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ABSTRACT. Our present knowledge of the lutropin (LH/hCG) receptor structure derives from deductions
made from its amino acid sequence as established by studying the cDNA. To obtain direct experimental
information, luteinizing hormone (LH) receptor expressed in L cells was immunopurified in sufficient
amounts to warrant analysis by mass spectrometry and microsequencing. The mature receptor, complexed
to human chorionic gonadotropin (hCG), was purified by using monoclonal antibodies recognizing the
hormone, whereas the mannose-rich non-hormone-binding precursor was purified by use of antireceptor
antibodies. Determination of the N-terminus showed #haif protein molecules started at Thr24 whereas

1/; started at Ala28. All these molecules bound hCG, suggesting that the most N-terminal region of the
receptor does not participate in hormone binding. Six N-glycosylation sites have been predicted from the
amino acid sequence. One of them (Asn299) was found to be nonglycosylated in both the precursor and
the mature protein. The most heavily glycosylated residue was Asn291, followed by Asn195 and Asn99.
These three sites accounted for 82% and 97% of carbohydrate moieties in the mature receptor and in the
mannose-rich precursor, respectively. The presence of some receptor molecules nonglycosylated at sites
99, 174, and 195 in hormoneeceptor complexes dismisses a direct role of these glycosylation sites in
hormone binding or in the correct folding of the protein. The mature carbohydrate chains were homogeneous
at position 174, 195, and 313 (absence of Golgi mannosidase Il activity at positions 174 and 313, absence
of GIcNAc tranferases IIl and IV activity at position 195). Heterologous carbohydrates were present at
sites 99 and 291. The latter, which is highly variable in carbohydrate chains, is unlikely to participate in

a direct interaction with hormone. Site 313 thus remains as the main candidate for a role in hormone
binding.

Our present knowledge of the structure of the lutropin  Our direct knowledge of the structure of the protein comes
(LH)* receptor as well as that of other receptors of the samemainly from Western blot experiments, which allowed the
family (FSH and TSH receptors) derives from the sequencing detection of a large glycosylated protein of approximately
of the corresponding cDNAL(-4). Comparison with various 105 kDa as well as a precursor protein 68 kDa.
consensus sequences led to predictions of the site of cleavag@eglycosylation either by endoglycosidase F, which excises
of the signal peptide and thus of the N-terminus of the mature all carbohydrates, or endoglycosidase H, which only clips
protein (L—4). A similar analysis also determined the out mannose-rich carbohydrate chains (present in the precur-
probable existence of six N-glycosylation sites—@). sor), yielded a polypeptide backbone-©63 kDa (7). The
Furthermore, hydrophobicity predictions led to the delinea- receptor precursor present in the endoplasmic reticuim (
tion of seven transmembrane spans, a large extracellular9) is deficient in hormone binding7f and its exact
domain and a shorter intracellular domain. The extracellular Physiological role is presently unknown. The presence in

domain was shown to be the site of hormone bindBi). relatively high concentration of a mannose-rich precursor has
also been described for the other gonadotropin receptor (FSH

receptor) in target organd ).
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immunomatrix containing anti-LH receptor monoclonal Alkylation was halted by addition ¢f mercaptoethanol (2%

antibodies, allowing the isolation of the precursor.

MATERIALS AND METHODS

Chemicals.Methanol and acetonitrile were provided by
Perkin-Elmer Biosystems, water (HPLC-grade), EDTA, and
calcium chloride by Merck, guanidine hydrochloride, formic

acid, 5 M ammonium acetate, iodoacetamide, and ammonium
hydrogenocarbonate by Fluka, dithiothreitol by Serva, 95%

ethanol and trichloroacetic acid by Prolalfbmercaptoet-
hanol and Tris-HCI by Sigma, Zwittergent-36 by Cal-
biochem, hCG by Organon, and acrylamide and Affi-Gel
10 by Bio-Rad. All other chemicals were of the highest purity
commercially available.

Receptor Expression and Purificatidncells permanently

transformed with an expression vector encoding the porcine

LH receptor were used?). In most cases the cells were
incubated with 50 nM hCG o2 h at 4°C. The cells {15

g) were scraped and washed twice. The cellular pellet was
homogenized with a Dounce apparatus in 200 mL of 25 mM
Hepes buffer, pH 7.4. The pellet obtained after a 40 000 rpm

centrifugation for 30 min at 4C in a Ti45 rotor (Spinco)
was extracted with 200 mL of the same buffer containing
1.2% Triton X-100. The supernatant was clarified by a
centrifugation at 1050@pfor 65 min at 4°C and chromato-
graphed through a column (1.5 mL) of Affi-Gel 10 coupled
to D;Eg antibody (8 mg of antibody/mL of gel). {Bg
antibody, which binds hCG even when the latter is com-
plexed with the receptor, has been previously descrihéd (
12). The column was extensively washéq {2 and hCG-
receptor complexes were eluted in 3 mL of 10 mM
ammonium bicarbonate buffer, pH 10.5. This yielde200
pmol of mature receptor.

The flowthrough of the column, which contained ligand-
free LH receptor, was applied to a column (1.5 mL) of Affi-
Gel 10 coupled to anti-receptor antibody LHR38 12 (8

v/v). Membranes were washed 5 times with water (40D

to eliminate salts and reagents.

Tryptic Digestion. The digestion was performed on
reduced and alkylated receptors on PVDF membranes in a
mixture of 0.2 M ammonium hydrogenocarbonate, pH 8.0,
and 1% (w/v) Zwittergent 316 (15) with 0.5ug of modified
trypsin (Promega sequencing grade) inu20at 37 °C during
18—20 h and the reaction was stopped with formic acid.

High-Performance Liquid Chromatography Coupled with
lon-Spray Mass Spectrometry and Edman SequenEieyg:
tides were separated by reverse-phase high-performance
liquid chromatography (RPLC) on-line coupled with an ion-
spray mass spectrometer (IS-MS) (Perkin-Elmer Sciex

API100). RPLC was run with a Perkin-Elmer device (Ap-

plied Biosystems pump 140D and UV detector 785 with
U-shaped fused silica tubing, 7 mm path length) on a C18
RP 300 capillary LC column (0.5 150 mm, 300 A) at
controlled temperature (40C). The gradient was made by
mixing solvent A [0.1% (v/v) Fluka formic acid and 4 mM
Fluka ammonium acetate in Merck HPLC water] with solvent
B [90% Perkin-Elmer acetonitrile, 0.1% (v/v) Fluka formic
acid, and 4 mM Fluka ammonium acetate in Merck HPLC

water] at a flow rate of %L/min. The acetonitrile gradient

began at 4.5%, increased linearly to 9% in 15 min, then to
51% in 100 min, then to 85.5% in 10 min, remained constant

for 20 min, was lowered down to 45% in 10 min, and ended
with a continuous wash at this concentration.

After being monitored for absorbance at 215 nm, the flow

was split between the micro-ion-spray source (@L.3min)

and a fraction collector device (Perkin-Elmer Biosystems
Microblotter 173 A) which led to peptides blotted onto
Problot PVDF membrane. 1S-MS experiments were con-
trolled with the Sample Control 1.3 software using a positive
mode from 400 to 2100 amu with 0.2 amu steps and a 0.4
ms dwell-time. The ion spray needle voltage was000 V

and the orifice plate voltage 40 V. The spectrometer was

mg/mL). After extensive washing, the receptor precursor siandardized with a mixture of poly(propylene glycol) (PPG)

(~200 pmol) was eluted in 1% formic acid (3 mL).

425, 1000, and 2000. Mass spectrometry data were analyzed

In some cases the cells were not incubated with hormonewith the Perkin-Elmer Sciex Bio-Multi-View 1.2 software.
and the Triton X-100 membrane extract was directly applied The average molar masses were calculated from the sequence

to the LHR38-Affi-Gel 10 column. This yielde&¢400 pmol

with the Perkin-Elmer Sciex Peptide Map 2.2 software.

of a mixture of mature and precursor receptors. The latter peptide fractions from the PVDF membrane were cut out
were separated by electrophoresis in denaturing conditionswith a scalpel and treated with 0.1 mg of biobreé) prior

as previously described?). The proteins were electroblotted
on poly(vinylidene difluoride) (PVDF) membranes3j. The

to loading into the sequencer.
N-Terminal SequencingAutomated Edman sequencing

bands corresponding to the mature receptor and to thewas performed on a Perkin-Elmer Applied Biosystems

precursor were excised and used for further analysis.
Protein Adsorption on PVDF Membrane3rospin (Ap-
plied Biosystems) cartridges deprived of the 3 kDa cutoff
filter were wetted with methanol and washed with water.
Proteins were adsorbed by 400 aliquots and centrifuged
for 5 min at 150@ at 20 °C in a Hettich universal 16R
centrifuge with a 1612 rotorld). PVDF membranes were
washed twice with water (200L) before being dried. They
were cut off with a punch prior to further treatment.
Reduction and AlkylatiolPVDF membranes were cut into
small pieces and wetted withy& of methanol. The proteins
were reduced with 10 mM dithiothreitol in 2Q@L of 67
mM Tris-HCI, 0.7 mM EDTA, pH 8.2, ad 6 M guanidine
hydrochloride fo 1 h at 50°C and then alkylated with 20
mM iodoacetamide fol h atroom temperature in the dark.

Procise 494A sequencer with reagents and methods from the
manufacturer (Applied Biosystems).

RESULTS

To identify the sites and nature of the posttranslational
modifications, we submitted both the mannose-rich precursor
and the mature receptor to trypsinolysis. Amino acids are
numbered from the N-terminal Met of the leader sequence.

Purification of the Mature LH Receptor and of the
Mannose-Rich Precursorlmmunopurification of hCG
receptor complexes with anti-hCG antibodies yielded the
mature form of the receptor (Figure 1, lane b). Edman
sequencing of this preparation showed that 45% of N-termini
corresponded to the receptor, 45% to hCG, and 10% to
contaminants.
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Mr a b c tion of two N-terminal ends. Thr24 and Ala28, accounting
for %3 and Y/; of the molecules, respectively. The same
proportions were observed in the mature receptor and in the

105 N seeh precursor.

68 wwem Dt Location of the Glycosylation Sites in the Mannose-Rich
_ o Precursor.The HPLC chromatogram of the mannose-rich
Ficure 1: Western blot showing the purification of the mature receptor tryptic peptides is presented in Figure 2. The whole

LH receptor and of the mannose-rich precursor. Lane a: Triton
X-100 membrane extracts were immunopurified on an immunoma- chromatogram was thoroughly analyzed by both mass

trix containing antireceptor antibodies. Lanes b and c: Cells were SPectrometry and sequencing. All the putative cleaved
incubated with hCG. Membrane extracts were passed on anpeptides of the ectodomain were observed and identified by

immunomatrix containing anti hCG antibodies. The eluate of this poth mass spectrometry and sequencing, with the exception
column is shown in lane b. The flowthrough of the column was of the peptide 226222, too short to be separated. To focus

applied to an immunomatrix containing anti-LH receptor antibodies. . . .
The eluate of the latter column is shown in lane c. An aliquot (3 the results on the posttranslational modification sites, only

uL) of each eluate was analyzed by immunoblot using an antire- those peptides bearing the putative N-glycosylation sites are
ceptor antibody LHR 7757 12). The mature receptor had an shown in Figure 2.

apparent molecular mass of 105 kDa, and the precursor, 68 kDa. The mass spectrum of peptide 188109, which originates

The flowthrough of the gel carrying anti-hCG antibodies from the mannose-rich precursor, is shown in Figure S1
was applied to an immunomatrix carrying antireceptor (Supporting I.nformat|on). This peptide includes the N99 site
antibodies. This yielded mainly the mannose-rich precursor ©f glycosylation.
with a minor proportion of mature receptor (Figure 1, lane  During the mass spectrum acquisition of a given chro-
c). The latter was either free of hormone or had not matographic peak corresponding to a glycosylated peptide,
previously bound to the anti-hCG immunomatrix. In this the carbohydrate chains were progressively deglycosylated.
preparation, Edman sequencing showed 80% of N-termini This gave rise to complex spectra composed of families of
corresponding to the receptor and 20% to various contami- 4—6 molecules differing in mass one from the other by one
nants including some hCG. hexose (mannose) residue (162 amu). This observation

Figure 1, lane a shows a mixture of mature receptor and ascertained the nature of the posttranslational modification.
of mannose-rich precursor as obtained in an experimentWe only report in Table 1 the molar masses of the largest
where the membrane extract was directly submitted to forms. For each peptide the comparison of the calculated
immunochromatography on a gel containing antireceptor mass with the measured mass led to a difference that could
antibodies. be unambiguously attributed to high-mannose-type carbo-

Signal Peptide Clezage SitesThe N-terminal sequencing  hydrates (twd\-acetylglucosamines and several mannoses)
of both the mannose-rich precursor and of the mature as reported in Table 1. With the exception of site 299, all
undigested receptor as well as the sequence of the HPLC+he putative sites were found to be glycosylated. Using the
isolated N-terminal peptides led to the simultaneous observa-total ion counts observed by mass spectrometry, which may
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Ficure 2: Chromatogram of the tryptic digest of the mannose-rich receptor precursor. Only the peptides bearing a putative glycosylation
site are indicated by arrows. Their positions and lengths, identified by Edman sequencing and mass spectrometry, are first indicated. The
N-glycosylation site is noted in parentheses, followed by the number of hexose residues occurring after theNvwaxéitgk glucosamines

(GN).
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Table 1: Characterization of the Ectodomain Peptides Bearing an N-glycosylation Site in the Mannose-Rich Receptor Precursor

polypeptide abundance
retention peptide calculated measured proposed calculated ion counts
site time (min) position mas$ (amu)  mass (amu) difference carbohydrate chain carbohydrate (cpmx 1076)
N 99 101.3 89-109 2373.7 4401 2027.3 2GN-10 hexoses 2027.8 20
113.2 89-109 2373.7 2373.1 —0.6 unglycosylated 0 8
total 28
N 174 103.2 144180 4229.8 6260 2030.2 2GN-10 hexoses 2027.8 14
110.6 144-180 4229.8 4229.9 0.1 unglycosylated 0 25
total 3.9
N 195 80.9 181205 2782.1 4809 2026.9 2GN-10 hexoses 2027.8 20
87.1 18%211 3474.9 5670 2195.1 2GN-11 hexoses 2190.0 15
94.1 181-205 2782.1 2780 -2.1 unglycosylated 0 9
total 30.5
N 291 68.6 289-298 1246.4 3274 2027.6 2GN-10 hexoses 2027.8 43
74 284-298 1800.1 3828 2028.0 2GN-10 hexoses 2027.8 20
total 63
N 299 44.2-44.5 299-302 494.5 494.2 -0.3 unglycosylated 0 2.1
total 21
N 313 83.4 316-339 3575.8 5603 2027.2 2GN-10 hexoses 2027.8 1.3
86.2-86.9 316-339 3575.8 5281 1705.2 2GN8 hexoses 1703.5 0.15
total 1.45
total 128.95

aMasses are calculated with the average natural isotopic abundance.

Table 2: Relative Abundance of Carbohydrates at the Glycosylation Sites in the Mannose-Rich Precursor and the Maturé Receptor

sites
99 174 195 291 299 313 total
Mannose-Rich Precursor
unglycosylated forms (cpm 106 8 2.5 9 0 2.1 0 21.6
glycosylated forms (cpnx 107%) 20 1.4 215 63 0 1.45 107.35
proportion of glycosylated site (%) 71.4 35.9 70.5 100.0 0.0 100.0
proportion of glycosylation (%) 18.6 1.3 20.0 58.7 0.0 1.4 100.0
Mature LH Receptor

unglycosylated forms (cpm 107 3 0.9 11 0 0.9 0 5.9
glycosylated forms (cpnx 107%) 15.6 4.4 21.2 28.8 0 10.2 80.2
proportion of glycosylated site (%) 83.9 83.0 95.1 100.0 0.0 100.0
proportion of glycosylation (%) 195 5.5 26.4 35.9 0.0 12.7 100.0
observation heterogeneous = homogeneous  homogeneous heterogeneous homogeneous

@ Abundance is measured as the total ion counts expressed in counts per minute.

roughly represent the abundance of the glycosylated peptides, At each glycosylated site, several carbohydrate chains were
we inferred the relative amount of carbohydrates at each site.simultaneously observed. Some of them were partly degly-
The level of glycosylation varied largely at the different sites. cosylated high-mannose chains, but most consisted of
As reported in Table 2, position 99 accounted for 18.6% of processed carbohydrate chains. Complete antennae were
the glycosylated peptides, position 174 for 1.3%, position often accompanied by precursors. Those observed are
195 for 20.0%, position 291 for 58.7%, position 299 for 0%, summarized in Table 3. The comparison for each peptide of
and position 313 for 1.4%. Three sites (99, 195, and 291) the calculated mass with the measured mass led to a
accounted for 97.3% of the carbohydrate moieties. difference that could be attributed to complex precursor and

Nature of the Carbohydrates at Each Glycosylated Site complete carbohydrate structures numbered according to
of the Mature Receptor similar analysis was performed Figure 3.

with the mature receptor. The HPLC chromatograms are . . ) )
reported in Figure S2 (Supporting Information). Due to the ~ USing the total ion counts, we inferred the approximate
variable glycosylation caused by incomplete and/or multiple "€lative amount of carbohydrates at each site. As reported
processing, the number of glycosylated peptides largely N Table 2, the unglycosylated peptides were much less
increased in number, while the abundance of each peptideaPundant than in the mannose-rich receptor. As in the
was significantly decreased. Only peptides identified by both mannose-rich receptor, the level of glycosylation largely
mass spectrometry and N-terminal Sequencing were Consid.VariEd from one site to the other. Position 99 accounted for
ered to be relevant and reported in Table 3. Due to the 19.5% of the glycosylated peptides, position 174 for 5.5%,
number of peptides, only regions where peptides bearing theposition 195 for 26.4%, position 291 for 35.9%, and position
glycosylation sites were found are reported in Figure S2A. 313 for 12.7%. No carbohydrate moiety was observed linked
The precise position of the peptides analyzed is reported into N299. The three sites 99, 195, and 291 accounted for
detail in Figure S2B-F. 81.8% of the carbohydrate moieties, whereas the same sites



Mass Spectrometry of LH Receptor Biochemistry, Vol. 39, No. 18, 200513

Table 3: Characterization of the Ectodomain Peptides Bearing a N-glycosylation Site in the Mature Receptor

polypeptide abundance
retention peptide calculated measured proposed calculated ion counts
site time (min) position mass (amu) mass (amu) difference  carbohydrate chain  carbohydrate (cpmx 1076)
N 99 109.1 89-109 2373.7 2373.6 -0.1 unglycosylated 0 3
99 89-124 4059.6 4468 408.3 2GN 406.4 1
94.5 89-109 2373.7 3100 726.3 2GN-2 hexoses 730.7 0.9
- 89—-109 2373.7 3266 892.3 2GN-3 hexoses 892.8 2.4
93.1 89-124 4059.6 5599 1539.4 2GN-7 hexoses 1541.4 15
95.3 89-126 4301.0 5840 1539.0 2GN-7 hexoses 1541.4 0.7
95.2 89-109 2373.7 3467 1093.3 structure VIII 1096.0 1.9
93.1 89-126 4301.0 5599 1298.0 structure IX 1299.2 15
91.7 89-124 4059.7 5562 1502.4 structure X 1502.4 12
95.2 89-109 2373.7 3591 1217.3 structure VI 1217.1 0.3
95.2 89-109 2373.7 3875 1501.3 structure X 1502.4 0.7
99.1 89-126 4301.0 6363 2062.0 structure XII 2060.9 0.9
101.3 89-109 2373.7 6103 3729.3 structure XIV 3729.3 0.4
92.6 89-109 2373.7 4452 2078.3 structure XVIII 2076.9 1.4
99 89-109 2373.7 4468 2094.3 structure XVIII 2092.9 0.8
total 18.6
N 174 96.3 144180 4229.8 4228 -1.8 unglycosylated 0 0.9
78.9 144-180 4229.8 5126 896.2 2GMB hexoses 892.8 0.6
101.3 138-180 4886.6 6103 1216.4 structure VI 1217.1 0.4
78.5 138-180 4886.6 6301 1414.4 structure VII 1420.3 2.8
78.3 144-180 4229.8 6756 2526.2 structure XVII 2530.3 0.6
total 5.3
N 195 73.5 181211 3474.9 3474 -0.9 unglycosylated 0 11
73.3 181205 2782.1 2983 200.9 1GN 203.2 1.3
75.0 181205 2782.1 3185 402.9 2GN 406.4 6.5
79.0 181211 3474.9 3884 409.1 2GN 406.4 1.4
76.0 181205 2782.1 4822 2039.9 2GN-10 hexoses 2027.8 1.3
75.0 181211 3474.9 4574 1099.1 structure VIII 1096.0 8.5
75.8 181205 2782.1 5138 2355.9 structure XlI 2352.2 2.2
total 22.3
N 291 66.7 289-298 1246.4 2788 1541.6 2GN-7 hexoses 1541.4 1.3
54.5 289-298 1246.4 2141 894.6 2GN-3 hexoses 892.8 4.2
58.2 289-298 1246.4 2662 1415.6 structure VII 1420.3 2.9
64.5 289-298 1246.4 2342 1095.6 structure VIII 1096.0 1.3
67.4 284-309 3109.5 4412 1302.5 structure IX 1299.2 3.6
55.1 289-309 2555.8 4058 1502.2 structure X 1502.4 1.8
67.3 289-309 2555.8 4057 1501.1 structure X 1502.4 1.8
67.9 289-298 1246.4 2747 1500.6 structure X 1502.4 1.8
79.2 289-310 2714.9 4213 1498.1 structure X 1502.4 1.1
54.9 284-298 1800.1 3506 1706.0 structure Xl 1705.6 1.8
74.7 289-302 1722.9 4075 2352.1 structure XII 2352.2 1.6
66.8 284-298 1800.1 4184 2384.0 structure XII 2384.2 3.8
63.7 289-302 1722.9 3346 1623.1 structure XV or XVI 1623.5 1.8
total 28.8
N 299 39.4 299-302 494.6 493.4 -1.2 unglycosylated 0 0.9
total 0.9
N 313 75.9 316-339 3575.8 3988 412.2 2GN 406.4 1.8
98.0 316-339 3575.8 4469 893.2 2GN-3 hexoses 892.8 2.8
100 316-339 3575.8 4468 892.2 2GN-3 hexoses 892.8 0.8
72.7 3106-339 3575.8 5113 1537.2 2GN-7 hexoses 1541.4 0.6
81.8 316-339 3575.8 4994 1418.2 structure VII 1420.3 3.8
101.3 316-339 3575.8 6103 2527.2 structure XVII 2530.3 0.4
total 10.2
total 85.2

aMeasures are calculated with the average natural isotopic abundance. Complex precursor and complete carbohydrate structures are numbered
according to Figure 4. All possible variants of structures XII, XIlIl, XIV, XVII, and XVIII indicated in Figure 4 are named after a common term
respective to each structure type.

accounted for 97.3% of carbohydrates in the mannose-richplex) as shown in Figure 3. These transient structures
precursor. accounted for 30.1% of the glycosylated peptides and the
A close examination of the peptide map allows us to complete structures for 18.8%. A peptide containing ung-
observe the nature of the carbohydrates found at each sitdycosylated N99 was observed, confirming the observation
(Table 3). At position 99, beside several peptides (accountingin the mannose-rich precursor and accounting for 16.1% of
for 35% of the glycosylated peptides) that bear partly the N99 peptides.
deglycosylated high-mannose chains, several transient com- At position 174, 17% of the peptides were totally ungly-
plex structures (structures VI, VIII, IX and X) were observed. cosylated and 11.3% had partly deglycosylated high-mannose
They corresponded to three processing pathways leading tochains. Two transient structures (VI and VII) (accounting
the complete structures XVIII (bisected biantennary hybrid), for 60.4% of the carbohydrates) were observed together with
XIl (biantennary complex), and XIV (tetraantennary com- the sole complete structure XVII (triantennary hybrid) (11.3%



5514 Biochemistry, Vol. 39, No. 18, 2000 Vu-Hai et al.

Stutwe VI M<M
M

Ast—GN—GN—M

Mr=121740 M Stucture XV
) M )
Shuctue XV M< M7 | e 253029 " < M t”“r:“:",';a'y
{ An—GN— GN— M Mo an—aN—aN—uSw
@ [Nz91 Jur= 162049 “M =GN @Mf: 256229 M —GN—GL—SA
W77 suctwe v M<M NN N GN—GL— A
Asi— GN— GN—M M <
Mr= 142030 <M_ aN M [(N99 Jsructure xvir M biseded
' Skucture XVl M Mr=2,6.89 M biantennary
{ An—GN—GN-M<GN M > aq—an—aN—M<€an M hybrid
Mr= 152349 "M—GN Mr=200289 M- GN—GL—SA
Stkuctwe Vil
Ani—GN— GN—M
. M— GN Stucture Xt
Mr= 1,006.01
[ Ni195 | (Mr= 2,05060)
} [¥iss ] Mr= 2,206.01
Mr=2,238.00 biantennary
Shucn i (;) Mr=2,352.15 complex
M— GN | Mr=238445 y_aN—GL—sA
A= GaN— aN= 1< — AT GN= GN— M
Mr=120021 M 6N (291 ] e MmeN=eL=eA
! Stucture XU
Mr= 2,86260
Mr=2,91060 triantennary
@ Mr=3,008.74 complex
swwtweX gy || Mr= 306674  M— GN—GL—SA
An—aN—aN— 1< —> AD—GN—GN—M
M—GN i M—GN—GL—SA
Mr= 1,502.40 N @ Mr=2315489 T
6N Mr= 3,202.88 GN—GL—SA
Stucture IV
‘ Mr= 351920 tetraantennary
Mr= 3,583.19 complex
GN Mr= 365534 GN—GL—SA
swwet o (P Mr=372934 7 o oo
Agqv— GN— GN— M — AMTGN—GN—M
M— GN | Mr= 381148 > M—GN—GL—SA
[ N291 | mr= 170560 N ® N
GN Mr= 387548 GN—GL—SA

Ficure 3: Carbohydrate chain biosynthesis pathways involved in the glycosylation of the mature receptor. The molecular weights are
indicated byM,. Abbreviations: Asn, asparagine; M, mannose; ®Macetylglucosamine; GL, galactose; F, fucose; SA, sialic acid (or
alternativelyN-glycolylneuraminic acid). Positions where the carbohydrates were found are indicated by numbers in boxes. Bold frames
indicate those where carbohydrate moieties originated from a single metabolic pathway.

of the carbohydrates). Only one glycosylation pathway was processing was only partial at this site. At least three
observed, showing the absence of the Golgi mannosidase llpathways were consequently observed to occur at position
activity at this site. At position 195, 4.9% of the peptides 291.

were totally unglycosylated and 47.1% bear partly deglyco-  The unglycosylated 299 site of the precursor receptor was
sylated high-mannose chains. The precursor structure VIll found again to be unglycosylated in the mature form. The
was observed (38.1%) together with the only complete gpsence of glycosylation at this position was observed not
structure XII (biantennary complex) accounting for 9.9% of only in peptides beginning at position 299 but also in peptides
the carbohydrates. In this case, only one pathway washeginning at position 289 and ending after 299 in which only
observed, dismissing the occurrence of any activity of the site N291 was observed to be glycosylated.

GICNAC .transferase.s ll and IV at this site. Figure 53 Only the complete structure XVII (triantennary hybrid)
(Supporting Information) shows the mass spectra of peF)'“deswas observed at site 313, representing 3.9% of the total ion
originating from the mature receptor and encompassing theCounts whereas the amo'unt of the precursor form VIl was
glycosylated N99 anq N195 sites. Concerning site 291, no 37.3%_’ At this position, the partly deglycosylated high-
unglycosylated peptide was observed, but 19.1% of the j\annqqe chains accounted for 58.8%. Thus only one pathway

peptides had partly deglycosylated high-mannose chains. TthaS observed, dismissing the occurrence of the Golgi
complete structure XII (biantennary complex) accounting for a-mannosidase Il at this site.

18.8% of the carbohydrates was observed with its precursor

forms VII, VIII, and IX (27.1%). Neither the complete forms  piscussiON

(hybrid structures XVII and XVIII) corresponding to the

terminal processing of structures XV and XVI (accounting  The direct study of membrane receptor structure and
for 6.2%) nor those corresponding to the processing of the especially that of G-protein-coupled receptors has been
transient structures X and Xl (accounting for 28.8%) leading hampered by the difficulty of purifying them in sufficiently

to the complete structure Xl and/or XIV (tetraantennary large amounts. Bacteriorhodopsin and rhodopsin are excep-
complex) were observed. It is likely that the enzymatic tions in this respect due to their high cellular concentrations
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Ficure 4: Location of basal posttranslational modifications in the mature LH receptor. Nter indicates the N-terminus of the processed
protein; the potential N-glycosylation sites are indicated by a black circle with N; the observed carbohydrate antennae are summarized at
each site.

(17). Very recently a mass spectrometric study of bradykinin agonists or antagonists has been one of the reasons for the
B> receptor palmitoylation and phosphorylation has been undertaking of such studies.
reported 18). MALDI-TOF mass spectrometry has also been
used in addition to other methods to study phosphorylation ~The mannose-rich precursors of most glycoproteins are
of the 3, adrenergic receptor ). present only in trace amounts. For an unknown reason, this
The structure of the ectodomain of gonadotropin and is not the case for gonadotropin re_ceptors. Mannose-_rich
thyrotropin receptors has been the subject of great interestPrecursors of the latter are present in large concentrations
since it is the region where the hormone is boufd ). in the target cells{, 19. We have been able to purify
Protein modeling 20, 27 and in vitro mutagenesi2p— sufficient amounts of LH receptor and its precursor by
24) are currently being used to try to understand receptor immunochromatography to study some of their posttransla-
hormone interactions. The possibility of devising new tional modifications (Figure 4).
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N-Terminal Ends of the ReceptoReceptor structures Glycosylation Types in the Mature Receptéior each
derived from cDNA sequencing predicted a single N- glycosylated site, several carbohydrate chains were simul-
terminus in all casesl(-4). We show here that there is taneously observed. Some of them were partly deglycosylated
heterogeneity in receptor molecules and that two cleavagehigh-mannose chains, but many consisted of processed
sites are being used for signal peptide excision. It is carbohydrate chains, including precursors and complete
noteworthy that the purification procedure used to isolate antennae (Figure 3). The presence of a series of peptide
the mature receptor (affinity with the hormone) ensured that masses in agreement with the metabolic pathways of
the studied molecules were indeed able to bind the hormone.carbohydrate chains allowed us to deduce the nature of the
Since the dual N-terminal ends were found to occur in both chains.
the hormone-binding and nonbinding fractions of the recep-  The processed glycosylation forms observed at each site
tor, it is likely that the extreme N-terminus is not involved corresponded to different pathways that occurred simulta-
in interactions with the ligand. It should be noted that a region neously (N99 and N291), leading to the formation of different
immediately downstream of the N-terminus has been sug- carbohydrate forms (bisected biantennary hybrid, biantennal
gested to be crucial for hormone bindin2g|. complex, and tetraantennary complex). Only a biantennary

Glycosylation of the ReceptdBix different glycosylation  complex was found to occur at position 195, and a trian-
sites have been predicted from the amino acid sequence otennary hybrid at both sites 174 and 313. There was a
the pig LH receptor). These sites are completely conserved correlation between the level and the complexity of glyco-
in the rat @) and humang, 4) receptors and thus the same sylation, since the two heterogeneous sites accounted for
sites of glycosylation were predicted in these species. Themore than 70% of the carbohydrate moieties.
glycosylation of rat receptor was also studied by other  The completion of the glycosylation at each site varied
indirect methods: in vitro mutagenesis of the predicted from one site to the other. The diversity of the mature
glycosylation sites followed by endoglycosidase digestion carpohydrate chains probably reflected the difference in speed
and comparison with the results of cell incubation with gt which the oligosaccharides were combined. It is also worth
tunicamycin. Conflicting results were reported: one group poticing that the sites with antennae originating from the
(25) concluded that all six sites were indeed glycosylated, ghortest metabolic pathways were found to comprise much
another group26) that the site at position 99 (77 in their - more complete chains than those involving a greater number
numbering) was not glycosylated. of biosynthetic steps.

The funct@onal role of LH receptor glycosylation has also Some receptor molecules were found nonglycosylated at
been a subject of controversy._Some groups ha\(e reportedjpeg 99, 174, and 195. These molecules were isolated as
t2h7at é:;i\rbohﬁ/drates arﬁ not rr?quwed for horrgone bllnCRB? (h hormone-receptor complexes, which shows that glycosylation

~31), w ereas others have suggested a role Of the 4 yage sites is not necessary for hormone binding nor for
carbohyd_rates in hormone binding and/or correct folding of . proper folding of the protein. Among the remaining sites,
the pr'(_)"tem g6, 32. dal id d brobi site 291, which is much more heterogeneous in its carbo-

Petga-Repo B3) used glycosidase treatment and probing pqrate chains than site 313, is thus unlikely to participate

with labeled lectins to analyze carbohydrates in the rat LH i 5 girect interaction with the hormone. The main possible
receptor. The conclusion of these studies was that the receptol,ndidate for a role in hormone binding thus remains

contains at least two complex oligosaccharide chains, of

which one is biantennary and the rest are multiantennary.

Our present study establishes the existence of five matureconCLUSION

oligosaccharide chains, of which three are monoantennary

and two are multiantennary. Mass spectrometric analyses and microsequencing of the
Comparison of the Glycosylation of the Mannose-Rich LH receptor and of its precursor reveal the heterogeneity of

Precursor and of the Mature Receptdn. both forms, only this protein in terms of its N-terminus as well as N-

five among the six putative N-glycosylation sites are indeed glycosylation. They also show that structural predictions

subject to glycosylation, excluding any glycosylation at the derived from amino acid sequences are not always verified.

N299 site. The comparison of the glycosylated sites of the In vitro mutagenesis experiments also led to some unsub-

mannose-rich receptor with the mature form clearly shows stantiated conclusions. In all cases these indirect approaches

that the absence of glycosylation at position 299 is not due must be confirmed by the direct experimental study of the

to a lack of processing duration. When the mannose-rich andprotein.

the mature receptor are compared, the relative amounts of

glycosylation at each site are in very good agreement. The ACKNOWLEDGMENT

two sites (99 and 174) that are largely the most glycosylated

in the mannose-rich protein are also the most glycosylated

in the mat.ure.receptor. The only gxception is an increased gpPORTING INFORMATION AVAILABLE

glycosylation in the mature form in the least glycosylated

sites (see for instance site 313) of the mannose-rich precursor Three figures, showing the mass spectrum of peptide 189

(see Table 2). In general the mature receptor appears to ba&K109 originating from the mannose-rich precursor, chro-

more glycosylated than the mannose-rich form. A contami- matogram of the tryptic digest of the mature receptor, and

nating calnexin sequence was observed associated with thenass spectra of peptides originating from the mature receptor

mannose-rich receptor (results not shown). This strongly and encompassing glycosylated N99 and N195 sites. This

suggests that some of the mannose-rich molecules were stilimaterial is available free of charge via the Internet at http://

in the process of biosynthesis when analyzed. pubs.acs.org.

glycosylation at site 313.
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