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ABSTRACT: All G protein-coupled receptors (GPCRs) share a common seven TM helix architecture and
the ability to activate heterotrimeric G proteins. Nevertheless, these receptors have widely divergent
sequences with no significant homology. We present a detailed strudturetion comparison of the

very divergent Class A and D receptors to address whether there is a common activation mechanism
across the GPCR superfamily. The Class A and D receptors are represented by the vertebrate visual
pigment rhodopsin and the yeastfactor pheromone receptor Ste2, respectively. Conserved amino acids
within each specific receptor class and amino acids where mutation alters receptor function were located
in the structures of rhodopsin and Ste2 to assess whether there are functionally equivalent positions or
regions within these receptors. We find several general similarities that are quite striking. First, strongly
polar amino acids mediate helix interactions. Their mutation generally leads to loss of function or
constitutive activity. Second, small and weakly polar amino acids facilitate tight helix packing. Third,
proline is essential at similar positions in transmembrane helices 6 and 7 of both receptors. Mapping the
specific location of the conserved amino acids and sites of constitutively active mutations identified
conserved microdomains on transmembrane helices H3, H6, and H7, suggesting that there are underlying
similarities in the mechanism of the widely divergent Class A and Class D receptors.

G protein-coupled receptors (GPCRaje the largest and  (6—8), and the cytoplasmic C-terminus, which is not required
most diverse superfamily of membrane receptors. GPCRsfor signaling, instead acts as a negative regulatory domain
are characterized by their common 7 transmembrane (TM)that is a target for desensitization by phosphorylation and
helix architecture and their ability to activate heterotrimeric ligand-mediated down-regulation by receptor endocyt®sis (
G proteins. Surprisingly, there is no significant sequence 10). There is direct evidence for a conserved mechanism in
similarity across the GPCR superfamily. In fact, GPCRs have that the o-factor receptor can activate mammaliands
been grouped into at least five distinct classBswith no subunits 11), and certain mammalian GPCRs can activate
recognizable sequence similarity between the various classeshe pheromone-responsive G protein pathway in yekt (
(1, 2. Nevertheless, the working assumption has been that13).,
these receptors have a common fold and activation mecha-
nism. For example, the amino acid sequences of the yeas
pheromone GPCRs, such as thdactor receptor, diverge
considerably from those of the mammalian hormone GPCRs
such as the3-adrenergic receptor. Yet, in both of these
receptors, ligand binding occurs within the core of the 7 TM
helices and is, in part, mediated by aromatic amino acids on
transmembrane helix HB{5). In both receptors, the third
intracellular loop has been implicated in G protein activation

Despite their shared structural and functional properties,
tecent evidence has suggested that the mechanisms of
activation may not be conserved across the GPCR super-
"family. One line of evidence for this comes from the analysis
of receptors with constitutively active mutations (CAMSs).
These receptors have been widely used to elucidate the
mechanism of GPCR activatioti4, 15. CAMs are thought
to disrupt interactions that stabilize the inactive state of
GPCRs or strengthen the interactions that stabilize the active
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A. Rhodopsin eIy amino acids mediate helxhelix interactions, which lock
. c ;e the receptor in an inactive conformation. Binding of ligand
il tnings ita ) H (or isomerization of the retinal chromophore in rhodopsin)
‘r vF Pr E E is thought to alter the interactions between helices, allowing
w G G T sDF . . :
Q H P N c°" e motion of TM helices H5, H6, and H722@, 23. This leads
: . N g Ay ,? . to a change in the structure or interactions in the third
M E . T cytoplasmic loop which bridges H5 and HB4j.
L40 Y96 G114 5176 F203 F276 y p p B
A L F W v | Ste2 (or Ste2p) is a member of the Class D GPCRs
Ay Tr Fa Gy Py YF P - o
Fup FBe leg LPr, Fvy Ava, 25). Class D receptors have two major subfamilies: Ste2
I'm, Fuw Eia, Acy M M), and Ste3. Only the relatively newly discovered group of 7
FPEl FL Wg Ay, B We TM receptors that includes thBrosophila Frizzled and
| Dla v | L :
N, . Vag Vvo, W vig Ba, Smoothened receptors are thought to be more divergent from
tyy, i, By “Vey CHe 'Hi| rhodopsin 26). To emphasize the diversity of the Class D
JSE Y;d 135 154 vLOZ% V254 receptors, there is even no obV|0L_|§ sequence similarity
Q v H R between the Ste2 and Ste3 subfamilies (discussed below).
L N F ; .
HKK LHTP !K E v The Ste3 receptors are present on cells of opposite mating
K
T type from those that produce Ste2, yet both types of
HE EAnA pheromone receptors activate the same G protein signal
Gagegatt® pathway. The Class D receptors do not have many of the
C terminus ..
B. Ste2 features characteristic of the consensus Class A GPCRs. In
. € particular, they lack the ERY or DRY sequence on H3, the
N terminus 1 GF PO, NPxxY sequence on H7, and the disulfide bridge between
T 2 % VSA the extracellular end of H3 and extracellular loop 2 (EL2).
s v 5 N a Also, whereas intracellular loop 2 (IL2) is essential for G
v 5 i o 2 . protein interaction in many GPCR&7-29), the bulk of it
P B . = X ik can be removed in Ste3@). Ste2 also differs from rhodopsin
T48 S104 G120 Mi89  N205 kogg D275 in that its ligand is a small peptide, which binds to the
YTge, LN Sigs By B8y Sy Vg extracellular loops and ends of the TM helices. However,
1 Kr | s L AL v . . . . .
8 b G el N A i B as in the case of rhodopsin, a wealth of biochemical, genetic,
F'c o SLVA J N gy S AV and mutational data has been obtained for Ste31—36).
ALA F' L T' E g a8 gl . Moreover, genome sequencing efforts have revealed over
Loy S oV e By 5. 8 20 related receptors that provide information on sequence
I Q Eg. Vv M M i p p q
v H_"Ba 3 D conservation within the Ste2 subfamil
W70 182 K151 T167 1227 24? T297 . R y
M if . ) A In view of the lack of obvious sequence homology, several
" Tp' F & R £ N strategies were used to facilitate comparison of these well-
SRK T s D A characterized representatives of Class A and D GPCRs. First,
B caM SHES RF'FL GLKQF * the available structural and mutational data were used as a

[0 Conserved residues

C terminus

guide to align the Ste2 sequence with rhodopsin. Multiple

sequence alignments with evolutionarily related receptors
_ were constructed to identify conserved motifs that likely
Fiure 1: Secondary structural model of rhodopsin (A) and Ste2 represent residues important in receptor structure and func-

(B) showing the position of conserved (boxed) and constitutively {j5n |5 these comparisons, special emphasis was given to
active (shaded) amino acids. The transmembrane regions are ’

enclosed in the large boxes. The topology diagrams are oriented®MiNO acid subgroups W|t_h S|m|Iar.structuraI or functional
so that the extracellular regions are shown above and the intracel-f0l€s in membrane proteins. For instance, strongly polar
lular regions are shown below. amino acids in the TM regions were highlighted since they
generally mediate helix interactions rather than face the
gent classes: the prototypical Class A GPCR rhodopsin andhydrophobic membrane lipids. Positions where there is
the Class Do-factor receptor (Ste2) frorBaccharomyces  conservation of residues with small and/or weakly polar side
cerevisiae (Figure 1). In addition to rhodopsin, Class A chains (i.e., Gly, Ala, Ser, Thr, and Cys) are highlighted.
includes many other medically important GPCRs such as Although they do not show up with high identities in
the serotonin and adrenergic receptors. Rhodopsin wassequence comparisons, this group of residues permit close
selected for this study because it is one of the most interactions that can stabilize packing between TM helices
intensively studied GPCRs. The crystal structure of the dark (37). Second, helical hydrophobic and packing moments were
(inactive) state of rhodopsin has been determirj 21 calculated for the predicted TM helices of Ste2 and compared
and provides a framework for understanding the wide range with those of rhodopsin. The helical packing moment is a
of biochemical and mutational data that has been amassednew method for predicting likely sites of TM helix interaction
Together, the structural and functional data on rhodopsin and(38). Together, the sequence and packing moment analyses
other Class A receptors have provided the basic outlines ofwere used to generate a three-dimensional model of Ste2.
a common activation mechanism, at least for this receptor The rhodopsin and Ste2 structures were evaluated using the
class. A central part of this mechanism involves the role of mutational data for both receptors. Particularly important
key “signature” amino acids that are highly conserved were positions where mutation results in loss of function or
(>80%) and are mostly found in the TM helices. These constitutive activity. Mapping the location of the conserved

B CAM and conserved residue



Comparison of the Rhodopsin and the Ste2 Receptor Families Biochemistry, Vol. 44, No. 25, 2008961

OPSD_BOVIN 36
OPSINs

Class A

STE2_YEAST 44
STE2s

STE3_YEAST 1
STE3s

[wi--S e
E W= =<2 =<
- < Z Z < <®
<~ = =mwmrr- =
WA A o
P < < T PP
M == o< > >
T -0 e <<
MmO ® > MEZ
M- — —r T
»P0Z == T
O A< - =
M= T T
- - -0 6 00
rr@Q - Tmm
<~ ® ®>r" 00
-0 = =Z =
v I v B ol o |
mrrro=- -
T o< o=
I T —<r < =<
Sor << <
AT == — 44

ZE>r - =

< 4 X X DO

=

L

L

|

|

|
W
w

mrr < T —-rr
rrom - -
P e o - —

CPSD_BOVIN 67 K
OPSINs

Class A

STE2_YEAST 7S
STE2s M
STE3_YEAST 27
STE3s

I i
A I X X I A4 @
e e I B I |
A X T T T ™o o
Z2Z-—-—-=2rr
= = T m =z 2 2
O " —— T =< =<
-4 > = =m - -
r—-=Z2=Zrrrr
mr—-0 0D <
rr< <z Zz =2
— A rrrr = » >
SS<m<<<
Ll i i S S
M-z - o0ooO
- - =
Q= —rCr- T
ZZ X I <= =
Ll 7 ¥ I B
- = ®®» - T
< 0O 400
M — < < =< @ @
< < r~ m | T
Z o= T1TH4A
WP <<=+
— == 44
< —rrr-rr- T
S E0n =< <
P EE=Z 44
Do m=<rwmn
Zowmwwnr=r
P O0OW WK I I

COPSD_BOVIN 109
OPSINs

Class A

STE2_YEAST 125
STE2s

STE3_YEAST 69
STE3s

OO0 < <= 0 OO
00O I ITT0O0Non
- — = < X Z =
m = wm=<r =-r
- = < @ O mm
o T o I ]
~ - >®> =TT
— 0 Z Zm mm
- = - -0 > =
Qo m-—-< 44
oD

W Z < < T @ &
a1 R I
o 4 —=m
- —< <> < -
TwHm > > O > =
00 Hn -
PP - —-T = =
wm=mimTr 0w
Lol B B el el
O =Zmwnd>» <
- = - T B < =
0 —-—==<-rr
T < MM >EB =
il 20 < m -
r - < —0Omm
mI O x IO a0 3D
EE T
- = - — r = <
P C T M P o= =
mx xR A4 — = =
- = O 0000
A0 00 I x ®
- n = =

OPSD_BOVIN 147
OPSINs

Class A

STE2_YEAST 160
STE2s

STE3_YEAST 107
STE3s

a
-
7]
m

-
> W 0D
o wE -
= E 00
EE s
A x-—=Z2D I
> =r - ®»®» >
< < HHd < — —
0 ==
— A= - Qe
0OoOwn=-—=-<
- ® T ® P >
= = > T
- —r - =< 44
0O0We 0SS s
rrr - =
G mmeErr =
mrHd4 40, ®F >
T U< <~
— = A > >
- ==z =zr =0
< < < <0 > >
== B 1 Il “ S
>0 < < T TWTD
L B ¥ BV T w M v R v
I W > >
<< —-—=rrmn<
- A =2 Qo0
<=r-rmes=E=E
0= o wnn
< - — -3 2
I M>»r<=<==
D o<
< < < =<
ooo =
- =0

OPSD_BOVIN 199
OPSINs

Class A

STE2_YEAST 201
STE2s

STE3_YEAST 149
STE3s

TEZwOr ==
»m =R ZZZ
S - << mmm
< mmmTm>n®
T EZ < =<
nAr > < <<
ss>»0- - -
T - 44 < <
> A== ==
<4 r-r - T mm
L e
— > > TN T <
= =< Www oI
m A4 ®®e T T
MmME— = — -
-
TET T UTWTO
rCrEEZrrr
- — = wmr-on -
rETTM - =<
Qwr < - — —
[ LI s e s |
- < < < WM T
n o =<000
e R R < < =<
Ll s B A ]
<<= =3 DD
=
AP
== 3a0m
< DA AP A
[l I B
T M A D = =
<33 = m
m T omT b
=< - =
xR OGO 0 ®

o

=

CPSD_BOVIN 247
OPSINs

Class A

STE2_YEAST 240
STE2s

STE3_YEAST 203
STE3s

- 09D mmm
[T B 1 B = =
A @& OO0 x mm
<= TMHn® P <<
mET e A4 A
i B R -
L e
= e e
b i e -
- m_- - — < —
02 =2 < 2=
-~ T oW W o= =
- -—006® - -
m-—-— 908 <®»=>=
= —-——wmmmm
[ el i o
- - oS -
- =2 -=000
-~ T W UEs ==
TTO O A
T - - 1T
- — T < <
— = T TTm» >
<< - =-—rnoe
4 A= <<
Lo 1 B
<< < <rmrrmm
- DO ®» 0 <<
ZoOoOrr — — —
- - O ®x="mmm
Er s i
wm- = =Z 0= T
- . 0

OPSD_BOVIN 286
OPSINs

Class A

STE2_YEAST 273
STE2s

STE3_YEAST 263
STE3s

— Do ==z =
E=E<<<H-H
< m-H®w W o
w4 4> > >
©® T D TUWTWTD
Frrr - - <
00 n - - -
mw o n < < <
0O =2 < —
»r*E =T
- ®r 0= Z
= I A4z =z =
nw = =

I
3
K

<0605 —
Z2Z 44 > 1T
[l el el el
b3

T =W -4 = > >
rCr=<TmT7Tm
wWE > T
- rr =< & &
- rrr<o-A
m< < >» Z WG
m Mo =< i
P 0= <
m =W Wn - <<
MMM Z2 2 2
mzE » >

< < r r

> M F
i 2 ¢ ]

A 4w =

R A G F G E R K A

Ficure 2: Sequence alignments of rhodopsin and the Ste2 and Ste3 recep®rs@feisiae. The consensus sequences of the opsin
subfamily, Class A family, Ste2 subfamily, and Ste3 subfamily are shown for comparison. Strongly polar residues are in red. Gray boxes
denote identity, and yellow boxes denote small and weakly polar group-conserved residues.

amino acids and the residues that exhibit constitutive activity sequences, as open reading frames identified in the genome
when mutated suggests that there are conserved micro-of partially sequenced organism®)( 4]). Initial alignments
domains on transmembrane helices H3, H6, and H7 with were made using CLUSTALW and then were transferred
similar functions in both receptor classes. These studies areinto a representation of the 7 TM topology of receptors to
the first step in a comprehensive analysis of the large GPCRfacilitate comparison (Supporting Information). Figure 2

superfamily. shows the alignment of rhodopsin, Ste2, and Ste3Sof
cerevisiaetogether with the opsin, Class A, Ste2-subfamily,
MATERIALS AND METHODS and Ste3-subfamily consensus sequences.
Multiple Sequence Alignments of ReceptdReceptor The sequences for the Ste2 subfamily of pheromone
sequences were taken from the GPCR datal25ddr the receptors are identified by the initials of the genus and species

Class A family and the Ste3-subfamily or downloaded for of the corresponding organism as follows: Sccereisiae
the Ste2-subfamily from GenBani8Y) as annotated se- Sb, S. bayanusSca, S. castellij Sk, S. kluyeri; Su, S.
quences or, in the case of some pheromone receptorunisporusKm, Kluyzeromyces marxianu&l, K. lactis Kw,
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K. waltii; Eg, Eremothecium gossypiCg, Candida glabrata restrained molecular dynamics in order to refine the position
Yl, Yarrowia lipolyticg Pa,Pichia angustaDh, Debaryo- of the protein side chains. First, a short (100 ps) heating from
myces hanseniiZr, Zygosaccharomyces rouxiCa, C. 300 to 550 K was performed, followed by 50 ps of dynamics
albicans Sp, Schizosaccharomyces pombé, Aspergillus at 550 K. A set of six random structures was collected from
fumigatus An, A. nidulans Cp, Coccidioides posadasiMg, the latter stage. These structures were slowly cooled to 100

Magnaporthe griseaGz, Gibberella zeapFv, Fusarium K during much longer (1850 ns) molecular dynamics runs.
virguliforme; Sm, Sordaria macrosporaNc, Neurospora Al simulations were run in a vacuum with a constant
crassa . . _ dielectric of 4 to simulate the nonpolar membrane environ-
_Hydrophobic Moment and Helical Packing Moment Analy-  ment. Because only the transmembrane region was modeled
sis. The hydrophobic moments were calculated according (with the loop regions being truncated), weak positional

to Eisenberg et al4@). The scale for calculating hydrophobic  resiraints (0.5 keal/mol A) were applied on the alpha carbons
moments was taken from Engelman, Goldman, and Steitz;, the initial model.

43).

The helix packing moment analysis was carried out as pegyLTS
described previoushs@). Briefly, packing moments provide
a measure of the propensity for three specific amino acids | ocation and Role of Consezd Amino Acids in Rhodop-
to lie in a helical interface. Each moment corresponds to a sin. Evolutionarily conserved amino acids are predicted to
40° arc on a helical wheel diagram. The®4@nge captures  play a key role in the structure and function of GPCRs.
3 amino acids separated by 1, 2, or 3 helical tumns. In the Fig,re 1A presents a topographical representation of the
helical wheel diagrams shown below, only the strongest helix rqopsin sequence that highlights the location of the highly
packing moments are displayed with a cutoff of 0.438)(  nserved amino acids (boxed) and sites where mutation can

Using the sequence alignments for Class A a_nd Class DIead to constitutive receptor activation (shaded). The con-
receptors, we also calculated the average packing MOMeNtSeved residues were identified in a multiple sequence

for the opsin, Ste2, and Ste3 subfamilies. The sequence_: :
alignments allowed us to identify the positions in the TM alignment of all Class A GPCRE9). Figure 2 presents the

. . sequence for bovine rhodopsin along with the consensus
helices that are strictly conserved and group-conserved across

GPCR families and subfamilies. For the analysis of group :srer:]guences ftort.the Clasbs A regetpt%r.stfand .Oﬁsm %bean::y.t
conservation, the amino acids with similar functional proper- IS presentation can be used 1o distinguish residues tha

ties were categorized as follows: small and weakly polar '€ conserved only within the visual pigment family. The
(G, A, S, C, T), strongly polar (D, N, E, Q, H, K, R) putative function of these amino acids was assessed by

aromatic (F, W, Y), or hydrophobic (I, L, M, F, V). On the analysis of the hydrqphobic moments and the he_lical packing
basis of the helical hydrophobic and packing moments, as moments 88) of their respective helix. The helical wheel
well as the position of the conserved and group-conservedfepresentation of rhodopsin, the opsin subfamily, and Class
amino acids, it is possible to predict how each face of a A family showing the orientation of the helical hydrophobic
helical wheel diagram is oriented relative to the other TM moment along with helical packing moments are shown in
helices. A similar type of analysis was previously used by Figure 3A-C. For rhodopsin (A), occluded (solvent inac-
Baldwin and co-workers4é, 45 to propose a model of Class ~ cessible) and exposed (solvent accessible) sites are indicated
A GPCRs before the high-resolution crystal structure was by open circles and closed circles, respectively, based on
solved. the high-resolution structure.

Structural Modeling of Ste2A structural model of Ste2 In addition to the highly conserved “signature” residues
was constructed by first manually aligning the ends of the pighjighted in Figures 1 and 2, we also identified for the
transmembyane sequences of Ste2 yvlth tho;e of_ rhodopsmomm subfamily (B) and Class A family (C) the positions
The T™M heI|>_< boundaries for rhodopsin were |dent|f!¢d from that are group-conserved as small and weakly polar (G, A,
the rhodopS|_n crystal structurg@) based on the position of S, C, T), strongly polar (D, N, E, Q, H, K, R), aromatic (F,
the polar reS|du_e§_that bracket the hydrophobl_c core and fromW’ Y), or hydrophobic (I, L, M, F. V). Of particular interest
solvent accessibility dat®24, 46-48). Boundaries for Ste2 are the group-conserved amino acids that are small and
were inferred from the solvent accessibility of residues near .
the plasma membrane interfacd, (36. The Rho-Ste2 weakly polgr ('G.Iy, Ala, Ser, Thr, 'and st). These res!dues
alignment was refined on the basis of the helical wheel have low individual sequence identities, but are highly
analysis described above. conserveq when.con3|dered_as a group. The small and yvgakly

mbpolar amino acids have high propensities for mediating

On the basis of the Ste2-rhodopsin alignment, the progra ; o s . .
Modeler @9, 50 implemented in the Insight Il package helix—helix interactions 7). The key amino acids that show

(Molecular Simulations, San Diego, CA) generated a homol- 9roup-conservation across80% of the Class A GPCR
ogy model. The resulting structure was further refined with family are Glys1, Ala80, Alag82, Alal24, Alal32, Alal53,
the use of the all-atom force-field {967 and Amber ~ Alalé4, Alal68, Cys264, Ala295, and Ala299 (Figures 2
simulation package (Case, D. A., Darden, T. A., Cheatham, and 3C). Consideration of the group-conserved amino acids
T. E., lll, Simmerling, C. L., Wang, J., Duke, R. E., Luo, has led to the proposal that helices H1 through H4 are locked
R., Merz, K. M., Wang, B., Pearlman, D. A., Crowley, M., in a stable structure that does not change upon receptor
Brozell, S., Tsui, V., Gohlke, H., Mongan, J., Hornak, V., activation. H5, H6, and H7 have multiple contacts each with
Cui, G., Beroza, P., Schafmeister, C., Caldwell, J. W., Ross, the H1-H4 core of the protein which lock the receptor in
W. S., and Kollman, P. A. (2004), AMBER 8, University of the inactive state38). Retinal isomerization and translation
California, San Francisco). We used simulated annealing with contribute to disrupting these interactior&3);
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A Rhodopsin

B Opsin-subfamily

Faoa Yam

C ClassA

@ small and weakly polar (= 80 %)
QO strongly polar (> 80 %)
@ aromatic (> 80 %)
@ hydrophobic (70% - 80 %)
@ hydrophobic (> 80 %)
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D STE2

Fiag Lia7
0 T

small and weakly polar (> 80 %)
strongly polar (= 80 %)
aromatic (= 80 %)
hydrophobic (70% - 80 %)
® hydrophobic (> 80 %)

Ficure 3: Helical wheel diagrams of G protein-coupled receptors. The helical wheel diagrams show the hydrophobic moment (blue arrow)
(42) and helical packing moments (red arro\8g) for rhodopsin (A), the opsin subfamily (B), the Class A family (C), the Ste2 receptor

(D), the Ste2 subfamily (E), and the Ste3 subfamily (F). For panel€Athe positions are numbered as in bovine rhodopsin; for panels

D and E, the positions are humbered as in Ste2, and in panel F, the positions are numbered as in Ste3. The sites that are group-conserved
(>80%) across a family or subfamily are colored as follows: small and weakly polar (orange), strongly polar (azure), aromatic (green), and
hydrophobic (dark gray). The hydrophobic sites with group conservation between 70% and 80% are light gray. For rhodopsin (A), occluded
(solvent inaccessible) and exposed (solvent accessible) residues are indicated by open circles and closed circles, respectively, based on the
high-resolution structure. Note that H2 in the Ste2 subfamily (D) has no helical packing moment according to our degB)itibine( two

strongest moments are shown as thin red arrows.

O 0@

For each of the seven TM helices in rhodopsin, we briefly where mutation can lead to constitutive activity, we describe
discuss the location and potential role of the conserved andhow specific mutations might destabilize the inactive state
the group-conserved amino acids. For those amino acidsof the receptor or stabilize the active state.
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'“.'.“:a P26 ‘g
;:f A295
H211 _:—
&E\ A299
P215
9 N302

- IH2 VA _ " p303
Y136
_ M257 4
H1 Mss%(\, N P |
E134 hias . ))3906

Ficure 4: Crystal structure of rhodopsin. Panels A and C highlight the position of several of the signature and group-conserved amino
acids in helices H1 to H4 in rhodopsin. Panels B and D highlight the position of several of the signature and group-conserved amino acids
in helices H5, H6, and H7.

H1. Asn55 points to the center of the helical bundle and and Alal53, Alal64, and Alal68 on H4 (Figure 38).
is roughly opposite the hydrophobic moment of H1 (Figure These amino acids contribute to the packing moments
3A—C). It is strictly conserved across the Class A GPCRs. observed in Figure 3AC.
Asn55 hydrogen-bonds to the backbone carbonyl of Ala299  H3. H3 is the most buried TM helix in rhodopsin (Figure
on H7 and to the side chain of Asp83 on H2. The small side 3A) and has direct or water-mediated contacts with each of
chains of Gly51 and Ala299, which are both group-conserved the other six TM helices. It has a high number of both
and part of the 40arc of at least one packing moment conserved amino acids and sites where mutation leads to
(Figure 3A-C), allow close packing of H1 and H7 and constitutive activity (Figure 1A). In the Class4C receptors,
facilitate this hydrogen-bonding interaction. In rhodopsin, there is a conserved Cys near the extracellular border of H3
mutation of Gly51 leads to retinitis pigmento&), a disease  that forms a disulfide link with the second extracellular loop
associated with misfolding of the proteig3). (54, 59. These highly conserved cysteines9%) are not

H2. Asp83 on H2 is highly conserved and part of the found in the Class D receptors. Also, at the extracellular end
hydrogen-bonding network involving Asn55 on H1 and the of H3, are residues that are known to interact with the retinal
backbone carbonyl of A299 on H7. The HH2 contact is chromophore in rhodopsin (Glu113%6) or the ligand in
facilitated by a group-conserved small amino acid, Ala80 the biogenic amine receptors (Asp113p)
(Figure 3C). H3 in rhodopsin is also unusual in having a glutamic acid

A second hydrogen-bonding network mediates interactionsin the middle of the TM helix. Glu122 is conserved pairwise
between H2, H3, and H4. The side chain of Asn78 (same with His211 on H5. The GlaHis pair (Figure 4B) is
position as Y96 in the helical wheel of Figure 3&) on responsible for the high sensitivity of the rhodopsin-like
H2 forms an interhelical hydrogen bond with the indole receptors and is not found in the cone pigmebd.(
nitrogen of Trpl6l on H4 (Figure 4A,C). Trpl6l is At the intracellular end of H3 is a conserved ERY or DRY
conserved in 97% of Class A receptors. A polar amino acid sequence which is involved in interhelical contacts that are
at position 78 (Asn 54%, Ser 31%, His 7%) is also highly thought to lock the receptor off in the darR7%, 58-62)
conserved. The bulky Trp side chain lies between H2 and (Figure 4A,C). Mutation of Glul34 to GIn results in
H4 and effectively locks H3 into the helical bundle. There constitutive activation of the recepto63, 64. Glul34
are several group-conserved amino acids that allow closeinteracts electrostatically with Arg135, which in turn hydrogen-
helix packing of H2, H3, and H4 and, consequently, facilitate bonds with Glu247 and Thr2512@). The hydrophobic
this interhelical hydrogen bond. These include Ala82 on H2 sequence (VVV) immediately following the ERY sequence
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is also highly conserved. Ballesteros et &0)(introduced H3, H6, and H7 (Figure 1B and Supporting Information).
the concept of a structural motif as a functional microdomain The most highly conserved residues are clustered on H5 and
in describing these hydrophobic amino acids as a cage whichH7. The conserved residues were identified by comparison
limits the accessibility of Arg135 to bulk solvent. of over 20 Ste2 sequences from different fungi as shown in
H4. H4 is predicted to be part of the stable core of the the multiple sequence alignment in Figure 1 of the Supporting
Class A GPCRs38). It has one highly conserved amino Information. There are several strictly conserved and many
acid, Trp161, which hydrogen-bonds with Asn78 on H2, and group-conserved amino acids. However, comparison of the
effectively locks H3 within the helix bundle. While H4 has rhodopsin (Class A) and Ste2 (Class D) sequences in Figure
several strong helical packing moments that are oriented2 shows that there are no significant identities.
toward helix interfaces, there are two packing moments that To compare the position of the critical residues in Ste2
align with the helical hydrophobic moment (Figure 3A). with rhodopsin, we assessed the likely orientation of the TM
These packing moments are consistent with the intradimerichelices by analysis of the hydrophobic moments and the
contact found by atomic force microscopy of native rod outer helical packing moment$88). Helical wheel representations
segment membrane85). However, these packing moments of the Ste2 receptor along with the Ste2 and Ste3 subfamilies
are not conserved across the Class A family (Figure 3C), are presented in Figure 3t and show the orientation of
indicating that dimerization motifs are subfamily-specific and the helical hydrophobic moments along with helical packing
may not be present in all Class A receptors. moments. As for the opsin subfamily and Class A family,
H5. H5 has been shown to be involved in receptor the multiple sequence alignments for the Ste2 and Ste3 sub-
activation in a number of the Class A GPCRs. In rhodopsin, families allowed us to identify the conserved and group-
Glul22 on H3 is hydrogen-bonded to the backbone carbonyl conserved positions in the TM helices. These are represented
of His211 on H5. Receptor activation causes a rearrangemenon the helical wheel diagrams. A three-dimensional model
of His211 hydrogen bonding66). In the g-adrenergic of Ste2 developed on the basis of the available structural
receptors, there are two serines that interact with hydroxyl and mutational data provides a tool for discussing the strictly
groups on the amine ligand and are critical to receptor conserved and group-conserved amino acids in the TM
activation 67). One serine is at the position of the His211 helices (see also Tables 1 and 2 in the Supporting Informa-
in rhodopsin, and the other serine is one helical turn away. tion).
H5 has few conserved amino acids other than a proline H1. There are no conserved Asn residues on H1 of Ste2
(Pro215) in the middle of the helix and a tyrosine (Tyr223) that correspond to Asn55 in rhodopsin. However, Arg58 in
at the intracellular end of the helix. Ste2 is striking because it is unusual to find a charged or
H6. Our helix packing moment analysis suggests that H6 strongly polar amino acid in the middle of a transmembrane
in Class A GPCRs is not designed to interact with H3 and helix. In the Ste2 helical wheel presentation (Figure 3D) and
H5 other than at the cytoplasmic boundary of the helices model (Figure 5A,C), Arg58 is oriented inward. Interestingly,
(Figure 3A-C). The strongest interhelical interactions are although Arg58 is not highly conserved in the Ste2 family,
with H7 and involve Met257, Cys264, and Trp265. Met257 there is a pairwise conservation of polar residues at position
lies in the H6-H7 interface at the level of the conserved 58 on H1 and position 94 on H2. In most of the receptors,
NPxxY sequence in H7 (see below). Mutation of Met257 in an Arg or Lys at position 58 correlates with a His at position
rhodopsin results in constitutive activit@g). 94, whereas GIn at position 58 correlates with Arg at position
EPR studies have shown that H6 undergoes the largest94 (Supporting Information). We propose that the position
displacement of the seven TM helices upon light-activation of the positively charged Arg functional group is likely to
in rhodopsin 22). H6 has several conserved aromatic amino be in the same spatial position in the structure of Ste2
acids (Phe261, Trp265, and Tyr268) that interact with the whether it occurs at position 58 or 94.
retinal chromophore in rhodopsin and ligands in other Class  An important question is how Arg58 is accommodated in
A GPCRs 69, 70. Pro at position 267 in rhodopsin is one the interior of the Ste2 helix bundle. The only relatively well-
of the most highly conserved amino acids in GPCRs and is conserved negatively charged amino acid in the TM region
thought to facilitate rigid body motion of H67(). of Ste2 is Glul43. However, Glul43 is not conserved
H7. The key role of H7 in the activation mechanism of pairwise with Arg58, and mutational studies also indicate
Class A GPCRs is reflected in the number of conserved that they are not likely to form a salt-bridgé@). There is
amino acids and positions where mutation leads to constitu-some precedent for Arg in the middle of TM helices without
tive activity. Furthermore, it has the most helix packing a counterion. These include Arg82 in bacteriorhodopsin (pdb
moments in the Class A receptors (Figure 3C). In the rho- access code 1C3W) and Arg265 in the ABC bacterial
dopsin crystal structure, H7 has two distinct regions separatedtransporter for vitamin B12 (BtuCD; pdb access code 1L7V).
near a kink at Pro303. The sequence from Pro290 to Tyr301In bacteriorhodopsin, Arg82 is hydrogen-bonded with three
appears to be ligand-specific and is only conserved within water molecules?7). In the BtuCD transporter, Arg265 is
subfamilies of Class A GPCRg2). In contrast, the sequence hydrogen-bonded with His262 and GIn7&). This is similar
from Asn302 to Tyr306 is highly conserved across the Class to the hydrogen-bond interactions between Arg58, His94,
A receptors, constituting the signature NPxxY motif. and GIn51 in the structural model of Ste2 (Figure 5).
Location and Role of Conseed Residues in SteAn Analysis of the helical packing moments of H1 identified
overview of the positions of highly conserved amino acids two conserved moments that are oriented toward the H7
and sites where mutation leads to constitutive receptor interface (Figure 3D,E). These packing moments are associ-
activity is shown on the model of Ste2 in Figure 1B. The ated with Ala61 and Thr50. Position 61 is an Ala in all of
sites of mutations that cause constitutive receptor activity, the Ste2 sequences, except for the Kw (Thr), Ca (Ser), and
particularly those with strong phenotypes, are clustered onSp (Leu) homologues of Ste2. Thr50 is not as well-
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Ficure 5: Molecular model of the Ste2 receptor. Panels A and C highlight the position of several of the signature and group-conserved
amino acids in helices H1 to H4. Panels B and D highlight the position of several of the signature and group-conserved amino acids in
helices H5, H6, and H7. The orientations shown are the same as those in Figure 4 of rhodopsin.

conserved. However, it is often replaced with amino acids (Ser95) in the H+H2 interface allows His to interact with
that have higher packing values and propensities to occur inArg58 in the structural model of Ste2. Other HH2
helix interfaces 7). For instance, there are several phero- interactions include two relatively well-conserved large,
mone receptors that have an Asn at this position. The highly hydrophobic residues in the HH1 interface: Leu88 and
polar Asn would not be predicted to have a lipid facing 1le92. They bracket conserved Ala62 on H1 as part of a
orientation. There are no conserved helix packing momentspotential leucine zipper interaction.

oriented toward H2, in part because of the occurrence of Of the two strong packing moments on H2, one is
Arg58, which has a low intrinsic packing valug7). Several  associated with Ser87 (Figure 3D). In the structural model
relatively well-conserved residues are predicted to be in the of Ste2, Ser87 is located in the HPI3 interface and
H1—H2 interface, including Ala62. hydrogen-bonds to Ser145 on H3. Also in the structural

Finally, two conserved glycines (Gly56 and Gly60) and a model of Ste2, Asn84 hydrogen-bonds to a highly conserved
conserved Ala (Ala52) on H1 are predicted to be oriented Ser293 on H7. This interaction is similar to the hydrogen-
outward, away from the interior of the helical bundle. The bonding interaction between Asn73 and Tyr306 in rhodopsin.
GxxxG sequence has been identified as a dimerization motif Mutational studies, however, suggest that Asn84 interacts
in proteins with single TM helices7@, 8Q and has been  functionally with GIn149 on H3 %5). Asn84, Ser293, and
proposed to mediate dimerization of St&2)( This potential GIn149 may form a hydrogen-bonding network preventing
dimerization site is absent in the Ste3 subfamily (Figure 3F). G protein activation.

H2.H2 is predicted to interact with H1, H3, and H7. The The two tyrosines (Tyr98 and Tyr101) on the extracellular
most striking feature of H2 is the presence of a large bulky end of H2 are relatively well-conserved. Tyr98 is positioned
hydrophobic face from 1le83 to Leu93. This face is predicted one helical turn from and on the same face as His94. In our
to be oriented toward the surrounding lipid. The hydrophobic model, the side chain of Tyr98 is hydrogen-bonded to the
face is opposite to a hydrophilic face which contains several side chain of GIn135 on H3. Mutation of Tyr98 to His results
conserved amino acids: Phe81, Asn84, His94, and Tyr98.in constitutive activity 85). Tyr101 and Lys100 are facing

His94 may correspond functionally to Asp83 in rhodopsin out toward the lipids and are predicted to be at the level of
in mediating an interaction between H2 and H1. As indicated the polar lipid headgroups.
above, the amino acid at position 94 or 58 is typically an  H3. H3 differs from the other helices in Ste2 in that it
Arg with the other position being histidine or glutamine. This contains several highly polar residues. At the intracellular
suggests that the residues at 58 and 94 are oriented inwareénd of H3 is a cluster of residues where mutation leads to
and face the same position. A small residue at position 95 constitutive activity (see Figure 13%)). Although Ste2 lacks
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the E/DRY motif at the cytoplasmic end of H3, one of the ~ H6. TM helix H6 is perhaps the most important helix for
highly conserved features of Class A GPCRs, H3 is a hotspotcoupling ligand binding on the extracellular side of GPCRs
for CAMs in both Ste2 and rhodopsin. GIn149 on the to a conformational change in the cytoplasmic loops. The
cytoplasmic end of H3 in Ste2 may correspond to Glu134 proline in the middle of H6 (Pro258) is highly conserved
in rhodopsin, which is part of the ERY sequence. GIn149 is across the GPCR superfamily. Substitution of Pro258 with
adjacent to two conserved lle residues on H3 similar to a variety of different amino acids all cause strong constitutive
hydrophobic patch near the ERY sequence in rhodopsin. activity (87, 88. In fact, mutations affecting position 258
Glul43 is in the middle of H3, in a position similar to are the strongest CAMs that have been identified to date.
Glul22 in rhodopsin and is relatively well-conserved across Substitution of the adjacent Ser259 by leucine can enhance
the Ste2 family. Glu143 interacts with Ser219, Asn216, and the constitutive activity of Pro258 mutation87j, and a
Ser254 in a hydrogen-bonding network (Figure 5B). single substitution of Ser259 by a Pro causes constitutive
GIn135 and Asn132 are two strongly polar residues at the activity (83). Ser259 is in close proximity to Asn216 and
extracellular end of H3. In the Ste2 model, GIn135 interacts may be part of a hydrogen-bonding cluster with Glu143 and
with His94 and Tyr98. Asnl132 is not hydrogen-bonded. Ser254 (Figure 5B). Ser259 and Asn216 show partial
Certain mutations affecting GIn135 and Asn132 can cause pairwise conservation in Ste2 homologues with one or two
a dominant-negative phenotype, which indicates that muta- exceptions (Supporting Information).
tion of these sites can interfere with ligand binding or The rotational orientations of H6 and H7 in Ste2 are
receptor activation33, 8J. There is a parallel role for  constrained by the interaction of a highly conserved residue,
Glull3 at the extracellular end of H3 in rhodopsin. GIn253, with two conserved serines on H7, Ser288 and
H3 has two strong helix packing moments in the Ste2 Ser292. Mutations at positions 253, 288, or 292 that disrupt
subfamily (Figure 3E). One is associated with Ser145 and this interaction result in constitutive receptor activigg).
is oriented toward the H2H3 interface. As mentioned  GIn253, Ser288, and Ser292 are all highly conserved except
above, Ser145 hydrogen-bonds with Ser87 in the Ste2 modelfor the Mg, Gz, Sm, and Nc homologues of Ste2 in which
and mutations affecting either site can cause constitutive all three positions are no longer conserved.
signaling 81, 83. The second helix packing moment is  The orientation of H6 places Ser254 against lle150 and
associated with Glu143 and is oriented toward the-H3 lle153 on H3. Substitutions at each of these sites lead to
interface. o o . constitutive activity 85). Interestingly, substitution of Ser254
H4. H4 in Ste2 is similar to rhodopsin in having no \ith larger amino acids causes high levels of constitutive
strongly polar or charged residues. The sequence alignmenictivity (89). In a set of roughly comparable studies on
with rhodopsin orients positions Tyr181, Ser184, and Gly188, rhodopsin, it was found that substitution of Gly121 to larger
where there are polar residues in related receptors, towardresidues led to activation of rhodopsin in the dago)(
the helix bundle. For instance, arginine and lysine occur at Gly121 is in the H3-H6 interface, and the substitution of
position 181 in the Af, An, Cp, Mg, and Gz homologues of |arger residues is consistent with an outward motion of H6
Ste2 and would not be expected to face the lipids. The during receptor activation.

alignme_nt with rhodopsin also places Serl170, Gly174, and Finally, Ala265 in the H5H6 interface of the Ste2
Vall78 in the H3-H4 interface. Gly174, a conserved small receptor is often a polar residue in other members of the

residue, is predicted to lie at the HBI4 crossing point  gieo family. For instance, Ala265 is substituted with Asn,
opposite Thrl44. Glycines typically have a high occurrence g, His Asp, or Glu in the Y1, Af, Ca, Cp, Sp, Gz, Sm, or

at helix crossing points3¢h). Conserved Serl70 packs against nc homologues of Ste2. Moreover, there are corresponding
Phel48 (next to GIn149) but does not appear to form an n,ar residues on H5 in these receptors to accommodate

interhelical hydrogen bond. Ser184, a conserved _polar re,Sid“ehydrogen bonding or ionic interactions with H6. The adjacent
at the extracellular end of H4, may form an interhelical  oqiq,e Tyr266 plays an important role in promoting the
hydrogen bond with Ser207 on H5. Thr177 and Tyrl81 are iy ated state of the receptor in response to ligand binding
sites where mutation leads to loss of functi@®b)( Both (4, 33, 36, 91

amino acids are oriented toward the center of the helical * >, .
bundle between H3 and H5. The side-chain hydroxyl of
Tyrl81 is hydrogen-bonded to the backbone of Ser214 on
H5.

H7. H7 has a stretch of eight highly conserved residues,
SLPLSSxWA, that may be functionally equivalent to the
conserved NPxxY motif in the Class A receptors and mediate
This alignment orients Ser168, Thri72, Alal76, and both H7—H6 and H7#H2 interactions. Pro290 generates a

- . . -..hon-hydrogen-bonded carbonyl at Val286 that is oriented
Th(179 tovyard the lipids. These residues are associated Wlthtoward H2. Ser288 and Ser292 are thought to interact with
helix packing moments (Figure 3D,E) and may represent a

N GIn253 on H6 based on mutational da@0) le249, a
second receptor dimerization face.

. ) ) . conserved residue on H6, is in a pocket formed by Trp295
.H5' Asn216 n the_m|ddle of H5 deflr}eg t.he rotational and Ala296, two highly conserved members of the SLPLSSx-
orientation of the helix. In the energy minimized structure

; . . WA motif. The structural model of Ste2 places the third
gaségzér?cjs%ieslseggglgts?q? gidgggtm'obnoggX;;hzféu;sg conserved serine (Ser293) in this stretch in a position where
. e . - .~ jt can hydrogen-bond to the conserved residue Asn84 on H2.
Leu226 with Asp and Trp, respectively, results in constitutive

activity (83, 8. Val223 on H5 and Leu247 on H6, when 5 i5cuUSSION

changed to Cys, are able to form a disulfide liBK) Ser214

and Ser219 are both highly conserved and are both predicted GPCRs transduce signals for a wide variety of ligands
to be involved in hydrogen-bond interactions as described ranging from molecules as small as®C#o large glycopro-
above. Mutation of both results in constitutive activiBdy. tein hormones. These receptors share a common function in
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FiIGurRe 6: Schematic representations comparing the location of conserved and polar residues in rhodopsin (A) and the Ste2 receptor (B).
The left-hand panels show a side view of the TM helices (in the plane of the membrane) with conserved residues in gray, strongly polar
residues in red, and conserved strongly polar residues in bold red. The right-hand panels show the TM helices as viewed from the intracellular
side. Conserved residues are shown in black, group-conserved small and weakly polar residues in blue, strongly polar residues in red, and
conserved strongly polar residues in bold red. Lines indicate potential interhelical interactions.

their ability to activate heterotrimeric G proteins, and they algorithms alone to predict the TM boundaried5( 36.
share a common overall structure of seven TM helices. It is Moreover, the rotational orientation for each transmembrane
therefore surprising that, despite these similarities, there issegment was based on the hydrophobic moments and helix
no significant sequence identity across the GPCR family to packing moments, as well as on the positions of conserved
suggest that they have a common mechanism of action. Theand group conserved amino acids.
lack of sequence identity in the extracellular domains is  When comparing the structures of Ste2 and rhodopsin,
expected since these regions mediate the binding of suchparticular emphasis was given to amino acids that were
diverse ligands. However, the lack of sequence similarity in structurally and functionally conserveuthin the Class A
the TM regions and intracellular sequences is more unex-and Class D receptors (Figure 6). Since there is no significant
pected for proteins that carry out a common function. As a sequence identity between these two classes of receptors,
result of this sequence diversity, previous studies have largelythe comparison of the rhodopsin and Ste2 families is based
focused on obviously related subgroups of receptors. on a comparison of amino acid subgroups that have similar
Here, we have carried out a detailed comparison of two structural and functional roles in membrane proteins. Sub-
very divergent receptors, which are the best characterizedstitution databases derived from membrane protein sequences
of the Class A and Class D GPCR families. Rhodopsin was (92—94) and analyses of membrane proteins of known
selected to represent the Class A receptors because it is thstructure §5—97) have suggested that the following sub-
only GPCR whose structure has been determined to highgroups have similar roles in membrane proteins: the strongly
resolution by protein crystallography. Ste2, the yeagictor polar amino acids (E, D, R, K, H, Q, N), the small and
mating pheromone receptor, was selected for comparisonweakly polar amino acids (G, A, S, T, C), the large
because the experimental accessibility of yeast has generatetitydrophobic amino acids including phenylalanine (L, V, I,
a large body of genetic and biochemical data that have M, F), the aromatic amino acids capable of hydrogen-bonding
allowed us to extensively annotate the sequence in terms of(W, Y), and proline. The similarities and differences involv-
function. In comparing rhodopsin and Ste2, we have ing these different subgroups are discussed below.
primarily focused on the TM helices. The TM helices are  Strongly Polar Amino AcidsStrongly polar amino acids
responsible for transducing the ligand binding signal from (E, D, R, K, H, Q, N) that occur in the hydrophobic interior
the extracellular side of the receptor to the intracellular loops of GPCRs are generally thought to play key roles in receptor
involved in G protein activation. structure and function by mediating interhelical interactions.
General Features of Receptor Structure Common to Ste2These amino acids can form single helixelix contacts or
and RhodopsinThe comparison of Ste2 and rhodopsin was hydrogen-bonding networks. We use the position of the polar
facilitated by a model of Ste2 that was generated using theresidues and their pattern of conservation to identify func-
crystal structure of rhodopsin as a template for the helix tional equivalents in rhodopsin and Ste2 and to address the
positions. We have taken advantage of recent cysteinequestion of whether these receptors share a common mech-
accessibility data4, 36 to define the extracellular ends of anism (Figure 6).
the Ste2 TM helices. This represents an improvement over A highly conserved pair of polar amino acids in rhodopsin,
our previous models which made use of computational Asn55 on H1 and Asp83 on H2 (Figure 4A,C), is critical



8970 Biochemistry, Vol. 44, No. 25, 2005 Eilers et al.

for function. They are strictly conserved across the Class A stabilizes the inactive state of Class A GPCRs. Mutation of
GPCRs, and mutation leads to either loss of functi®®, (  Glul134 results in constitutive activit$8, 64. Although the
99) or constitutive activity 100). The polar side chains of ERY sequence is not present in the Class D pheromone
Asp55 and Asp83 hydrogen-bond with each other and with receptors, the highly conserved GIn149 may play an analo-
the backbone carbonyl of Ala299 on H7. This hydrogen- gous role since mutation of GIn149 also results in constitutive
bonding network stabilizes H7 in an inactive orientation in receptor activation35).
dark rhodopsin and is likely broken in light-activated Finally, Asn302 is part of the conserved NPxxY sequence
rhodopsin. Importantly, the backbone carbonyl of Ala299 is on H7 in rhodopsin. There is no strongly polar residue in
free to hydrogen-bond because of a conserved prolinethe conserved SLPLSSXWA motif on H7 in Ste2. However,
(Pro303) on H7. Ser288 and Ser292 of this conserved motif are predicted to
In Ste2, there are two strongly polar amino acids (Arg58 interact with strongly polar GIn253 on H89). As a result,
and His94; Figure 5A,C) that are moderately well-conserved Asn302 and GIn253 may have similar functions in mediating
and located at positions on H1 and H2 similar to the interhelical interactions involving the intracellular half of H7.
conserved Asn55 and Asp83 in rhodopsin. However, muta- Small and Weakly Polar Amino Acidkteractions be-
tions affecting Arg58 do not have the strong functional tween TM helices have long been recognized as important
phenotypes as in rhodopsin arguing that the correspondingfor stabilizing GPCRs in an inactive conformation in the
residues are not functional equivalents. The Ste2 modelabsence of ligand. Until recently, the focus has been on
indicates that Arg58 and H94 would serve to stabilize the highly conserved or strongly polar amino acids. However,
H1—H2 interaction of the Ste2 but are not predicted to have an important role for the small and weakly polar amino acids
hydrogen-bonding contacts with H7 (Figure 6). in mediating helix interactions in membrane proteins was
There is a striking similarity between rhodopsin and Ste2 identified when it was recognized that these amino acids are
in the location and functional role of strongly polar amino highly conserved when considered as a group at sites of
acids on H3. In rhodopsin, there are three glutamic acids onhelix—helix contact in the Class A receptor38].
H3: Glull3, Glul22, and Glul34. In Ste2, there are two A parallel analysis of the Class D Ste2 subfamily of
glutamines and a glutamate on H3: GIn135, Glul143, and receptors (Figure 3E) reveals the same high conservation of
GIn149. Glul13 and GIn135 are both located at the extra- the small and weakly polar group of amino acids at specific
cellular end of H3 and show only partial conservation, sites in the TM helices (Figure 6). These include positions
suggesting that they have parallel functions in ligand 52, 56, 60, 61, 62 on H1, 87 on H2, 145 on H3, 170, 174 on
activation. Glu113 on H3 in rhodopsin is only conserved in H4, 212, 214, 219 on H5, and 292, 293, 296 on H7 (see
the opsin subfamily of Class A GPCRs. Glul13 interacts Table 2 in the Supporting Information). Importantly, these
electrostatically with the protonated retinal Schiff's base and group-conserved residues were generally found in the Ste2
stabilizes the inactive state. Mutating Glu113 to GIn results model at sites of interhelical contact. Furthermore, mutations
in constitutive receptor activity’@, 74. In a parallel fashion,  affecting these sites commonly cause constitutive receptor
mutational analyses indicate that GIn135 in Ste2 can influ- activation (see Supporting Information).

encea-factor activation 83). The similar location and the A general similarity between rhodopsin and Ste2 is the
mutational sensitivity of Glu113 and GIn135 suggest that location of the group-conserved residues on H2, H3, and H4.
these residues may be functionally equivalent. In rhodopsin, the small and weakly polar amino acids

Glul22 in rhodopsin and Glul143 in Ste2 are both located stabilize H2, H3, and H4 (Figure 6). In Ste2, the conserved
in the middle of H3, and form hydrogen bonds with highly serines at positions 87 and 145 are predicted to hydrogen-
polar amino acids on H5. In rhodopsin, Glu122 hydrogen- bond and mediate a strong HPI3 contact, while the
bonds with the backbone carbonyl of His211 on H5, while conserved SxxxG motif on H4 involving positions 170 and
Glul43 in Ste2 hydrogen-bonds with Asn216 on H5 and 174 is positioned to mediate close packing of H3 and H4.
Ser254 on H6. The backbone carbonyl of His211l in Interestingly, in the Ste3 subfamily, H3 has the largest
rhodopsin is free to hydrogen-bond as a result of a highly number of strong packing moments, consistent with it being
conserved proline at position 215. This hydrogen bond is the central helix in the 7-TM bundle (Figure 3F).
broken in the activated receptd@gj and is thought to reflect Another important similarity is that both rhodopsin and
rotation of H5. In a parallel fashion, the highly conserved Ste2 largely lack conserved small and weakly polar amino
proline at position 258 in H6 of Ste2 results in a free carbonyl acids on H6. In rhodopsin, the lack of group-conserved amino
at Ser254. Both Ser254 and Pro258 are important in theacids on H6 suggests that this helix is designed to not interact
activation of Ste2, and are involved in a key hydrogen- strongly with adjacent helices. A similar lack of the group-
bonding cluster along with Glul43 and Asn216. The conserved amino acids on H6 of Ste2 suggests that in both
important point to note here is that in rhodopsin there are rhodopsin and Ste2 H6 undergoes rigid body motion upon
functionally important hydrogen-bonding networks centered activation.
on the backbone carbonyls at His211 (H5) and Ala299 (H7) Ste2 also has a conserved GxxxG motif on H1. Gly56 and
due to the conserved Pro215 on H5 and Pro303 on H7. InGly60 in Ste2 appear to face out toward a predicted dimer
contrast, Ste2 does not have a proline on H5, and the prolineinterface (Figure 3D,E and reBl). A similar sequence
on H7 does not appear to be involved in a hydrogen-bonding (S38xxxA42) is present in rhodopsin but absent in the Ste3
cluster. The important hydrogen-bonding cluster in Ste2 is subfamily (Figure 3F). Dimerization (or oligomerization) of
centered on H6. GPCRs has been described for transport to the plasma

At the cytoplasmic end of H3, Glu134 in rhodopsin and membrane and signaling (for a recent review, sed @4j.
GIn149 in Ste2 are both strictly conserved and key to receptorOur helix packing moment analysis (Figure 3) shows that
function. Glu134 is part of the signature ERY sequence that there is no common dimerization motif in the Class A or
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Class D families. All the subfamilies analyzed in this study Tyr266 is thought to interact with the-factor ligand and
have potential dimerization motifs on H4: A166xxA169 in plays a key role in promoting receptor activati@d8( 39.
the opsin subfamily, A176xxA179 in the Ste2 subfamily. Both receptor classes also have aromatic amino acids in the
The Ste3 subfamily has two helix packing moments facing conserved motifs on H7: tyrosine in the NPxxY motif in
the presumed lipid face. rhodopsin and tryptophan in the SLPLSSXWA motif in Ste2.
Proline in GPCR Structure and FunctioRroline plays a Consered Functional Microdomains and Implications for
unique role in membrane protein structure and function. As Mechanism of Actiation. The discussion above highlights
mentioned above, the lack of an amide NH in proline results the similarities and differences between the Class A and Class
in a non-hydrogen-bonded carbonyl at the i-4 position in the D receptors based on the chemical nature of the amino acids
helix. This carbonyl in turn is free to form interhelical at conserved and group-conserved positions in the TM
hydrogen bonds. The lack of hydrogen bonding along the helices. Studies of CAMs suggest that there is no simple
helix backbone in many cases introduces a flexible hinge common mechanisnié, 15. However, analyses of the role
for rigid body rotation or motion of the TM helix segments. of helices H3 and H6 suggest a common mechanism by the
Three prolines in the Class A GPCRs are highly con- similar function carried out by receptor microdomains in
served: Pro215 on H5, Pro267 on H6, and Pro303 on H7. divergent receptors2@, 60, 10%. In this final section, we
In Ste2, there are no prolines on H5, but there are conservedaddress the question as to whether there are similar functional
prolines on H6 (Pro258) and H7 (Pro290). H5 has four microdomains in these two classes of receptors.
serines, two of them in a row (Ser213 and Ser214). There are several regions in the Class A and D families
Ballesteros and co-workers have shown that Ser can intro-that appear to be conserved functional microdomains (Figure
duce bends into transmembrane helices and therefore migh6). On H3, there is a conserved strongly polar amino acid
replace Pro to maintain a similar structud®?, 103. (Glu or GIn) at the cytoplasmic end of the helix that is capped
Our current model of the structure of Class A GPCRs is by several large hydrophobic amino acids. In rhodopsin,
that H1, H2, H3, and H4 form a tightly packed core and Glul34 is part of the conserved ERY sequence, which is
H5, H6, and H7 move relative to that core upon activation capped by three consecutive valines. In the-adrenergic
(23). The conserved prolines appear to be essential elementseceptor, mutation of Vall147 to alanine leads to constitutive
in this movement. In both rhodopsin and Ste2, we envision activity (106). In Ste2, GIn149 is conserved and mutation
that there is a significant reorientation of H6 which is coupled results in constitutive activity. GIn149 is capped by two
to motion of H5 and H7. In this regard, analysis of the Ste3 isoleucines (lle150 and lle153) that are oriented toward the
subfamily shows that H6 also has a conserved proline (67%).center of the helical bundle and also result in constitutive
Large Hydrophobic Amino Acid®henylalanine is often  activity when mutated3b). These data support the proposal
associated with the large nonaromatic hydrophobic (Leu, Val, of Weinstein, Sealfon, and colleagues that the hydrophilic
lle, Met) amino acids in substitution databas@2-(94). residues at the end of helix 3 are “caged” in a microdomain
Tryptophan and tyrosine with more polar side chains are to allow proper function of the recepto8).
associated as a distinct subgroup. The large hydrophobic Interestingly, in rhodopsin, there is a strongly polar group
amino acids (including Phe) have high occurrences in the at the extracellular end of H3 (Glul1l3) that mediates
transmembrane regions of membrane proteins. Tyrosine andnteraction with the retinal and is involved in locking the
tryptophan are generally found at the ends of the TM helices. receptor off in the absence of retinal. A similar function may
Although the large hydrophobic residues have the highestbe ascribed to GIn135 in Ste2. It is difficult to assess whether
occurrence on the lipid-facing surface of the TM helices of sites on the extracellular side of these receptors function as
rhodopsin and Ste2, there are sites that are conserved andhicrodomains since they tend to be receptor- or ligand-
appear to be essential for receptor structure and function.specific.
One example of conserved hydrophobic residues in rhodopsin  On H4, both rhodopsin and Ste2 have several small and
is the three consecutive valines at the intracellular boundaryweakly polar amino acids that mediate packing of H4 on
of H3. These valines have been described as a hydrophobidd3 (Figure 6). In both rhodopsin and Ste2, H5 has a strongly
lid over the conserved ERY sequen6@,1049. In a parallel polar site (His211 in rhodopsin, Asn216 in Ste2) involved
fashion, in Ste2 there are conserved large hydrophobicin hydrogen bonding with a glutamate in the middle of H3
residues at the cytoplasmic boundary of H3. Positions lle150 (Glu122 in rhodopsin, Glu143 in Ste2). In Ste2, mutation of
and lle153 are conserved as large hydrophobic amino acidsAsn216 to Asp results in constitutive activit@@).
in Ste2, and mutation can lead to constitutive receptor Conserved prolines are found on H6 and H7 in rhodopsin
activation @5). Strikingly, 1le150 and lle153 in Ste2 would and Ste2. Conserved prolines in GPCRs generally might be
be predicted to form a hydrophobic lid on GIn149, which is considered microdomains. Prolines provide a point of flex-
thought to be functionally equivalent to the ERY sequence ibility and expose a free carbonyl that is usually positioned
in rhodopsin. to mediate interhelical interactions. On H6, the conserved
Tyrosine and Tryptopharin both rhodopsin and Ste2, proline is associated with aromatic amino acids in both the
aromatic amino acids on H6 are important in forming the Class A and Class D GPCRs. In rhodopsin, Trp265 on H6
ligand-binding site. The side chains of tyrosine and tryp- appears to be responsible for channeling the energy involved
tophan are largely hydrophobic but have polar groups capablein retinal isomerization into rotation of H&8). In Ste2,
of hydrogen-bonding and aromatic rings capable of cat- Tyr266 on H6 interacts with the--factor ligand 86) and
ionic-rr interactions. In rhodopsin, Trp265 and Tyr268 may play an analogous role as Trp265 in rhodopsin in
bracket the retinal chromophore and are involved in chan- changing the orientation of H6.
neling the structural changes of the retinal upon light On H7, the conserved proline is part of a conserved
absorption into changes in the orientation of H6. In Ste2, motif: the NPxxY motif in Class A receptors and the
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SLPLSSxWA motif in Class D receptors. The role of these
motifs in receptor activation is still poorly understood.
However, a common element of both motifs is that they

mediate H6-H7 interactions. In rhodopsin, Met257 on H6 5.

interacts with Asn302 on H7. Mutation of Met257 results in
constitutive activity 68). In Ste2, GIn253 on H6 interacts

with Ser288 and Ser292. Mutation of GIn253, Ser288, or ¢

Ser292 results in constitutive activity9). The last polar
residue of the conserved motif (Tyr306 in rhodopsin and
Ser293 in Ste2) is hydrogen-bonded to an asparagine at the
cytoplasmic end of H2. 7
On the basis of our analysis of the Class A and Class D
GPCRs, we can draw two general conclusions. First, the
detailed mechanisms are not conserved. The intricate ar-
rangement of hydrogen bonding and van der Waals interac-
tions are different in the Class A and Class D receptors. As
a result, the CAMs that are often used to support specific
activation mechanisms are different between different fami-

lies and subfamilies of GPCRs. Our analysis of the Class A 10.

and Class D GPCRs leads to the conclusion that there are
multiple contacts that stabilize both inactive and active ;4
conformations. These not only involve hydrogen-bonding
interactions of the strongly polar amino acids but also van
der Waals interactions involving all of the other amino acid
subgroups 20, 38. The presence of multiple contacts
underlies suggestions that there are multiple activation
mechanismsi, 17).

The second general conclusion is that there are similar
microdomains in the Class A and Class D receptors that
mediate receptor activation. In fact, these microdomains are
consistent with a general model for activation of GPCRs that
not only involves TM helix motion Z2) but specifically
involves H5, H6, and H7 moving relative to a tightly packed
core of helices formed by H1, H2, H3, and H23( 39.
Importantly, the comparison of the Class A and Class D
GPCRs does not focus on the conserved disulfide bond (for
example, see refs4, 55. We found no evidence of an
analogous functional domain in the Class D receptors. The
focus is rather on the ERY, Pro-aromatic, and NPxxY regions
on H3, H6, and H7 of Class A GPCRs that have conserved
analogues in the Class D receptors.
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