
RESEARCH PAPER

Evidence that corticotropin-releasing factor
receptor type 1 couples to Gs- and Gi-proteins
through different conformations of its J-domain

H Berger, N Heinrich, D Wietfeld, M Bienert and M Beyermann

Department of Peptide Chemistry/Biochemistry, Leibniz Institute of Molecular Pharmacology, Berlin, Germany

Background and purpose: According to the two-domain model for the corticotropin-releasing factor receptor type 1 (CRF1),
peptide antagonists bind to the N-terminal domain (N-domain), non-peptide antagonists to the transmembrane region
(J-domain), whereas peptide agonists attach to both the N- and J-domain of the receptor to express activity. The aim of this
study was to search for possible differences in the antagonism of the Gs- and Gi-protein coupling of CRF1 by a peptide
(a-helical CRF(9–41)) and non-peptide antagonist (antalarmin), to determine whether the conformational requirements of
the activated CRF1 states for Gs and Gi coupling are similar or different.
Experimental approach: We studied the inhibitory effect of a-helical CRF(9–41) and antalarmin on the coupling of CRF1 to
Gs- and Gi-protein in human embryonic kidney cells, using the [35S]-GTPgS binding stimulation assay.
Key results: The non-peptide antagonized the receptor coupling to Gs competitively but that to Gi noncompetitively, and
its antagonistic potency was different for urocortin- and sauvagine-evoked G-protein activation. In contrast, the peptide
antagonist exhibited uniformly competitive antagonism.
Conclusions and Implications: The results allow us to extend the two-domain model of CRF1 activation by assuming that
CRF1 agonists activate the receptor by binding to at least two ensembles of J-domain configurations which couple to Gs or Gi,
that are in turn antagonized by a non-peptide antagonist competitively and allosterically, respectively. It is further concluded
that the allosteric mechanism of non-peptide antagonism is not valid for the Gs-mediated physiological activities of CRF1.
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embryonic kidney; HEK-rCRF1 cells, HEK293 cells stably transfected with rCRF1; Kd(h) and Kd(l), high- and low-
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Introduction

Corticotropin-releasing factor (CRF) receptor type 1 (CRF1) is

a class B G-protein-coupled receptor (GPCR) belonging to the

secretin receptor family. It is activated by several peptide

ligands and is thought to be the principal physiological

mediator of stress responses (for a review, see Dautzenberg

and Hauger, 2002; Hillhouse and Grammatopoulos, 2006).

For the activation of the receptor by peptide ligands, a

two-domain model has been established, in which the

C-terminal part of the ligand binds to the extracellular

N-terminal domain of the receptor (N-domain) and the

N-terminal ligand part to the juxtamembrane region

consisting of transmembrane regions and intervening loops

(J-domain) (Nielsen et al., 2000; Assil et al., 2001; Hoare

et al., 2003, 2004). Also, there is evidence that the C- and

N-terminal portions of the peptides are functionally

independent (Beyermann et al., 2000). Within this model,

the N-domain of the receptor is required for ligand binding,

whereas the J-domain is involved in the activation of the

receptor evoking the intracellular signalling processes.

Furthermore, whereas peptide antagonists bind only to the

N-domain with high affinities, non-peptide antagonists bind

only to the J-domain (Liaw et al., 1997; Hoare et al., 2003,

2004; Zhang et al., 2003), suggesting that the antagonism

shown by the latter is at least partly allosteric rather than

simply competitive. This has been confirmed in receptor

binding studies (Hoare et al., 2003; Zhang et al., 2003) but

not in functional assays (Zhang et al., 2003).

By measuring [35S]-GTPgS stimulation and the activity of

the adenylyl cyclase, we recently found that the CRF1
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expressed in human embryonic kidney (HEK) cells couples to

Gs- and Gi-proteins that are differently desensitized and

regulated by ligand and GTPgS concentrations. Correspond-

ingly to a high-affinity ligand binding site, sauvagine and

other peptide CRF1 ligands evoked high-potency activation

of the Gs-protein and stimulation of adenylyl cyclase

activity, whereas a low-affinity site corresponded to low-

potency activation of Gi-proteins and low-potency inhibi-

tion of the cyclase (Wietfeld et al., 2004).

The two-domain model describes the general mechanism

of ligand binding to CRF1, whereas our studies have been

concerned with the regulation of the coupling of the

receptor to different G-proteins. Therefore, it seemed to be

important to determine whether our results on the G-protein

coupling could be fitted into the two-domain model. For this

reason, we studied the effects of peptide and non-peptide

antagonists on the Gs and Gi coupling of the receptor and

found that their different antagonizing activities can be

described within the framework of the two-domain model.

Methods

Membranes from HEK293 cells stably expressing rat CRF1 and

exhibiting Gs or Gi activity

HEK293 cells stably transfected with rat CRF1 (rCRF1) were

used as described previously (Wietfeld et al., 2004) and

designated as HEK-rCRF1 cells. Their membranes contained

a high- and low-affinity [125I]-Tyr0-sauvagine binding site

with Kd(h) 3.85�10�11
M and Kd(l) 1.47�10�8

M. Before

preparation of membranes, the cells were pretreated with

100 ng ml�1 pertussis toxin (PTX), which abolished the

activation of Gi-proteins through the low-affinity site, or

with 0.1 mM sauvagine, which selectively desensitized the

activation of Gs-protein through the high-affinity site. This

allowed us to differentiate between the coupling of CRF1 to

the two G-protein subclasses (Wietfeld et al., 2004).

Receptor/G-protein coupling estimated by binding of [35S]-GTPgS

to HEK-rCRF1 cell membranes

The activation of G-proteins by CRF1 was measured by

ligand-evoked stimulation of [35S]-GTPgS binding in HEK-

rCRF1 cell membranes as described previously (Wietfeld

et al., 2004). Briefly, about 5 mg of membranes exhibiting

Gs or Gi activity were incubated in triplicate at 251C with

125 pM [35S]-GTPgS in a medium consisting of Tris/HCl

(50 mM, pH 7.4), 100 mM NaCl, 0.1 mM guanosine diphos-

phate, 10 mM MgCl2, 0.2 mM ethyleneglycol tetraacetate,

1 mg ml�1 bovine serum albumine and 0.15 mM bacitracin

for 120 min. The reaction was terminated by filtration

through Whatman GF/B filters using a Brandel harvester

(Gaithersburg, MD, USA). Concentration–response curves for

the stimulation of [35S]-GTPgS binding, induced by activa-

tion of the CRF receptor by the peptide ligands sauvagine

and urocortin in the absence and presence of the peptide

antagonist a-helical CRF(9–41) and the non-peptide antago-

nist antalarmin, were fitted by nonlinear regression using

the programme PRISM 4 (GraphPad Software, San Diego, CA,

USA). From the parameters obtained, the antagonistic

constants Kb were calculated by constructing Schild plots

for competitive antagonism, or by using the method of

Gaddum for non-competitive antagonism. The specificity of

the Gi and Gs responses to sauvagine in the absence and

presence of antalarmin was further tested by immunopreci-

pitation of [35S]-GTPgS-bound Gas and Gai subunits, using

the specific anti-G-protein antibodies mentioned under

materials as described previously (Wietfeld et al., 2004).

Briefly, after sauvagine had evoked stimulation of the [35S]-

GTPgS binding in the absence and presence of antalarmin,

the membranes were dissolved, incubated with the subunit-

specific anti-G-protein antibodies and the [35S]-GTPgS-bound

subunit antibody complexes were pelleted with protein

A-Sepharose CL-4B and directly counted for 35S. The amount

of radioactivity was corrected for the basal activity as

observed in parallel incubations without sauvagine. This

method was also used for determining the activation of Gaq.

Materials

The CRF1 peptide ligands, sauvagine, urocortin and a-helical

CRF(9–41), were synthesized in our laboratory. The non-

peptide antagonist antalarmin, PTX and protein A-Sepharose

CL-4B were from Sigma (Taufkirchen, Germany). [35S]-GTPgS
(1250 Ci mmol�1) was purchased from Perkin-Elmer Life

Sciences (Boston, MA, USA). Three affinity-purified rabbit

polyclonal anti-G-protein antibodies from Santa Cruz

Biotechnology Inc. (Santa Cruz, CA, USA) were used: Gas/olf

(C-18), raised against a peptide mapping at the carboxy

terminus of Gas of rat origin; Gai3 (C-10), raised against

a peptide mapping at the carboxyl terminus of Gai3 of rat

origin, which reacts with Gai3, Gai1, and to a lesser extent

with Gai2 of mouse, rat, human and bovine origin; and Gaq/11

(C-19), raised against a peptide mapping within a domain

common to Gaq and Ga11 of mouse origin, which reacts with

Gaq and Ga11 of mammalian origin.

Data analysis

The quantitative data are expressed as mean7s.e., obtained

from at least three independent experiments each performed in

triplicate. Statistical analyses were performed by Student’s t-test.

Results

Concentration–response curves for Gs and Gi activation by

CRF1, as measured by sauvagine-evoked stimulation of [35S]-

GTPgS binding in HEK-rCRF1 cell membranes obtained from

cells pretreated with PTX and sauvagine, respectively,

resulted in EC50 values of 1.68�10�11 and 3.85� 10�9
M

(Figure 1a–d). These values confirmed the large difference

between the potencies of ligand-stimulated Gs and Gi

activation, as found previously (Wietfeld et al., 2004). The

peptide antagonist a-helical CRF(9–41) shifted the Gs as well

as Gi response curves induced by sauvagine to the right, in

a competitive manner, with Kb values of 4.41�10�9 and

2.86�10�9
M, respectively, obtained by use of Schild analysis

for competitive antagonism (Figure 1a and c). Similarly,

the non-peptide antagonist antalarmin antagonized the
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activation of Gs competitively with a Kb of 9.05�10�9
M

(Figure 1b). However, the Gi-induced response was non-

competitively antagonized by antalarmin, which shifted

the sauvagine concentration–response curves to the right

(Figure 1d) and, at the same time, suppressed the maximum

stimulation by sauvagine down to 28% (at 1 mM antalarmin;

Figure 3). Gaddum analysis of this non-competitive antag-

onism produced a Kb of 7.95�10�9
M, a value close to that

(9.05�10�9) obtained for antalarmin antagonizing the Gs

response by competitive antagonism.

Analogous to activation by sauvagine, activation of Gs and

Gi by urocortin was competitively antagonized by a-helical

CRF(9–41) with similar Kb values of 1.31�10�8 and

1.04� 10�8
M, respectively (Figure 2a and c). Furthermore,

the competitive and non-competitive nature of the antagon-

ism of, respectively, Gs and Gi activation by antalarmin was

also observed when urocortin was used as a stimulus (Figure

2b and d). However, compared to activation by sauvagine,

antalarmin and, to a lesser extent, a-helical CRF(9–41) were

weaker at antagonizing the urocortin-stimulated responses.

The Schild constant Kb of antalarmin for antagonizing Gs

activity was, at 8.33�10�8
M, nearly 10-fold higher than that

for the sauvagine-evoked response, and higher concentra-

tions of antalarmin were needed to suppress Gi activation

by urocortin compared to that by sauvagine (Figure 3). A

summary of the constants characterizing the potencies

of the stimulating ligands and the antagonists is given in

Table 1.

Specificity and differences in the antagonism by antalar-

min of the Gs and Gi responses to sauvagine were further

confirmed by immunoprecipitation of the [35S]-GTPgS-

bound Gas and Gai subunits. Figure 4 shows that 1mM

antalarmin decreased the amount of Gas subunits activated

by 0.01 mM sauvagine by 80% and that this decrease was

competitively overcome by 1 mM sauvagine. In contrast, a 10-

fold increase in sauvagine concentration did not change the

nearly complete inhibition (93%), induced by antalarmin, of

the response mediated by Gai activation by 1 mM sauvagine,

confirming the non-competitive nature of the antagonism of

Gi activation by antalarmin.

Figure 1 Effect of the peptide antagonist a-helical CRF(9–41) and the non-peptide antagonist antalarmin on the concentration–response
curves for sauvagine-stimulated binding of [35S]-GTPgS to HEK-rCRF1 cell membranes. To observe Gs- (a, b) and Gi-coupled activity selectively
(c, d), cell membranes were obtained from HEK-rCRF1 cells pretreated with 100 ng ml�1 PTX for 24 h and with 0.1mM sauvagine for 4 h,
respectively. About 120 pM [35S]-GTPgS and 5–7mg of membrane protein were incubated in binding medium (see Methods) with increasing
concentrations of sauvagine in the absence and presence of fixed concentrations of a-helical CRF(9–41) (a, c) or antalarmin (b, d) at 251C
for 2 h. The data shown represent a single experiment and are given as means7s.d. from triplicate incubations. They were fitted by
nonlinear regression and from the EC50 values obtained, Schild plots were drawn, when competitive antagonism was observed (insets in
a, b, and c).
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As shown previously (Wietfeld et al., 2004), the Gq

activation could only be studied with the immunoprecipita-

tion assay, not by use of the binding assay. Antalarmin

inhibited the stimulation of [35S]-GTPgS-bound Gaq by 0.1 mM

sauvagine by 65%, and this inhibition was decreased to 29%

when sauvagine was increased to 10 mM (Figure 4). This could

indicate that the Gq-mediated response cannot be totally

antagonized by antalarmin. However, because of the low

potency of sauvagine at activating Gq, it was not possible

to find out if the residual inhibition of 29% was further

abolished by higher ligand concentrations.

Discussion

It has been shown that different receptor domains are

responsible for the binding of peptide and non-peptide

antagonists (Liaw et al., 1997; Hoare et al., 2004) and that

non-peptide antagonists only partially inhibit peptide ligand

Figure 2 Effect of the peptide antagonist a-helical CRF(9–41) and the non-peptide antagonist antalarmin on the concentration–response
curves for urocortin-stimulated binding of [35S]-GTPgS to HEK-rCRF1 cell membranes selectively expressing Gs (a, b) and Gi-coupled activity
(c, d). Experimental conditions were exactly the same as given for sauvagine-stimulated binding in Figure 1.

Figure 3 Maximum stimulation of sauvagine- and urocortin-
stimulated [35S]-GTPgS binding to HEK-rCRF1 cell membranes in
the presence of the non-peptide antagonist antalarmin. Data for Gs
and Gi activity were estimated from concentration–response curves,
as shown in Figures 1 and 2. The data points were normalized with
the maximum response in the absence of antagonist taken as 100%
(means7s.d.).

Extended CRF receptor type 1 two-domain model
H Berger et al 945

British Journal of Pharmacology (2006) 149 942–947



binding to CRF1, with mutual, weak negative cooperativity

occurring between their binding (Hoare et al., 2003, 2004;

Zhang et al., 2003). Nevertheless, in functional assays, for

example, CRF-mediated adrenocorticoid hormone release

from rat pituitary cells and cyclic AMP accumulation in HEK

cells expressing CRF1, the non-peptide antagonists, like the

peptide antagonists, have been shown to exhibit competitive

antagonism (Zhang et al., 2003; Hoare et al., 2004). The

present results provide a possible solution to this discrepancy

by taking into account different G-protein-coupling states

of the receptor.

In contrast to the peptide antagonist a-helical CRF(9–41),

the non-peptide antagonist antalarmin exhibited competi-

tive antagonism only towards the activation of Gs, but

strongly antagonized Gi activation non-competitively in

HEK-rCRF1 cell membranes (Figures 1 and 2). The decrease

in the efficacy of Gi activation by antalarmin implicates an

allosteric mechanism in the non-peptide antagonism and

supports similar conclusions obtained from the above-

mentioned studies. However, the present results restrict the

putative allosteric mechanism of non-peptide antagonism to

the activation of Gi. Because functional responses to the

activation of CRF1 are generally the result of activation of

adenylate cyclase, that is, Gs activation, they should also be

competitively antagonized by non-peptide antagonists, as

observed previously (Zhang et al., 2003; Hoare et al., 2004).

For this reason, the non-peptide CRF1 antagonists presently

available may prove not to possess the therapeutic advan-

tages allosteric GPCR ligands are thought to have over classic

orthosteric ligands (Christopoulos and Kenakin, 2002;

Soudijn et al., 2002; Jensen and Spalding, 2004). At present,

it is not clear if the low expression of the receptor in vivo

allows any effective Gi coupling, which would restrict the

magnitude of Gs activation. Wietfeld et al. (2004) have

shown that the Gi response of the CRF1 in HEK-rCRF1 cell

membranes is associated with a low-affinity binding site, as

opposed to a high-affinity site responsible for Gs activation.

Conclusively the Gi-coupled binding site is not accessible to

competition by non-peptide antagonists and this would

explain their partly allosteric behaviour in receptor binding

studies (Hoare et al., 2003, 2004; Zhang et al., 2003).

The finding that CRF1 couples to Gs-, Gi-, and Gq-proteins

(Grammatopoulos et al., 1999, 2000; Wietfeld et al., 2004)

suggests that different active receptor states, or conformation

ensembles, are responsible for the different couplings, or

alternatively that the affinities of the different G-proteins to

a common activated receptor conformation ensembles differ

(Kenakin, 2002). The present results favour the hypothesis

that different conformations of the CRF1 J-domain are

responsible for the coupling of the receptor to Gs and Gi.

This conclusion can be drawn from the two-domain model

for activation of CRF1, which was established on the basis of

numerous findings (Nielsen et al., 2000; Assil et al., 2001;

Hoare et al., 2003, 2004). According to this model, peptide

Table 1 Inhibition of [35S]-GTPgS binding stimulation in HEK-rCRF1 cell membranes by the peptide antagonist a-helical CRF(9-41) and the non-
peptide antagonist antalarmin

Stimulating ligand Activity Stimulation Antagonism by a-helical CRF(9-41) Antagonism by antalarmin

EC50 (M) (pEC50) Kb (M) (pKb) Kb (M) (pKb)

Sauvagine Gs 1.68�10�11 (10.7870.05) 4.41�10�9 a (8.3670.09) 9.05�10�9 a (8.0470.04)
Gi 3.85�10�9 (8.4170.05) 2.86�10�9 a (8.5470.03) 7.95�10�9 b 77.85�10�10

Urocortin Gs 1.11�10�11 (10.9670.06) 1.31�10�8 a (7.8870.10) 8.33�10�8 a (7.0870.09)
Gi 4.90�10�10 (9.3170.06) 1.04�10�8 a (7.9870.01) 2.85�10�8 b 71.91�10�9

The results are from concentration–response curves of sauvagine- and urocortin-evoked binding of [35S]-GTPgS to HEK-rCRF1 cell membranes at conditions

selectively representing activation of Gs- or Gi-proteins in the absence and presence of the antagonists. As shown in Figures 1 and 2, EC50 values for the stimulation

by sauvagine and urocortin and Kb values for the antagonists were calculated. The constants and their pK values are presented as means7s.e.

Between sauvagine and urocortin, the Schild pKb and Gaddum Kb values of antalarmin were significantly different (Po0.001), as were the Schild pKb values of

a-helical CRF(9-41) (Po0.05).
aSchild analysis for competitive antagonism.
bGaddum analysis for non-competitive antagonism.

Figure 4 Effect of antalarmin on immunoprecipitation of sauva-
gine-stimulated [35S]-GTPgS-bound Gai, Gas and Gaq subunits in
membranes obtained from HEK-rCRF1 cells. The membranes (40mg)
were incubated with 0.4 nM [35S]-GTPgS in the absence (basal) and
in the presence of sauvagine (stimulated) with and without 1 mM

antalarmin. The Gai-, Gas- and Gaq-[35S]-GTPgS complexes were
immunoprecipitated using antibodies directed against the Ga
subunits, and the [35S]-GTPgS activities in the precipitates were
directly counted. The data shown are the responses to sauvagine in
the presence of antalarmin as percentage of those in absence of
antalarmin. Data are given as mean7s.e. of at least four experiments
carried out in triplicate. Statistically significant changes in sauvagine-
evoked [35S]-GTPgS binding caused by antalarmin are indicated as
*Po0.05.
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ligands, agonists as well as antagonists, bind primarily to the

N-terminus of the receptor, whereas non-peptide antagonists

bind to the J-domain. As a-helical CRF(9–41) invariably

inhibited Gs as well as Gi activation competitively, it is

concluded that at the level of the N-domain, antagonists are

not able to discriminate between Gs and Gi activation.

Further contact by the peptide agonists with the J-domain

was shown to be necessary for the receptor to become

activated, which means to couple to G-proteins. If the same

activated receptor J-domain conformations were responsible

for the Gs as well as Gi coupling, a non-peptide like

antalarmin should antagonize both couplings by the same

competitive or non-competitive mechanism; this was not

observed. With respect to the Gq coupling, the type of

antagonism induced by antalarmin cannot be determined

from the present results, as mentioned above. However, if

the Gq coupling is also non-competitively antagonized by

antalarmin, it will only be partly involved, because most of

the activity inhibited by antalarmin was restored by the

addition of a higher concentration of sauvagine (Figure 4).

Urocortin-stimulated Gs and Gi activation was only weakly

antagonized by antalarmin compared to the sauvagine-

stimulated activities (Table 1, Figure 3). These results parallel

those on the neurokinin 1 receptor, where a non-peptide

antagonist differently blocked the responses to the agonists

substance P and septide (Pradier et al., 1994). Furthermore,

urocortin and CRF were shown to regulate the G-protein

receptor kinase 3 activity differently in human retinoblastoma

Y79 cells (Dautzenberg et al., 2002) and the Gq-protein-

mediated mitogen-activated protein kinase signal-transduc-

tion pathway in human pregnant myometrium and trans-

fected cells (Grammatopoulos et al., 2000). This suggests that

the J-domain conformations are not exactly the same for all

CRF1 agonists. Furthermore, the a-helical CRF(9–41) antago-

nist was also less potent at antagonizing the urocortin-

stimulated G-protein activation than that evoked by sauva-

gine (Table 1), which complicates the mechanism even more.

The present results suggesting that Gs and Gi protein

activation by the CRF1 is accomplished through different

conformations of the receptor extends the two-domain model

describing the activation of the CRF1 (Nielsen et al., 2000; Assil

et al., 2001; Hoare et al., 2003, 2004). With rare exceptions

(Reinhart et al., 2004), it is the transmembrane domain of the

receptor that forms the major binding sites for non-peptide

ligands of the GPCRs whose binding domains have been

characterized so far, whether the natural ligands are small

molecules or peptides (for a review, see Strader et al., 1994). In

addition, the present findings show that non-peptide ligands

may also differentially influence different signalling chains

evoked by the receptor, which could have important implica-

tions for the development of non-peptide drugs.
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