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Introduction

An understanding of G protein-coupled receptor (GPCR)
function at the molecular level depends heavily on the deter-
mination of a detailed 3-dimensional structure for this pro-
tein family. Information on the structure of GPCRs, how-
ever, has been difficult to obtain. The low resolution density
map of rhodopsin, and the subsequent assignment of the trans-
membrane (TM) helices, has suggested a TM packing ar-
rangement similar to, but not identical to that of
bacteriorhodopsin (BR) [1,2]. Although BR is often used as
a structural template for GPCR model building, the distant

sequence relationship of these proteins is problematic. The
helical distortions caused by the proline residues in TM heli-
ces II, III, and VI of BR can not be reconciled with GPCR
sequences of the rhodopsin family, where highly conserved
prolines are found in TM helices IV through VII [3]. In the
past, this shortcoming has either been ignored or remedied
using averaged templates from the proline-containing heli-
ces of BR [4]. An alternative approach has also been sug-
gested that uses non-sequential alignments of individual TM
sequences. Pardo et al. proposed a GPCR alignment based
on exon shuffling that radically reorganized the helix order-
ing in the TM domain [5]. Although the approach paired
prolines in BR helix III and GPCR helix V, the overall pack-
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ing scheme suggested has since been discounted. More re-
cently, Metzger et al. reported an analysis of conserved
residues in retinal and the rhodopsin-like GPCRs that treated
each TM helix as an individual domain [6]. The resulting
alignment allowed direct structural templates for GPCR heli-
ces V and VI to be taken from the crystallographic structure
of BR helices III and II, conserving the position and confor-
mational effects of the prolines in these structures. Based on
sequence analyses, this pairing was also shown to preserve
the sequential ordering of the helices found in BR. The pre-
dicted arrangement has been supported by recent site directed
mutagenesis studies of the muscarinic receptor as well as
biophysical studies of zinc binding to mutant GPCRs [7,8].

While non-sequential alignments may address the con-
formational problems associated with proline-containing heli-
ces, the sequence identity is minimal. Helix-helix interac-
tions in BR and the GPCRs, however, may contain other
commonalities shared with broader classes of globular and
transmembrane proteins. In helical proteins, sequence and
structural analyses have indicated a common packing motif
may exist that pairs hydrophobic residues in the a and d po-
sitions of complimentary helices, forming what has been re-
ferred to as "knob-into-hole" contacts between helices (where
a and d refer to positions in the a-g heptad repeat of alpha-
helices) [9-11]. A schematic representation of this contact
pattern for both parallel and antiparallel helices is shown in
figure 1. Within this general scheme, the repeating hydro-
phobic residues at positions a-d-a pair with complimentary
residues a-d-a for parallel or d-a-d for antiparallel
orientations. Contacts are also possible with adjacent residues

at position e and g of the helices. The overall arrangement of
these residues on the face of each helix produces the so-called
knobs and holes of the interaction.

A similar scheme has also been proposed based on a ridge
into groove model for helix packing [12]. Although residue
contacts follow the same a-d-a pattern (i-3, i, i+4 in the no-
menclature of ref.12), the a-d-a hydrophobic repeat is not a
requirement of the model. The characterization of ridge into
groove packing is therefore more dependent on structural data
which can limit its application in sequence analysis and struc-
ture prediction. (See ref. 13 for additional comments in this
regard.)

Although knob-into-hole contacts have been observed in
transmembrane proteins in previous studies (e.g. photosyn-
thetic reaction centers or RCs [14]), a similar analysis has
not yet been extended to GPCR sequences. These receptors,
as well as BR, also contain a rare pairing of proline-contain-
ing helices. While various structural and functional roles have
been suggested for the existence of these conserved prolines,
the importance of this unique pairing has not yet been estab-
lished. In the following sections, we review the BR structure
in terms of interhelical contacts and helix packing effects
and describe possible homologies to GPCRs. The results are
applied to model the supersecondary structure of helices V
and VI for a representative GPCR sequence. An analyses of
this structure is also performed to gain insight to the overall
packing of helices in the TM domain and to the potential
role knob-into-hole interactions may play in structure for-
mation.

Figure 1. 2-dimensional net illustrating the a-d notation for
two alpha-helices in a coiled coil arrangement ; (a) parallel
helices (after ref. 11); (b) antiparallel helices.
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Methods

The atomic coordinates for BR [15] and melittin [16] were
taken from the Brookhaven Protein Databank [17] and dis-
played graphically using the Midas Plus software package
[18]. Interhelical van der Waals contacts were determined by
visual inspection of the crystallographic structure. The helix
crossing angle, Omega, and distance of closest approach, D,
was also determined for these structures using the method of
Chou et al. [19] (equations 20-21 for Omega and 25-26 for D
of reference 19). The BR structure was further used to model
build helix packing for TM helices V and VI of the kappa-
opioid receptor using a non-sequential alignment to BR heli-
ces III and II, respectively. This alignment procedure is de-
scribed elsewhere [6]. The resulting structure was refined with
molecular mechanics calculations using the Cornell et al.
force field [20 ]. The helices were capped with acetyl and N-
methyl groups (as appropriate) and subsequently minimized
with the SANDER program of AMBER [21]. A non-bonded

cutoff of 12 angstroms was applied with a constant dielectric
of 1.0. Least squares fitting of the amino acid backbone at-
oms of the minimized structure to the BR template was per-
formed using the ANAL module of AMBER.

The conservation of amino acids involved in interhelical
contacts across the rhodopsin- like GPCR family was deter-
mined by a manual inspection of sequence alignments. In
all, 332 sequences were taken from the OWL database [3]
and aligned according to the conserved proline residues of
helices V and VI. Nonidentical sequences were further
analyzed using the PERCAN suite of programs [22 ]. Fourier
transform analyses of lipid substitution patterns for 226 he-
lix V and 204 helix VI sequences were performed using the
SUB routine. Direction vectors were taken from the window
of maximum periodicity as suggested by Donnelly et al. [22].

Results and Discussion

A pairwise analysis of helix contacts in BR is given in fig-
ure 2. This figure suggests a network of residue contacts may
exist between amino acids located three, four, or seven
residues apart linking helices. Although contacts of this type
have been postulated in the past for BR [10], the structural
details of these interactions were not reported since the
crystallographic structure was not known at that time.

The residues identified here suggest these contacts are
dominated by hydrophobic and aromatic interactions, simi-
lar to those seen in photosynthetic reaction centers and other
helical proteins [14,23]. These pairs stack along an imagi-
nary plane parallel to both helix axes, filling, what could be
referred to as the helical grooves of the receptor. The helix
crossing angle and distance of closest approach for helix pairs
in BR, shown in Table 1, are also consistent with previous
analyses. In past studies, these values have been used to char-
acterize the structural interaction as either a 3-4 ridge- into-
groove or the similar knob-into-hole type of contact [9,12].
The values reported in Table 1 overlap the ideal values for
both types of interactions.

An exception is noted, however, for helices III and IV
which show a positive tilt angle of 164 degrees (or -20). This
may be a consequence of the large pro-induced kink in helix
III that may alter the packing requirements of this helix. The
reverse tilting may also be due to the unique position of he-
lix IV in the overall structure of BR. Helices II through IV
have been shown to lie perpendicular to the plane of the mem-
brane while helices V through VII are slightly tilted. Helix
IV is therefore at the interface of the two domains which
may alter local packing effects. Regardless of the origin, the
interaction suggests both positive and negative tilt angles may
be possible for this helix contact pattern. Figure 3 further
outlines the residue contacts between helices II and III of
BR. Both helices contain a highly conserved proline residue
at approximately the same depth within the TM domain.
While such an occurrence would be considered rare in globu-
lar proteins, the presence of proline residues in transmem-

Figure 2. Schematic of interhelical contacts for helices I to
VII in BR, as determined by visual inspection of van der Waals
interactions. Interacting residues are in bold face and
shadowed. Arrows indicate chain direction.
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brane helices is common [24]. These residues are thought to
play functional roles in stabilizing monomer association (as
in ion channels) or in the signal transduction process in
GPCRs. Our analysis indicates that interhelical contacts in
these helices mimic those of coiled-coils and other non-pro-
line containing helices, with large hydrophobic or aromatic
residues located either 3 or 4 residues apart in the sequence.
In addition, the concave side of TM helix III, created by the
kink at P92, has several residues strategically located near
helices V and VI. These helices also have close contacts as
noted in Figure 2 and in the case of helix VI, contain yet
another proline residue, this time located at the opposite end
of the helix (relative to P92 in helix III). The interactions
between helices III and V, and III and VI, once again, follow
the same structural motif. Contacts in the latter occur mainly
between aromatic residues (Y83-W189, W86-Y185, and T90-

W182) while contacts in the former are dominated by large
hydrophobic groups (L94-I148, L97-L152).

The generality of the basic knob into hole contact type to
linked helical interactions is further supported by the struc-
ture of melittin [16]. To the best of our knowledge, this is the
only other structural example of residue contacts among pairs

Bacteriorhodopsin

TM TM Ω[a] D[a]

degrees Å

I II -156 8.0

I III 32 16.0

I IV -161 22.5

I V 30 29.9

I VI -162 20.0

I VII 11 9.6

II III -179 9.5

II IV -6 19.1

II V -157 20.6

II VI 18 16.2

II VII -160 10.1

III IV 164 9.6

III V 20 10.6

III VI -159 10.8

III VII 25 12.6

IV V -154 8.3

IV VI 19 12.9

IV VII -162 16.7

V VI -168 9.7

V VII 19 19.8

VI VII -172 10.0

[a] Calculated using the method of Chou et al. [19].

Melittin

TM TM Ω[a] D[a]

degrees Å

I II -162 10.5

I III 59 10.2

I IV -123 7.1

II III -123 7.1

II IV 61 10.8

III IV -162 10.5

Table 1. Interhelical angles and distance of closest approach
between helices in Bacteriorhodopsin and melittin.

Figure 3. Schematic of van der Waals inter-helical contacts
and assignment of residues to the a-d notation (from fig. 1).
An alternative numbering scheme is also given, to uniquely
identify each residues (see text). Interacting residues are
boldface and shaded. Arrows indicate chain direction.
Schematic of van der Waals helical contacts between TM II
and TM III of BR (above); proposed contacts between TM V
and TM VI of GPCRs. The kappa-opioid receptor is given as
an example (below).
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of proline-containing helices. Proline occurs at position 14
of this 26 residue helical peptide. These peptide monomer
units self-assemble into tetramers in aqueous solution [16].
The crystal structure consists of a pair of helical dimers ori-
ented in an antiparallel fashion [16]. Despite significant bend-
ing of the helices, the interhelical close contacts involve large
hydrophobics at successive a and d positions, as seen in BR
and other coiled-coils (with and without proline residues)
(Figure 4) In addition, contacts are found between residues
at positions e and g at adjacent positions to the prolines. These
contacts, however, are most likely a result of local packing
requirements that are altered by the close proximity of the
proline-kinks in these sequences. The interhelical tilt angle
of the helices in the dimer, -162 degrees, and distance of
closest approach, D, are also consistent with previously re-
ported values (as well as those given in Table 1).

Rhodopsin-like GPCRs also contain highly conserved
proline residues in several TM helical sequences. These
prolines formed the basis to the non-sequential alignment
procedure used in a previous study to model GPCR helix
packing in the beta-2-adrenergic receptor [6]. The alignment
of GPCR helices V and VI to BR helices III and II, respec-
tively, has been further extended here to include a total of
332 GPCR sequences [3]. An analysis of knob-into-hole con-
tact positions of these sequences shows a strong correlation
between residue types in BR and the GPCRs, as shown in
Figure 3. Alignment of helix III of BR and GPCRV results in
the matching of a highly conserved Phe residue at d’ (j–4),
BR: F95 to GPCR:F242, and a common pattern of four con-
secutive hydrophobic residues following proline, two of which
are located at a’ (j) and d’(j+3). Alignment of helix II of BR
and GPCR VI shows hydrophobic residues at a (i–3) while
positions d (i) and d (i+4) are occupied by hydrophobic
residues in BR and by aromatic residues in GPCRs. Despite
specific amino acid differences, the conservation of aromatic
or hydrophobic residues in positions a and d involved in heli-
cal contacts suggest both pairs of helices are in part, stabi-
lized by this network. Figure 3 illustrates the interaction
scheme for the particular case of the kappa-opioid receptor.

A PERSCAN sequence analysis of GPCR helix V and VI
indicates these helical contacts are most likely directed to-
wards the interior of the receptor. The amino acid substitu-
tion profiles of these two helices shows that residues I285,
T288, V236, and L240 (using the kappa-opioid sequence)
are likely to be exposed to the lipid environment, while F242,
V238, I235, I284, W287 and H291 face the interior of the
receptor. These positions, however, are known to be oriented
in opposite directions in BR helices III and II. This suggests
that the relative packing of GPCR helices V and VI is also
reversed with respect to the packing of helices III and II in
the BR crystallographic structure. This is reflected by the
PERSCAN direction vectors shown in Figure 5. These vec-
tors indicate GPCR helices V and VI should be re-oriented
180 degrees with respect to BR helices III and II in the over-
all packing of the TM domain. Such a manipulation would
place both helix pairs in a counter clockwise rotation within
the TM domain, in concert with results derived from site di-
rected mutagenesis studies and biophysical studies of zinc
binding mutants [7,8].

The re-orientation of GPCR helices VI and V proposed
also reverses the position of the proline residues with respect
to the lipid environment. That is, the convex side of helix V,
which has the more pronounced kink, now faces the interior
of the receptor while in BR, this structural feature of helix
III faces the lipid. A previous study of prolines in transmem-
brane helices has shown, however, that the orientation of the
convex side in BR helix III is unique [24]. Most proline con-
taining helices prefer a convex-in orientation. The reversal
of this face in BR helix III was attributed to the position of
polar and charged residues in the sequence. These residues
are absent from GPCR helix V, which is considerably more
hydrophobic than BR helix III supporting the more common
packing arrangement proposed here.

Extension to non-rhodopsin-like sequences

The occurrence of highly conserved proline residues within
the TM domain of GPCRs is not unique to the rhodopsin-
like family. These residues can be found in the interior of
transmembrane helices in the calcitonin-like (family B), the
metabotrobic-like (family C), the pheromone-like (family D)
and the cAMP (family E) receptor families [3]. Although the
precise position of these prolines is not conserved across fami-
lies, the residues follow a similar pattern or distribution within
the TM domain, suggesting a possible structural or functional
connection. As in the rhodopsin- like family, conserved
prolines are found only in TM helices IV to VII and always
occur in consecutive helices, as shown in Figure 6. The rela-
tive depth within the TM domain, however, differs from family
to family. The closest similarities are found for GPCRs in
families D and E (see Table I) where prolines are located
approximately half-way into the TM domain in neighboring
helices.

An alignment of the proline residues in BR helices II and
III with those of helices IV and V in family D and VI and VII

Figure 4. Schematic of van der Waals helical contacts between
chain I and chain II of the melittin dimer. Interacting residues
are boldface and shaded. Arrows indicate chain direction.
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in family E results in the interaction scheme shown in Figure
7. As in family A, the residues identified are mostly large
hydrophobics or aromatics and obey the general knob-into-
holes packing motif outlined above. Additional similarities
can be found in the results of PERSCAN analyses of these
helix sequences. The direction vectors derived from lipid fac-
ing substitution tables place these residues in close proxim-
ity along neighboring faces of the helix pair. Based on these
vectors, and the contact scheme proposed, the helices once
again follow a counter clockwise arrangement (as viewed
from the extracellular side) within the TM domain. It should
be emphasized, however, that this arrangement is highly ten-

tative due to the limited sequence information available for
GPCR families D and E (Figure 7).

Conclusion

An analysis of helix contacts in the structure of BR has been
presented and extended to study potential packing arrange-
ments in the rhodopsin-like GPCRs. In the past,
commonalities between the structural features of these pro-
teins have been noted in the same number of transmembrane
helices, the two layer design, and a pair of proline-contain-

Figure 5 (a). Schematic 3-D model of TM II and TM III of
BR, illustrating van der Waals contacts between the two
helices. Residue names and numbers are indicated. Arrows
point to the interior of the seven helixbundle.

(b). Schematic 3-D model of TM V and TM VI of the kappa-
opioid receptor illustrating proposed van der Waals contacts
between the two helices. Residue names and numbers are
indicated. Arrows point to the interior of the seven helix
bundle.
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ing helices oriented perpendicular to the plane of the mem-
brane. The results presented here describe further similarity
in the pattern of amino acid residues involved in helix con-
tacts flanking highly conserved prolines in these proteins
which is consistent with a knob-into-hole mode of interac-
tion. Although this scheme is seen in helical contacts in globu-
lar proteins and photosynthetic reaction centers, examples of
residue contacts among pairs of proline containing helices
are rare. Besides BR, there is only one other structure in the
Brookhaven Protein Databank that has this unique structural
arrangement, melittin. Our analysis has shown this peptide
structure also displays knob-in-hole contacts that may, in fact,
help stabilize dimerization. There is some experimental evi-
dence that these contacts play a similar role in BR and the
GPCRs. Mutations of Pro to Ala in helix V and VI of the
muscarinic M3 receptor has been shown to result in lower
expression levels and reduced affinity for the endogenous
ligand [25]. In BR, Pro to Ala mutations in helices II and III
is known to slow regeneration rates of the chromophore [26].
Given the increased rigidity of the backbone near proline
and the inherent bend of the helices that favors knob in hole
packing of side chains, it is reasonable to conclude these
interactions are in some way involved in stabilizing the struc-
ture. Although hydrophobic interactions of this type are well
known forces in protein folding, the folding mechanism for
receptors is not yet understood. It has been previously sug-
gested that BR and other related proteins fold through a two
stage mechanism in which the initial step involves second-
ary structure pre-assembly [27]. Our analysis suggests that

some tertiary interactions may also form at this stage further
directing the structural organization.

The analysis performed has also provided insight to the
overall helix packing arrangements in the rhodopsin-like
GPCRs. Although the results are limited, the GPCR model
building experiments described have allowed the overall
chirality or handedness of the receptor to be assigned. Al-
though different schemes have been proposed in the past
[5,28], the analysis presented here supports a sequential coun-
ter clockwise arrangement (as viewed from the extracellular
side) similar to that of BR. This issue has recently been ad-
dressed, although indirectly, using site directed mutagenesis
studies. Mutational analyses of hybrid muscarinic receptors
have identified a keycontact between residues in helices I
and VII that can only be satisfied based on a counter clock-
wise arrangement. Additional support for this packing can
be found in the zinc ion binding properties of a mutant kappa-
opioid receptor [7]. Point mutations to His of three residues
located near the extracellular end of helices V and VI re-
sulted in the creation of zinc ion binding site revealing the
relative proximity of these histidines. The structure obtained
here is consistent with these results (Figure 5). Substitution
of K227, D223, and A298 of the kappa-opioid receptor with
His places the three imidazole rings in a relative position
suitable for ion chelation [7].

Finally, our analysis of cAMP and pheromone-like se-
quences has revealed commonalities with BR may extend
beyond the rhodopsin-like GPCRs. Although the sequence
information is limited, the rough alignments performed indi-
cate a similar knob-into-holes packing motif is possible
among pairs of proline-containing helices in these GPCRs.

Figure 6. Distribution of highly conserved prolines in
transmembrane helices in the five families of GPCRs. Helices
are shown as cylinders with black lines indicating the
approximate position of Pro along each helix.

Figure 7. Proposed interhelical contact for helices TM IV
and TM V of the cAMP receptors and for helices TM VI and
TM VII of the pheromone receptors. Interacting residues are
boldface and shaded. Arrows indicate chain direction.
Sequences are taken from the OWL database [3].
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The depth of the prolines is also consistent with those found
within the TM domains of BR and the rhodopsin-like GPCRs.
While no function has yet been linked with the occurrence
of these highly conserved prolines within the TM domain,
the similarities suggest these residues may play a common
structural or functional role in BR and the GPCRs (possibly
in structure pre-assembly as mentioned above). The helix
contacts predicted here may also be important in this regard
and may ultimately provide clues to the overall function of
the rare pairing of prolines in the TM domains of GPCRs.
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