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Whereas numerous mutations of the human
lutropin receptor (hLHR) and human TSH receptor
(hTSHR) have been shown to cause constitutive
activation of these receptors, it has been sug-
gested that either the hFSHR as a whole, or the
i3/TM VI region of the hFSHR, is less susceptible to
mutation-induced constitutive activation. How-
ever, as shown herein, substitution of a highly con-
served leucine residue in transmembrane Il (TM Ill)
of the hFSHR (Leu I1l.18) with arginine causes a
5-fold increase in basal cAMP in transfected cells,
consistent with a strong constitutive activation of
the hFSHR. Interestingly, this mutant is unrespon-
sive to further hormonal stimulation. Substitutions
of hFSHR(L460) with lysine, alanine, or aspartate
show that only arginine causes constitutive activa-
tion. However, all result in decreased FSH respon-
siveness, suggesting a role for L460 in FSH-
stimulated cAMP production by the hFSHR.

Because Leu lll.18 is highly conserved in rhodop-
sin-like G protein-coupled receptors (GPCRs), we
tested the effects of substitution of the comparable
leucine in the human B,-adrenergic receptor (hp,-
AR). Substitution of L124 in the hpB,-AR with argi-
nine, lysine, or alanine resulted in constitutive ac-
tivation as evidenced by increased basal levels of
cAMP that could be attenuated by an inverse ago-
nist. In all cases, isoproterenol-stimulated cAMP
was unaffected.

Taken altogether, our data support a model
whereby Leu 1lIl.18 may play a general role in
GPCRs by stabilizing them in an inactive state.
Constitutive activation may arise by both a disrup-
tion of Leu Ill.18 as well as the introduction of a
specific residue that serves to stabilize the active
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state of the receptor. (Molecular Endocrinology 14:
1272-1282, 2000)

INTRODUCTION

The human follitropin receptor (NFSHR) is a member of
the superfamily of rhodopsin-like G protein-coupled
(GPCRs). Within this superfamily, the hFSHR, human
LH receptor (hLHR), and human TSH receptor (hnTSHR)
are highly related and are collectively known as the
glycoprotein hormone receptors. They are character-
ized by the presence of a large extracellular domain
that binds hormone with high affinity (see Refs. 1-3 for
reviews).

In recent years many naturally occurring constitu-
tively activating mutations of both the hTSHR (4) and
hLHR (5) have been described. Those in the hTSHR
have been identified in patients with hyperfunctioning
thyroid adenomas and thyroid carcinomas and those
in the hLHR have been seen in young boys with
gonadotropin-independent precocious puberty (5) or
Leydig cell tumors (6). Only one putative constitutively
activating mutation of the hFSHR has been reported, a
D567G substitution in the carboxyl portion of the third
intracellular loop (i3) (7). This mutation was originally
identified in a hypophysectomized male who exhibited
normal testes volume after testosterone treatment,
thus suggesting the patient carried an activating mu-
tation of the hFSHR. In the initial report, the observed
increase in basal cAMP in cells transfected with
hFSHR(D567G) was quite low (<2-fold). Subsequent
studies from two other laboratories were unable to
demonstrate any elevation of basal cAMP in cells
transfected with hFSHR(D567G) (8, 9). Therefore, it
may be that the D567G substitution is a nonfunctional
polymorphic mutation in the hFSHR, and a different,
as yet unidentified, mutation may be causing the phe-
notype of the patient in the original study. Alternatively,
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the D567G mutation may cause a relatively small con-
stitutive activation of the hFSHR that may be difficult
to observe in a reproducible manner.

Other mutations in transmembrane (TM) VI of the
hLHR that are known to cause constitutive activation
of the hLHR were introduced by Kudo et al. (8) into the
comparable residues of the hFSHR, and these, too,
were found to be unable to induce constitutive activa-
tion of this receptor. These observations have led to
the speculation that the hFSHR may be in a more
highly constrained conformation and less susceptible
in general to mutation-induced constitutive activation
than the highly related hLHR and hTSHR. Alternatively,
it is possible that the roles of TM VI and i3 in main-
taining an inactive state of the hFSHR may be different
from that of the hLHR and hTSHR. To address this
question, we chose to introduce a mutation into the
hFSHR in a region other than TM VI and i3 that would,
based upon results obtained with the hLHR, be pre-
dicted to cause constitutive activation. The residue
chosen for mutagenesis of the hFSHR was based on a
previously reported mutation of L457 in TM Il of the
hLHR that was shown to cause constitutive activation
(10). This leucine is conserved not only in the glyco-
protein hormone receptors, but in >70% of all rho-
dopsin-like GPCRs and is defined as Leu IIl.18 by
Baldwin et al. (11) in their model of GPCR transmem-
brane helices. Given its highly conserved nature, the
strong constitutive activation observed in the
hLHR(L457R) mutant, and the location of the leucine in
a region other than TM VI and i3, we undertook the
present studies to investigate the effects of substitu-
tion of the comparable TM Il leucine (L460) within the
hFSHR.

Our studies show that the substitution of L460 in TM
Il of the hFSHR does indeed cause a robust increase

hLHR 439 ¢ S T A G F F T V
hFSHR 42 C D A AGFFTYV
hB2AR 6 C E F WT S I DV
brho 10 ¢ N L EG F F AT
r5SHT2 126 C A 1 WI Y L DV
hSST1 130 C R L VLSV DAYV
rATla 101 ¢ K I A S A S V S
mACHR 98 C D L WL A L DYV
hC5aR 09 ¢ s 1 L P S L I L
C

Fig. 1. Examples of GPCRs Containing the Conserved Leu II.18
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in basal levels of cAMP, consistent with it being con-
stitutively active. The data presented further show that
substitution of the comparable leucine residue in the
human B,-adrenergic receptor (hB,-AR) also causes
constitutive activation. Leu Ill.18 is situated in a region
of TM Il postulated to be involved as a general acti-
vating switch region for GPCRs (12). Our data support
this model and further implicate Leu Ill.18 as serving a
conserved role in GPCRs in maintaining them in an
inactive state. However, our data further suggest that
constitutive activation only arises from a combination
both of disruption of Leu Ill.18 as well as the introduc-
tion of specific residues that presumably stabilize the
receptor in an active state.

RESULTS

Most rhodopsin-like GPCRs contain a highly con-
served leucine in TM Ill which, per the numbering by
Baldwin et al. (11), is designated I11.18. The alignments
of the sequences surrounding Leu lll.18 in several
representative GPCRs are illustrated in Fig. 1. Based
upon the activating L457R mutation of the hLHR (10),
we substituted the comparable TM Il leucine of the
hFSHR, L460, with arginine. HEK 293 cells were tran-
siently transfected with cDNAs encoding either the
wild-type or mutant hFSHR. All four of the mutants
were expressed well on the cell surface. In a typical
experiment in which cells were transfected with a
maximal concentration of plasmid, the cell surface
binding of '2°I-hFSH was 1-2 ng/10° cells for the wild
type, L457R, L457A, or L457D hFSHR, and 4-5 ng/10°
cells for L457K. Experiments were performed in which
the concentrations of plasmid used for transfection

S EL SV Y T|L|T I T L E
S EL SV YT|LIT A1 T L E
vV T A S 1 ET|L|CV I AV D
G E I A LWGS|LI(V VL AT E
S T A S I MH|LIC AT S L D
M F T S T Y CIL}T V L S V D
LY AsSsV F LIL}IT CL S 1 D
S NA SV MNI|L L I S F D
MY A S TULILILIA T I S A D
S L 1S D
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The TM Il leucine, which is conserved in >70% of rhodopsin-like GPCRs and is designated Leu IIl:18 in the Baldwin model
(44), is highlighted in the sequences of several representative GPCRs. The alignment of the sequences shown is based on the
model for rhodopsin-like GPCRs proposed by Baldwin (44), and the position of consensus residues as determined by Baldwin
are indicated below the alignments. The sequences shown flank Leu I11:18, but are not intended to delineate the boundaries of

TM IIL.
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were deliberately modified to yield the same numbers
of cell surface receptors in the wild-type vs. mutant
hFSHR-expressing cells. Figure 2 shows a represen-
tative experiment in which both basal and FSH-
stimulated cAMP production were analyzed. Cells ex-
pressing hFSHR(L460R) exhibited increased levels of
basal cAMP, consistent with the mutant being consti-
tutively active. Interestingly, although the basal cAMP
levels in hFSHR(L460R) cells were not as great as
hFSHR(wt) cells stimulated with a saturating concen-
tration of FSH, the hFSHR(L460R) cells exhibited little
increase in cAMP in response to increasing concen-
trations of FSH (Fig. 2). Therefore, the mutation of
L460 to arginine caused both constitutive activation of
the hFSHR as well as impaired responsiveness to
FSH. In the course of seven independent experiments
measuring cAMP under basal conditions and in re-
sponse to a saturating concentration of FSH, we ob-
served an average increase in basal cAMP production
by the L460R-expresssing cells of 5.2-fold when com-
pared with cells expressing comparable numbers of
cell surface wild-type receptors (Fig. 3A). Furthermore,
whereas cells expressing the wild-type hFSHR re-
sponded to a saturating concentration of hFSH with an
average 35-fold increase in cAMP levels above basal,
cells expressing L460R responded to hFSHR with only
a 1.8-fold increase in cAMP production (Fig. 3B).

To determine whether the constitutive activation of
hFSHR(L460R) was due to the introduction of a posi-
tive charge in this site, we prepared and characterized
additional L460-substituted mutants of the hFSHR.
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Fig. 2. Substitution of L460 in TM Ill of the hFSHR with
Arginine Results in Constitutive Activation of cAMP Produc-
tion Concomitant with Decreased FSH-Stimulated cAMP
Production

293 cells were transiently transfected using conditions to
yield comparable numbers of cell surface hFSHR(wt) and
hFSHR(L460R). cAMP production was assayed under basal
conditions and in response to increasing concentrations of
FSH. Data shown are from a representative experiment. In
this experiment, both wild-type and L460R cells bound 1.2 ng
125_.hFSHR/10° cells.
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These consisted of mutants in which either a positively
charged lysine, a neutral alanine, or a negatively
charged aspartic acid were introduced at codon 460.
As seen in Fig. 3A, the basal levels of cAMP were
increased only in cells expressing hFSHR(L460R). In-
terestingly, the basal levels of cAMP in hFSHR(L460K)
cells were similar to hFSHR(wt) cells, demonstrating
that the constitutive activity of the hFSHR(L460R) mu-
tant is not due simply to the introduction of a positive
charge at this site.

The data presented thus far suggest that, within the
context of the amino acids examined (arginine, lysine,
alanine, and aspartic acid), constitutive activation of
the hFSHR by substitution of L460 is restricted to the
introduction of an arginine. If one examines the ability
of the different mutants to respond to FSH with in-
creased cAMP production, however, a different pic-
ture emerges. As shown in panel B of Fig. 3, cells
expressing hLHR(L460) mutants containing arginine,
lysine, alanine, or aspartic acid are blunted in their
response to hFSH, as indicated by the decreased
Rmax of cells expressing each of the mutants. The
Rmax of L460R cells is approximately 25% that of
cells expressing wild-type hFSHR; however, this is
due primarily to the elevated levels of cAMP due to this
mutant’s constitutive activity, as opposed to the ability
of the cells to respond to FSH (cf. panels A, B, and C
of Fig. 3). The fold increases in cAMP elicited by FSH
in L460K, L460A, and L460D cells are greater than that
of the L460R cells, but they are still far less than
observed for cells expressing the wild-type hFSHR
(Fig. 3C). Thus, the substitution of L460 of the hFSHR
with any of the four residues examined results in a
marked attenuation of FSH responsiveness.

One possible cause of the decreased FSH respon-
siveness of cells expressing arginine-, lysine-, ala-
nine-, or aspartic acid-substituted L460 mutants could
be a decreased binding affinity of the mutants for FSH.
This possibility was examined directly by determining
the binding affinities of the cell surface form of each of
the mutants. As shown in Table 1, the L460A and
L460D mutants bound FSH with the same affinity as
the wild-type receptor, while the L460R and L460K
mutants bound with a similar or slightly higher affinity
as the wild-type receptor. For each mutant, therefore,
we can clearly exclude a decrease in binding affinity as
a cause for the decreased FSH-stimulated cAMP
production.

We also considered the possibility that the de-
creased cAMP production in response to FSH by cells
expressing the L460 mutants might be due to in-
creased rates of internalization of FSH by the mutant
receptors. That is, if the cell surface mutant receptor
were internalized faster upon agonist binding, then
one could envision that the cellular response might
be terminated sooner, thus attenuating it. As shown
in Fig. 4, cells expressing hFSHR(L460R) or
hFSHR(L460K) do exhibit a greater internalization in-
dex (which is proportional to the rate of internalization)
than cells expressing the wild-type receptor. These
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