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ABSTRACT: Peptide ligands bind the CRFeceptor by a two-domain mechanism: the ligand’s carboxyl-
terminal portion binds the receptor’s extracellular N-terminal domain (N-domain) and the ligand’s amino-
terminal portion binds the receptor’s juxtamembrane domain (J-domain). Little quantitative information
is available regarding this mechanism. Specifically, the microaffinity of the two interactions and their
contribution to overall ligand affinity are largely undetermined. Here we measured ligand interaction
with N- and J-domains expressed independently, the former (residu&$8) fused to the activin 1B
receptor’'s membrane-spanninghelix (CRR-N) and the latter comprising residues 3415 (CRR-J).

We also investigated the effect of nonpeptide antagonist and G-protein on ligand affinity for N- and
J-domains. Peptide agonist affinity for CRN was only 1.1-3.5-fold lower than affinity for the whole
receptor (CRER), suggesting the N-domain predominantly contributes to peptide agonist affinity. Agonist
interaction with CRI-J (potency for stimulating cAMP accumulation) was 1260800000-fold weaker

than with CRI-R, indicating very weak direct agonist interaction with the J-domain. Nonpeptide antagonist
affinity for CRF;-J and CRER was indistinguishable, indicating the compounds bind predominantly the
J-domain. Agonist activation of CRB was fully blocked by nonpeptide antagonist, suggesting antagonism
results from inhibition of agonistJ-domain interaction. G-protein coupling with CRR (forming RG)
increased peptide agonist affinity 92300-fold, likely resulting from enhanced agonist interaction with
the J-domain rather than the N-domain. Nonpeptide antagonists, which bind the J-domain, blocked peptide
agonist binding to RG, and binding of peptide antagonists, predominantly to the N-domain, was unaffected
by R—G coupling. These findings extend the two-domain model quantitatively and are consistent with a
simple equilibrium model of the two-domain mechanism: (1) The N-domain binds peptide agonist with
moderate-to-high microaffinity, substantially increasing the local concentration of agonist and so allowing
weak agonistJ-domain interaction. (2) Agonistl-domain interaction is allosterically enhanced by
receptor-G-protein interaction and inhibited by nonpeptide antagonist.

The corticotropin releasing factor 1 (CRFeceptor, a (5); by urocortin I (UCN 1) §), a peptide potentially involved
G-protein-coupled receptor (GPCRY the secretin receptor  in anxiety responses and heariigg); and by the amphibian
family, is activated by several related peptide ligantis ( peptide sauvagined). Physiological studies have strongly
4). The receptor is activated by CRF, a 41 amino acid peptideimplicated alteration of the CRF system in anxiety and
that is a principal physiological mediator of stress responsesdepression 40), promoting the concept of CRFeceptor
antagonism for treating these conditions. This hypothesis has
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1 Abbreviations: BSA, bovine serum albumin; CRF, corticotropin- accouqted ‘for by a “t"’VO'deain" orientation, in which Fhe
releasing factor; CRFJ, juxtamembrane CRFreceptor construct  C-terminal ligand portion binds the extracellular, N-terminal

(residues 116415); CRR-N, N-terminal CRIr receptor region (resi- i _ i _ i i
dues 1-118)/activin 1B receptor (11:2494) chimeric receptor; CRF domain of the receptor (N-domain) and the N-terminal ligand

R, full-length CRFE receptor; DPBS, Dulbecco’s phosphate-buffered por_tion bind_s _and activates the receptor’s jux_tameml:?rane
saline; GPCR, G-protein-coupled receptor; h, human; J-domain, jux- region consisting of the transmembrane domains and inter-

tamembrane CRfreceptor region; m, mouse; N-domain, N-terminal  yening loops (J-domain)L(, 13). The N- and J-domains have
CRF, receptor region; o, ovine; r, rat; R, G-protein-uncoupled receptor .

state; RG, G-protein-coupled receptor state; sem, standard error of theP0th been ident!ﬁed as ”93”‘?‘ binding determinarité—« .
mean; UCN, urocortin. 18). The N-domain, expressed independently of the J-domain,
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binds UCN | and the peptide antagonist astressin with high Leut®>3?Nlel’,GIu*!, Lys*|Ac-sauvagine(8-40) (38)], and an-
affinity (15, 16, 18). The J-domain is activated by a tethered tisauvagine-30 fj-Phé,His'? Nle'"|sauvagine(1%40) (39)].
N-terminal fragment of CRF1(7). C-Terminal deamidation  [*23][Tyr 9|Sauvagine was from PerkinElmer Life Sciences
of CRF strongly reduces binding affinity but does not affect (Boston, MA) (specific activity of 2200 Ci/mmol)*f3][Tyr 9-
signaling efficacy %), whereas N-terminal truncation strongly =~ Astressin was prepared using the chloramine T method and
reduces signaling efficacyl). Recent evidence suggests purified by HPLC (specific activity 2200 Ci/mol)3HH]NBI

the C- and N-terminal portions of the peptide are functionally 35965, custom synthesized by American Radiolabeled Chemi-
independentZ0), suggesting functional independence of N- cals (St. Louis, MO) (specific activity 25 Ci/mmol), has been
and J-domain binding interactions. At a higher resolution, used previously to specifically label the CREceptor 83).
mutagenesis and photochemical cross-linking studies haveA manuscript describing the synthesis and structure of NBI
identified small amino acid sequences and amino acid 35965 and the tritiated analogue is currently being prepared
residues potentially involved in peptide interaction with the for submission for publicatioALow-binding 96-well plates
N-domain (4, 21—23) and in peptide binding and receptor (no. 3605) were from Corning (Palo Alto, CA). G418
activation in the J-domair2@d—29). (geneticin), Dulbecco’s phosphate-buffered saline (DPBS),

Although molecular approaches have provided much and cell culture supplies were from Invitrogen (Carlsbad,
qualitative support for the spatial orientation of the two- CA). Fetal bovine serum was from HyClone (Logan, UT).
domain model, little quantitative information exists regarding  Construction of Chimeric and Truncated CRRReceptor
the mechanism. Specifically, the binding energy (micro- and Expression in HEK293 Cell$he CRR-N receptor, in
affinity) of the two postulated interactions remains largely pcDNA3 (Invitrogen, Carlsbad, CA), was constructed by
unknown. Measuring ligand affinity for N- and J-domains joining the predicted N-terminal extracellular region of the
is important to more fully understand the ligand binding rat CRR receptor (residues-1118) to the single membrane-
mechanism. While the two-domain model indicates that spanningx-helix and intracellular region (residues +1494)
ligand interactions can occur, little is known about the extent of the activin 1IB receptor40), as previously described§).
of occupancy of N- and J-domains by different ligands and CRF-N or wild-type rat CRIr receptors in pcDNA3 were
by different concentrations of ligand. The effect of receptor transiently expressed in HEK293T cells using Fugene 6
conformational change on the two-domain model also (Roche Molecular Biochemicals, Chicago, IL). Cells (80%
requires consideration. In common with other GPCR's, the confluent) in 175 cratissue culture flasks were washed once
CRF receptor exists in multiple conformations. Specifically, with DBPS and then transfected with 4§ of plasmid and
the CRR receptor is allosterically modulated by G-protein 30 uL of Fugene 6 in 8 mL of Dulbecco’s modified Eagle’s
and nonpeptide antagoniS0-33). Little is known regarding medium (DMEM), supplemented with 2 mM glutamine, 1
how the two-domain binding mechanism is affected by these mM sodium pyruvate, and 10 mM HEPES. Cells were
modulators. incubated fo 3 h at 37°C under 5% C@Q and then 30 mL

In this study we have addressed these questions byof DMEM supplemented with 2 mM glutamine, 1 mM
measuring ligand interactions with the N- and J-domains sodium pyruvate, 10 mM HEPES, and 10% FBS was added
expressed in isolation, comparing ligand affinity with that Per flask. Cells were cultured for an additional 2 days and
for the whole receptor. We investigated the extent to which then harvested for preparation of cell membranes. HEK293T
different classes of ligand bind isolated N- and J-domains Cells were maintained in DMEM with 2 mM glutamine, 1
and the modulation of these interactions by nonpeptide MM sodium pyruvate, 10 mM HEPES, 10% FBS, 50 1U/
antagonist and G-protein. On the basis of the findings a ML penicillin, and 50ug/mL streptomycin.
guantitative equilibrium model of the two-domain modelis ~ The human CRFreceptor was amplified from a cDNA
proposed for the CRFeceptor. clone using the polymerase chain reaction. Oligonucleotide
primers 5ATTGCCATGGGAGGGCACCCGCAGC&and
5-TTATCAGACTGCTGTGGACTGCTTG-3were modi-
fied such that the resulting PCR product incorporated a
) % concensus Kozak translation initiation sequence and tandem
methodology on a Beckman Coulter 990 peptide synthesizerg,, codons in place of the native stop codon. This product
(Fullerton, CA) usingt-Boc-protected amino acids. The a4 cloned into the mammalian expression vector pcDNA5/
assembled peptide was deprotected with hydrogen fluoride pp/\/5_His- TOPO (Invitrogen) according to the manufac-
and purified by preparative HPLC. The purity of the final ¢, 15 recommended protocol. The resulting vector was
product was assessed by analytical HPLC and mass SpeCqiransfected into HEK293 Flp-In cells (Invitrogen) with the

trometric analysis using an ion-spray source. The peptidesqcior n0G44 encoding Flp recombinase. A stable cell line

were c_iissolved in 10 mM ace.tic acid/0.1% bovine serum , -~ astablished by selection with 56/mL hygromycin.
albumin (BSA) at a concentration of 1 mM [except UCN |

MATERIALS AND METHODS

Materials. Peptides were synthesized by solid-phase

(100 uM)] and stored in aliquots at80 °C. Aliquots were
used once, and any remaining solution was discarded. Th
following peptides were used in this study: rat/human (r/h)
CRF, ovine (0) CRF, deamidated r/hCRF (r/hCRF-OH),
sauvagine, hUCN I, rUCN I, mouse (m) UCN I84, 35),
hUCN Il (34, 36), a-helical CRF [[Met8 Lys?3, GIu?7:2940-
Ala®?4LLelr3363IhCRF(9-41) (19)], astressin [cyclo(36
33)[p-Phé? NIt 38 GIu®, Lys*|CRF(12-41) 37)], [TyrY-
astressin, astressiB [cyclo(31—34)[p-Phé? His?,CaMe-

e

A truncated receptor comprising the juxtamembrane
domain of the CREFreceptor (CREJ) was generated by PCR
amplification of a CRI receptor cDNA with primers's
AAAAAAAGCAAGGTGCACTACC-3' and B-GACTGCT-
GTGGACTGCTTG-3 The amplified product incorporates
the coding sequence for amino acids +4a5 of the whole
receptor. This product was cloned into the vector pSecTag/

2 Manuscript in preparation.
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FRT/V5-His-TOPO, such that the resulting recombinant and nonspecific binding was measured in duplicate for each

protein is fused to the lgleader sequence at the amino

concentration of radioligand.

terminus and incorporates V5 and His epitope tags at the Radioligand Binding Displacement Assagguilibrium
carboxyl terminus. This vector was used to establish a stablepinding of unlabeled ligands was measured in duplicate by

cell line in a manner similar to that described above.
The CRR-J receptor, a fragment of the human GRF

inhibition of radioligand binding {f9]astressin, 1?9]sau-
vagine, or fH]NBI 35965) to cell membranes. The following

receptor, was compared with the wild-type human receptor were added sequentially to low-binding 96-well plates: 25

in all cases. The CRFN receptor, a fragment of the rat CRF

uL of assay buffer, 2L of buffer or GTP/S in buffer, 25

receptor, was compared with the wild-type rat receptor in 4L of radioligand, 25uL of unlabeled ligand, and 106L

all cases.

Measurement of cCAMP Accumulatidrhe following were
added sequentially to low-binding 96-well plates: @50f
buffer (DMEM without phenol red supplemented with 2 mM

of cell membrane suspension. The assay mixture was
incubated fo 2 h at 21°C. Bound radioligand was then
harvested by rapid filtration over GF/C filters and radioactiv-
ity determined, as previously describ&8), The concentra-

glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 50 IU/ tjon of radioligand used was approximately 60 pM for

mL penicillin, 50 ug/mL streptomycin, and 1 mM IBMX),
25 ulL of ligand, and 5QuL of cell suspension (20000 cells/
well). Following incubation for 30 min at 37C in 5% CQ,

[**H]astressin, 90 pM for'P]sauvagine, and 3 nM foPH]-
NBI 35965. The amount of HEK293 membrane protein used
per well for [?3]astressin displacement assays was 0.1,

CAMP was measured by chemiluminescent immunoassay0.15-0.2, and 1.5-2 ug for human CRE rat CRF, and
(Applied Biosystems, Bedford, MA). In antagonist assays, CRF-N receptors, respectively, with a corresponding total

antagonist was serially diluted in a solution of a fixed
concentration of agonist.

Preparation of Cell Membranesembranes from HEK293
cells expressing CRK and the wild-type human CRF

binding:nonspecific binding ratio of 115, 9-12, and 79,
respectively. Ford]sauvagine the amount of membrane
protein used was 2g/well for the human CRFreceptor,
with a total binding:nonspecific binding ratio of +26. FH]-

receptors were prepared using a high-pressure nitrogen celNBI 35965 binding displacement was measured using 3

as previously describe8). Membranes from HEK293T
cells expressing CRMN and the wild-type rat CRFeceptors

uglwell for the human CRFreceptor and 2% g/well for

the CRFk-J receptor, with a corresponding total binding:

were prepared by homegenization using a tissue blender asonspecific binding ratio of 812 and 4, respectively.

follows: Cells in 175 critissue culture flasks were washed

Nonspecific binding, as a percentage of the total radioligand

with PBS. Cells were then dislodged by scraping in 10 mL added, was 1:03.5% for [-29]astressin, 0.9-1.4% for [29]-
of DPBS per plate. Cells were collected and then pelleted sauvagine, and 1:23.7% for PH]NBI 35965. For all

by centrifugation at 80§ for 10 min at 4°C in a Beckman

radioligands, total radioligand bound was less than 25% of

GS-6R centrifuge. The cell pellet was then resuspended intotal radioligand added.

assay buffer [DPBS (1.5 mM Ki#PQO,, 8.1 mM NaHPQ,,
2.7 mM KCI, 138 mM NacCl) supplemented with 10 mM
MgCl, and 2 mM ethylene glycol bis¢aminoethyl ether)-
N,N,N',N'-tetraacetic acid, pH 7.4 with NaOH] using 6 mL
of buffer per 175 crhflask of cells. Cell lysis was then

Data Analysis.All curve fitting was performed using
GraphPad Prism 3.00 (GraphPad Software, San Diego, CA).
Ligand-stimulated cAMP accumulation was fitted to a four-
parameter logistic equation. Inhibition of radioligand binding
was fitted to one-affinity-state or two-affinity-state competi-

performed on ice using a Biospec Products (Bartlesville, OK) tjon models, and the best fit was determined using a partial
985-370 Tissue Tearor, setting 5, two 30 s bursts 30 s apartr_est. K; was calculated using the CherBrusoff method
Isolation of cell membranes was then performed as previ- (41). Radioligand saturation was analyzed using a previously

ously described33).
Radioligand Binding Saturation Assay®he affinity and

described method3@) that takes into account depletion of
free radioligand by receptor-specific and nonspecific binding

number of radioligand binding sites were quantified using of radioligand, providing an accurate measuremenKef

radioligand saturation experiments. The following were
added sequentially to low-protein-binding 96-well plates: 25
uL of assay buffer (see Preparation of Cell Membranes

above), 5QuL of radioligand, 25:L of buffer or unlabeled
ligand in buffer, and 10@&L of cell membranes. The assay
mixture was incubated fa h at 21°C. Bound radioligand

Statistical comparison of multiple means was performed
using single-factor ANOVA, followed by post-hoc analysis

' using the Newman Keuls test if significant difference was

determined by ANOVA. Statistical comparison of two means
was performed using Studentdest (two-tailed).

was then harvested by rapid filtration over GF/C filters and reguyLTS

radioactivity determined, as previously describ88)( The

final radioligand concentration varied from approximately

3 pM to 1 nM for [**H]astressin and from 30 pM to 10 nM
for [*H]NBI 35965. Nonspecific binding was measured for

Expression of Isolated N- and J-Domains of the GRF
Receptor.The strength of ligand interaction with N- and
J-domains of the CRFeceptor was investigated using these

each concentration of radioligand, using a high concentrationdomains expressed in isolation. The J-domain (CRF
of the unlabeled analogue of the radioligand (320 nM for comprising residues 11415 of the human CRFeceptor,

astressin, 1uM for NBI 35965). For [?d]astressin, the

was expressed stably in Flp-In-HEK293 cells. The N-domain

amount of HEK293 cell membrane protein added per well (CRFR-N, residues +118 of the rat CRFreceptor) was fused

was 0.1, 0.15, and 152 ug for the human CRE rat CRH,

and CRR-N receptors, respectively. FGH]NBI 35965 the
amount of membrane added waslug/well for the human
CRF, receptor and 2ag/well for the CRR-J receptor. Total

to the single membrane-spanniaghelix of the activin IIB
receptor (residues 113494), as described previousl¢§).
This chimeric receptor was expressed transiently in HEK293T
cells. To initially evaluate functional expression of the
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A Table 1: Radioligand Saturation of CRR, CRR-J, and
160009 1 Wild-Type (CRR-R) Receptors
§ T3 total binding receptor radioligand K (Kg, NM)  Bmax (pmol/mg)
g 120004 I 1uM hUCN | .
s rat CRR-N [*?4]astressin 9.66: 0.09 13+2
- (0.22)
g 80007 human CREJ  [HINBI 35965 8.75+ 0.06 35+0.3
£ (1.8)
& 40004 rat CRR-R [**]astressin 10.6:0.1° 32+1
~ (0.026)
' m —m Ol human CRER  [**H]astressin 10.2-0.2 624 6¢
0
& & D & (0.065)
QQS OQS QQS A human CRER  [°H]NBI 35965 8.68+ 0.02 594 3¢
& & & @1

2 Radioligand saturation was measured (Materials and Methods) for

B the rat CRI-N and CRFE-R receptors in HEK293T cell membranes
16000- and for the human CRF and CRE-R receptors expressed in Flp-In-
£ . HEK293 cells. Saturation data were fitted to one- or two-affinity-state
8 £ total binding inhibition models, and the best fit was determined usindg-dast. A
Elia B 1M hUCN | single-state model provided the best fit to the data(0.05). The
{. statistical significance gf differences between a radic_)ligand’_s saturation
£ 8000 parameters between different receptors was determined using Student’s
g t-test.p < 0.0001.cp = 0.38.9p = 0.64. Data are the meah sem
mi_u‘?_ 20001 (n=3or4).
ot - ~ f—')——l‘—‘{l_—— NB! 3_5965 (Figyre 1). The human CRR bound all three
é}q\' é(.g\' Oqg\’ & radioligands (Figure 1), as__d|d'th(_e rat CRR (data not
& & & shown), whereas no specific binding of any of the three
radioligands could be detected in membranes from nontrans-
C fected cells (Figure 1).
40007 = We next used radioligand saturation experiments to
'52 T3 total binding determine the expression level of the receptors. The number
3 30001 S 2MINB 27914 of [!29]astressin binding sites for CRN was 13+ 2 pmol/
§ mg, lower than thdB. for the rat CR-R (32 £+ 1 pmol/
& 2000 mg; Table 1, Figure 2A). CRFJ bound $H]NBI 35965 with
é? a lower Bmax than that of the human CRIR expressed in
£ 10007 HEK293 cells (3.5 vs 59 pmol/mg, respectively; Table 1,
- ﬂi Clm Figure 2B). On the human CRIR, [*H]NBI 35965 bound
T .- > e an equivalent number of binding sites a¥l[astressin (62
oé\ & & N vs 59 pmol/mg, respectively; Table 1), consistent with the
& & & hypothesis that peptide and nonpeptide antagonist bind to a

Ficure 1: Radioligand binding to membranes from HEK293 cells Commc?” receptor pODUIgt'On' .
expressing CRFN, CRR-J, or wild-type receptors. Equilibrium Peptide Interaction with the N-Domain of the CRF
radioligand binding was measured (Materials and Methods) using ReceptorPrevious studies have demonstrated peptide bind-
%?_”F?\I'Vél[l?égztées(g)n (f\-)' 9% ptI:/_l E?I]sauvagme (B), agdf3 nMm i ing to the N-domain of the CRFeceptor {5, 16, 18). Here

. Ligand binding was measured for ce o - ) :
membranes prepared from Flp-In-HEK293 cells stably expressing we quar_1t|tat|yely evalga.ted the contrlbqtlon of_the N-domain
the wild-type human CRreceptor (CRER, 5 g of membrane to peptlde_ ligand affinity by comparing affinity for rat
protein), HEK293T cells transiently transfected with the rat cRF  CRF-N with that for the whole rat receptor (CRR).
N-terminal domain/activin I1B receptor chimeric receptor (GRF  Unlabeled peptides were competed agaitf8figstressin for
N, 519) 5'%"”'H.E*<(2C9§59“2553ta;3'y expressing the human ERF  binding to CRE-N and CRR-R. Since CREN cannot
receptor J-domain , g), and nontransfected Flp-In- ; ; ; -
HEK?293 cells (HEK, Q). Data%re the meah sem of duplicates. couple to G-protgln (Iacklr_lg all mtrapellular regions of the
The data are representative of two to three different experiments. CRF receptor), ligand affinity for this receptor was com-

pared with that for the uncoupled state (R state) of ERF

receptor fragments, we measured radioligand binding to Receptor was uncoupled from G-protein using®0GTPyS
membranes isolated from cells expressing these receptor(32). (To maintain equivalent experimental conditions, 30
domains or from cells expressing the whole GREceptor M GTPyS was included in the assays for CR¥.)

(CRR-R). The radioligands tested were the peptide antago- A variety of peptide agonists and antagonists fully
nist [*?9]astressin, the peptide agonidty]sauvagine, and inhibited [**3]astressin binding to CRFN (Figure 3). Peptide

the nonpeptide antagonistH]NBI 35965. CRR-N bound affinity for CRF,-N was broadly similar to affinity for the
[**]astressin (Figure 1A) but did not detectably birepl]- whole receptor (Figure 3, Table 2). Interestingly, the slight
sauvagine (Figure 1B), consistent with previous characteriza-differences of peptide ligand affinity between CR¥ and

tion of this chimeric receptorl@®). In addition, CRI-N did CRR-R appeared to be dependent upon the primary structure
not detectably bind®H]NBI 35965 (Figure 1C). CRFJ did and/or signal transduction properties of the peptides. The
not detectably bind the peptide ligand$3Jastressin and  agonist peptides tested (CRF, sauvagine, and UCN) bound
[**™]sauvagine but did bind the nonpeptide antagorfidi{ with similar or slightly lower affinity to CRE=N than to the
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A Table 2: Comparison of Ligand Binding to CRN and the
- 401 G-Protein-Uncoupled State of the Wild-Type (CRF) Receptdr
= O ratCRF4-R (¢]
§ 5301 e rat CRF1-N [ pKi (Ki, nM) CRF-N K/
£E ligand CRR-N CRR-R CRR-RK;
£ 220 r/hCRF 7.25£0.02  7.29+0.10 1.1
82 (56) (51)
,3__ 104 r/hCRF-OH <45 <4.5 ND
(>32000) ¢32000)
0 . . . . oCRF 6.66£0.11  7.02£0.10 2.3
-13 -12 -1 -10 -9 -8 (220) (95)
log[['*I]astressin] (M) sauvagine 6.3% 0.03 6.86+£0.1% 35
(490) (140)
B 50- hUCN | 8.43+0.06 8.69-0.08 1.9
T A human CRF4-R (3-7) (2-0)
3 404 A human CRF;-J rUCN | 8.49+ 0.09 8.88+ 0.15 2.5
0D 3.2) (1.3)
§ — 301 mUCN I 7.24+ 0.02 6.814+ 0.05 0.39
82 (58) (150)
@ 820 hUCN Il 6.69+0.05  6.46+0.08  0.57
I 0 (200) (350)
- a-helical 7.33£0.11 8.20+ 0.11 7.5
0- CRF(9-41) @7 (6.3)
-1 -10 -9 -8 -7 astressin 8.9% 0.07 9.93+ 0.10 10
[*HINBI 35965] (nM) _ (1.2) (0.12)
< <
Ficure 2: Radioligand saturation of CRMN, CRR-J, or wild- astressipB 6(>1000) 6(>1000) ND
type (CRR-R) receptors. Radioligand saturation was measured ; . b
(Materials and Methods) fotf]astressin binding to the rat CRR antisauvagine-30 6('52930?'02 7'1(235)0'01 8.9
and CRR-N receptors expressed in HEK293T cells (A) afd]f
NBI 35965 binding to the human CRIR and CRI-J receptors 2Ligand binding affinity was measured by displacement'&i]ps-

expressed in Flp-In-HEK293 cells (B). Data were analyzed using tressin binding, in the presence of 8W1 GTPyS, to the rat CREN
single-site or two-site saturation equations, and the best fit was or CRR-R receptors in HEK293T cell membranes (Materials and
determined using aR-test. A one-site fit provided the best fitin ~ Methods). Displacement data were fitted to one- or two-affinity-state
all casesf > 0.05). The data are representative of three to four inhibition models, and the best fit was determined using-dast. In

different experiments. all cases a single-state model provided the best fit to the gata (
0.05). The log IG value provided by the curve fitting analysis was
R state of CREFR (1.1-3.5-fold lower affinity for CRk- converted to [ using the ChengPrussoff equation, using &fi]as-

N: Figure 3A,C,D,l, Table 2), Suggesting the N-domain tresbsianvaI_ue of 0.22 nM for CR_EN and 26 pM for CRE-R (Table
contributes largely to peptide agonist affinity at the R state. ii)gniﬁ?;’r‘]’;‘)?'gi?fe?ggt g”zt's(‘;’“i‘i‘;‘g'”*(‘ pvalues for CREER are not
The difference of affinity was greater for the N-terminally —
truncated antagonist peptideshelical CRF(9-41) (Figure
3F), astressin (Figure 3G)\2fijastressin (Figure 2A), and  (Table 2). We have demonstrated previously that G-protein
antisauvagine-30 (graphical data not shown); these peptidednteraction with the receptor expressed inLtiells and rat
bound with 7.5-10-fold lower affinity to CRE-N compared cerebellum considerably increases peptide agonist affinity
with CRR-R (Figure 31, Tables 1 and 2). In contrast, mUCN (by as much as 890-foldBg). In this previous study, ligand
Il (Figure 3E) and hUCN Il (graphical data not shown) affinity for the receptor-G-protein complex (RG state) was
bound with slightly higher affinity to CRFN than to CRE-R measured by displacement éfq]sauvagine binding to the
(2.6-fold and 1.8-fold, respectively; Figure 3I, Table 2). CRF receptor. We repeated these experiments using the
These two peptides are more similar in amino acid sequencehuman CRicreceptor expressed in HEK293 cells (Table 3).
to each other (45% identity) than to the remaining peptides All agonists, with the exception of /hCRF-OH, bound with
tested 4). high affinity (Ki <1 nM) to the RG state of CRFR
In the two-domain model the C-terminal portion of peptide €xpressed in these cells (Table 3). The difference of peptide
|igand is proposed to bind the N-domain of the receptor' We agonist afflnlty for R and RG states varied from 92-fold for
tested this binding orientation by measuring the effects of hUCN | to 1300-fold for sauvagine (Table 3). Peptide
C-terminal ligand modification on receptor interaction, antagonists astressin and antisauvagine-30 did not ap-
comparing the effects on CRIN and CRE-R. The effect preciably discriminate R and RG states (Table 3). These
of C-terminal modification was evaluated by comparing CRF differences of affinity for R and RG states were similar to
and deamidated CRF (CRF-OH). Deamidation of CRF those measured for the receptor expressed in tés 32).
eliminated detectable binding to CRR over the concentra- In summary, the affinity of peptide agonists for CIR¥
tion range tested (up to 32M; compare Figure 3B with ~ was similar to their affinity for CRER, suggesting the
Figure 3A). The same effect was observed for GRIF N-domain provides most of the binding energy for peptide
(Figure 3A,B), suggesting that the affinity-reducing effect agonists at the R state of the CRieceptor. N-Terminally
of C-terminal deamidation is mediated, at least in part, by truncated peptide antagonists bound with-718-fold lower
the N-domain of the receptor. affinity to CRR-N than to CRI-R. C-Terminal deamidation
Peptide agonist affinity for the G-protein-uncoupled state eliminated detectable CRF interaction with the N-domain.
of the CRFk receptor (R state) was surprisingly low, G-Protein interaction with the CRFeceptor considerably
especially for CRF (5195 nM) and sauvagine (140 nM) increased the affinity of peptide agonists (by-4300-fold).
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Ficure 3: Effect of peptide and nonpeptide ligands é#fiJastressin binding to CRFN and wild-type (CRI-R) receptors. Displacement

of [*23]astressin binding in the presence of @M GTPyS was measured (Materials and Methods) for rat GRfand CRR-R receptors.
Shown is the effect of r/hCRF (A), fhCRF-OH (B), sauvagine (C), hUCN I (D), mUCN II ¢Epelical CRF(9-41) (F), astressin (G),
and NBI 35965 (H). Other ligands tested were oCRF, rUCN I, hUCN lll, antisauvagine-30, and agtBe§giaphical data not shown; see
Table 2 for data). Data were normalized as the percentage of maximal spE8lifasfressin binding. Data for peptide ligands were analyzed
using single-site and two-site displacement equations, and the best fit was determined Usitegtar®\ one-site fit provided the best fit

in all cases. The-log K (pK;) values were compared for CRN and CRRE-R receptors (I), and the correlation was assessed by linear
regression: solid line, correlation for peptide agonists (open symbots0.965); dashed line, correlation for peptide antagonists (closed
symbols,r, = 0.998). The points are the meansem of duplicates. Data are representative of three to four different experiments.

Peptide Interaction with the J-Domain of the Receptor. difference in potency varied between different agonists: 490-
Having demonstrated successful expression of the;&RF fold for ’/hCRF-OH, 12000-fold for hUCN I, 200000-fold
receptor using3H]NBI 35965 binding (Figures 1 and 2), for r/hCRF, and 1500000-fold for sauvagine (Table 4). This
we next evaluated the ability of peptide agonists to interact finding suggests that direct peptide binding to the J-domain
with this receptor fragment. Measurement of CAMP ac- is very weak compared with peptide binding to the whole
cumulation was used for this purpose, since radiolabeledreceptor. In cells expressing CRF, stimulation of signaling
peptide binding to CRfJ was not detectable (Figure 1). by the high concentrations of peptide required was receptor-
Agonist peptides CRF, CRF-OH, sauvagine, and UCN all mediated; no stimulation of cAMP accumulation was ob-
stimulated cAMP accumulation in Flp-In-HEK293 cells served in nontransfected HEK293 cells (Figure 4), and high
expressing CRFJ (Figure 4). TheEnax of ThCRF-OH, concentrations of the antagonist peptides astressin (Figure
0CRF, and sauvagine was similar to that of r/hCRF, and 4F) and antisauvagine-30 (data not shown) did not affect
hUCN | was a nearly full agonist (Table 4). The maximal cAMP accumulation in cells expressing CRF(Table 4).
stimulation of cAMP accumulation by r/hCRF was only To further test the two-domain binding orientation, the effect
slightly lower on CRR-J than on the human CRIR of C-terminal ligand modification on ligantteceptor inter-
expressed in Flp-In-HEK293 cells (8.0 vs 11 pmol of cAMP/ action was evaluated as described above, comparing the
well, respectively; Figure 4, Table 4). Therefore, the J- effect of CRF with CRF-OH. Deamidation of CRF reduced
domain of the CREreceptor is sufficient to support signaling the potency (pEé) for activation of CR-R by 500-fold,
by peptide agonists. without affecting theEnax (compare r/hCRF with r/hCRF-

Strikingly, the potency (pE&y) of peptide agonists for  OH; Figure 4A,B, Table 4). This finding, consistent with
activation of CRI-J was much lower than the potency for previous data §), suggests that the C-terminal amide
activation of the human CRFR (Figure 4, Table 4). This  contributes to binding affinity but not to signaling efficacy.
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Table 3: Displacement offi]astressin and!fi]sauvagine Binding by measuring the effect of NBI 35965 or]astressin

to the Wild-Type Human CRfFReceptor in Flp-In-HEK293 Cell binding to CRI-N. NBI 35965 did not detectably affec¢efi]-
Membranes by Various Ligantls astressin binding (Figure 3H), suggesting little or no con-
pK; (Ki, nM) Ko tr!bution of the N'—doma.lin to nonpeptide an.tago.nist binding.
Vs [l]asb + 20 GTPyS) Finally, we also investigated whether peptide ligands could
ligand 30uM GTPYS  vs[®|salf  Kig2yay) inhibit [*H]NBI 35965 binding to CREJ. Under the condi-
I/hCRF 6.87+ 0.07 9.68+ 0.03 620 tions of the assay it is likely the nonpeptide antagonist labels
(130) (0.21) predominantly the R state3®). No inhibition could be
oCRF 6.?%0()).14 9.6(3:*:2(1)504 1100 detected for any peptide ligand tested (sauvagine, r/hCRF,
. - and hUCN I, at concentrations of up to 10, 10, and/8V?,
sauvagine 6'(2%0())'06 9'7(%:&18506 1300 respectively; data not shown). This finding is consistent with
hUCN | 8.64+ 0.01 10.6+ 0.07 92 very weak direct peptide interaction with the J-domain of
(2.3) (0.025) the R state.
rucn | 8'8(?;)0'12 10(3%286 94 The role of the J-domain in mediating functional antago-
astressin 9.4% 0.05 9.25+ 0.01 0.57 nism by nonpeptide antagonists was evaluated by measuring
(0.32) (0.57) the ability of the compounds to inhibit r/hCRF-stimulated
antisauvagine-30 6.7 0.04 6.99+ 0.01 18 cAMP accumulation. At the human CRR receptor, non-
(180) (100) peptide antagonists NBI 35965 and NBI 27914 fully inhibited
aLigand binding affinity was measured by displacement'8t]as- cAMP production stimulated by 0.1 nM r/hCRF (ap-

tressin binding (in the presence of 3M GTPyS) or by displacement : : :
of [*?9]sauvagine binding to the wild-type human CRfeceptor in proximately the EG, concentration), with an 14 of 41 and

Flp-In-HEK293 cell membranes (Materials and Methods). In the 110 nM, respectively (Figure 6A,B, Table 6). At the GRF
presence of GTFS, [2]astressin binds the receptor uncoupled from receptor, NBI 35965 and NBI 27914 completely blocked
G-protein. []Sauvagine binds predominantly the receptGrprotein CcAMP accumulation stimulated by an Ef&oncentration (10
complex, demonstrated by90% displacement of radioligand binding uM) of /hCRF (Figure 6A,B, Table 6). This finding suggests

produced by GTPS (data not shown). Displacement data were fitted j . . .
to one- or two-affinity-state inhibition models, and the best fit was that the J-domain contains the molecular determinants of

determined using aR-test. In all cases a single-state model provided Nonpeptide antagonist binding and peptide agonist binding
the best fit to the datgp(> 0.05). The log 1G, value provided by the that enable the former to block receptor activation by the

curve fitting analysis was converted t&jpsing the ChengPrussoff latter. The IG, of NBI 35965 and NBI 27914 at CRB

equation, using a'fA]astressinKy value of 65 pM (Table 1) and a ; i
[*?8]sauvagineKq value of 22 pM (saturation data not shown). Data yvas 13 and 59 nM, respectively, similar to the,d@n the
intact receptor (Table 6).

are the mean: sem ( = 3). P [*]ast = [*]astressin ¢ [1]sau =
[t?4]sauvagine. The effect of peptide antagonists on GRFmediated
signaling was also investigated. As expected, the antagonists
However, deamidation of CRF did not significantly affect 2aStressin andi-helical CRF(9-41) antagonized r/hCRF-
the EG, for activation of CRE-J (Figure 4A,B, Table 4), stimulated cAMP accumul_auon via CRR, with an 1Gg
indicating that the J-domain did not mediate the affinity- ©f 2.9 and 86 nM, respectively (Figure 6C,D, Table 6). At

reducing effect of C-terminal deamidation of CRF. CRF-J, high concentrations of these peptides decreased
In summary, the J-domain of the CRFeceptor was r/hCRF-stimulated cAMP accumulation (Figure 6C,D). The

- K ; ; . ICso for astressin at CRFJ was determined as 4&M,
sufficient for stimulation of cAMP accumulation by peptide :
agonists. However, the dramatically lower potency on GRF 17000-fold greater than the 46on the intact receptor (Table

. ; 6). These findings are consistent with a weak interaction of
compared with the wild-type receptor suggests a very low ; e . i )
peptide affinity for the J-domain in isolation. astressin and-helical CRF(9-41) with the J-domain of the

CRF, receptor. However, the possibility cannot be excluded

Nonpeptide Antagonist Interaction with the J-Domain of 5 the reduction of cAMP accumulation in cells expressing
the CRR ReceptorNumerous nonpeptide antagonists of the CRF-J results from a nonspecific effect of the high peptide
CRF, receptor have been developed as potential treatments.qncentrations used.

for anxiety, depression, and other neuropsychiatric disorders

(11, 12). Previous studies have shown that the J-domain is pjscUSSION

a determinant of nonpeptide antagonist binding to the CRF

receptor 17, 29). Here we quantified the contribution of the The ligand binding orientation of the CRFeceptor is well
J-domain to the binding affinity of nonpeptide antagonists. described by a two-domain model: The ligand’s carboxyl-
In [®H]NBI 35965 saturation experiments tKg for CRR-J terminal portion binds the N-domain of the receptor, and

(1.8 nM) was not significantly different from thKq for the ligand’s amino-terminal portion binds the J-domain of
human CRER (2.1 nM) (Figure 2B, Table 1). Four the receptor. In this study we have extended this model
unlabeled nonpeptide antagonists [antalarmd2),( NBI guantitatively by evaluating ligand microaffinity for isolated
27914 @3), NBI 359652 and DMP-696 44)] inhibited [*H]- N- and J-domains. These measurements enabled us to
NBI 35965 binding to CREJ with an affinity not signifi- propose an equilibrium model of the low-resolution molec-

cantly different from that for CRFR (Table 5; graphical  ular mechanism of ligandreceptor interaction (see Ap-
data for antalarmin and NBI 35965 shown in Figure 5A,B). pendix). The principal findings are as follows: (1) The
These findings indicate that the J-domain contributes pre- N-domain contributes almost all of the peptide ligand binding
dominantly to the binding energy of nonpeptide antagonists. energy at the receptor uncoupled from G-protein. (2) The
We investigated whether the N-domain contributes any J-domain is sufficient for efficacious agonist-activated
detectable receptor binding energy for nonpeptide antagonistssignaling, but with dramatically reduced agonist potency,
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Ficure 4: Effect of peptide ligands on cAMP accumulation in HEK293 cells expressing;-GRihd wild-type (CRER) receptors.
Accumulation of cAMP was measured (Materials and Methods) for Flp-In-HEK293 cells expressing the humahaPEEERE-R receptors

and for nontransfected Flp-In-HEK293 cells. Ligands tested were r/hCRF (A), 'hCRF-OH (B), sauvagine (C), hUCNuh@izal

CRF(9-41) (E), astressin (F), and oCRF and antisauvagine-30 (graphical data not shown; see Table 4). Data are normalized as the percentage
of maximal r/hCRF-stimulated response (see legend to Table 4). The curves are fits to a four-parameter logistic equation. Data points are
the meant sem of duplicates. Data are representative of three to four different experiments.

Table 4: Effect of CRF-Related Peptides on cAMP Accumulation via €R&nd Wild-Type (CREFR) Receptors

CRR-R CRR-J
Ema)l Ema>/ EOSO(CRFl—J)/

peptide pE@) (EC50, nM) r/hCRFEmax (%) pEQo (ECso, nM) r/hCRFEmax (%) ECSO(CRF:ER)
r/hCRF 10.4+ 0.1 (0.042) 100 5.0# 0.03 (8400) 100 200000
r/hCRF-OH 7.68+ 0.21 (21) 10A 16 4,99+ 0.13 (10000) 95+ 8 490
oCRF 10.3+ 0.1 (0.051) 109+ 8 4.95+ 0.04 (11000) 10&: 5 220000
sauvagine 10.5% 0.1 (0.029) 96+ 7 4.37+ 0.11 (42000) 104: 12 1500000
hUCN | 10.4+ 0.03 (0.029) 106t 15 6.30+ 0.04 (500) 677 12000
o-helical CRF(9-41) 7.24+ 0.11 (58) 12+ 4 ND 0+ QP ND
astressin ND ot 0° ND —-14+0° ND
antisauvagine-30 ND Z0° ND -1+0° ND

a Accumulation of cAMP in Flp-In-HEK293 cells expressing the human GRBr CRR-R receptors was measured (Materials and Methods).
Data were fitted to a four-parameter logistic equation to determifogy EGso (PEGsg) and Emax The maximal net agonist-stimulated cAMP
accumulation for r’hCRF was 110 2.6 pmol/well and 8.@: 1.4 pmol/well for the CREFR and CRI-J receptors, respectively, with a corresponding
basal cAMP accumulation of 0.1& 0.13 and 0.35- 0.09 pmol/well, respectivelyn(= 4). Data are the meatt sem @ =3—4). ND = not
determined® Response measured at M peptide.c Response measured at @®1 peptide.

suggesting very weak direct agonist binding to the J-domain. A number of findings in this study support or extend the
(3) Nonpeptide antagonist affinity and full antagonist effect two-domain model. Demonstration of ligand interactions with
are provided predominantly if not exclusively by the J- isolated N- and J-domains supports the model. Further
domain. (4) As shown previousl®®), G-protein interaction  support for the orientation of the model is provided by the
with the receptor stabilizes peptide agonist binding up to receptor domain specificity of ligand modification effects:
1300-fold. The findings of this study suggest this effect is C-terminal CRF deamidation eliminated detectable binding
mediated by the J-domain (see below). to the N-domain but did not affect activation of the J-domain.
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Table 5: Comparison of Nonpeptide Antagonist Affinity for the_ two c_iomalns. The _d'Stance between doma'r?sj'@'_
Displacing PHJNBI 35965 Binding to CREJ and Wild-Type amino acid residues) did not appreciably affect biological
(CRR-R) Receptors potency, whereas the relative orientation of the domains
ligand CRR-R pK; (Ki, nM) CRR-J pK; (Ki, nM) (defined by the helical register) strongly affected potency.
antalarmin 8.89% 0.12 (1.3) 8.9 0.10 (1.1) Three of our findings suggest functional independence of
NBI 27914 8.80+ 0.03 (1.6) 8.56+ 0.11 (2.8) the complementary domains of the receptor: (1) The N- and
NBI 35965 8.67+ 0.06 (2.1) 8.75+ 0.13 (1.8) J-domains expressed in isolation displayed nearly full
DMP-696 8.72+0.13(1.9) 8.72£ 0.04 (1.9) functional integrity, suggesting functional independence of

2 Displacement ofH]NBI 35965 binding to the human CRE and receptor domains: The isolated N-domain binds peptide
CRF-R receptors in FIp-In-HEK293 cell membranes was measured ggonist ligands with similar affinity as the R state of the

(Materials and Methods). Displacement data were fitted to one- or two- ; _ ; ; iho
affinity-state inhibition models, and the best fit was determined using whole receptor, and the isolated J-domain mediates full high

anF-test. In all cases a single-state model provided the best fit to the 211Nty binding of nonpeptide antagonists and nearly full

data p > 0.05). The log |G value provided by the curve fitting analysis ~ €fficacy receptor activation by peptide agonists. [The latter
was converted toly using the ChengPrussoff equation, using Ky finding is consistent with activation of the J-domain by a

value for PHINBI 35965 of 2.1 nM for the CRER receptor and 1.8 tethered N-terminal CRF fragmerit?) and activation of a

nM for the CRFK-J receptor (Table 1). Data are the meaisem (= B ; ;
3-4). The K; value for the CREJ receptor was not significantly J-domain fragment of the PTHL1 receptor, a related secretin

different from the J; value for the CRER receptor pvalues of 0.28,  receptor family GPCR45).] (2) On the intact, G-protein-
0.079, 0.56, and 0.99 for antalarmin, NBI 27914, NBI 35965, and DMP- uncoupled receptor NBI 35965 (shown here to bind the
696 respectively; paired two-tailed Studertttest). J-domain) only weakly inhibited peptide ligand binding, and
peptide ligands (shown here to bind predominantly the
N-domain) only weakly inhibited3H]NBI 35965 binding

>

w1204 (33). (3) A soluble N-domain protein, at concentrations up

8 o CRF,R to 10uM, did not detectably affect the cAMP level in cells

D ° CRFl-J expressing CRFJ 3 Collectively, these studies of ligand and

2 80- receptor suggest that the two binding interactions within the

+3 60 two-domain model are functionally independent.

%Q 201 In evaluating ligand binding properties of N- and J-

a domains, we were unable to demonstrate that the structure

2 of the isolated domains is identical to the structure of these
O L}

— =0-P— domains within the intact receptor. Alteration of receptor
12 41 10 9 -8 -7 -6 -5

, structure could affect ligand binding properties of the isolated
log[antalarmin] (M)

fragments compared with domains within the whole receptor.
However, the isolated domains displayed nearly full func-

o

8 2078 tional integrity (see above), implying no dramatic alteration
& 100 of protein structure within the isolated domains. However,
2 o 80 subtle structural changes might be present, so ligand affinity
Eg 60 for CRF-N and CRFE-J can only be considered approximate
o- measurements of affinity for N- and J-domains on the whole
g 407 receptor. Accurate values will require methods to measure
2 207 these values directly on the whole receptor, for example, the
° 0 —t development of peptide fragments that only bind one of the
12 11 -0 9 -8 -7 6 5 two domains [as for the PTH1 receptd6(47)]. In addition,
log[NBI 35965] (M) it is important to note that the CRB receptor was not

FicURE5: Displacement ofH]NBI 35965 binding to CREJ and optimally expressed, the expression level being about 6%
wild-type (CRR-R) receptors by unlabeled nonpeptide antagonists. of the level of the intact receptor. (In consequence, we were

Displacement ofH]NBI 35965 binding to the human CRB and unable to quantify the magnitude of CRFs contribution
CRR-R receptors in Flp-In-HEK293 cell membranes was measured

(Materials and Methods) for nonpeptide antagonists: antalarmin to S|gnal'|ng efflcrlslcy., befcaufeﬂaxcan be affected by regeptor
(A), NBI 35965 (B), and NBI 27914 and DMP-696 (graphical data €Xpression.) This finding suggests that the N-domain con-
not shown; see Table 5). Data were analyzed using single-site andtributes to the level of CRFeceptor expression, which might
two-site displacement equations, and the best fit was determinedbe a consequence of glycosylation; the N-domain contains

using anF-test. A one-site fit provided the best fit in all cases. the consensus sequences for N-linked glycosylation, and
Data points are the meah sem of duplicates. Data are representa- '

tive of three to four different experiments. glg;cosylation is important for CRFeceptor expressiorib,
Circumstantial evidence suggests a weak interaction of On the basis of the strength of ligand interaction with
astressin with the J-domain: high concentrations of astressinisolated N- and J-domains we propose the first equilibrium
blocked activation of CRFJ, and astressin affinity for the  binding model of the two-site mechanism for the GRF
whole receptor was 10-fold higher than that for GRE receptor (Figures 7 and 8, Appendix). This model is used to
Our findings also address the functional independence of estimate some of the binding parameters, to simulate
the two binding interactions. Previously, the N-terminal and occupancy of N- and J-domains by peptide ligand, and to
C-terminal portions of the ligand (CRF) have been shown simulate the effect of nonpeptide antagonist and G-protein
to be functionally independen2@). CRF analogues were
prepared witho-helical linkers of varying lengths between 3R. P. Laura and S. R. J. Hoare, unpublished observations.
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Ficure 6: Effect of peptide and nonpeptide antagonists on r/hCRF-stimulated cAMP accumulation in HEK293 cells expressidg CRF
and wild-type (CRER) receptors. Antagonism of r/hCRF-stimulated cAMP accumulation was measured (Materials and Methods) for
Flp-In-HEK293 cells expressing human CRFand CRER receptors. The following ligands were tested: NBI 27914 (A), NBI 35965

(B), a-helical CRF(9-41) (C), and astressin (D). Cells were added to the assay after antagonist and agonist ligands, such that the cells were
exposed to both ligands simultaneously. The concentration of ’/hCRF used was approximatelys fioe &ithulation of cAMP accumulation

for each receptor (1AM for CRF;-J and 0.1 nM for CRER; see Table 4). The curves are fits to a four-parameter logistic equation. Data
points are the meatt sem of duplicates. Data are representative of three to four different experiments.

Table 6: Antagonism of r/hCRF-Stimulated cAMP Accumulation
by Peptide and Nonpeptide Antagonists on GRRnd Wild-Type

(CRR-R) Receptors

CRR-R CRR-J
maximal maximal
pICso inhibition pICso inhibition
antagonist  (ICsq, NM) (%) (ICs0, NM) (%)
NBI 35965 7.40+£0.04 101+1 7.88+:0.02 98+1
(41) (13)
NBI 27914 6.95+ 0.18 98t+1 7.23+0.05 97+1
(110) (59)
astressin 8.540.05 96+1 4.35+0.02 100
(2.9) (45000)
o-helical 7.064+ 0.18 85+ 20 <5 ND
CRF(9-41) (86) &10uM)

a Antagonism of r/hCRF-stimulated cAMP accumulation via the
human CRIrJ and CRI-R receptors expressed in Flp-In-HEK293 cells
was measured (Materials and Methods) using 0.1 nM r/hCRF for
CRF-R and 1QuM r/hCRF for CRE-J. Net agonist-stimulated CAMP

accumulation was 11.8 2.6 and 8.0+ 1.4 pmol/well for the CREF

and CRRk-J receptors, respectively, with a corresponding basal

cAMP accumulation (no ligand) of 0.1& 0.13 and 0.35+ 0.09

pmol/well, respectively f = 4). Data were fitted to a four-

parameter logistic equation to determine thleg ICso (pICsg) and the
maximal inhibition value, defined as [(CAMRRF without antagonist—
cAM PIower plateau of inhibition curv)!(CAMPr/hCRF without antagonist cAM Pno Iiganr)]

x 100. The cAMRhcrr without antagonisv@lue used was the upper plateau

of the inhibition curve®? Maximal inhibition produced byx-helical

CRF(9-41) on the CRE receptor was less than 100%, by this
definition, because the ligand is a partial agonist (Figure 4, Table 4).

¢ The CAMRBower plateau of inhibition curvaVas fixed at the CAMR jigana Value,
because the lower plateau was not approached at the highest concentreby ligand bound only to the N-domain (R}, with the

tion of astressin tested (10M). ND = not determined. Data are the

mean= sem ( = 3).

on peptide ligand binding. Within this model (Scheme 1;
see Appendix), ligand binds with moderate affinity to the
N-domain (forming Rly, defined by the equilibrium as-

sociation constariy). Direct interaction with the J-domain
was very weak, so ligand bound only to the J-domainjRL
likely contributes very little to the overall equilibrium
occupancy of receptor. For this reason this state has been
excluded, simplifying the model. However, binding of ligand
to the N-domain will trap ligand within the locality of the
receptor, enormously increasing the local concentration of
ligand, allowing the weak interaction with the J-domain to
occur (forming Rly; defined by the isomerization constant
KNJ).

An approximate measurement of the microaffinity constant
of the N-domain interactionKy) is provided by ligand
affinity for CRF,-N. The affinity for the N-domain was found
to be dependent upon the class of ligand: -3 nM for
UCN | peptides, 56:220 nM for CRF peptides, 58 nM for
UCN II, 200 nM for UCN llI, and 490 nM for sauvagine
(Table 2). Similar differential ligand affinity for the N-
domain has been reported previously for GRIRd CRE
receptors 49) and for the glucagon-like peptide-1 receptor
(50). We were unable to directly measukg;, but for the
agonist peptides its value is likely quite low at the R state
of the receptor, since ligand affinity for CRIR was similar
to that for CRE-N (implying a small contribution of the
J-domain to ligand affinity; see Appendix). Occupancy of
N- and J-domains was simulated under these conditidfs (
= 1, Figure 7). The simulation suggests that, at the R state,
an appreciable fraction of receptor occupancy is represented

remainder represented by ligand bitethered via N- and
J-domains (Rkgj). Surprisingly, the CREFN K;:CRFR-R K;

ratio was greater for peptide antagonists than peptide agonists
(Table 2), suggesting a greater contribution of the J-domain
to peptide antagonist affinity (at the R state). This finding
suggests that antagonists and agonists differ in their inter-
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Ficure 7: Simulation of equilibrium peptide ligand occupancy of
N- and J-domains of the CRFeceptor. Scheme 1 was used to
simulate peptide ligand binding to the N-domain only R, eq
1); ligand bitethered via N- and J-domains, RIB, eq 2); and
total ligand occupancy of the receptor, Rit RLy; (C, eq 3). The
affinity constant for peptide ligand binding to the N-domalify)
was fixed at 5x 10° M1, The value oKy;was varied as indicated
to investigate the effect of varying strength of liganidomain
interaction on occupancy of the domains and the whole receptor.
The resulting macroaffinity of the peptide ligand for the receptor
(KL) was calculated using eq 4. {&] was set at unity so that the
y axis represents fractional occupancy.

action with the J-domain. Finally, we found that UCN I
and UCN Il bound with slightly lower affinity to the whole
CRF, receptor than CRFN, suggesting that the J-domain
acts as an affinity barrier to high-affinity binding of these
peptides to the CRFreceptor.

We next consider the effect of G-protein on this ligand
binding model. Indirect evidence suggests that G-protein
interaction with the receptor enhances ligand interaction with
the J-domain rather than the N-domain: (1) The J-domain
contains the intracellular regions involved in binding G-
protein and mediates ligand-stimulated recept®sprotein
interaction (demonstrated by efficient stimulation of cCAMP
production by CRIJ; Figure 4). (2) Peptide antagonists bind
predominantly to the N-domain and are insensitive to
receptor-G-protein interaction (Tables 2 and 3). (3) Non-
peptide antagonists, which bind the J-domain, strongly block
peptide agonist binding to the RG statg3) and block
agonist-stimulated G-protein activation (Figure 6A,B). (4)
Modulation of the N-domain would require an allosteric
transition though the J-domain, but the N- and J- domains
are likely functionally independent to a large extent (see
above). Within the framework of the model (Scheme 1; see
Appendix), the enhancing effect of G-protein on agonist

Hoare et al.

J-domain interaction can be explained by an increase in the
microaffinity of agonist for the J-domain, represented by an
increase ofKy; (enhanced formation of Rl; from RLy).
Occupancy of N- and J-domains was simulated under these
conditions Kny = 1000; Figure 7). In this simulation peptide
agonist occupancy of the RG state was represented almost
exclusively by ligand bitethered via both N- and J-domains
(RLny)-

We next considered the effect of nonpeptide antagonist
on peptide ligand binding. It is likely that nonpeptide
antagonist binds the J-domain and inhibits peptide agonist
binding to the J-domain: Nonpeptide antagonist bound
CRF-J and CRER with similar affinity and fully blocked
agonist interactions with CRF that activate G-protein
signaling. It has also been demonstrated that nonpeptide
antagonist allosterically blocks agonist binding to the €RF
receptor 29, 30, 33). Within the equilibrium model, these
effects can be described by nonpeptide antagonist binding
to the J-domain at a site distinct from the peptide agonist
binding site, mediating negative cooperativity on the forma-
tion of RLy; from RLy (Scheme 2; see Appendix). This
allosteric inhibition at the J-domain is defined by the
microcooperativity constant; The negative cooperativity
between peptide and nonpeptide ligand binding the J-domain
is likely high (see Appendix), since nonpeptide antagonist
fully blocks J-domain activation by peptide agonist. Accord-
ing to the simulation, nonpeptide antagonist reduces peptide
ligand occupancy of the J-domain within the {8lcomplex
(Figure 8B,E, Appendix). At the R state nonpeptide antago-
nist only partially inhibits peptide agonist binding3), a
finding that can be explained by the weak contribution of
the J-domain to peptide agonist binding (Figure-82). At
the RG state nonpeptide antagonist nearly fully blocks
peptide agonist binding3Q, 33), a finding that can be
explained by the strong contribution of the J-domain to
peptide agonist binding (Figure 8&F).

In summary, we have comprehensively evaluated the
contribution of CRE receptor domains to peptide ligand
affinity. The findings of this study are consistent with the
two-domain model and extend it by quantifying N- and
J-domain interactions and by considering the effect of
conformational modulators (G-protein and nonpeptide an-
tagonist). Peptide agonist affinity is provided predominantly
by the N-domain at the R state. The data are consistent with
peptide-J-domain interaction being differentially modified
by G-protein and nonpeptide antagonist, the former enhanc-
ing the interaction and the latter allosterically inhibiting it.
Finally, we simulate the behavior of this model to suggest
the relative occupancy of N- and J-domains by peptide ligand
under a variety of conditions. These findings will be useful
for further investigation of ligand interaction mechanisms
for the CRF receptor and, potentially, other secretin family
GPCR's.

APPENDIX

Peptide ligand binding to the CRFReceptor is well
described by a low-resolution molecular mechanism, the two-
domain hypothesis. Here an equilibrium binding model of
this mechanism is presented (Scheme 1) and considered for
the R and RG states of the receptor. The model is then
extended to consider modulation of the receptor by nonpep-
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Ficure 8: Simulation of the effect of the nonpeptide antagonist on equilibrium occupancy of N- and J-domains of thee€xpEor by

peptide ligand. Scheme 2 was used to simulate the effect of the nonpeptide antagonist (M) on peptide ligand binding to the N-domain only,
[RLn] + [MRLy] (A, D, eq 6); ligand bitethered via N- and J-domains, [JL+ [MRLyJ (B, E, eq 7); and total ligand occupancy of the
receptor, [Rly] + [MRLy] + [RLng + [MRLNg (C, F, eq 8). Binding of L was evaluated for two valueskaf;: 1 (A—C, representing

the weak peptide ligandl-domain interaction proposed for the R state of the CREeptor) and 1000 (BF, representing the strong
peptide ligane-J-domain interaction proposed for the RG state of the {OR&eptor) Ky was set at 5« 10 M1, Ky was set at 10M 4,

and the microcooperativity between L and M binding to the J-domajnyas 0.01 (representing strong negative cooperativity). Occupancy

of the receptor domains by L was simulated for the absence of M (using-€8)sahd for the presence of a saturating concentration of M

(10 uM, using eqs 6-8). [Rror] was set at unity so that theaxis represents fractional occupancy.

Scheme 1 alone (eq 1), for L bitethered via both N- and J-domains (eq
Ky Ky 2), and for total occupancy of the receptor (eq 3):

tide antagoni tR (;Lr: ‘zl;LNs" I‘t'R N formed t RE _ L (1)
ide antagonist (Scheme 2). Simulations were performed to =
evaluate ligand occupancy of the N-domain, the J-domain, [Rrorl 1+ [LIK(1+ Kyy
and the whole receptor.

Model for Equilibrium Peptide Ligand Binding to the [RLJ = (L] KK )
ReceptorPeptide ligand (L) is assumed to bind the N-domain [Rrorl 1+ [LIKW(1+ Ky
of the receptor (R), forming R, defined by the equilibrium
association constaiy (Scheme 1). Direct peptide binding [RLp] +[RLy  [LIKR(L + Ky @)
to the J-domain was extremely weak; the peptide HQr [Rro] 1+ LKy + Ky

CRF-J was 12006-1500000-fold higher than the E&for
the whole receptor in assays of CAMP accumulation (Table grom eq 3 the macroaffinity contant for L binding to R_

4), and peptide ligands did not detectably inhiSH]JNBI is given by

35965 hinding to CRFJ (data not shown). Therefore, it is

likely that ligand occupancy of the J-domain alone ¢RL K. = Ky@+ Ky (@)
represents an insignificant fraction of total equilibrium

occupancy of the receptor, so RIs excluded from the Using these equations we simulated ligand occupancy of

model. Ligand binding to the N-domain is assumed to the N-domain alone (RY), occupancy of the J-domain within
enormously increase the local concentration of ligand avail- the bitethered Rl complex (Rlyj), and total occupancy of
able to bind the J-domain, enabling weak interaction with the receptor (Rk + RLyj which is also equal to total
the J-domain to occur. The resulting receptbigand com- occupancy of the N-domain) (Figure 7). Ligand affinity for
plex has ligand bitethered via the two domains of the receptor the N-domain was considered to be moderdtg ¢f 5 x
(RLny). The propensity of ligand to bind the J-domain once 10° M~%, 200 nM as a dissociation constant, close to the
bound to the N-domain is described here by an isomerization affinity of /hCRF, oCRF, and sauvagine for CRN; Table
constant,Ky;, representing isomerization of the receptor  2). Ky; was varied to simulate the effect of varying the
ligand complex from R to RLy; and vice versa. strength of ligang-J-domain binding. For very weak inter-
Equations 13 define equilibrium binding of L to R asa  action with the J-domainK(; = 0.01), occupancy of the
function of the total concentration of R, for the N-domain J-domain (Rl Figure 7B) is much less than total oc-
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cupancy of the N-domain (RL + RLyg Figure 7C). Scheme 2
Consequently, most of receptor occupancy is represented by Ky K

ligand bound only to the N-domain (RLFigure 7A). At RHLAM = RLy == RLn
saturating ligand concentrations (required to fully occupy the

receptor; Figure 7C), ligand nearly fully occupies the Ku Ku ki
N-domain (Figure 7C) but minimally occupies the J-domain Ky ki

within the RLy; complex (Figure 7B). At &y, value of 1, MR ==——= MRIy= = MRLy

the propensity of Rl to isomerize to Rk is equivalent to
the propensity of Rl to form RLy. Consequently, oc- J-domains (Figure 7B). This finding suggests that relative
cupancy of Rly is equal to occupancy of Rk.(Figure 7A,B), occupancy of N- and J-domains differs between R and RG
such that 50% of total receptor occupancy is represented bystates, with greater occupancy of the N-domain alone at the
ligand bound only to the N-domain and 50% represented by R state and greater occupancy of the J-domain at the RG
ligand bitethered via N- and J-domains. For strong interaction state.
with the J-domainKy; = 100—1000), RLy; represents almost Modulation of Peptide Ligand Binding by Nonpeptide
all occupancy of the receptor (Figure 7B), with little ligand AntagonistNonpeptide antagonists have been shown to act
bound to only the N-domain (Figure 7A). allosterically in regulating peptide agonist binding: Non-
Using this simulation we also investigated the effect of peptide antagonist binding is reduced by amino acid changes
Kns on the macroaffinity of ligand for receptoK(). K. that do not affect binding of peptide agonig), and binding
increases as the strength of ligand binding to the J-domaindata are consistent with allosteric interaction between peptide
(Kny) increases (Figure 7); as evident from eq 4, macroaffinity and nonpeptide ligand bindin@@ 33). This mechanism is
increases by the factor + Ky; (relative toKy). Conse- represented in Scheme 2. Peptide ligand (L) binds N- and
quently, for low values oKy; the macroaffinity approaches J-domains, defined by andKy;, respectively (Scheme 1).
Ky (Figure 7). For high values oKy; macroaffinity ap- Nonpeptide antagonist (M) binds only to the J-domain,
proaches the product oKy and Ky; (Figure 7). We defined by the equilibrium association constdqi. The
investigated the value dfy; for the R state. In principle, =~ microcooperativity constanty; defines the effect of M
the value ofKy; can be determined indirectly K, andKy binding on L binding to the J-domain and vice versa. We
are known; rearrangement of eq 4 yields assume M binding does not affect L binding to the N-domain,
consistent with the findings of this study.
Equations 6-8 define equilibrium binding of L to R in
the presence of M for the N-domain alone (eq 6), for L
bitethered via both N- and J-domains (eq 7), and for total
occupancy of the receptor (eq 8):

Kao = (KU/Ky) — 1 (%)
For the R state of the receptor we measufedandKy as
1/K; for CRR-R and CRE-N, respectively (Table 2). The
resulting values ofKy; for agonist peptides are 0.1 for
r/hCRF, 1.3 for oCRF, 2.5 for sauvagine, 0.9 for hUCN I,
and 1.5 for rUCN | (Table 2). However, the difference
betweenK_ and Ky was small, especially for r/hCRF.
Consequently, the indirectly determined value Ky; is [LIKn(L + [M]Ky)
highly sensitive to experimental error for each of the two 1+ [L]K\(1+ Ky, + [LIIM] KKy (1 + a Ky + [M] Ky,
affinity measurements and highly sensitive to any slight (6)
structural changes within the N-domain of CR¥ resulting
from its expression in isolation. However, overall the data [RLyg + [MRLy _
suggest thay; is low for peptide agonists at the R state. In [Rrof] o
consequence, for the R state we conclude that a significant
fraction of total receptor occupancy by peptide agonist is [L] KnKno(1 + [M] oK)
represented by ligand bound to only the N-domain{RL 1+ L] Ky + Ky + [LIIM] KKy + oKy + [MIKy,
with the remainder represented by ligand bitethered via N- (7)
and J-domains (Rl (Figure 7).

The simulation was used to evaluate the effect of G-protein [RLy] + [MRL] + [RLyjl + [MRL
on peptide ligand interaction with the receptor. G-Protein [Ryoq] -
binding likely increases the strength of peptide agonist

[RLy] + [MRL,]
Rrod

binding to the J-domain (see Discussion). Within the context

of the model, this effect is represented by an increaséof
(Figure 7). Increase®y; produces a leftward shift of the

receptor occupancy curve, reflecting an increase of mac-

roaffinity resulting from R-G interaction (Figure 7C, eq 4),
as observed experimentall®3). The value ofKy; for the
RG state is likely high ¥100), given the several hundred-
fold increase of macroaffinity produced by& interaction

[L] Kn(L + Ky + [LIIM] KKy (L + aKyy)
1+ [L]Ky(1 + Ky + [LIIM] KyKy (1 + o Kyp) + MKy,
8

We simulated the behavior of Scheme 2 using the

following parameter estimatesKy was estimated as de-

scribed above (5 10° M™Y. Two values oKy, were used:
1, representing weak peptide interaction with the J-domain

[Table 3 @3)]. Therefore, at the RG state occupancy of the assumed for the R state of the receptor, and 1000, represent-

N-domain alone (RL) is minimal even at saturating ligand

ing strong peptide interaction with the J-domain assumed

concentrations (Figure 7A), since almost all receptor oc- for the RG state (see abovey was set at 1x 10° M~
cupancy is represented by ligand bitethered via both N- and(Table 1), and [M] was fixed at a saturating concentration
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(1 x 105 M). In defining ay, it was assumed that negative The equation defining the effect of M on the macroaffinity
cooperativity at the J-domain was stromg € 0.01) for two of L is given by @3, 51)
reasons: (1) Nonpeptide antagonist nearly fully bloék]{

sauvagine binding to the RG state (a strong J-domain peptide [RL] +[MRL] [LIK (A + a[M]Ky)
binding interaction). (2) M fully blocks L-mediated signaling R T 14K (14 alMTK.) + [MTK
via CRR-J. [Rrorl [LIKL(1 + a[M]Ky,) + [M] e

Using eqs 6-8 and the values above, we simulated L
occupancy of the N-domain only (RL+ MRLy), L By comparing eq 9 with the equation defining the effect of
occupancy of the J-domain within the bitethered RL complex M on the microaffinity of L (eq 8), it is evident that
(RLny + MRLyj), and total occupancy of the receptor by L
(Figure 8). For &Ky, value of unity (assumed to represent [L]K, (1 + o[M]K,,) =
the R state) it is evident that M nearly completely inhibits L
binding to the J-domain (Figure 8B), even at saturating (LKL + Ky + [LIIM] KK (2 + oK)
concentrations of L. Since J-domain binding is displaced
from within the RLy; complex, essentially all peptide ligand
occupancy of the receptor is represented by ligand bound to
only the N-domain (Figure 8A). Total receptor occupancy 1+ a Ky,
by L is only moderately affected by saturating concentrations 0= (20)
of M at the R state (Figure 8C), as observed experimentally NJ
(33). This is because the interaction of L inhibited by M
(that with the J-domain) contributes only a small amount to
the macroaffinity of L at the R state.

For aKy; value of 1000 (assumed to represent the RG
state) a saturating concentration of M produces a large
rightward shift of the ligand occupancy curve for the
J-domain within the RL; complex (Figure 8E). At saturating
concentrations of L occupancy of the J-domain is only AckNOWLEDGMENT
slightly reduced by M (Figure 8E). Therefore, in contrast to
the R state, M fails to fully displace L binding to the =~ We gratefully acknowledge Xin-Jin Liu for synthesis of
J-domain in this simulation. This is because L’s interaction [**1]astressin and Anil Pahuja for technical assistance.
with the J-domain is strongkgy = 1000). Consequently,

By substitutingKn(1 + Kng) for K. and rearranging, we
obtain

In this simulation the decreased valuecoht the RG state
compared with the R state is assumed to be solely due to an
increase ofKy;. As a result the current simulation is the
simplest that can account for the data. However, the current
data do not exclude the possibility that the microcooperativity
(o) differs between R and RG states.
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