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ABSTRACT. The amino-terminal ectodomain of the human TSH receptor has been expressed at the surface
of CHO cells as a glycosylphosphatidylinositol-anchored molecule containing a 10-residue histidine tag
close to its C terminus. The soluble ectodomain could be released from the cells by treatment with a
glycosylphosphatidylinositeiphospholipase C and purified to apparent homogeneity by ceBaltharose
chromatography. Two nanomoles of material was obtained, which was suitable for analysis by mass
spectrometry. This allowed the identification of four out of the six potential N-glycosylation sites as
being effectively glycosylated. A proportion of the purified soluble ectodomain displayed specific binding
of 129-labeled TSH, allowing for the first time performance of classical saturation binding experiments.
Two classes of high-affinity binding sites were identified: sitek4,0.014 nM; site BK4 0.83 nM. The
significance of site A, whose affinity is much higher than for the holoreceptor at the surface of intact
cells, remains to be clarified. The purified ectodomain was capable of inhibiting efficiently the thyroid
stimulating activity of immunoglobulins from patients with Graves’ disease. It allowed computation of
the amounts of these immunoglobulins in patient’s serum, giving values upgg/tfl.. Contrary to all
currently available assays, the soluble ectodomain of the TSH receptor purified in a functionally competent
conformation allows direct studies of its interactions with TSH and autoantibodies and opens the way to
structural studies.

The thyrotropin receptor (TSH#)like the other members  (6). Recently, Remy et al. reported the expression and
of the glycoprotein hormone receptor family (FSH and LH/ purification of a soluble hCG/ECD LHr complex secreted
hCG receptors), displays a bipartite structure, with a large by CHO cells and confirmed by circular dichroism that the
amino-terminal extracellular domain (ECD) responsible for structure was in agreement with the helix ghsheet content
high-affinity hormone binding and a serpentine carboxyl- predicted in the modelsr).

terminal portion, characteristic of the opsin family of G The structural and functional dichotomy between hormone
protein-coupled receptord{3). The ECD is structurally  pinding and stimulation of the serpentine domain of glyco-
related to the leucine-rich repeats (LRR) superfamily of protein hormone receptors poses the interesting question of
proteins, and 3-D structural models have been proposed forthe mechanism involved in the intramolecular transduction
both the TSHr and the LH/CGr ectodomair §) on the  of the activation signal. Whereas in receptors belonging to
basis of the crystal structure of porcine ribonuclease inhibitor, the metabotropic glutamate receptor family (another GPCR
the first LRR protein whose 3-D structure has been solved family with large amino-terminal domains responsible for
binding of the agonists) activation involves a dimerization
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Ficure 1: Schematic representation of the GPI-anchored TSHr-ECD chimeric protein. The C-terminal part of the chimeric Thy-1 TSHr-

ECD construct is shown; fusion is realized after position 415 of the TSHr, with two intervening amino acids (EF) preceding a stretch of
10 histidines and 53 residues of the mouse Thy-1 molecule responsible for GPI anchor addition. Two potential sites of N-glycosylation
(NKS and NTS) introduced with the Thy-1 GPI attachment signal are underlined.

Attempts to express the ECD of the TSHr as a soluble  Construction of TSHr ECD with a 10 Histidine Tag and
molecule capable of binding TSH with high affinity have a GPI Anchor.A 170 bp fragment encoding the signal
met with difficulties. After exploring a series of strategies, peptide for GPI addition at the C terminus of mouse Thy-1
in acellular systems1@, 14), in procaryotes 15—19), in cDNA and contained in plasmid pTM8133) was PCR-
insect cells 20—23), or in mammalian cells24—30), only amplified using the upstream primer-bTAGAATTCAG-
recently has it been possible to produce some bioactive CTCCAATAAAAGTATCAGTGTGTA-3' and the down-
material. Successful approaches exploited expression of thestream primer SATTGGATCCTCACAGAGAAATGAA-
ectodomain at the surface of CHO cells via anchoring by a GTCTAGG-3. The PCR product was digested witoRlI
glycosylphosphatidylinositol (GPI) moiety29, 30), as a andBanHI and inserted into the prokaryotic vector $K
chimeric molecule containing a single transmembrane seg-The resulting construct was digested witboRV andEcaRl,
ment of the CD8 proteir2@, 27), or a more confusing report, and a double-stranded oligonucleotide adapter encoding
using a vaccinia virus system, but in this case the ectodomainDIMGYKHHHHHHHHHHEF (see Figure 1) was inserted
was not secreted3(). In the former experiments soluble [upper strand, SATCATGGGCTACAAG(CAT)(G-3; lower
ectodomain was released from the cells by a GPI-specific strand, 5AATTC(ATG) 1(«CTTGTAGCCCATGAT-3]. An
phospholipase C (PI-PLC); in the latter, by cleavage of a EcaRV site was engineered by site-directed mutagenesis in
thrombin site engineered in the construct at the border position 1230 of the ectodomain of human TSHr. The
between the ectodomain and the transmembrane segmentesulting ECD construct, in SK, was excised witiXhad/

In a different experimental setting, a truncated TSHr EcoRV and fused upstream of the segment encoding the
ectodomain containing the first 261 amino acids was shown signal for GPI addition. The TSHr-ECD-10His construct with
to bind efficiently TSAbs but was devoid of TSH binding its signal for GPI attachment is illustrated in Figure 1. This
activity (28). The production of soluble material displaying construct was then subcloned in pEFIN, a bicistronic vector
the binding characteristics of the holoreceptor and allowing developed at EUROSCREEN (Brussels, Belgium) for stable
for the determination of the basic binding parameters of the transfection in CHO cells.

ECD in standard in vitro binding experiments has not been  sonaration of a Stable CHO Cell Line (ECD-10His)

described so far. Building on previous data, we have g oqsing the ECD-10His-GPThe pEFIN vector harboring
succeeded in purifying a large amount of the GPI-anchored the TSHr-ECD-10His containing the Thy-1 signal for GPI

ext]rcacelllglar dr:)mair? ?_f the TCS:HEI_after releasel from fthﬁ_ chelll addition was transfected in CHO-K1 cells as descrit3). (
surtaceé by phospholipase L. Two nanomoles of Nighly giapie cell lines were selected by resistance to Geneticin,

purified, ECD was o_btained n a form_capat_)le of bindir_lg and one clone (ECD10His), with the highest expression of
Graves’ autoantibodies and, for a fraction of it, TSH. Purity the ECD at the plasma membrane, was selected by flow

of the material aIIovyed dir(_act ide_ntifi_cation _by mass spec- cytometry using the BA8 antibody and anti-His antibody (H
trometry of asparagine residues implicated in glycosylation 1029, Sigma-Aldrich, Brussels, Belgium) and characterized

of the ectodomain. for TSH binding as described for the GPI-ECD cell line

EXPERIMENTAL PROCEDURES G114 60)'_ - )
Production and Purification of Recombinant PI-PLEbr

ReagentsThe BA8 monoclonal antibody recognizing a expression of the PI-PLC under the control of the-tac-
conformational epitope on the TSHr extracellular domain has tac triple promoter, a culture oEscherichia coliMM294
been described elsewher@2]. The 3G4 monoclonal anti-  harboring the plasmid pIC, containing the cDNA coding for
body, recognizing a linear epitope on the TSHr ectodomain the PI-PLC fromBacillus cereugthis construction was a
(VFFEEQE, residues 354360), was obtained using the same kind gift from Dr. O. Hayes Giriffith, Institute of Molecular
genetic immunization approach. lodinated bTSH (bioactivity Biology, University of Oregon, Eugene, OR, was grown and
50—-60 TSH IU/mg; specific radioactivity 58Ci/ug) was a induced by IPTG as described by Koke et é@4)( Cells
kind gift from BRAHMS Diagnostica (Berlin). were harvested by centrifugation, and PI-PLC was recovered
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as described34) and analyzed by SDSPAGE and Coo- preincubated for 30 min with various amounts of soluble
massie blue staining. Enzyme activity was measured by ECD (total volume, 1 mL per plate). At the end of 1 h
incubation with cells expressing the ECD-GPI protein [GT14 incubation, the medium was discarded and replaced with 0.1
cells 30)]. The relative amount of ECD released from the M HCI. The cell extracts were dried in a vacuum concentra-
cell surface was estimated by FACS with BA8 antibo89)( tor, resuspended in water, and diluted appropriately for cyclic
or by 129-TSH binding as already describe80j. AMP measurements by RIA according to the method of

Purification of the TSHr Ectodomain (ECDL® CHO Brooker @37). Duplicate samples were assayed in all experi-
ECD-10His cells were washed three times with Dulbecco’s ments; results are expressed as picomoles of cAMP per
modified Eagle’s medium and incubated overnight with PI- milliliter.

PLC in culture medium without serum. The supernatant (500  Determination of the N-Glycosylation Sites of TSHr. (A)
mL) was harvested, centrifuged, and concentrated 100 timesDeglycosylation in the Presence 8D. Twenty picomoles
using a stirred ultrafiltration cell (Amicon, Beverly, MA).  of TSHr ectodomain was denatured for 10 min at 2G0n
This concentrated supernatant was used without any furthersgs SDS-10%3-mercaptoethanol. Twenty microliters of the
purification for binding experiments with TSH and autoan- deglycosylation buffer (100 mM phospate buffer, pH 7.5,
tibodies. For SDSPAGE analysis, the supernatant was EDTA, 40 mM, Triton, 2%), half diluted with KH8O
diluted 10 times in the binding buffer (Tris, 20 mM, pH 8,  (Phychem, Dten, Germany), was added together with 2 units
NacCl, 500 mM, Triton X-100, 0.1%) and concentrated 100 of PGNase F (Boehringer Mannheim, Mannheim, Germany).
times using an Ultrafree centrifugal filter (Millipore Corp., The reaction mixture was left overnight at 3C. The

Bedford, MA). Imidazole (5 mM final concentration) was deglycosylated sample was run on standard 1-D SPSGE
added to the resulting-24 mL of concentrated supernatant, and visualized by Coomassie blue.

which was then incubated with an equilibrated cobalt-based (B) In-Gel Digestion of the Deglycosylated TSIBefore
immobilized metal affinity chromatography (IMAC) resin in-gel digestion with trypsin, the deglycosylated TSHr

(35) (TALON Clontech, Palo Alto, CA) at 4C during 30 gctodomain was reduced and S-alkylated with iodoacetamide
min under agitation. After extensive washing with binding essentially as describegs).

Jaded onto a small giass spin column. Bound materiai was () MALD! S Peptide Mass Mapping and Pepide
eluted in 100uL frac'gons V\ﬁth bindin .buffer containin Sequencing by Nanoelectrospray Tandem Mass Spectrom-
Qu ' 9 9 etry. The in-gel digest mixture (0.4L) was applied on a

an increasing amount of imidazole (from 10 to 500 mM). . .
. matrix surface made by the fast evaporation mett&§). (
Samples were analyzed by SBBAGE and western blotting MALDI mass spectra were acquired on a modified Bruker

with 3G4 antibody, as already describei), or by direct Reflex reflectron TOF mass spectrometer as descriB8d (

staining with Coomassie blue.
s 5 (Bruker-Franzen, Bremen, Germany). The supernatant con-
Binding of [?3]TSH. Concentrated culture supernatant of taining the peptides obtained by in-gel proteolysis was

10° ECD-10His CHO cells (2.5L) treated with PI-PLC was collected, and the gel pieces were further extracted with 50%

diluted to a final volume of 10@L in a Hepes-phosphate o Co
acetonitrile. All extracts were pooled and dried in a vacuum.
buffer (Hepes, 20 mM, KEPQ, 0.44 mM, NaHPQ, 0.33 For analysis, the peptide mixture was taken up inlLlof

mM, KCI, 5.4 mM, BSA 0.05%, pH 7.4). One hundred - gn0." 0 mic acid and rapidly diluted with gL of water.

_rn|croll_||ters ofbv?frlouzamouni% of ':/?dl_(rngtctlvele%IS d(l)lultoe/d The peptide mixture was desalted on self-assembled Poros
g ?le Ze(g)esM l;] er ( e2pOeS,00 T/L BgznZ(y- ; ,'d : |°’ R2 and R3 columns and eluted using two timed_lof 60%
at-b, 2 MW, heparin, UnItsiL, , 2%), imidazole methanot-5% formic acid directly into a nanoelectrospray

(5 mM fir_1al concentrat_ion), and L of nickel magnetic needle 88, 40). Samples were analyzed with the Q-TOF1

b?adé'&MNTA m%%nztlc agar_osebbetags,féglﬁGEtN, Valen- mass spectrometer equipped with the nanoelectrospray ion
;:|a, )t were 3 € f‘r: 'nc_lrJ Se ' "T rogm source (Micromass, Manchester, U.K.). For every tandem
emper? ure -un ter ?g' Tonj u gsthwere pac? ton 3 mass spectrometric analysis, the transmission window was
magnetic separator for % min, an € supernatan Wasadapted to select the complete isotopic pattern of the desired

removed with a pipet. Beads were washed twice with 500 . -, : :
4L of ice-cold washing buffer (Hepes, 100 mM, Triton ion, and the collision energy was adjusted for each peptide.

X-100, 0.1%, imidazole, 20 mM, pH 7.4), and radioactivity ResyULTS
was measured in g counter. All experiments were done in
triplicate, and results are expressed as cpm bound. The Characterization of the ECD-10His Cell Lin€he 10His
nonspecific binding was measured in the presence of 500tag was fused at position 415 of the TSH receptor (see
nM cold TSH. Experimental Procedures and Figure 1) before the 53 amino
Neutralization of TSHr Autoantibodies in the Serum of acid signal peptide for GPI anchor addition. The construct
Graves’ PatientsThyroid stimulating activity in serum from  was transfected in CHO cells, and one cell line (ECD-10His)
patients with Graves’ disease was measured using CHO cellsexpressing particularly high levels of ECD at the cell surface
expressing the human TSHr, JPZ®), in the presence of  was selected by flow cytometry using BA8 (Figure 2A), a
various amounts of soluble ECD. Briefly,>3 1P cells per monoclonal antibody recognizing a conformational epitope
3 cm plate were incubated in KrebRinger—Hepes buffer of the ECD @2), and a monoclonal anti-His antibody (Figure
(KRH) (124 mM NacCl, 5 mM KClI, 1.25 mM KHPQ,, 1.25 2B). These results showed that the His tag did not interfere
mM MgSQ;, 1.45 mM CaC, 25 mM Hepes, pH 7.4, 8 mM  with targeting of the construct to the plasma membrane and
glucose), supplemented with 28/ rolipram (a cyclic AMP was accessible to antibody. Consequently, it was expected
phosphodiesterase inhibitor; Laboratoire Logeais, Paris),that the His-tagged ectodomain would be amenable to
0.1% BSA, and 5Q:L of patient’s serum which had been metal-chelate affinity chromatography, with no need to
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Ficure 2: Analysis of cell surface expression of the GPl-anchored s o el .
gg;%%oirr?tzlr?s% éfngfgsaﬂzog%ngﬁtéyéfﬁ)e'gzg)gﬁirgg dc;,f tfcl)u;gi o Ficure 4: ECD-10His purification. The concentrated supernatant
line expressing the GPIl-anchored TSHr-ECD-10His (black histo- of ClebO tEC(;D-lSTtlsbtrea(tjeq W|thb_||:_>I-PdLC V\t/als |?f<_:u_:)atehd W'th,[ an
gram) or no receptor (open histogram). (B) Histograms of fluores- equiibrated cobat-based Immobilized metal alfinity chromatog-
cence intensity showing the binding of the anti-His monoclonal raphy (IMAC) resin. After extensive washing with binding buffer
antibody to a CHO line expressing the GPI-anchored TSHr-ECD- (described in Experimental Procedures) containing 5 mM imidazole,
10His (black histogram) or no receptor (open histogram) the resin was loaded onto a glass spin column. Bound material was

9 P P 9 : eluted in 10QuL fractions with binding buffer containing increasing

amounts of imidazole (from 10 to 500 mM). Five microliters of
30000+ each fraction was analyzed by SBBAGE under reducing

conditions.
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Ficure 3: TSH binding to GPl-anchored TSHr-ECD in intact cells.
CHO lines expressing the GPl-anchored TSHr-ECD-10misqr

full length holoreceptor (JP19 cellsw) in 3 cm dishes were
incubated with 100 000 cpm 8#3-bTSH and varying concentra-
tions of cold bTSH. Each point was tested in triplicate, and the
results are expressed as bound radioactivity. The data were analyze
with GraphPad Prism (GraphPad Software, Inc., San Diego, CA)
which fit the data to a one-site competitive binding curve.

20000+
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Ficure 5: Analysis of ECD-10His by immunoblotting. Aliquots

of purified ECD-10His eluted with different amounts of imidazole

were resuspended in SB®AGE-p-mercaptoethanol loading

buffer and analyzed by immunoblotting with the 3G4 antibody.
anes: 1, column flow-through;-25, ECD-10His eluted with 10,
0, 50, and 100 mM imidazole, respectively.

detection with 3G4 antibody, directed against a linear epitope
denature the protein. Interaction with the BA8 mAb, which of the ECD, confirmed that the purified protein was the
interacts only with native forms of TSHBR), emphasized = TSHr-ECD (Figure 5).
the correctly folded structure of the ECD-10His GPI protein.  Determination of N-Glycosylation Sites of TSHwenty
This point was confirmed by TSH binding experiments. picomoles of purified ECD was treated witrglycosidase
Intact ECD-10His cells biné™ bovine TSH with an affinity F to remove all N-linked sugar moieties. As described in
similar to that of CHO cells [JP1936)] expressing the  Experimental Procedures, this deglycosylation step was
holoreceptor K4 1.56 vs 3.5 nM for ECD-10His and JP19 performed in the presence of,¥0 in order to label the
cells, respectivelyfFigure 3). Estimation of the number of N-glycosylation sites witH80. After separation by SDS
TSHr/cell from analysis of the binding curves gave numbers PAGE and in-gel digestion with trypsin, the resulting tryptic
in excess of 19 peptides of the deglycosylated ECD were analyzed by
Production and Purification of the ECBatches of 19 MALDI and nanoESI-MS (see Experimental Procedures).
ECD-10His CHO cells were treated with PI-PLC, and the Three tryptic peptides containing the putative N-glycosylation
material released from the cells was purified on a cobalt- sites in positions 77, 113 and 302 (peptides TIPSHAFSN-
based IMAC column as described under Experimental LPNISR, NLT YIDPDALK, and GILESLMCNESSMQSLR
Procedures. The eluted material was analyzed by -SDS with C corresponding to alkylated cysteine) were observed
PAGE and Coomassie blue staining (Figure 4). In the by MALDI with a mass shift of 1 Da (due to the Asn to
fractions eluting between 50 and 100 mBRJ imidazole, a Asp conversion associated with the deglycosylation step) and
strongly stained but fuzzy band, characteristic of a glyco- as double peaks wita 2 Daspacing characteristic of the
sylated protein, was visualized at the expected size (95 kDa)*®O labeling (Figure 6 and Table 1). These three peptides
(30) with no obvious contaminants. The purified material were also seen by ESI-MS as well as a fourth tryptic peptide
was quantified by the Bradford method, yielding a total containing the N-glycosylation site in position 198 (LYN-
protein amount of 15@g. Western blotting and immuno- NGFTSVQGYARGTK) (Table 1 and Figure 7A). The
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MRPADLLQLVLLLDLPRDLGGMGCSSPPCECHQEEDFRVTCKDIQRIPSLPPSTQTL

77 99
KLIETHLR/TIPSHAFSNLPNISR /IYVSIDVTLQQLESHSFYNLSK/VTHIEIRN
MALDT not observed

NANOESI-MS/MS
113
TR/NLTYIDPDALK/ELPLLKFLGIFNTGLKMFPDLTK/VYSTDIFFILEITDNPYM
MALDI not observed
NanoESI-MS/MS
177 198

TSIPVNAFQGLCNETLTLK/LYNNGFTSVOGYAFNGTK/LDAVYLNKNKYLTVIDKD

Not observed

AFGGVYSGPSLLDVSQTSVTALPSKGLEHLKELIARNTWTLKKLPLSLSFLHLTRAD

302
LSYPSHCCAFKNQKKIR/GILESLMCNESSMQSLR/QRKSVNALNSPLHQEYEENLG
MALDI
NanoESI-MS/MS
DSIVGYKEKSKEQDTHNNAHYYVFFEEQEDEIIGFGQELKNPQEETLOAFDSHYDYT

ICGDSEDMVCTPKSDEFNPCEDIMGYKHHHHHHHHHHEFSSNKSISVYRDKLVKC/ /

Ficure 6: Summary of the determination by mass spectrometry of N-glycosylation sites of the ECD-10His protein. The theoretical tryptic
peptides containing the putative N-glycosylation sites (in bold) are underlined. After deglycosylation in the preses¢® ahHi in-gel

tryptic digestion, three of these peptides were observed by MALDI and nanoESI-MS with a mass shifted by 1 Da because of the N to D
conversion resulting from the deglycosylation step and the doublets of peaks due to the incorpof&@ofseé Experimental Procedures).

A fourth peptide was only observed by nanoESI-MS, and all these peptides were sequenced by nanoESI-MS/MS to confirm the glycosylation
site. Two tryptic peptides with the putative N-glycosylation sites in positions 99 and 177 were not observed by MALDI or nanoESI-MS.

Table 1: Detection by Mass Spectrometry of the Tryptic Peptides from ECD Containing the Putative N-Glycosylatfon Sites

tryptic peptides with putative MALDI-TOF MS ESI-Q-TOF MS (Figure 7A)
N-glycosylation site (monoisotopic MH) [monoisotopic (M+ 2H)?*]
NLT YIDPDALK MH* = 1263.48 (M+ 2H)?>" = 632.29
(1261.65 Da)
TIPSHAFSNLINISR MH*=1254.73 (M+ 2H)?*" = 827.88
(1652.86 Da)
GILESLMCNESSMQSLR MH*=1971.84 (Mox) (M+ 2H)?" = 978.40
(1953.89 Da) MH = 1987.86 (2Mox)
LYNNGFTSVQGYARNGTK ND (M + 2H)2* = 991.89
(1979.93 Da) (deamidation of an N)
IYVSIDVTLQQLESHSFYNLSK ND ND
(2583.32 Da)
VYSTDIFFILEITDNPYMTSIPVNAFQGLONETLTLK ND ND

(4281.13 Da)

a After deglycosylation in the presence offD (where the N to D conversion of the N-glycosylation site takes place), the ECD is digested with
trypsin (after alkylation of the cysteine residues), and the resulting peptides are analyzed by MALDI-TOF and ESI-Q-TOF mass spectrometry
(Figure 7A). Because the ionization process of MALDI and ESI is different, some peptides present in the mixture are sometimes observed with
only one of these MS techniques.

glycosylation sites of these four peptides were confirmed 8B). An interesting characteristic of the assay is the very
by MS/MS sequencing as illustrated in Figure 7B. No peak low nonspecific binding it displays, allowing for precise
was detected by MALDI or nanoESI-MS which could estimation of binding parameters. The minimal model giving
correspond to either the deglycosylated or unglycosylated an acceptable fitting of the specific binding data requires
tryptic peptides containing the putative N-glycosylation sites two classes of binding sites according to the equation:
in positions 99 and 177 (Figure 6 and Table 1).

Binding of TSH on the Soluble ECDlo study the Y = BaxtX/(Kgz + X) + BaxX(Kg + X)
interaction of TSH with ECD, we established a new binding
assay (see Experimental Procedures) in which the-¥SH P = 0.7331 P value>0.5 indicated that the data follow the
ECD complex was separated from free TSH by niekel equation selected); site Ky = 0.014+ 0.04 nM andBax
agarose magnetic beads. After determination of the kinetics= 0.007 &+ 0.002 nM; site B,Kq = 0.83 + 0.09 nM and
of the binding reaction (equilibrium approached after 240 Bnax = 0.05+ 0.005 nM (the experimental variations for
min; see Figure 8A), the assay allowed for the first time the Ky andBnax values were calculated from three indepen-
estimation of the dissociation constaiy of TSH for the dent experiments). The amount of bioactive ECD capable
soluble ECD from a classical saturation binding curve (Figure of binding TSH in the range of TSH concentrations used
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Ficure 7: NanoESI-MS and MS-MS experiments for the determination of the N-glycosylation sites of the ECD-10His protein. After
deglycosylation in the presence 0§D and in-gel tryptic digestion, the resulting proteolysis mixture was analyzed by nanoESI-MS (A).

The insets represent the isotopic profiles of doubly charged ions corresponding to different tryptic peptides. The unlabeled tryptic peptide
IPSLPPSTQTLK (position 4758) with a monoisotopicn/z at 641.32 displays a classical isotopic profile. The other ions have an isotopic
profile characteristic of thé®O labeling and correspond to the following tryptic peptides which were N-glycosylated as confirmed by the

N to D conversion:DLT YIDPDALK with (M + 2H)?" = 632.29, TIPSHAFSNLBISR with (M + 2H)** = 827.88, GILESLMMESSM-

QSLR with (M+ 2HY*™ = 978.40, and LYNDFGTSVQGYAMGTK with (M -+ 2H)?* = 991.89 (the D in bold results from a deamination

of N, deamination which can occur during the denaturation step performed at high temperature). The glycosylation sites of these peptides
were confirmed by MS-MS sequencing as illustrated in (B) for the tryptic pefideYIDPDALK.

represents only a proportion (ca. 5%) of the total amount of previous protocols. It essentially allows preparation of sizable
ECD (see Discussion). amounts of soluble highly purified material presenting the
Binding of Autoantibodies to Soluble ECDhe ability of functional characteristics of the native domain, as it is when
the soluble ECD to neutralize the thyroid stimulating activity part of the holoreceptor. Compared with the relatively easy
(TSADb) of serum from patients with Graves’ disease was production of the ectodomain of the LH/CG recepfrl(),
measured using CHO cells expressing the wild-type holore- attempts to prepare soluble ectodomain of the TSHr has been
ceptor (JP26)36). The cells were incubated with five sera exceptionally difficult: most simple strategies led to trapping
with a very high TSAb activity, which had been preincubated of denatured material within the cells or to production of
or not in the presence of By of soluble ECD (Figure 9A),  protein devoid of TSH binding activity25, 28, 41). Recently,
and the cAMP produced was measured. The soluble ECDthree strategies yielded more promising results: Rapoport’s
neutralized efficiently the TSAD activity (95%100% inhibi- group, by truncating the ECD after residue 261, could obtain

tion) in the five sera tested. Experiments with increasing 5 His-tagged soluble ectodomain presenting very efficient
amounts of soluble ECD showed that a concentration of 500 g binding activity but incapable of binding TSIS).

ng/mL (5 nM) was necessary to neutralize 50% of the
autoantibody activity (Figure 9B) present in B0 of serum
from the patient with the highest TSAb activity.

It is likely that additional downstream residues are involved
in TSH binding or are required to stabilize the three-
dimensional structure of the ectodomain. Hsueh’s group, by
DISCUSSION hooking the 390 amino-terminal resi_dues of the TSHr to th(_a
transmembrane segment of CD8 via a cleavable thrombin
Production of the ectodomain of the TSHr according to site, could prepare material displaying both TSAb and TSH
the present protocol presents a series of advantages ovebinding activity £6). However, binding of TSH was only
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Ficure 8: TSH binding on soluble ECD-10His. Binding of TSH
on soluble ECD-10His was performed as described in Experimental
Procedures. (A) Kinetics of binding. Sixty nanograms of soluble 0 . . - .
ECD-10His and 140 000 cpm of labeled TSH were incubated for 0.1 1 10 100 1000
15-240 min. Unbound TSH was then removed by nickel agarose ECD nM

chromatography (see Experimental Procedures) and total cpm bound
counted. (B) Saturation curve. Twenty nanograms of soluble ECD- Ficure 9: Neutralizing TSAb activity of the soluble ECD-10His.
10His was incubated fo4 h atroom temperature with various  Soluble ECD-10His and sera from patients exhibiting a strong TSAb
concentrations of labeled TSH (nM). The concentration (nanomolar) activity were incubated fol h at 37°C in isotonic medium with
of radiolabel specifically bound was calculated by subtracting from CHO cells expressing the wild-type TSH receptor (JP26). cAMP
total binding nonspecific binding observed in the presence of 500 produced by the cells was measured as described in Experimental
nM cold bTSH. Key: M) total binding; @) specific binding; &) Procedures. (A) Seven normal sera (N\I7) and five sera with a
nonspecific binding. (C) Scatchard analysis illustrating the two TSAb activity (StS5) incubated with (black bars) or without
binding sites. All experiments were done in triplicate, and results (shaded bars) 8g of soluble ECD-10His. (B) Serum S1 incubated
are expressed as cpm bound. The data were analyzed with GraphPagith various concentrations of soluble ECD-His. Duplicate samples
Prism (GraphPad Software, Inc., San Diego, CA) which fits a two- were assayed in all experiments; results are expressed as picomoles
site saturation binding curve. of cAMP per milliliter. The data were analyzed with GraphPad
Prism (GraphPad Software, Inc., San Diego, CA) which fits the
demonstrated by affinity labeling. Finally, Johnstone’s group data as a logistic model.
and our group succeeded in expressing large amounts of
TSHr ectodomain at the surface of CHO cells via attachment chromatography on lectins prior to nickedgarose chroma-
of a glycosylphosphatidylinositol anch@d). The ectodomain  tography, to avoid interference of serum proteig8)( The
could be released by a specific GPI-PLC. It displayed TSAb inclusion of 10 histidine residues in our tag, instead of the
neutralizing activity and, when stabilized by a monoclonal more “classical” 6-his tag, allowed elution from the cobalt
antibody, showed binding of labeled TSH in a PEG agarose column at higher imidazole concentrations, thus
precipitation format 30). diminishing the amount of coeluted contaminant proteins.
In the present study, addition of a tag made of 10 histidine Also, it must be stressed that when compared with elution
residues to the GPl-anchored TSHr ectodomain allowed to from immobilized mAbs, which involves drastic, potentially
combine high expression at the surface of CHO cell$ (10 denaturing conditions, imidazole elution from cobaigarose
molecules capable of binding TSH/cell) and efficient puri- columns is a particularly mild procedure. The procedure
fication. The capacity of GPI anchors to target large amounts Yielded 15Qug of highly purified ectodomain from 2@ells,
of proteins to the plasma membrane is well exemplified by i-€., about 1@ molecules/cell.
the situation in trypanosomes, the first organisms shown to  The functional characteristics of the purified ectodomain
use this strategy to make membrane proteins, in which adeserves qualification. It allowed for the first time perfor-
continuous mantle of GPI-anchored VSG proteins covers themance of direct TSH binding experiments with purified
whole cell @2). The possibility to release GPl-anchored material. In previous experiments, stabilization of the
molecules from the cell surface, by incubation with a GPI- ectodomain with the BA8 mAb was required in order to
specific PLC, makes it possible to obtain a TSHr ectodomain observe TSH binding30). A variety of factors could explain
in a serum-free medium relatively poor in proteins. In this apparent discrepancy: in the previous experiments,
comparison, production of a 261-residue His-tagged ecto- commercial PI-PLC was used which, for reasons of economy,
domain via the normal secretory route required affinity imposed to work in a very small volume and to detach cells
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from the plastic surface before adding the enzyme. This present study displayed also a very potent TSAb neutralizing
treatment could induce partial degradation of the receptor, activity. It was capable of inhibiting completely>00%)

if not stabilized by the mAb. The use of “home-made” stimulation of cCAMP accumulation in JP26 celR6f by a
recombinant PI-PLC and a very efficient concentration series of Graves’ sera selected for their particularly strong
module allowed working in larger volumes, which could TSAb activity. Titration experiments demonstrated that
avoid aggregation of the soluble ectodomain during the neutralization of 50% of the cAMP-stimulating activity of
cleavage step. Also, the previous assay used PEG precipita50 uL of serum was achieved by 5 pmol (5 nM final
tion to measure binding of radiolabeled TSH; it is possible concentration) of the ectodomain. This result was consistent
that inclusion of the BA8 mAb in the complex favored with previous flow cytometry experiment8@, 45) demon-
precipitation rather than improve the TSH binding. The new strating low concentrations of TSAb in Graves’ sera, as
assay, using nickel-coated magnetic beads, displayed negeompared with blocking antibodies (TSBAD). It was also
ligible nonspecific binding, which greatly improved sensitiv- compatible with data obtained with the ECD2@&BY, In this

ity as compared with the PEG assay and allowed performancecase, 50 ng (0.002 nmol; 8 nM final concentration) of the
of classical saturation curves using purifid-labeled TSH.  truncated ECD was able to neutralize the activity of a potent
Interestingly, these experiments provided evidence for two TBII. Assuming irreversible interaction (J. van Sande et al.,
classes of TSH binding sites, both with an affinity higher to be published) and a 2:1 stoichiometry for the EELSAb
than the one obtained from displacement curves using intactcomplex, both types of experiments indicate that the con-
cells expressing the holoreceptor (JP19 cells) (see Figure 8)centration of immunoglobulins with TSAb activity in pa-
The site displaying the highest affinity (site Kg = 0.014  tient's serum could reach 1@g/mL (i.e., around 0.1% of
nM) represents Only 13% of the total blndlng aCtiVity, which total Circu|ating immunog|obu|ins)_

is mainly accounted for by site BKf = 0.83 nM). While

the affinity of site B does not differ too much from that of
the holoreceptor present on intact cells (0.83 versus 3.5 nM),
it is more difficult to interpret the meaning of site A. One
possibility would be that it corresponds to a fraction of
receptors undergoing a structural alteration during the
purification steps that increases their ability to bind TSH.
Alternatively, we cannot exclude the possibility that this very
high affinity would correspond to that of intact soluble ECD,
the bulk of the material being partially degraded and showing
lower affinity. The observation that only a fraction of the
purified ECD (ca. 5%) is capable of binding TSH would fit
with the idea that we are dealing with a heterogeneous
population of molecules; some (the intact ECD?) would
display very high affinity (site A); others, being partially
degraded, would show a lower but still nanomolar affinity;
still others (the majority) would be altered to the point of
having lost the ability to bind TSH. One likely explanation
for this functional heterogeneity is that purification of the
ECD would lead to its partial denaturation, yielding mol-
ecules incapable of binding TSH. Against this hypothesis, . ; ) .
however, we observed that the purified ECD resists severalN-glycosylation sites out of six are effectively glycosylated

cycles of freezethaw (not shown). Also, the presence of IS in agreement with the presence in TSHr of more than 25
the additional glycan moiety or of the His tag might affect kD2 of glycans, as observed by SBBAGE and western

the stability of the native structure. Similar difficulties in blotting of receptors present in transfected cefl 60, 51,
obtaining homogeneously functional material have been 53).
experienced with the truncated ECD261 and, very recently, The availability of the purified ectodomain of the TSHr
ECD289 ectodomaing8, 43). In this case, no TSH binding made in eukaryotic cells opens a series of new research
activity was present, but the ability to bind autoantibodies avenues. Defining the interaction(s) between the ectodomain
was both heterogeneous and unstable. Strategies to explorand the serpentine domain of the glycoprotein hormone
in order to improve the yield of the functional ectodomain receptors is crucial to our understanding of the mechanisms
may include the use of the BA8 or other mAbs or copro- of activation of the receptors by hormones or autoantibodies.
duction in the same cell of the ectodomain and the hormone.Now that both moieties are available, the ectodomain as a
This strategy has proved efficient in the recent fruitful soluble protein and the serpentine domain as chimeric
purification of a complex between hCG and the ectodomain molecules essentially devoid of amino-terminal extension and
of the CG/LH receptor®). inserted in the plasma membrane (our unpublished results),
It has been shown previously that ectodomain preparationsit will be possible to probe separately their structdfienction
incapable of binding TSH were perfectly able to neutralize relationships. Direct assay of the interactions between the
TSADb or TBII from patients with Graves’ diseas2g( 44). ectodomain and the hormone or autoantibodies will be
The common interpretation is that the epitopes of autoanti- possible using the BlAcore technology. Similarly, biophysical
bodies are less complex than the structures required for TSHassays such as circular dichroism or atomic force microscopy
binding. Not unexpectedly, the ectodomain prepared in the (AFM) will make it possible to determine the reliability of

The suitability of the material for structural studies is
exemplified by the direct analysis of glycosylation sites by
mass spectrometry. The TSHr presents six potential sites of
N-glycosylation. The difference between the molecular mass
observed by SDSPAGE before and after deglycosylation
(~115 vs~85 kDa for the mature holoreceptor55—60
vs ~35—40 kDa for thea. subunit) by the different groups
working on this field §6—53) suggests that the majority, if
not all, of these sites harbor glycan moieties. In a mass
spectrometry study of the LH/CG receptor, it was shown
recently that five potential N-glycosylation sites out of a total
of six are effectively usedsf). In the present study of the
purified TSHr ectodomain, four residues corresponding to
asparagines 77, 113, 198, and 302 were shown to harbor
sugar moieties. Investigation of the two remaining sites will
require further studies using different proteolytic enzymes
to fragment the protein before MS analysis. Glycosylation
of asparagine 302 confirmed previous resulis) showing
decrease of molecular mass of the TSHr upon mutation of
this residue. Direct demonstration that at least four potential
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