to aid further receptor structure—function studies. Segments that
almost certainly cannot be generated accurately from the rhodopsin structure
include the N-terminus and i3 loop. Segments that almost certainly can be gen-
erated from the rhodopsin structure include the el, e2, e3, and il loops, the
TM2, TM3, TM6, and TM7 helices, and the C-terminus. Available data suggest
that structural correspondence between rhodopsin and 5-HT receptor segments
are not entirely consistent for TM1, TM4, and TMS5.

Numerous 5-HT receptor models have been constructed from the experi-
mental crystal rhodopsin structure with various levels of fidelity to the tem-
plate. To date, models have been reported for 5-HT,, (23,45-47), 5-HT,,
(20,23,30,34, 38,48-50), 5-HT, (31,50), 5-HT, (50), 5-HT, (51), and 5-HT
(52,53) receptors. Not unexpectedly, each of the models presented has been
useful in providing insight into the potential structural origins of the specific
experimental feature being investigated (a limited set of mutations, SCAM of a



54 Westkaemper and Roth

particular feature of the studied receptor). There have been very few systematic
attempts to evaluate the usefulness of models for the generation of new ligands.
Perhaps the most stringent and meaningful test of overall validity of GPCR
homology models for this purpose is the application of virtual screening para-
digms. Large databases of compounds with known activities (both active and
inactive) are docked with receptor models in an automated fashion and the
resulting complexes are scored. Overall model “fitness” can be determined sta-
tistically by comparing predicted affinity with the experimental results. Success
would suggest that hypothetical models encode enough useful receptor structure
information to allow prediction of ligand affinity for a large range of structural
types of potential ligand; the models could be useful for structure-based ligand
design. Encouraging results of this kind have been recently reported for the
dopaminergic (54) and adrenergic (55) receptor models. A major limitation in
the use of rhodopsin as a model template for screening purposes is that only the
structure of the inactive form of the receptor is available. Thus, one would
expect virtual screening using rhodopsin-based models to produce antagonists
only. A second potential confounding factor in the use of rhodopsin as an
explicit template for the generation of GPCR models has very seldom been
mentioned explicitly. Ligand-binding sites of GPCR models based on the helix
backbone of rhodopsin closely resemble the original retinal binding site
(a “ghost site”) even in the absence of sequence homology and even when the
model side-chain geometries are constructed independent of the rhodopsin side-
chain geometries (20). Imprintation of a more realistic site has been accom-
plished by molecular mechanics minimization of receptor—ligand complexes or
receptor-ligand ensemble complexes generated from manually docked orienta-
tions consistent with known site-directed mutagenesis studies (20,54). The
obvious liability of this approach is that the steric and electronic attributes of
the imprinted or created site is highly dependent on the particular ligand(s) and
ligand orientations selected. Simulations in which a ligand is randomly
“solvated” with N- and C-blocked amino acids produces an artificial site quite
effective in retrieving similar ligands from databases virtually screened in the
automated docking algorithm. In fact, similar approaches have been used to
generate explicit atomic models originally referred to as pseudoreceptors
(56,57). Although the use of GPCR models as virtual screening templates
shows promise for both model validation and structure-based ligand design,
results should be interpreted with appropriate skepticism.
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