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Structural-Functional Analysis of the Third Transmembrane
Domain of the Corticotropin-releasing Factor Type 1
Receptor
ROLE IN ACTIVATION AND ALLOSTERIC ANTAGONISM*□S
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Background: The molecular mechanisms underlying activation of CRF1 receptor (CRF1R) were elusive.
Results: We determined specific residues in the transmembrane domains (TMs) of CRF1R that are critical for receptor
activation.
Conclusion: A possible “transmission switch” involving TM interactions is important for CRF1R activation.
Significance: This knowledge may aid in the development of nonpeptide CRF1R antagonists for use in stress-related disorders.

The corticotropin-releasing factor (CRF) type 1 receptor
(CRF1R) for the 41-amino acid peptide CRF is a class B G protein-
coupledreceptor,whichplaysakeyrole in theresponseofourbody
to stressful stimuli and themaintenanceofhomeostasis by regulat-
ingneuralandendocrine functions.CRFandrelatedpeptides, such
as sauvagine, bind to the extracellular regions of CRF1R and acti-
vate the receptor. In contrast, small nonpeptide antagonists,which
are effective against stress-related disorders, such as depression
and anxiety, have been proposed to interact with the helical trans-
membrane domains (TMs) of CRF1R and allosterically antagonize
peptide binding and receptor activation. Here, we aimed to eluci-
date the role of the third TM (TM3) in themolecular mechanisms
underlying activation of CRF1R. TM3 was selected because its
tilted orientation, relative to the membrane, allows its residues to
establishkey interactionswith ligands, otherTMhelices, and theG
protein. Using a combination of pharmacological, biochemical,
and computational approaches, we found that Phe-2033.40 and
Gly-2103.47 in TM3 play an important role in receptor activation.
Our experimental findings also suggest that Phe-2033.40 interacts
with nonpeptide antagonists.

G protein-coupled receptors (GPCRs)3 are essential for life
as they regulate vital physiological functions in almost every

eukaryotic organism, including fungi and plants (1). They
accomplish this by triggering a large number of cellular signaling
cascades, through their cognate heterotrimeric G proteins, as a
result of their interaction with a vast number of chemically diver-
gent molecules ranging from light to large polypeptides (1, 2).
Based on sequence similarity methods, the superfamily of

GPCRs is classified into four families or classes (A, B, C, and
smoothened), which display little sequence similarity and do
not share common structural/functional motifs (3). Class A (or
rhodopsin-like) is the largest family of GPCRs. Most of our
understanding regarding the structure and function of GPCRs
has been achieved in this family (4). Very recently the crystal
structures of the type 1 receptor (CRF1R) for the 41-amino acid
peptide, corticotropin-releasing factor (CRF), and the glucagon
receptor (GCGR), which belong to class B GPCRs, have been
published (5, 6). Notably, despite their overall low sequence
identity, structures from different families share a common
molecular architecture and activate a similar pool of intracellu-
lar signaling molecules, the G proteins. This architecture is
characterized by the presence of seven !-helical transmem-
brane domains (TMs) connected to each other by three extra-
cellular (EL) and three intracellular loops.Moreover, all GPCRs
possess an extracellular N-terminal region (N-domain) and a
cytoplasmic C terminus, containing an !-helix (Hx8) oriented
parallel to the cell membrane. These common features lead to
the biologically important hypothesis thatGPCR activation uti-
lizes conserved structural elements leading to production of a
biological effect.
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Although the crystal structure of a receptor provides the ulti-
mate information for its structure, it represents a single snap-
shot of one conformational state. Specifically, the crystal struc-
tures of the apo-state of GCGR and the CRF1R in complex with
the nonpeptide CRF antagonist CP-376395 represent the inac-
tive states of truncated receptors, lacking their extracellular
N-domain (5, 6). Despite the fact that these truncated forms of
class B GPCRs bound small nonpeptide ligands with similar
affinities with those of the full-length receptors, they are not
able to bind peptides and be activated because they lack the
functionally indispensable N-domain (7, 8). Thus, although
crystallization of CRF1R or GCGR provided invaluable struc-
tural information for an inactive state of these receptors, the
molecular mechanisms underlying receptor activation that
convert ligand binding to a biological effect are still elusive.
In this study, we aimed to elucidate the molecular mecha-

nisms underlying the activation of CRF1R and to validate the
hypothesis that activation of class A and B GPCRs utilizes con-
served structural elements. We accomplished this by using a
combination of different experimental approaches and by com-
paring the available results on the role of the thirdTM (TM3) in
the structure-function of class A with the much less studied
class B GPCRs. TM3 is a structural and functional hub as sug-
gested by the comparison of class A crystal structures, in their
inactive and active states (9). The residues inTM3 are function-
ally important by mediating interactions with the extracellular
ligand, as well as by forming key inter-TM interactions that
define the GPCR-fold, a conserved disulfide bridge with the
secondEL (EL2), and an important interface forGprotein bind-
ing. We focused on the CRF1R, which plays a key role in the
response of our body to stressful stimuli and themaintenance of
homeostasis, by regulating neural and endocrine functions (6,
10). Moreover, the TM3 of CRF1R has been shown to be
involved in the binding of small ligand antagonists that are
effective against stress-related disorders, such as depression
and anxiety (6, 10).

EXPERIMENTAL PROCEDURES

Structural Alignment—All crystallized GPCRs (including 21
receptors, 18 of which belong to family A, two to family B, and
one to family F) were structurally superimposed using Multi-
Prot based on their C" atoms (11). This permitted us to obtain
a structurally based sequence alignment, which was later
revised using Jalview (12).
Model of the Inactive CRF1R—To study the TM3-TM5 inter-

face of the unliganded state of CRF1R, a homologymodel based
on the crystal structure of GCGR (Protein Data Bank code
4L6R) was built using MODELLER (5, 13). The primary
sequence of human CRF1R was used (UniProt accession code
P34998) in which the G2103.47C mutation was inserted. The
highly conserved residues-motifs between family B (L1.42 in
TM1, HXNL in TM2, W3.42 in TM3, GWGXP in TM4, N5.53
in TM5, PLLG in TM6, and G7.46 in TM7), were used as refer-
ence points in TM sequence alignments (supplemental Fig. S1).
The N terminus of the receptor was disregarded. Residues are
identified by the general numbering scheme of Ballesteros and
Weinstein that allows easy comparison among residues in the
7TM segments of receptors belonging to different families.

Site-directed Mutagenesis—The cDNA sequences encoding
wild-type CRF1R (WT) or "Cys CRF1R("Cys) were subcloned
into the bicistronic expression vector pcin4, thereby creating
the vectors pcin4-WTor pcin4-"Cys, respectively, as described
previously (14)."Cys is amutant CRF1R, which is insensitive to
sulfhydryl-specific reagents and has similar functional proper-
ties with those of wild-type receptor (14). Mutations were gen-
erated by the polymerase chain reaction-mediated mutagene-
sis, using Pfu polymerase (MBI Fermentas, Hanover, MD) and
mutagenic oligonucleotides encoding the desired amino acid
substitution. The polymerase chain reaction generated DNA
fragments containing Cys, Trp, Ala, Ile, or Lys mutations. The
fragments containing the Cys mutations were subcloned into
the pcin4-"Cys plasmid (creating the pcin4-substituted Cys
mutant plasmids), whereas those containing the other muta-
tions were subcloned into the pcin4-WT plasmid (creating the
pcin4-X mutant plasmids). The mutations were confirmed by
DNA sequencing.
Cell Culture, Transfection, and Harvesting—Human embry-

onic kidney (HEK) 293 cells were grown inDulbecco’smodified
Eagle’s medium/F-12 (1:1) containing 3.15 g/liter glucose and
10% bovine calf serum at 37 °C and 5% CO2. Sixty-millimeter
dishes of HEK293 cells at 80–90% confluence were transfected
with 2–3 $g of pcin4-WT (WT), pcin4-"Cys ("Cys), pcin4-X
mutant (X mutants), or pcin4-substituted Cys mutant (substi-
tuted Cys mutants) plasmids using 9 $l of Lipofectamine and
2.5ml ofOpti-MEM (both from Invitrogen). To generate stably
transfected pools of cells expressing the receptors 5–12 h after
transfection, the medium was replaced by Dulbecco’s modified
Eagle’s medium/F-12 (1:1) containing 3.15 g/liter glucose, 10%
bovine calf serum (Hyclone Laboratories, Logan, UT), and 700
$g/ml G418 (Geneticin), an antibiotic (Invitrogen). The antibi-
otic was added to select a stably transfected pool of cells. Cells
expressingWT,"Cys, ormutants, at 100% confluence in 60- or
100-mm dishes, were washed with phosphate-buffered saline
(PBS) (4.3mMNa2HPO4"7H2O, 1.4mMKH2PO4, 137mMNaCl,
and 2.7 mM KCl, pH 7.3–7.4, at 37 °C), briefly treated with PBS
containing 2 mM EDTA (PBS/EDTA), and then dissociated in
PBS/EDTA. Cells suspensions were centrifuged at 50 # g for 2
min at room temperature, and the pellets were resuspended in 1
ml of buffer M (25 mM HEPES containing 5.4 mM KCl, 140 mM
NaCl, and 2 mM EDTA, pH 7.2, at 22–25 °C) for treatment with
methanethiosulfonate reagents or in 1.5 ml of buffer H (20 mM
HEPES, containing 10 mM MgCl2, 2 mM EGTA, 0.2 mg/ml baci-
tracin, and0.93$g/mlaprotinin,pH7.2, at4 °C) forbindingassays.

125I-Tyr0-Sauvagine Binding—For radioligand binding as-
says, cell suspensions (1.5 ml) in buffer H were homogenized
using an Ultra-Turrax T25 homogenizer (IKA Janke and Kun-
kel, Staufen, Germany) at setting $20 for 10–15 s, at 4 °C. The
homogenates were centrifuged at 16,000 # g for 10min at 4 °C,
and the membrane pellets were resuspended in 1ml of buffer B
(buffer H containing 0.1% bovine serum albumin, pH 7.2, at
20 °C). Themembrane suspensionswere diluted in buffer B and
used for homologous or heterologous competition binding
studies as described previously (15). In brief, aliquots of diluted
membrane suspensions (50 $l) were added into low retention
tubes (Kisker-Biotech, Steinfurt, Germany), containing buffer
B and 20–50 pM 125I-Tyr0-sauvaginewith orwithout increasing
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concentrations of Tyr0-sauvagine (homologous competition
binding), sauvagine, astressin, or antalarmin (heterologous
competition binding) (American Peptide Co., Sunnyvale, CA).
Themixtures were incubated at 20–21 °C for 120min and then
filtered using a Brandel cell harvester through Whatman
934AH glass fiber filters presoaked for 1 h in 0.3% polyethyl-
eneimine at 4 °C. The filters were washed three times with 0.5
ml of ice-cold PBS, pH 7.1, containing 0.01% Triton X-100.
Filterswere assessed for radioactivity in a gamma counter (1275
minigamma, 80% efficiency; LKB Wallac, Chalfont St. Giles,
Buckinghamshire, UK). The amount of membrane used was
adjusted to ensure that the specific binding was always equal to
or less than 10% of the total concentration of the added radio-
ligand. Specific 125I-Tyr0-sauvagine binding was defined as
total binding less nonspecific binding in the presence of 1000
nM sauvagine or antalarmin. Data for competition bindingwere
analyzed by nonlinear regression analysis, using Prism 4.0
(GraphPad Software, San Diego). IC50 values were obtained by
fitting the data from competition studies to a one-site compe-
tition model. The logKi values for astressin and antalarmin and
the logKD values for 125I-Tyr0-sauvagine binding were deter-
mined from heterologous and homologous competition data,
respectively, as described previously using Prism 4.0 (15).
Reactions with MTSEA—For treatment with MTSEA, ali-

quots (0.1 ml) of suspensions (in buffer M) of cells expressing
"Cys or substituted Cys mutants were incubated without or
with 2.5mMMTSEA for 15 s at 22–25 °C. Cell suspensionswere
then diluted 140-fold in buffer PBS/EDTA, pH 7.1, at 22–25 °C
containing 10 mMMgCl2 and centrifuged at 250 # g for 10 min
at 22–25 °C, and the pelletswere resuspended in 1.5ml of buffer
M containing 10mMMgCl2. Cell suspensions were centrifuged
at 500 # g for 5 min at 22–25 °C, and the pellets were homog-
enized in 1.5 ml of buffer H, as described above. The homoge-
nates were centrifuged at 16,000 # g for 10 min at 4 °C, and the
membrane pellets were resuspended in 1 ml of buffer B (buffer
H containing 0.1%bovine serumalbumin, pH7.2, at 20 °C). The
membrane suspensions were used to assay for 125I-Tyr0-sau-
vagine binding as described above. Inhibition of binding was
calculated as 1 % (specific binding after MTSEA/specific bind-
ing without MTSEA).
Protection experiments were performed by preincubation of

aliquots of cell suspensions with astressin (1 $M), Tyr0-sau-
vagine (1 $M), or !-helical (9–41) CRF (1 $M) for 60 min at
20 °C in buffer M. Subsequently, the mixtures (0.1 ml) were
treated with 2.5 mM MTSEA as described above. Cells were
treated andhomogenized as described above, andhomogenates
were used to assay for 125I-Tyr0-sauvagine binding.
cAMP Accumulation Assays—HEK293 cells stably express-

ing WT, "Cys, or mutants were plated in 96-well cell culture
plates (pretreated with 0.1 mg/ml poly-L-lysine). After incuba-
tion overnight at 37 °C in 5% CO2, the cells were 95–100% con-
fluent. Themediumwas removed, and 100$l of assay buffer (25
mM HEPES, pH 7.4, 2 mM choline, 288 mM sucrose, 0.9 mM
CaCl2, 0.5 mM MgCl2, and 1 mM 3-isobutyl-1-methylxanthine)
was added. After 1 h of incubation at 37 °C, more assay buffer
without (basal levels) or with increasing concentrations of sau-
vagine in the presence or absence of 0.3 $M astressin or 1–2 $M
antalarmin was added to a total volume of 200 $l, and the incu-

bation was continued for 30 min at 37 °C. At the end of the
incubation, the assay buffer was removed. The cells were placed
on ice and lysedwith 3% trichloroacetic acid. Lysateswere incu-
bated on ice for 30–60 min and stored at %20 °C. After 1–5
days, frozen lysateswere thawed and centrifuged at 1800# g for
10 min at 4 °C, and the supernatants were neutralized with 2 N
NaOH. Quantification of cAMP in the neutralized superna-
tants was performed using a competitive binding assay as
described previously (15). In brief, supernatants were trans-
ferred to polypropylene mini-tubes (20 $l/tube) containing
buffer A (100 mM Tris-HCl, pH 7.4, 100 mM NaCl, and 5 mM
EDTA) with 1–1.5 nM [2,8-3H]cAMP (PerkinElmer Life Sci-
ences). Subsequently, cAMP-binding protein ($100 mg of
crude bovine adrenal cortex extract in 500 ml of buffer A) was
added to each tube. After incubation on ice for 3 h, the mixtures
were filtered through Whatman 934AH glass fiber filters as
described for radioligand binding assays, using buffer C (120 mM
NaCl and 10mMTris HCl, pH 7.4, at 4 °C) as washing buffer. The
amount of cAMP in each sample (one-tenth of a well) was deter-
mined by comparison with a standard curve of known concentra-
tions of unlabeled cAMP (1–100 pmol/tube). The logEC50 values
were obtained by fitting the data to a one-site sigmoidal model
using nonlinear regression analysis (Prism 4.0).

RESULTS

Structure-based Alignment of GPCRs with Known Structure—
Fig. 1A shows the superimposition of the helical TMs of repre-
sentative members of the currently available crystal structures
of GPCRs in the inactive conformation. The structure of the
cytoplasmic part of TMs is highly conserved, whereas the struc-
ture of their extracellular part is more divergent. This suggests
that each receptor family has adjusted specific structural char-
acteristics for selective ligand binding that triggers a conserved
set of conformational rearrangements of the helices near the G
protein binding domains. The publication of the structures of
the ligand-free opsin, the "2-adrenergic receptor ("2-AR)
bound to agonists and the "2-AR bound to Gs have shown the
intracellular structural changes associated with activation of
class A GPCRs (16–18). To compare these mechanisms with
class B GPCRs, Fig. 1B shows a structure-based sequence
alignment of all available crystal structures of GPCRs, and sup-
plemental Fig. S1 shows the amino acid conservation, at struc-
turally homologous positions, within classes A and B. This
alignment compares the highly conserved amino acids in class
A, used by Ballesteros and Weinstein to define a general num-
bering scheme for class A GPCRs, with class B (19). Class B
includes both the adhesion and secretin subfamilies, as the lat-
ter is a descendant from the adhesion subfamily (3). In partic-
ular, TM3 contains the conserved Cys3.25 engaged in a disulfide
bond with a conserved Cys in EL2. The positional equivalent of
the highly conserved (D/E)R3.50Y motif in class A corresponds
to (Y/H)L3.50(Y/H) in class B. Because of the spatial conserva-
tion of the TM amino acids between classes A and B, the Ball-
esteros-Weinstein nomenclature is used throughout.
Use of the Substituted Cysteine Accessibility Method (SCAM)

to Identify Amino Acids of TM3 Forming the Water-accessible
Binding Site Crevice—To identify the TM3 residues that are
located on the water-accessible binding site crevice of the inac-
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tive apo-state of the full-length CRF1R, wemutated each amino
acid, one at a time, to Cys (engineered Cys) and determined
their accessibilities by applying SCAM (20). SCAM is based on
the ability of the positively charged MTSEA, to react with the
free sulfhydryl group of a cysteine (supplemental Fig. S2). We
detected the MTSEA reaction by determining its ability to
inhibit the binding of the radiolabeled CRF analog, 125I-Tyr0-
sauvagine, to the receptor. We used an MTSEA-insensitive
CRF1R mutant ("Cys), which has a wild-type pharmacological
profile and has been created by replacing five endogenous Cys
by Ser (14). Among the 22 TM3 engineered Cys ("Cys &
R1893.26C to "Cys & G2103.47C), those at positions 1893.26,
1923.29, 1933.30, 1953.32, 1963.33, and 1993.36 reacted with
MTSEA because the reaction significantly reduced the binding
of 125I-Tyr0-sauvagine to these Cys-substituted mutants (Fig.
2A). Given that in the absence of MTSEA, the R1893.26C,
T1923.29C, A1933.30C, Y1953.32C, N1963.33C, and H1993.36C
substitutions did not significantly alter 125I-Tyr0-sauvagine
affinity (Fig. 2B) and thus the overall conformation of receptor,

we infer that these TM3 residues are located on the binding site
crevice of CRF1R. This is consistent with the recent crystal
structures of CRF1R and GCGR (5, 6). Similarly, the "Cys &
F2033.40C mutant reacted with MTSEA, because the reaction
significantly altered 125I-Tyr0-sauvagine binding. Surprisingly,
in contrast to the other positive TM3 Cys mutants, MTSEA
reaction with "Cys & F2033.40C increased binding (Fig. 2A).
Notably, the potentiation of radioligand binding to "Cys &
F2033.40CbyMTSEAwas significantly decreased after pretreat-
ment of cells expressing this mutant with 1 $M astressin, but
not with !-helical (9–41) CRF or Tyr0-sauvagine (at concen-
trations of 1$M) (Fig. 3A). We infer that F2033.40 is also located
on the binding site crevice of CRF1R, given that this TM3 resi-
due interacts with small nonpeptide antagonists, such as anta-
larmin, as suggested by our results (Fig. 3B) and by the crystal
structure of CRF1R (6). The hydrophobic antalarmin, even at
the high concentration of 1 $M, failed to antagonize sauvagine
binding to "Cys after mutation of the hydrophobic F2033.40 to
the hydrophilic Cys, regardless of the presence of MTSEA (Fig.

FIGURE 1. Structural alignment of GPCR families with known structure. A, comparison of the TM domains plus Hx8 of the currently available crystal
structures in the inactive conformation. Rhodopsin (Protein Data Bank codes 1U19), "2-adrenergic (2RH1), dopamine D3 (3PBL), M3 muscarinic (4DAJ),
$-opioid (4DKL), and histamine H1 (3RZE) receptors are shown as representative structures of class A GPCRs. The TM structures of class A, B (CRF1 (4K5Y) and
GCG (4L6R)), and smoothened (4JKV) receptors are shown as white, blue, and orange ribbons, respectively. The highly conserved amino acids in each helix, used
by Ballesteros and Weinstein to define a general numbering scheme for class A GPCRs, are shown as gray sticks (19). The homologous amino acids, at these
conserved class A positions, for the class F smoothened receptor are shown in orange and for class B CRF1 and GCG receptors in blue. B, sequence alignment
derived from the structural superimposition between GPCRs with known crystal structures.
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3B). Inmarked contrast, the binding affinity of astressinwas not
affected by the F2033.40C mutation even in the presence of
MTSEA (Fig. 3C). Astressin is a CRF peptide antagonist that is
less sensitive to receptor activation-associated conformational
changes than agonists, and it interacts with the extracellular
N-domain of CRF1R (8, 15).

Quantification of the binding affinity of 125I-Tyr0-sauvagine
for the "Cys CRF1R indicated that the F2033.40C mutation
decreased the affinity of receptor 18-fold (Figs. 2B and 3D and
Table 1). Notably, MTSEA restored the low affinity of "Cys &
F2033.40C to normal levels (Figs. 2B and 3D and Table 1). Sub-
stitution of F2033.40 by Lys (F2033.40K) did not significantly
modify the binding of 125I-Tyr0-sauvagine relative to wild-type
receptor (Fig. 4A), in a manner similar to the effect of the
MTSEA reaction that adds a Lys-like side chain to F2033.40C
(Fig. 3D). In contrast, the F2033.40K mutation abolished anta-
larmin binding (Fig. 4B), as in the F2033.40Cmutation (Fig. 3B).
The binding affinity of astressin was not affected by the
F2033.40K mutation (Fig. 4C), similar to the F2033.40C muta-
tion, which did not affect astressin affinity even in the presence
ofMTSEA (Fig. 3C). The effects of the Cysmutation of F2033.40
and its modification by MTSEA on the binding of the peptide

agonist Tyr0-sauvagine, but not on the peptide antagonist
astressin, suggest that F2033.40 influences receptor activation.

Similar effects were observed in the binding of sauvagine,
which lacks the N-terminal Tyr0 (Fig. 5A), to the F2033.40C
mutant receptor. Sauvagine bound "Cys & F2033.40C with low
affinity, which was largely increased upon reaction with
MTSEA (Fig. 5B).
Role of F2033.40 in the Activation of the CRF1R—A GCGR-

based homology model of the CRF1R used to depict the unli-
ganded basal state shows a network of hydrophobic-aromatic
interactions between TM3 and -6 (Fig. 6A), which is similar to
the class A network (Fig. 6B) (17, 21). In this network of inter-
actions, the hydrophobic-aromatic residues at positions 3.40
(Phe 77% and Tyr 20%) and 6.44 (Leu 65% and Phe 22%) are
highly conserved in class B GPCRs (supplemental Fig. S1).

The important functional role of F2033.40 of CRF1R is sup-
ported by the fact that itsmutation toTrp or Ile does notmodify
the binding of 125I-Tyr0-sauvagine relative toWT receptor (Fig.
7A and Table 2). Importantly, removing the hydrophobic and
bulky side chain at position 203 by mutating F2033.40 to Ala,
reduced the affinity of the radiolabeled agonist 27-fold (Fig. 7A
and Table 2). In contrast, the affinity of the antagonist astressin

FIGURE 2. Structural and functional characterization of the TM3 of CRF1R. A, inhibition of specific 125I-Tyr0-sauvagine binding to MTSEA-insensitive CRF1R
mutant ("Cys) or its substituted Cys mutants after their reaction with MTSEA is represented by bars, which indicate the mean ' S.E. values from 3 to 32
independent experiments. Negative inhibition means potentiation of radioligand binding after MTSEA reaction. Solid bars with asterisks indicate substituted
Cys mutants for which inhibition/potentiation was significantly different from "Cys (p ( 0.05; one way ANOVA). B, binding affinities (%logKD) of 125I-Tyr0-
sauvagine for the "Cys CRF1R ("Cys) and its substituted Cys mutants ("Cys & R1893.26C to "Cys & G2103.47C) are represented as bars, which indicate the
mean ' S.E. values from 3 to 7 independent experiments. Solid bars with asterisks indicate substituted Cys mutants for which 125I-Tyr0-sauvagine binding
affinity was significantly different from that for "Cys (p ( 0.05; one way ANOVA).
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was not affected by these mutations (Fig. 7B and Table 2). The
different effects of these mutations on peptide agonist versus
antagonist binding further support that modifications at posi-
tion 2033.40 of CRF1R affect the ability of the receptor to adopt
the active conformation, which bindswith high affinity agonists
such as 125I-Tyr0-sauvagine. Antalarmin binding to CRF1R was
abolished by the F2033.40A mutation, whereas F2033.40I and
F2033.40W substitutions slightly modified and increased its
binding affinity, respectively (Fig. 7C and Table 2).
To provide additional experimental evidence for the impor-

tant role of F2033.40 in receptor activation, we determined

the ability of sauvagine to stimulate cAMP accumulation in
HEK293 cells before and after F2033.40 mutations. Clearly,
F2033.40W and F2033.40I mutations did not affect the ability of
sauvagine to activate CRF1R (Fig. 7, D–F, and Table 2). Specif-
ically, F2033.40W and F2033.40I mutations reduced the poten-
cies of sauvagine (%logEC50) only 2- and 1.3-fold, respectively.
In contrast, the F2033.40A mutation had the greatest effect on
sauvagine potency (Fig. 7G and Table 2), by decreasing it
24-fold. The potency of sauvagine (%logEC50) to stimulate
cAMP accumulation was reduced by astressin or antalarmin by
15- or 33-fold, respectively, forWTreceptor, 35- or 186-fold for
the F2033.40W mutant, and 65- or 1117-fold for the F2033.40I
mutant (Fig. 7, D–F, and Table 2).
Antalarmin Antagonizes Peptide Binding and Receptor Acti-

vation by Interacting with F2033.40—The importance of the
aromatic ring at position 2033.40 in antalarmin binding to
CRF1R has already been seen in different experiments (e.g. Figs.
3B, 4B, and 7C and Table 2). Moreover, the potency of sau-
vagine to stimulate cAMP accumulation greatly depended on
the nature of the substituted residue at the 3.40 position (Fig. 7,
D–G, and Table 2). Remarkably, antalarmin, even at a very high
concentration (2 $M), was unable to inhibit sauvagine potency
for F2033.40A, in agreement with the inability of this nonpep-
tide ligand to bind to F2033.40A (Fig. 7G andTable 2). Inmarked
contrast, the peptide antagonist astressin decreased the

FIGURE 3. Effect of F2033.40C mutation on the binding properties of !Cys CRF1R. A, potentiation of 125I-Tyr0-sauvagine binding to "Cys & F2033.40C by
MTSEA after pretreatment of cells expressing this receptor without or with 1 $M astressin, 1 $M Tyr0-sauvagine, or 1 $M !-helical (9 – 41) CRF (!-hel-CRF). The
bars indicate the mean ' S.E. values from 2 to 7 independent experiments. Hatched bar with asterisk indicates that MTSEA potentiation of binding to "Cys &
F2033.40C was significantly inhibited after pretreatment of receptor with ligand (p ( 0.05; one-way ANOVA). B–D, competition binding isotherms of antalarmin
(B), astressin (C), and Tyr0-sauvagine (D) at the "Cys CRF1R, its substituted Cys mutant, "Cys & F2033.40C, and the MTSEA-treated "Cys & F2033.40C. The
means ' S.E. (duplicate determination) are shown from a representative experiment performed 3– 6 times with similar results. The affinities (%logKi) of
antalarmin, determined from these experiments, are 7.32 ' 0.05, (5.00 and (5.00, for "Cys, "Cys & F2033.40C, and MTSEA-treated "Cys & F2033.40C,
respectively. The affinities (%logKD) of 125I-Tyr0-sauvagine, are given in Table 1. The affinities (%logKi) of astressin are 8.00 ' 0.10, 7.58 ' 0.19, and 7.54 ' 0.27,
for "Cys, "Cys & F2033.40C, and MTSEA-treated "Cys&F2033.40C, respectively.

TABLE 1
Effect of MTSEA reaction on the binding properties of the substituted
Cys mutants
The affinities of Tyr0-sauvagine (%logKD) for the substituted Cys mutants before
and after their reaction with MTSEA were determined from homologous compet-
itive binding experiments, using as radioligand the 125I-Tyr0-sauvagine. The
mean' S.E. values were obtained from 2 to 7 independent experiments with similar
results.

"logKD # S.E. $ MTSEA
"Cys & R189C 8.38 ' 0.11 8.47 ' 0.40
"Cys & T192C 8.50 ' 0.24 9.03 ' 0.29
"Cys & A193C 8.77 ' 0.12 8.98 ' 0.05
"Cys & Y195C 8.94 ' 0.23 9.51 ' 0.21
"Cys & N196C 8.85 ' 0.21 9.33 ' 0.17
"Cys & H199C 8.61 ' 0.12 8.94 ' 0.15
"Cys & F203C 7.33 ' 0.20 8.80 ' 0.33
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potency of sauvagine to stimulate cAMP (Fig. 7G and Table 2).
Fig. 7H shows a model of the complex between antalarmin and
CRF1R based on the crystal structure of the similar CP-376395
ligand and CRF1R (6). F2033.40 interacts with the ethyl group of
the ligand and restricts the binding site along with Y3276.48.
Gly2103.47 Plays an Important Role in the Activation of the

CRF1R—The binding affinity of 125I-Tyr0-sauvagine for
"Cys & G2103.47C receptor was 129 times lower than that for
"Cys, whereas this mutation did not affect the binding affinity
of astressin (Figs. 2B and 8A). Similarly, the potency of sau-
vagine to stimulate cAMP accumulation was decreased 121
times due to the G2103.47C mutation (Fig. 8B). The G2103.47A
mutation had a significantly smaller impact on the affinity and
potency of sauvagine compared with that of G2103.47C substi-
tution. In specific the binding affinity of 125I-Tyr0-sauvagine
and the potency of sauvagine for the "Cys were only reduced
10- and 3.5-fold, respectively, by the G2103.47A mutation (Fig.
8, A and B). In addition, similar to G2103.47C mutation, the
G2103.47A substitution did not affect the affinity of astressin
(Fig. 8A). Fig. 8C shows that G2103.47 is pointing toward
N2835.54 in TM5 (88% conserved in the class B sequences),
which is forming an inter-helical hydrogen bondwith the back-
bone oxygen of the amino acid at position 3.43 (Met-206).
Mutation of G2103.47C, but not of G2103.47A, adds a polar side
chain in the key interface between TM3 and -5 that interacts
with N2835.54 (Fig. 8D). The publication of the crystal structure
of the ligand-free opsin showed that during the process of
receptor activation, the intracellular part of TM6 tilts outward
and TM5 comes close to TM6 (16). Thus, we propose that the
additional constraint between N2835.54 and C2103.47 that
replaced G2103.47 restrains TM5 in the inactive conformation
that makes difficult the activation of the mutant CRF1R by the
extracellular ligand. As a consequence, only small, nonpolar
amino acids are found at position 3.47 in class B GPCRs (Gly
57% and Ala 39%).

DISCUSSION

By using SCAM, we identified the TM3 residues of the apo-
inactive state of the full-length CRF1R that are exposed in the
water-accessible binding site crevice of the receptor. Seven
among the 22 TM3 residues (R1893.26, T1923.29, A1933.30,
Y1953.32, N1963.33, H1993.36, and F2033.40) were found to be
located on the surface of the binding site crevice, whereas res-
idues that are located deeper in TM3 than F2033.40 were inac-
cessible. These results suggest that the TM3 of CRF1R in its
unliganded state is positioned such that half of this helix partic-
ipates in the formation of a large cavity, whereas the other half
is tightly packed with the other TMs. This prediction is com-
patible with the crystal structures of the solubilized, N-termi-
nally truncated inactive states of both unliganded GCGR and

FIGURE 4. Effect of F2033.40K mutation on ligand binding. A, competition
binding isotherms of Tyr0-sauvagine at the WT CRF1R and its F203K mutant.
The means and S.E. (duplicate determination) are shown from a representa-
tive experiment performed 3– 4 times with similar results. The affinities
(%logKD) of 125I-Tyr0-sauvagine, determined from these experiments, are
8.38 ' 0.20 and 8.51 ' 0.21 for WT and F203K, respectively. B, competition
binding isotherms of antalarmin at the F203K mutant and WT CRF1R. The

means and S.E. (duplicate determination) are shown from a representative
experiment performed 4 –5 times with similar results. The affinities (%logKi) of
antalarmin, determined from these experiments, are 7.62 ' 0.13 and (5.00
for WT and F203K, respectively. C, competition binding isotherms of astressin
at the 203K mutant and WT CRF1R. The means and S.E. (duplicate determina-
tion) are shown from a representative experiment performed 3– 6 times with
similar results. The affinities (%logKi) of astressin, determined from these
experiments, are 8.02 ' 0.07 and 8.02 ' 0.19 for WT and F203K, respectively.
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CRF1R complexed with CP-376395 (5, 6). The identified large
V-shape cavity of the CRF1R is capable of accommodating the
large peptides that bind class B GPCRs.
Among theCys substitutions of TM3 residues, theG2103.47C

mutation had the largest impact on the high affinity of 125I-
Tyr0-sauvagine binding. Specifically, substitution of G2103.47
to Cys decreased the binding affinity of 125I-Tyr0-sauvagine
129-fold. Similarly, the G2103.47C mutation decreased the
potency of sauvagine 121-fold. These results suggest thatmuta-
tion of G2103.47 to Cys largely decreased the ability of receptor
to adopt its active state. G2103.47 is located one helical turn
below residueM2063.43, whose backbone carbonyl group forms
a hydrogen bond interaction with N2835.54 of TM5 (Fig. 8C), in
the crystal structures of GCGR and CRF1R (5, 6). Our compu-

tational model shows that the –SH group of C2103.47 in the
G2103.47Cmutation forms a hydrogen bondwith the side chain
oxygen atom of N2835.54 (Fig. 8D). In contrast, mutation of
G2103.47 to Ala, which cannot form this hydrogen bond, had a
much smaller impact on the affinity and potency of sauvagine.
Thus, strengthening the interface between TM3 and -5 further
stabilizes the inactive state of receptor, thus rendering it unable
to be activated by agonists to the same degree as the wild-type
receptor. This leads to the speculation that the movement of
TM3 and TM5 that occurs during the process of class A recep-
tor activationmight also occur in class BGPCRs (16). Similarly,
the mechanism of receptor inactivation by the nonpeptide
antagonist antalarmin could be partly due to the reinforcement
of this interface between TM3 and -5 (Fig. 7H). The pyrrolo-

FIGURE 5. Effect of F2033.40C mutation on sauvagine binding. A, amino acid sequences of sauvagine and Tyr0-sauvagine. The amino acids in gray boxes
interact with the second extracellular loop of CRF1R (15). B, competition binding isotherms of sauvagine at the "Cys & F203C, before and after its reaction with
MTSEA. The means and S.E. (duplicate determination) are shown from a representative experiment performed four times with similar results. The affinities
(%logKi) of sauvagine, determined from these experiments, are 7.37 ' 0.11 and 8.20 ' 0.15, for the "Cys & F203C and the MTSEA-treated "Cys & F203C,
respectively.

FIGURE 6. Role of F2033.40 in CRF1R activation. A, GCGR-based homology model of CRF1R, used to depict the ligand-free basal state. Residues F2033.40,
L3236.44, and Y3276.48 are shown, whose homologous amino acids in class A GPCRs play a key role in receptor activation. B, comparison of the amino acids at
positions 3.40, 6.44, and 6.48 in the inactive (white) and active (orange) "2-AR and the inactive (gray) and active (brown) rhodopsin.
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pyrimidine group of antalarmin forms a hydrogen bond with
N2835.54 and a hydrophobic interactionwithM2063.43, whereas
its ethyl group forms an aliphatic-aromatic interaction with
F2033.40 (Fig. 7H).
Interestingly, the central part of the TM3-TM5 interface has

also been suggested to play an important role in the activation
of classAGPCRs (17, 21). Specifically, in the crystal structure of
the inactive state of "2-AR, the relative positions of TM3, -5,
and -6 are stabilized by interactions between a cluster of con-
served hydrophobic and aromatic residues P2115.50, I1213.40,
and F2826.44. Comparison of the agonist-bound active struc-
ture of the "2-adrenergic receptor with its inactive structure
shows an activation-associated rearrangement (“transmission
switch”) of I1213.40, P2115.50, and F2826.44 (Fig. 6B) (9, 17, 22).
In specific, agonist binding triggers an anticlockwise rotation,
viewed from the extracellular part, of I1213.40 and F2826.44

facilitating the outward movement of TM6 for "2-AR activa-
tion (Fig. 6B) (17). In addition to this rearrangement, the crystal
structure of metarhodopsin II (23) also shows the shift ofW6.48

toward TM5, relative to the inactive structure (Fig. 6B). Class B
GPCRs also contain a conserved Pro residue (present in 87% of
the sequences) at position 5.45 which, in the crystal structures
of GCGR andCRF1R, does not cause the characteristic opening
of the helix as observed at P5.50 in class A receptors. However,
F2033.40 (Phe 77% and Tyr 20% in class B sequences) and
L3236.44 (Leu 65% and Phe 22%) of CRF1R, which correspond to
I1213.40 (Ile 40%, Val 25%, and Leu 11% in class A sequences),
and F2826.44 (Phe 81% andTyr 7%) in"2-AR (supplemental Fig.
S1), respectively, form an aromatic-aliphatic interaction in the
model of the apo, unliganded, and inactive state of CRF1R (Fig.
6). Importantly, removal of the aromatic F2033.40 side chain
(mutation to Ala, F2033.40A) of CRF1R decreased the ability of

FIGURE 7. Interaction of antalarmin with F2033.40 of CRF1R. A–C, competition binding isotherms of Tyr0-sauvagine (A), astressin (B), and antalarmin (C) at the
WT CRF1R and its F2033.40A, F2033.40I, and F2033.40W mutants. The means and S.E. (duplicate determination) are shown from a representative experiment
performed 3– 6 times with similar results. The affinities of 125I-Tyr0-sauvagine (%logKD), astressin (%logKi), and antalarmin (logKi)), determined from these
experiments, are given in Table 2. D–G, stimulation of cAMP accumulation in HEK293 cells expressing WT (D), F2033.40W (E), F2033.40I (F), or F2033.40A (G) by
sauvagine in the absence or presence of 0.3 $M astressin or 1–2 $M antalarmin. The means and S.E. (duplicate determination) are shown from a representative
experiment performed 3–10 times with similar results. The potencies (%logEC50) of sauvagine without or with antalarmin or astressin, determined from these
experiments, are given in Table 2. H, molecular model of the complex between antalarmin and CRF1R. The ethyl groups of the ligand interact with F2033.40, the
aromatic ring interacts with M2063.43 and N2835.54, and the methyl groups of the terminal aromatic ring are located in a hydrophobic pocket of the receptor.
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receptor to adopt its active state, which is responsible for the
high affinity binding of 125I-Tyr0-sauvagine and the high
potency of sauvagine. In contrast, conservation of the aroma-
ticity at this position by mutating F2033.40 to Trp (F2033.40W)
or adding the bulky and aliphatic Ile side chain (F2033.40I), to
mimic the "2-adrenergic sequence, did not considerably affect
the pharmacological properties of the receptor. These results
led us to speculate that class B GPCRs might also contain a
“transmission switch” from TM3 toward TM6 that finally trig-
gers the outward movement of the cytoplasmic end of TM6 for
receptor activation and G protein binding.
Consistent with the notion that the presence of a bulky aro-

matic/aliphatic side chain at position 2033.40 is important for
CRF1R activation, introduction of a smaller and hydrophilic
Cys side chain (F2033.40C) also decreased the high affinity bind-
ing of 125I-Tyr0-sauvagine. Interestingly, reaction of C2033.40 of
the mutant receptor with the MTSEA restored the binding
affinity of radiolabeled agonist. Moreover, substitution of
F2033.40 with Lys (F2033.40K) did not alter the high affinity
binding of 125I-Tyr0-sauvagine relative to the wild-type recep-
tor. Thus, addition of the positively charged side chain of
K2033.40 orMTSEA-C2033.40, within the hydrophobic environ-
ment of the 2033.40 locus, probably forms a new set of interac-
tions with nearby amino acids that facilitate receptor activa-
tion. Repositioning of the 3.40 residue and formation of a new
set of interactions during receptor activation has also been sug-
gested in class A GPCRs (17).
Similar to the modification of F2033.40 in CRF1R, Ala muta-

tion of the homologous residue in the class B glucose-depen-
dent insulinotropic polypeptide receptor has been shown to
decrease the ability of peptides to activate the receptor (24). In
contrast, Ala mutation of this residue in GCGR did not affect
receptor activation by glucagon (5). Likewise, mutation of the
corresponding residue in class A GPCRs had a different impact
in receptor activation. For example, Ala mutation of the amino
acid at position 3.40 decreased the basal and agonist-induced
activation of the histamineH1 receptor (21). Inmarked contrast
Ala mutation of the homologous residue in the muscarinic
receptor constitutively activated the receptor and increased the
binding affinity and signaling efficacy of agonists (25). More-
over,mutation of the corresponding residue in the thyrotropin-
releasing hormone receptor did not change its pharmacological

profile (26). Thus, members from different families of GPCRs
could share common structural elements involved in their
mechanism of activation, however without this pattern of con-
servation serving as an exclusive feature of all receptors belong-
ing to these families. Furthermore, different ligands also trigger
different activationmechanisms at a given receptor (27). These
findings might provide the basis for a novel classification of
GPCRs according to their common mechanisms of activation.
The effects of F2033.40A and F2033.40C mutations on 125I-

Tyr0-sauvagine binding are not likely to be due to a possible loss
of interaction between the Tyr0 of sauvagine and the aromatic
group of F2033.40 because these mutations had similar impact
on the binding of sauvagine, which lacks Tyr0. Similarly, the
first four N-terminal residues of CRF peptides are not impor-
tant for their biological activity (28). Likewise the aliphatic res-
idues Ile-5 and Ile-7 of sauvagine are not likely to interact with
F2033.40 because the introduction of a positive charge at posi-
tion 2033.40 after F2033.40K mutation did not affect the high
affinity binding 125I-Tyr0-sauvagine. The hydrophilic Ser-6 of
sauvagine is also not compatible with the hydrophobic F2033.40
of CRF1R. In addition, sauvagine residues 8–11 do not enter the
binding site crevice of CRF1R to reach F2033.40, because they
interact with the EL2 of receptor (15). Thus, F2033.40 must play
an allosteric role in peptide binding and peptide-mediated acti-
vation of CRF1R. The important conformational role of
F2033.40 is further supported by the different effects of various
ligands on MTSEA reactivity at this residue. The agonist Tyr0-
sauvagine and the!-helical (9–41) CRF, which is an antagonist
with partial agonist properties (29), were unable to protect
F2033.40C from MTSEA modification. In marked contrast,
the antagonist astressin significantly decreased the ability of
MTSEA to potentiate 125I-Tyr0-sauvagine binding to
F2033.40C. The different functional role of various CRF ligands
is in agreement with previous studies. Astressin binding to
CRF1R has been shown to be potentiated by the GTP analog,
Gpp(NH)p,whereas that of the agonist CRFwas decreased (30).
Interestingly, F2033.40 not only plays a key role in CRF1R

activation but also is the most important contact site of the
nonpeptide antagonist, antalarmin. Removing its side chain by
mutating F2033.40 to Ala or replacing it with the hydrophilic
Cys or the positively charged Lys abolished the binding of the
hydrophobic nonpeptide antagonist, antalarmin, as well as its
ability to decrease the potency of sauvagine for theCRF1R. Sim-
ilar to our findings, the crystal structure of CRF1R has shown
that F2033.40 interacts with CP-376395 (6). Thus, F2033.40 plays
a common role in the binding of different nonpeptide CRF1R
antagonists, and it is speculated that this interaction allosteri-
cally inhibits peptide binding and receptor activation.
Conclusively, TM3 plays a key role in the activation of the

class B CRF1R, as in class A GPCRs. Remarkably, as in CRF1R,
mutations at position 3.40 of the TM3 of class A, rhodopsin
receptor, severely affect the receptor’s function, being related to
a decreased time in the meta II active state of receptor, poor
retinal binding, reduced transducin activation, and retinitis pig-
mentosa (31). Moreover, the 3.40 residue of CRF1R is not just a
mere contact site of nonpeptide antagonists, but possibly serves
as amolecular determinant of allosteric antagonism for peptide
binding and receptor activation by nonpeptide antagonists.

TABLE 2
Effect of F2033.40 mutations on binding and signaling properties of
CRF1R
Top, affinities of Tyr0-sauvagine (%logKD), astressin (%logKi), or antalarmin
(%logKi) forWTCRF1R or F2033.40 mutants were determined from homologous or
heterologous competitive binding experiments, using as radioligand the 125I-Tyr0-
sauvagine. The mean ' S.E. values were obtained from 3 to 6 independent experi-
ments with similar results. Bottom, potencies of sauvagine (%logEC50) for WT
CRF1R or F2033.40 mutants were determined in cAMP accumulation experiments,
in the absence or presence of 0.3 $M astressin or 1–2 $M antalarmin. The mean '
S.E. valueswere obtained from3 to 10 independent experimentswith similar results.

WT F203A F203I F203W
"logKD or "logKi

Tyr0-sauvagine 8.38 ' 0.20 6.95 ' 0.11 8.40 ' 0.16 8.40 ' 0.37
Astressin 8.02 ' 0.07 8.03 ' 0.18 7.84 ' 0.18 7.74 ' 0.07
Antalarmin 7.62 ' 0.13 (5.00 6.92 ' 0.15 9.54 ' 0.27

"logEC50
Sauvagine 9.90 ' 0.19 8.52 ' 0.23 9.79 ' 0.40 9.60 ' 0.06
Sauvagine & astressin 8.72 ' 0.21 7.40 ' 0.21 7.98 ' 0.30 8.05 ' 0.43
Sauvagine & antalarmin 8.38 ' 0.35 8.00 ' 0.29 6.74 ' 0.23 7.33 ' 0.69
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This finding is not only of fundamental biological interest, but it
also holds great potential for enhancing human health, given
that small nonpeptide CRF1R antagonists have been shown to
be effective against stress-related disorders, such as anxiety and
depression (10).
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