
Functional and protein chemical characterization of the
N-terminal domain of the rat corticotropin-releasing
factor receptor 1

BERNHARD A. HOFMANN,1 SABINE SYDOW,1,2 OLAF JAHN,1 LARS VAN WERVEN,1

THOMAS LIEPOLD,1 KLAUS ECKART,1 AND JOACHIM SPIESS1
1Department of Molecular Neuroendocrinology, Max Planck Institute for Experimental Medicine, D-37073
Göttingen, Germany

(RECEIVED March 28, 2001; FINAL REVISION July 2, 2001; ACCEPTEDJuly 12, 2001)

Abstract

Rat corticotropin-releasing factor receptor 1 (rCRFR1) was produced either in transfected HEK 293 cells as
a complex glycosylated protein or in the presence of the mannosidase I inhibitor kifunensine as a high
mannose glycosylated protein. The altered glycosylation did not influence the biological function of
rCRFR1 as demonstrated by competitive binding of rat urocortin (rUcn) or human/rat corticotropin-releas-
ing factor (h/rCRF) and agonist-induced cAMP accumulation. The low production rate of the N-terminal
domain of rCRFR1 (rCRFR1-NT) by transfected HEK 293 cells, was increased by a factor of 100 in the
presence of kifunensine. The product, rCRFR1-NT-Kif, bound rUcn specifically (KD � 27 nM) and
astressin (KI � 60 nM). This affinity was 10-fold lower than the affinity of full length rCRFR1. However,
it was sufficiently high for rCRFR1-NT-Kif to serve as a model for the N-terminal domain of rCRFR1. With
protein fragmentation, Edman degradation, and mass spectrometric analysis, evidence was found for the
signal peptide cleavage site C-terminally to Thr23 and three disulfide bridges between precursor residues 30
and 54, 44 and 87, and 68 and 102. Of all putative N-glycosylation sites in positions 32, 38, 45, 78, 90, and
98, all Asn residues except for Asn32 were glycosylated to a significant extent. No O-glycosylation was
observed.
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proximity assay; amino-terminal domain; binding domain; disulfide bond structure; glycosylation structure

Corticotropin-releasing factor (CRF), a peptide 41 amino
acids long (Spiess et al. 1981), is released from the hypo-
thalamus into the hypophyseal portal system and stimulates
ACTH secretion from the pituitary (Vale et al. 1981) as an

endocrine response to stress. In addition to CRF, the CRF-
like 40-amino acid peptide urocortin (Ucn) has been char-
acterized (Vaughan et al. 1995; Donaldson et al. 1996). CRF
and Ucn are distributed widely throughout the CNS of ro-
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dents and humans (Eckart et al. 1999), where they modulate
various central functions such as locomotor activity, food
intake, anxiety, and learning (Eckart et al. 1999; Radulovic
et al. 1999). Furthermore, pathophysiological changes in the
CRF system have been associated with several neuropsy-
chiatric disorders such as major depression, panic disorder,
anorexia nervosa, and Alzheimer’s disease (Behan et al.
1996).

CRF and Ucn exert their biological actions by binding to
two CRF receptor (CRFR) subtypes, CRFR1 and CRFR2.
CRF receptors belong to the class of G protein-coupled
receptors (GPCR) which possess four extracellular, four in-
tracellular, and seven transmembrane domains (Radulovic
et al. 1999). They are coupled to G proteins mainly stimu-
lating the production of cAMP as second messenger. In
different species, the CRFR1 precursor consists of 415 to
420 amino acids (Chang et al. 1993; Chen et al. 1993; Perrin
et al. 1993; Vita et al. 1993; Yu et al. 1996; Dautzenberg et
al. 1997; Myers et al. 1998; Palchaudhuri et al. 1998) and is
expressed mainly in the brain and pituitary (Potter et al.
1994). Several splice variants of CRFR2 have been identi-
fied: CRFR2�, CRFR2�, and CRFR2�. They consist, de-
pending upon the species, of 410–413 (�), 431–438 (�), and
397 (�) amino acids (Kishimoto et al. 1995; Lovenberg et
al. 1995; Perrin et al. 1995; Stenzel et al. 1995; Liaw et al.
1996; Dautzenberg et al. 1997; Kostich et al. 1998; Pal-
chaudhuri et al. 1999). CRFR2 is found in discrete regions
of the brain and peripheral organs (Chalmers et al. 1995;
Stenzel et al. 1995).

Two independent studies indicate that the N-terminal do-
main of CRFR1 is essential for ligand recognition. Daut-
zenberg et al. (1998) made use of the unusual binding prop-
erties ofXenopus leavisCRFR1 (xCRFR1) which binds
ovine CRF (oCRF) and the amphibian CRF analog sau-
vagine (Svg) (Montecucchi and Henschen, 1981) with sig-
nificantly lower affinity than hCRFR1 (Dautzenberg et al.
1997). In experiments with chimeric receptors of xCRFR1
and hCRFR1, it was shown that the N-terminal domain
(NT) of xCRFR1 is responsible for the ligand selectivity of
xCRFR1 (Dautzenberg et al. 1998). Perrin et al. (1998)
constructed a chimeric receptor composed of the N-terminal
part of rCRFR1-NT connected to the transmembrane and
intracellular domains of the activin II B receptor (Perrin et
al. 1998). This chimeric receptor bound rat Ucn (rUcn) and
astressin (Ast), a peptidic CRFR antagonist (Gulyas et al.
1995). In the same study, it was observed that chimeras
composed of rCRFR1 and the GPCR rat growth hormone-
releasing factor receptor, which contained the N-terminal
domain of rCRFR1, bound Ucn and Ast with high affinity.
Therefore, it was suggested that only the N-terminal domain
of rCRFR1 was required for high affinity binding of Ucn
and Ast.

It is known that the extracellular cysteines of CRFR1 are
critical for binding of CRF (Qi et al. 1997). Chemical re-

duction of the disulfide bonds of mouse CRFR1 (mCRFR1)
decreased the specific binding of h/rCRF significantly (Qi et
al. 1997). Additionally, several single and paired mutations
of cysteine residues to serine or alanine were introduced and
the biological activity of the mutated receptors was ana-
lyzed. On the basis of these data, a pattern of disulfide
linkages was proposed (Qi et al. 1997).

The objective of this study was to develop a model of
rCRFR1. Therefore, the N-terminal domain of rCRFR1
(rCRFR1-NT) was produced as a soluble protein in human
embryonic kidney (HEK) 293 cells transfected with cDNA
coding for rCRFR1-NT. The production of biologically
functional full length rCRFR1 in these cells has been dem-
onstrated (Dautzenberg et al. 1998). The yield of rCRFR1-
NT produced by the transfected HEK 293 cells was
increased significantly by the mannosidase I inhibitor kifu-
nensine, which prevented formation of complex carbohy-
drate moieties. The suitability of the resulting high mannose
glycosylated rCRFR1-NT (rCRFR1-NT-Kif) as a model for
rCRFR1 was demonstrated by specific binding of rUcn and
Ast. Furthermore, the role of the glycosylation type for high
affinity binding and receptor functionality was investigated
by two differently glycosylated forms of rCRFR1 produced
in the presence or absence of kifunensine. We have used
mass spectrometry coupled on-line to RP-HPLC for the
analysis of the N-terminal processing sites, the disulfide
linkages, and the glycosylation pattern of the purified pro-
tein rCRFR1-NT-Kif. Furthermore, the secondary structure
domains of rCRFR1-NT were proposed by a prediction
method.

Results

Influence of the glycosylation type on the
pharmacologic properties of rCRFR1

The glycosylation type of rCRFR1 was changed by the
mannosidase I inhibitor kifunensine, which was used in a
concentration of 0.5�g/ml in the medium of HEK 293 cells
producing rCRFR1 (rCRFR1-Kif). The cells did not show
morphological changes upon kifunensine treatment. The
size of the receptor shifted from 65 kD for rCRFR1 (Fig.
1A) to 50 kD for rCRFR1-Kif, whereas no significant
changes in the production rates were detected (Fig. 1B).
After deglycosylation with PNGaseF, rCRFR1 and
rCRFR1-Kif were detected as 37 kD proteins (Fig. 1A–B).
Thus, the 15 kD mass difference between rCRFR1 and
rCRFR1-Kif was due to different asparagine-linked carbo-
hydrates dependent on kifunensine treatment. By using
EndoHf for deglycosylation, rCRFR1 was not deglycosylated,
whereas rCRFR1-Kif was deglycosylated to a 37 kD pro-
tein. The known specificity of EndoHf for high-mannose
and hybrid oligosaccharide structures (Maley et al. 1989)
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indicated the presence of complex type N-linked oligosac-
charides for rCRFR1 produced in HEK 293 cells. Since
kifunensine is known to prevent the formation of hybrid and
complex type structures (Elbein et al. 1990), it was assumed

that rCRFR1-Kif was N-glycosylated by high-mannose car-
bohydrates.

The influence of the glycosylation type on binding affini-
ties of rUcn, human/rat CRF (h/rCRF), and Ast was inves-
tigated. The scintillation proximity assay (SPA) utilizing
commercially available scintillation beads coated with
WGA was employed to determine the affinity of various
CRF-like peptides to rCRFR1 and rCRFR1-NT. rCRFR1
which was produced in HEK 293 cells bound rUcn with a
KD of 0.61 ± 0.05 nM and h/rCRF with a KD of 1.0 ± 0.2
nM (Table 1). No significant differences in affinity were
found in comparison to rCRFR1-Kif (Fig. 1C, Table 1).
Additionally, the effect of the altered glycosylation type on
intracellular cAMP accumulation was investigated by
stimulation of the HEK 293 cells producing either rCRFR1
or rCRFR1-Kif when increasing concentrations of rUcn or
h/rCRF were applied. No significant differences between
both glycosylated receptor species with respect to efficacy
and capacity of cAMP accumulation were observed (Table 2).

Production of rCRFR1-NT

HEK 293 cells were transfected stably with cDNA coding
for the first 121 amino acid residues of rCRFR1 fused with
a His6 sequence. rCRFR1-NT was barely detectable in the
medium by immunoblotting. After Ni-affinity purification,
rCRFR1-NT was detected with a size of 40 kD by immu-
noblotting (Fig. 2A, lane 1). However, no intracellular ac-
cumulation of rCRFR1-NT was found. By deglycosylation
with PNGaseF, a 13 kD species was generated (Fig. 2A,
lane 2). The protein concentration was low when compared
with the concentration of rCRFBP produced in identical
cells using an identical promotor (Jahn et al. 2001).

When kifunensine was added to the cell culture medium,
the production rate of rCRFR1-NT-Kif was greater than that
of rCRFR1-NT by approximately two orders of magnitude
and reached a maximum at a concentration of 0.5�g/ml
kifunensine as determined by analysis of the medium with
immunoblotting. Under these conditions, two major species
of 35 kD and 32 kD (Fig. 2B, lane 3) were found by SDS-
PAGE and immunoblotting in the medium. After deglyco-
sylation of both species with PNGaseF, a single 13 kD
protein (Fig. 2B, lane 4) was found. Thus, the mass differ-
ence between rCRFR1-NT and rCRFR1-NT-Kif was due to

Fig. 1. Western blot analysis of rCRFR1 and rCRFR1-Kif and binding of
rUcn to rCRFR1, rCRFR1-Kif, and rCRFR1-NT-Kif. Membrane prepara-
tions with a total protein content of 11�g, which were obtained from HEK
293 cells producing either rCRFR1 (A) or rCRFR1-Kif (B) were applied.
The absence or presence of PNGaseF is indicated. (C) Competitive binding
was performed using [125I-Tyr0]-rUcn as radioligand and increasing con-
centrations (10 pM–3.16�M) of rUcn. Data represent duplicates from two
independent experiments. Binding curves were normalized by total binding
in absence of competitor [B0].

Table 1. Binding properties of rCRFR1, rCRFR1-Kif, and rCRFR1-NT-Kif

Peptide
(radioligand used)

rCRFR1
KD or KI [nM]

rCRFR1-Kif
KD or KI [nM]

rCRFR1-NT-Kif
KD or KI [nM]

rUcn ([125I-Tyr0]-rUcn) 0.61 ± 0.05 (n� 3) 0.79 ± 0.17 (n� 3) 27 ± 10 (n� 4)
h/rCRF ([125I-Tyr0]-h/rCRF) 1.0 ± 0.2 (n� 3) 1.2 ± 0.2 (n� 2) no binding
Ast ([125I-Tyr0]-rUcn) 4.9 ± 1.0 (n� 3) 3.4 ± 0.4 (n� 3) 60 ± 24 (n� 3)

The affinity constants are mean ± sdv of n independent binding experiments performed in duplicate. KD values
were calculated for rUcn and h/rCRF and KI values for Ast.

Hofmann et al.

2052 Protein Science, vol. 10



altered N-glycosylation controlled by kifunensine. rCRFR1-
NT-Kif was purified by batch adsorption to Ni-affinity resin
for further protein chemical characterization. The two major
species of the glycosylated protein were detected by SDS-
PAGE with silver staining (Fig. 2C, lane 7).

Ligand binding to rCRFR1-NT-Kif

Ligand binding to rCRFR1-NT and rCRFR1-NT-Kif was
analyzed using [125I-Tyr0]-rUcn. Approximately 50% spe-
cific binding was detected for medium containing rCRFR1-
NT-Kif. No specific binding was observed for medium con-
taining rCRFR1-NT or medium from non-transfected HEK
293 cells. Competition of rUcn (Fig. 1C) and Ast with [125I-
Tyr0]-rUcn for rCRFR1-NT-Kif revealed a KD of 27 nM
and a KI of 60 nM, respectively (Table 1). The CRFR2-
selective antagonist antisauvagine-30 (Rühmann et al.
1998) did not compete with [125I-Tyr0]-rUcn for rCRFR1-
NT-Kif.

Characterization of rCRFR1-NT and rCRFR1-NT-Kif

rCRFR1-NT-Kif was isolated from 400 mL medium by ul-
trafiltration and Ni-affinity purification. Subsequent SDS-
PAGE followed by Western blotting and immunodetection
yielded two bands which respresented 35 kD and 32 kD
species of rCRFR1-NT-Kif (Fig. 2B, lane 3). These bands
were excised from the Western blot and subjected to Edman
degradation. Both protein species contained two forms with
identical sequences except that the more abundant form was
N-terminally extended by a Ser residue (Fig. 3A and 3B).
On the basis of the initial PTH amino acid yields, the larger
form was more abundant by a factor of approximately 2.
Twenty nine residues of each form were sequenced with a
repetitive yield of 92%. The analyzed sequences repre-
sented rCRFR1(24–52) and rCRFR1(25–53). The relative
yield of PTH-Asn32 was not decreased in either sequence
(Fig. 3A–B), but only low levels of Asn were detected in
positions 38 and 45 (Fig. 3A–B), indicating a high degree of
glycosylation of these two residues.

Serum free medium (400 ml) containing rCRFR1-NT
was subjected also to consecutive ultrafiltration and Ni-
affinity purification. Purified rCRFR1-NT was deglyco-
sylated with PNGaseF and subjected to Western blotting.
The observed 13 kD band was excised for Edman degrada-
tion (data not shown). Two protein forms with identical
sequences were found except that the more abundant protein
was extended N-terminally by a Ser residue. Eleven resi-
dues of each form were identified with a repetitive yield of
91%. The analyzed sequences represented rCRFR1(24–34)
and rCRFR1(25–35). Residue Asn32 followed by Leu33–
Ser34 represented the first N-terminal potential glycosyla-
tion site. Edman degradation revealed no conversion of
Asn32 into Asp as would have been expected if Asn32 would
have been glycosylated to a significant extent.

Mass spectrometric characterization of
rCRFR1-NT-Kif glycosylation

rCRFR1-NT-Kif affinity-purified was also analyzed with
NanoES MS. A large degree of heterogeneity introduced by
glycosylation was found (Fig. 4A). rCRFR1-NT-Kif was
deglycosylated with EndoHf and purified by RP-HPLC.
This protein gave rise to 5 major groups of signals in the
NanoES mass spectrum (Fig. 4B). Each group accounted for
a different charge state between + 7 and + 11. Maximum
entropy deconvolution showed signals of proteins with dif-
ferent molecular masses (Fig. 4C). Molecular masses at
12367, 12571, and 12774 accounted for the protein se-
quence Ser24–His127 carrying 3, 4, and 5 N-acetylglucos-
amine residues, respectively. In the same manner, molecular
masses at 12484 and 12686 accounted for the sequence
Leu25–His127 carrying 4 and 5 N-acetylglucosamine resi-
dues, respectively. EndoHf cleaved the carbohydrate moiety
in a way that the N-acetylglucosamine residue linked to Asn
remained on the protein chain (Maley et al. 1989). Thus, the
number of glycosylated Asn residues was represented by the
number of N-acetylglucosamine residues left on the protein.
Furthermore, the relative abundance of the different mo-
lecular ion signals represented the abundance of the differ-
ent forms of rCRFR1-NT-Kif generated by co- and post-
translational processing. On the basis of this observation the
ratio of the protein sequences Ser24–His127 and Leu25–
His127 was estimated to be 2 to 1, which was in agreement
with the data derived from protein sequence analysis. Fur-
thermore, the relative abundance for rCRFR1-NT-Kif con-
taining either 5 or 4 glycosylated Asn residues was 53% and
40%, respectively.

Following affinity-purification and deglycosylation with
EndoHf, rCRFR1-NT-Kif was reduced with DTT, alkylated
with iodoacetamide, and purified by RP-HPLC. Approxi-
mately 2�g of the product was digested using trypsin and
subjected to RP-HPLC chromatographic separation with on-
line mass spectrometric recording. This combination pro-

Table 2. Stimulation of intracellular cAMP accumulation by
h/rCRF and rUcn in HEK 293 cells producing rCRFR1
or rCRFR1-Kif

Peptide

rCRFR1 rCRFR1-Kif

EC50 [nM] cAMP/cells EC50 [nM] cAMP/cells

h/rCRF 0.33 ± 0.06 90 ± 7 pmol/104 0.27 ± 0.04 83 ± 9 pmol/104

rUcn 0.89 ± 0.10 94 ± 3 pmol/104 0.50 ± 0.09 78 ± 14 pmol/104

The values are mean ± sdv of at least four independent determinations
performed in duplicate.
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vided the possibility of reducing the total ion chromato-
graphic display of the RP-HPLC separation to the display of
a certain molecular mass showing exclusively the elution
profile of one peptide. By using this approach, two chro-
matograms were generated for the tryptic peptide rCRFR1-
NT-Kif(86–96). The chromatogram reconstructed by the
molecular ions at m/z 1235.4 and 618.2 represented
rCRFR1-NT-Kif(86–96) lacking an N-acetylglucosamine
residue, whereas the chromatogram reconstructed by the
molecular ions at m/z 1438.5 and 719.8 represented the
same fragment carrying one N-acetylglucosamine residue.
The molecular masses of these peptides differed by the mass
increment 203 of the N-acetylglucosamine residue that rep-
resented one carbohydrate moiety. The relative abundances
of these mass chromatograms were used to calculate di-
rectly the ratio of the non-glycosylated Asn90 (30%) and the
glycosylated Asn90 (70%) in the fragment rCRFR1-NT-
Kif(86–96). This approach was also used to calculate the
degree of glycosylation of Asn78 (92%) in the fragment
rCRFR1-NT-Kif(58–85) and of Asn98 (96%) in the frag-
ment rCRFR1-NT-Kif(97–111).

In the same manner, three forms of the fragment
rCRFR1-NT-Kif(30–57) carrying one (m/z 1678.9 and
1119.6), two (m/z 1780.5 and 1187.3), and three (m/z
1882.1 and 1255.0) N-acetylglucosamine residues, respec-
tively, were analyzed. The relative abundances were 16%,
75%, and 9%, respectively. The degree of glycosylation of
fragment rCRFR1-NT-Kif(30–57) was calculated by com-
bining the data from RP-HPLC-MS and Edman degrada-
tion. In contrast to Edman degradation, which revealed no
detectable glycosylation of Asn32, the mass spectrometric
results pointed to 9% full glycosylation of rCRFR1-NT-

Kif(30–57). Consequently, Asn32 must have been glyco-
sylated to an extent of at least 9%. It was assumed that the
proportion of 16% single and 75% double glycosylation
accounted mainly for the residues Asn38 and Asn45. Fur-
thermore, the data from Edman degradation suggested a
similar extent of glycosylation of these residues. Therefore,
glycosylation of at least 90% for either residue Asn38 and
Asn45 was assumed.

On the basis of the extent of glycosylation of the respec-
tive proteolytic fragments, the overall rate of glycosylation
of rCRFR1-NT-Kif was calculated. Thus, it was concluded
that 36% of rCRFR1-NT-Kif contained 4 glycosylated Asn
residues and 50% carried 5 glycosylated Asn residues. This
result did not deviate significantly from the extent of gly-
cosylation of rCRFR1-NT-Kif obtained by the abundance of
the respective molecular ions of the entire protein after de-
glycosylation with EndoHf (Fig. 4B). In detail, Asn38,
Asn45, Asn78, and Asn98 were >90% glycosylated, whereas
Asn32 was glycosylated to an extent of at least 9%, and
Asn90 to an extent of 70%.

rCRFR1-NT-Kif was reduced, alkylated with iodoacet-
amide, and purified by RP-HPLC. Approximately 3�g pro-
tein was fragmented using trypsin and analyzed by RP-
HPLC-MS in combination with cone-skimmer fragmenta-
tion in the electrospray interface (Katta et al. 1991). The
method for the determination of the carbohydrate structure
is demonstrated by using the results of the proteolytic frag-
ment rCRFR1-NT-Kif(97–111). The doubly protonated mo-
lecular ion of this fragment carrying one carbohydrate moi-
ety showed a distinct fragment ion pattern. The ten signals
starting from the largest molecular ion were separated pair-
wise by a mass difference of 162, which was attributed to

Fig. 2. Polyacrylamide gel analysis of rCRFR1-NT and rCRFR1-NT-Kif. For deglycosylation with PNGaseF, approximately 100 ng
Ni-affinity-purified rCRFR1-NT (A) or 37.5�L of medium containing rCRFR1-NT-Kif (B) were applied to SDS-PAGE followed by
Western blot and immunodetection. The absence or presence of PNGaseF is indicated. (C) SDS-PAGE of affinity-purified rCRFR1-
NT-Kif was performed by application of 37.5�L medium of transfected HEK 293 cells (M), 37.5�L supernatant after adsorption on
Ni-affinity resin (S1), and 30�L of the third elution fraction (E). Proteins were detected by silver staining.
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Fig. 3. Edman degradation of 32 kD and 35 kD rCRFR1-NT-Kif. The yields of the respective amino acid residues of 29 cyles of
Edman degradation of rCRFR1-NT-Kif are shown. (A) shows the data of 32 kD and 35 kD species starting with Ser24 and (B) shows
the data of 32 kD and 35 kD species starting with Leu25. The initial yields of the 32 kD protein species were 47.0 pmol and 26.4 pmol
for the sequences starting with Ser and Leu, respectively.



the presence of nine hexose residues; two signals separated
by 203 were explained by the presence of one N-acetylhex-
osamine residue. The molecular ion of smallest size was
compatible only with rCRFR1-NT-Kif(97–111) carrying
one N-acetylhexosamine residue. From the series of these
increments the oligosaccharide sequence was derived to be
(N-acetylhexosamine)2(hexose)9 linked to Asn98. This pat-
tern was compatible only with the high mannose type gly-
cosylation (Kornfeld and Kornfeld, 1985; Settineri and Bur-
lingame, 1996).

Assignment of disulfide bridges

Approximately 1�g affinity-purified rCRFR1-NT-Kif was
reduced with DTT. For comparison, the same amount of
reduced and non-reduced protein was reacted with iodoacet-
amide. HPLC-MS analysis revealed a mass difference of
348 between both forms of the protein, which accounted for
six sulfhydryl groups in the reduced protein modified by
carboxamidomethyl residues. This result indicated the pres-
ence of three disulfide bridges in rCRFR1-NT-Kif.

Approximately 4 �g affinity-purified rCRFR1-NT-Kif
was deglycosylated with PNGaseF, which was shown to
convert Asn residues bound to N-linked oligosaccharides
into Asp residues (Maley et al. 1989). Therefore, the gly-
cosylated Asn residues of rCRFR1-NT-Kif were expected
to be converted into proteolytic cleavage sites for AspN
digestion. One half of this protein fraction was reduced with
DTT and alkylated with iodoacetamide. Both fractions were
purified by RP-HPLC prior to proteolytic cleavage. Com-
parison of the trypsin digests of both protein fractions by
RP-HPLC-MS showed that only the protein fragments
rCRFR1-NT-Kif(112–127) and rCRFR1-NT-Kif(114–127)
were not affected upon reduction and alkylation as indicated
by their elution profile (Fig. 5). Similarly, signals represent-
ing the fragments rCRFR1-NT-Kif(90–97) and rCRFR1-
NT-Kif(104–127) obtained by AspN digestion were not
changed by reduction and alkylation (Table 3).

All major signals in the chromatograms were assigned to
proteolytic peptides on the basis of their molecular mass
determined by mass spectrometry. The molecular masses of
the peptides were calculated on the basis of the known
rCRFR1-NT-Kif sequence. The tryptic peptide fragment
with the mass of 3761.3 could only be explained by the
disulfide linkage connecting the fragments rCRFR1-NT-
Kif(58–76) and rCRFR1-NT-Kif(97–110) (Fig. 5). There-
by, the linkage between Cys68 and Cys102 (Fig. 6A) was
assigned unambiguously. The fragment with the molecular
mass of 2075.6 obtained by the AspN digestion matched
only a species containing fragments rCRFR1-NT-Kif(38–
44) and rCRFR1-NT-Kif(78–89) linked by a disulfide
bridge (Table 4). Thereby, the second disulfide linkage was
assigned to Cys44 and Cys87 (Fig. 6B). Consequently, the
third disulfide linkage must be formed between the remain-
ing residues Cys30 and Cys54 (Fig. 6C). It must be pointed
out that this assignment was only possible by AspN cleav-
age N-terminally to residues Asp38, Asp78, and Asp90 gen-
erated by PNGaseF deglycosylation. This assignment rep-
resented >95% of the abundance of all cysteine-containing
fragments.

Secondary structure prediction of rCRFR1-NT

By using the consensus method for protein secondary struc-
ture predictionJpred 2 (Cuff and Barton 1999), an�-he-
lical domain was predicted for residues 25–35 of rCRFR1-

Fig. 4. NanoES mass spectrum of rCRFR1-NT-Kif before and after En-
doHf deglycosylation. rCRFR1-NT-Kif and EndoHf-deglycosylated
rCRFR1-NT-Kif (c� ∼ 0.2 �g/�l) were dissolved in 50% methanol con-
taining 1% acetic acid. (A) shows the ES mass spectrum of the heterog-
eneous glycoprotein. After deglycosylation, 5 distinct charge states (+ 11
to + 7) can be seen (B). The deconvoluted mass spectrum (C) represents the
protein chain starting with amino acid Ser24 (*) and carrying three to five
N-acetylhexosamine (HexNAc) residues, and the protein chain starting
with amino Leu25 (#) and carrying four to five HexNAc residues.
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NT. �-structures were proposed for the stretches of residues
62–66, 83–86, and 116–119. Cys30 was found to be located
in the�-helical domain, whereas the remaining Cys residues
were not part of the secondary structure domains. In the
same manner, only Asn32, which represented the first po-
tential glycosylation site, was located in a region with sec-
ondary structure. In comparison, the N-terminal domain of
rCRFR2� and rCRFR2� exhibited a similar pattern of sec-
ondary structure domains with a replacement of the C-ter-
minal �-strand of rCRFR1-NT by an�-helical domain.

Discussion

Mannosidase I of HEK 293 cells was inhibited by kifunen-
sine (Elbein et al. 1990) to prevent the formation of hybrid

or complex oligosaccharide structures. Deglycosylation ex-
periments revealed a complex glycosylation type for
rCRFR1 and, as expected, a high mannose glycosylation
type for rCRFR1-Kif. The binding data obtained with the
SPA for rCRFR1 agreed with earlier observations for
rCRFR1 (Perrin et al. 1993, 1998, 1999). Both receptors
bound rUcn, h/rCRF, and Ast with high affinity, demon-
strating that kifunensine treatment did not prevent the cor-
rect folding of the receptor and that the investigated glyco-
sylation types of rCRFR1 did not influence the binding of
the tested ligands. Furthermore, the presented cAMP data
indicated that rCRFR1-Kif was fully functional. Alteration
of the glycosylation type impaired neither the targeting of
the receptor to the cell surface nor the intracellular coupling
to G-proteins. Thus, the kifunensine treatment did not pre-
vent the correct insertion of the receptor into the mem-
branes.

Recently, it was shown that the molecular size of native
CRFR1 varies not only between mouse and rat brain, but
also between different brain regions (Radulovic et al. 1998).
These differences are probably caused by alterations in the
glycosylation of CRFR1. The presented binding and cAMP
data for rCRFR1 and rCRFR1-Kif suggested that the dif-
ferent glycosylation of CRFR1 did not influence the binding
affinities or the coupling to adenylate cyclase in vivo.

Although rCRFR1-NT was detected as a soluble glyco-
protein in the medium, the extremely low production level
prevented the pharmacological and protein chemical char-
acterization of rCRFR1-NT. The addition of kifunensine to
the serum-free medium increased the rCRFR1-NT yield by
approximately two orders of magnitude and changed the
glycosylation type of this protein. This increased yield may
be a result of impaired cytosolic proteasomal degradation of
rCRFR1-NT-Kif. Recently, the fate of terminally misfolded
�1-antitrypsin was studied in the presence of different gly-
cosidase inhibitors (Liu et al. 1999). It was demonstrated
that inhibition of mannosidase I prolonged the retention
phase of misfolded�1-antitrypsin in the endoplasmic reticu-
lum and impaired proteasomal degradation, but did not af-
fect the secretion of misfolded�1-antitrypsin. In analogy, it

Fig. 5. HPLC chromatograms of the tryptic digests of rCRFR1-NT-Kif.
After deglycosylation with PNGaseF and HPLC purification, rCRFR1-NT-
Kif was digested using the endoprotease trypsin. (A) shows the chromato-
grams of the peptide map derived from reduced and alkylated rCRFR1-
NT-Kif, whereas (B) shows the peptide map of non-reduced rCRFR1-NT-
Kif. Cys-containing fragments are indicated by square brackets. The
signals of the disulfide-linked peptides are marked by gray shading. As-
signment of the fragments was carried out on the basis of the calculated and
observed molecular masses of the peptides. Several signals were assigned
to either rCRFR1-NT-Kif(30–57) or rCRFR1-NT-Kif(86–96) as a result of
incomplete conversion of Asn32 and Asn90 into Asp residues caused by
partial glycosylation of these residues.

Table 3. Signal assignments of the AspN fragments of reduced
and alkylated rCRFR1-NT-Kif

Retention
time [min] Fragment

Mr

(observed)
Mr

(calculated) Deviation

30:56 38–44 777.9 777.9 <129 ppm
36:28 78–89 1413.7 1413.5 142 ppm
37:55 27–37 1322.6 1322.4 151 ppm
38:53 108–127 2490.2 2489.8 161 ppm
42:29 90–97 860.7 860.9 232 ppm
43:54 104–127 2959.8 2959.3 169 ppm
50:50 78–97 2255.9 2255.4a 222 ppm
67:49 49–77 3384.8 3384.0 236 ppm

a With Asn in position 90.
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can be speculated that kifunensine extended the retention
phase of rCRFR1-NT in the endoplasmatic reticulum and
thus enhanced the folding process to generate a CRFR1-like
spatial structure that might be more resistant to proteasomal
degradation.

The binding constants obtained for rCRFR1-NT-Kif were
probably similar to those of rCRFR1-NT in view of the
observation that for the full length receptor the glycosyla-
tion type altered by kifunensine did not change the binding
affinities to rUcn, h/rCRF, and Ast significantly. rCRFR1-
NT-Kif bound rUcn and Ast specifically with relatively
high affinity, whereas the CRFR2-selective antagonist an-
tisauvagine-30 (Rühmann et al. 1998) did not compete with

radiolabeled rUcn. These findings showed that the mem-
brane interaction of the full length receptor was not required
for specific interactions of rUcn and Ast with the soluble
N-terminal domain of rCRFR1.

The observation that rCRFR1-NT-Kif did not bind radio-
labeled h/rCRF, in contrast to rUcn and Ast, indicated that
h/rCRF required more than the N-terminal domain of
rCRFR1 for specific binding. Thus, CRF in comparison to
Ucn and Ast interacted in a different manner with the full
length receptor. This observation was supported by the find-
ing that binding of Ucn and Ast was independent of the G
protein-coupling state of CRFR1, whereas binding of
h/rCRF and oCRF was impaired by uncoupling of CRFR1

Table 4. Signal assignments of the AspN fragments of non-reduced rCRFR1-NT-Kif

Retention time [min] Fragment Mr (observed) Mr (calculated) Deviation

43:01 90–97 860.9 860.9 <116 ppm
44:24 104–127 2959.6 2959.3 101 ppm
45:20 38–44-S-S-78–89 2075.6 2075.3 145 ppm
47:23 38–48-S-S-78–89 2447.2 2447.6 163 ppm
53:51 38–44-S-S-78–97 2917.5 2917.2a 103 ppm
62:35 27–31-S-S-49–77-S-S-98–127 7601.5 7600.6 118 ppm
63:26 27–37-S-S-49–77-S-S-98–127 8217.7 8216.3 170 ppm
64:47 27–37-S-S-49–77-S-S-90–127 9061.1 9059.2 210 ppm
65:54 27–37-S-S-49–77-S-S-98–103 5275.6 5275.0 114 ppm

a With Asn in position 90.

Fig. 6. Disulfide bridge arrangement of rCRFR1-NT-Kif. (A) and (B) show the disulfide-linked peptides of the tryptic and AspN digest,
respectively. (C) represents the derived disulfide bridging. In the amino acid sequences, X represents an asparagine or aspartate residue
depending on the extent of glycosylation at the corresponding position. The solid lines represent disulfide bridges directly deduced from
the proteolytic digests. The dotted lines connect fragments without an unambiguous assignment of a single disulfide bridge. The dashed
line represents the disulfide bridge which was concluded from the results of Cys derivatization. The 23-amino acid long signal peptide
is marked by a black background and the 24 amino acid long signal peptide by a gray background.
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from G proteins (Spiess et al. 1998; Perrin et al. 1999). In
agreement with this observation, the importance of the
fourth extracellular domain (EC4) for binding of oCRF to
rCRFR1 was demonstrated recently (Sydow et al. 1999).
The specific binding of rUcn and Ast to rCRFR1-NT-Kif
indicated that this soluble protein was a valuable model for
the corresponding domain of the full length receptor.

rCRFR1-NT and rCRFR1-NT-Kif were found to have
identical start sequences, demonstrating that the kifunensine
treatment did not influence the signal peptide processing in
HEK 293 cells. The major form starting with Ser24 and the
minor form starting with Leu25 were predicted with the
highest probability using an established algorithm for the
identification of signal peptides and their cleavage sites
(Nielsen et al. 1997). In view of these results, it was sug-
gested that both isolated forms of rCRFR1-NT and
rCRFR1-NT-Kif which started either with Ser24 or Leu25

were products of the precursor protein cleaved by signal
peptidase which removed the first 23 or 24 amino acids.
Alternatively, the possibility has to be considered that the
smaller species was derived from the larger species by ac-
tion of an amino peptidase. By using the above algorithm,
we found for human, mouse, and sheep CRFR1 the same
signal peptides of 23 and 24 amino acids as most probable.
It is proposed that the full length rCRFR1 which was ex-
pressed in HEK 293 cells was N-terminally processed in a
similar manner as rCRFR1-NT-Kif.

Disulfide bridges are important determinants for protein
conformations by stabilizing tertiary structures. Since we
could demonstrate that rCRFR1-NT-Kif interacted specifi-
cally with rUcn and Ast, it was concluded that it probably
possessed the tertiary structure of the respective domain of
the full length receptor. Therefore, the disulfide linkages
were established using protein chemical methods. It was
demonstrated that rCRFR1-NT-Kif did not contain free cys-
teine residues. Thus, the six cysteine residues of rCRFR1-
NT-Kif formed three disulfide bonds. It was concluded that
neither of the cysteine residues Cys188 and Cys258 of
rCRFR1 located in the extracellular domains 2 (EC2) and 3
(EC3), respectively, formed a disulfide bond with a Cys
residue in the N-terminal domain. In almost all known
GPCRs, the two Cys residues located in EC2 and EC3 are
highly conserved. It has been proposed that they form a
disulfide bridge stabilizing the tertiary structure of the re-
ceptor (Strader et al. 1994). This proposal agrees with our
findings. Site-directed mutagenesis was performed on sev-
eral GPCRs (Karnik and Khorana 1990; Savarese et al.
1992; Ohyama et al. 1995; Perlman et al. 1995; Cook and
Eidne 1997) including the secretin receptor (Vilardaga et al.
1997) and suggestive evidence was found for the linkage
between these two conserved Cys residues. This disulfide
bond is also proposed for mCRFR1 (Qi et al. 1997).

Two disulfide bridges connecting residue Cys44 with
Cys102 and residue Cys68 with Cys87 of the mCRFR1 pre-

cursor protein were proposed on the basis of mutations of
single and paired Cys residues to Ser residues (Qi et al.
1997). In addition, it was found that mutating residue Cys30

did not affect the function of mCRFR1. These results con-
trasted our finding for rCRFR1 showing three disulfide
bridges connecting residues Cys30 and Cys54, Cys44 and
Cys87, and Cys68 and Cys102 of rCRFR1. However, site-
directed mutagenesis provides only indirect evidence for
protein structure. In addition to local changes, point muta-
tions may influence the protein structure even in remote
regions. In contrast, the disulfide structure of the functional
rCRFR1-NT-Kif was elucidated by analyzing the protein
structure. The disulfide bridge arrangement determined for
rCRFR1-NT-Kif may represent the pattern of disulfide link-
ages of the full length CRFR1. CRFR belongs to the secre-
tin-like GPCR family which is characterized by at least five
conserved Cys residues in the N-terminal domain of its
members. rCRFR1 contains an additional Cys residue lo-
cated N-terminally to the conserved Cys residues. It is con-
ceivable that these residues form a pattern of disulfide
bridges which is also conserved within this receptor family.
Thus, the receptors of the secretin-like GPCR family may
contain two of the three disulfide linkages shown for
rCRFR1-NT-Kif.

It is noteworthy that Cys30, which is missing in rCRFR2�
but not in rCRFR2�, was located in the predicted�-helical
domain of rCRFR1. Therefore, it is concluded that the ter-
tiary structure of the N-terminal domain of rCRFRs is stable
without the formation of a disulfide linkage of the Cys
residue located in the�-helical part. This conclusion agrees
with the site-directed mutagenesis of the first Cys residue of
mCRFR1, which led to a functional receptor (Qi et al.
1997).

Asn98, which is part of the most C-terminally-located
glycosylation site, was almost fully glycosylated, whereas
Asn90 was glycosylated to an extent of only 70%. This
lower glycosylation may be explained by the neighborhood
of Trp93 to the glycosylation site Asn90-Gly91-Ser92. It has
been demonstrated that tryptophan residues following gly-
cosylation sequons impair the glycosylation efficiency
(Mellquist et al. 1998), probably due to poor accessibility of
these residues to oligosaccharyl transferase. It was probable
that truncation of rCRFR1 did not influence the degree of
glycosylation in view of the observation that the more ter-
minally located residue Asn98 was almost fully glyco-
sylated. The first potential glycosylation site (Asn32) was
barely glycosylated. This site is located in the predicted
�-helical structure. The remaining glycosylation sites are
located in regions where no specific secondary structure
was found by the prediction method used. Only CRFR1 of
the rat contains in this position a potential glycosylation
motif. Therefore, we propose that the glycosylation of
rCRFR1 in position 32 is not important for ligand binding
and receptor function. Since it has been reported that kifu-
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nensine does not influence protein glycosylation even at
concentrations leading to full inhibition of mannosidase I
(Elbein et al. 1990), we concluded that glycosylation of
rCRFR1-NT-Kif was not affected by kifunensine and thus
probably resembled the glycosylation of full length CRFR1.

Materials and methods

Generation of the rCRFR1-NT cDNA

cDNA coding for the first 121 amino acids of rCRFR1 was ex-
tended at the 3� end by a sequence coding for a His6 tag. The clone
was amplified by PCR and ligated into the mammalian expression
vector pcDNA3 (Invitrogen, San Diego, CA) using the restriction
enzymesKpnI andEcoR1 (Sydow et al. 1997).

Production of rCRFR1 and rCRFR1-NT

rCRFR1 was produced in HEK 293 cells (Rühmann et al. 1996).
Transfection and culturing of HEK 293 cells and membrane prepa-
rations were carried out as described earlier (Rühmann et al. 1996;
Sydow et al. 1997). The soluble proteins rCRFR1-NT and
rCRFR1-NT-Kif were produced by using serum-free cell culture
conditions (Jahn et al. 2001). For the production of high mannose
type-glycosylated proteins the mannosidase I inhibitor kifunensine
(ICN Biomedicals, Eschwege, Germany) (Elbein et al. 1990) was
added to the media at a final concentration of 0.5�g/ml for at least
4 days. Twenty days after transfection individual clones were iso-
lated and screened for highest protein expression.

SDS-PAGE, Western blotting, and immunodetection

Serum-free medium was used directly as source for rCRFR1-NT.
rCRFR1 was obtained from cell membrane preparations. Samples
of rCRFR1-NT (medium) and rCRFR1 (cell membranes) treated
with 2% SDS were run on 10% and 7.5% polyacrylamide gels,
respectively (Fling and Gregerson 1986). Immunodetection of
rCRFR1-NT and rCRFR1 was accomplished with 0.4�g/ml poly-
clonal antibody anti-rCRFR1-NT using a secondary antibody
coupled to alkaline phosphatase (Sydow et al. 1997). Protein de-
tection by silver staining was performed using a standard protocol
(Merril et al. 1981).

Enzymatic deglycosylation

For N-deglycosylation of rCRFR1, 19�g of membrane protein
was incubated for 60 min at 37°C with 500 units PNGaseF or with
1000 units EndoHf (New England BioLabs, Schwalbach, Ger-
many) in the presence of trasylol, bacitracin, and PMSF as sug-
gested by the supplier. For deglycosylation of rCRFR1-NT, 30�g
affinity-purified rCRFR1-NT was incubated for 6 h at 37°C with
1000 units PNGaseF or 2000 units EndoHf in 50 mM phosphate
buffer pH 7.4 or 5.5, respectively, containing 2 M urea and 2 mM
PMSF.

Radioligand binding assay

A new method, based on a SPA (Udenfriend et al. 1985), was
established that allowed the binding analysis of membrane-bound
rCRFR1 and soluble rCRFR1-NT. The competition binding assay

was performed in 96-well microtiter plates and consisted of unla-
beled peptide (300 nM as highest concentration), radiolabeled pep-
tide ([125I-Tyr0]-rat Ucn or [125I-Tyr0]-human/rat CRF, NEN Life
Science, Dreieich, Germany, 0.07 nM), and membrane suspension
(2 �g total protein) in a total volume of 150�l assay buffer (50
mM Tris-HCl, 5 mM MgCl2, 2 mM EGTA, 100 KIU trasylol, 1
mM DTT and 1% BSA). After a two hour incubation at room
temperature, 50�l wheat germ agglutinin (WGA) bead suspension
(250 �g beads/well; neuropeptide Y receptor SPA binding assay,
RPNQ 0085, Amersham Pharmacia Biotech, Uppsala, Sweden) in
assay buffer was added to the wells. The microtiter plate was
sealed and shaken vigorously. The beads were allowed to settle
down overnight at 4°C and the bound radioactivity was detected
with a Wallac 1450 Microbeta scintillation counter. The same
method was used for the binding analysis of rCRFR1-NT, with the
exception that DTT in the assay buffer was omitted, the WGA
bead mass was 500�g beads/well, and the unlabeled peptides were
added in a final concentration up to a maximum of 3�M. Binding
data were analyzed using thePrism computer program (Graph-
Pad Software, San Diego, CA). The KD values for rUcn and
h/rCRF were calculated on the basis of the assumption that the
affinity of the radioligand and the respective unlabeled peptide
were identical. The inhibition constant (KI) of Ast was determined
from IC50 values using the Cheng-Prusoff equation (Cheng and
Prusoff, 1973).

Measurement of intracellular cAMP accumulation

The cells were stimulated as described (Sydow et al. 1997) using
increasing concentrations of rUcn or h/rCRF. Intracellular cAMP
was measured with the Biotrak™ cAMP [125I] SPA system (Am-
ersham Pharmacia Biotech, Uppsala, Sweden) according to the
manufacturer’s product manual.

Protein purification and analysis

The methods for protein purification, Cys alkylation, HPLC-MS
analysis, and Edman degradation were described recently (Jahn et
al. 2001). Prior to purification, the medium containing rCRFR1-
NT was concentrated by ultrafiltration using a membrane with a
molecular weight cut-off of 8,000 (Millipore, Eschborn, Ger-
many). Nickel-affinity purification was performed as a batch pro-
cedure at 4°C under native conditions as suggested by the supplier
except for the elution step, which was performed at pH 4. Diges-
tion with TPCK-treated trypsin (Sigma, Deisenhofen, Germany) or
endoprotease AspN (Boehringer Mannheim, Mannheim, Ger-
many) was performed at 37°C for 2 to 8 hours as described (Jahn
et al. 2001). An enzyme to substrate ratio of 1:10 (w/w) and 1:20
was applied with AspN and trypsin, respectively. The amino acid
residues of all forms of rCRFR1-NT were counted on the basis of
the amino acid sequence of the pre-form of the rCRFR1 precursor.

Mass spectra were recorded using a Micromass AutoSpec-T
tandem mass spectrometer. For nano-electrospray mass spectrom-
etry (NanoES MS), 2�L sample solution in a mixture of 49.5%
methanol, 49.5% H2O, and 1% acetic acid was loaded into gold/
palladium-coated NanoES spray capillaries pulled from boro-sili-
cate glass (Protana, Odense, Denmark). Deconvolution of the pro-
tein ES mass spectra was carried out by employing the MaxEnt
algorithm implemented into theOPUS(Micromass, Manchester,
UK) data system. Fragmentation in the sampling cone-skimmer
region (Katta et al. 1991) was induced by doubling the potential
difference between sampling cone and skimmer.
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Secondary structure prediction

The secondary structures were calculated using the consensus
method for protein secondary structure predictionJpred 2 (Cuff
and Barton, 1999) available on the internet (http://jura.ebi.ac.uk:
8888/).
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