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ABSTRACT The synthesis and the post-translational
modification of the a subunit ofhuman glycoprotein hormones
have been studied in a mouse cell. A full-length cDNA coding
for the human a subunit has been expressed in mouse C127
cells under the control of mouse metallothionein regulatory se-
quences, using a bovine papilloma virus vector. Stable clones
secreting the a subunit into the medium have been obtained.
Two intracellular forms of 22,000 Da and 21,000 Da have been
detected. Pulse-chase experiments suggest that the 22,000-Da
form is exported, while the 21,000-Da form appears to remain
intracellular. The secreted form of the a subunit migrates as a
broad peak between 22,000 and 30,000 Da, suggesting further
modification of the intracellular form prior to secretion. Both
the secreted and the intracellular forms incorporate glucosa-
mine label, indicating that at least a portion of the modifica-
tion observed here is in the form of glycosylation.

Thyrotropin, lutropin, follitropin, and chorionic gonadotro-
pin are closely related glycoprotein hormones produced in
the pituitary and the placenta. These hormones are com-
posed of two non-covalently associated subunits: a common
a subunit and a hormone-specific ,B subunit (1). Both sub-
units contain carbohydrate residues (1), which appear to be
essential for the biological activity of the hormones (2-6).
Because of these properties, the glycoprotein hormones pro-
vide an ideal model system for studying the synthesis of
complex post-translationally modified proteins in homolo-
gous and heterologous mammalian cells.
The human genome contains a single gene encoding the

common a subunit (7), which is expressed in the different
cell types producing the glycoprotein hormones. In addition,
a number of transformed cell lines produce the a subunit ec-
topically (8). In many cell types producing a and ,B subunits,
two forms of a subunit, combined and free, are secreted, and
these appeared to be modified differently (8-14). In this re-
port, we describe the synthesis and processing of the a sub-
unit in genetically engineered mouse cells.
We have introduced a full-length cDNA for the a subunit

obtained from placental mRNA, synonymously referred to
here as human chorionic gonadotropin-a (hCG-a), under the
control of the regulatory elements of the mouse metallothio-
nein (MT) I gene into C127 mouse cells using a bovine papil-
loma virus (BPV) as the vector (15). Isolation of stable
clones secreting the human a subunit and the characteriza-
tion of the protein produced by one such clone are de-
scribed.

MATERIALS AND METHODS
Purified hCG-a subunit and rabbit anti-hCG-a antiserum
used in the RIA were obtained from Accurate Chemicals

(Westbury, NY). 1251-labeled hCG and [6-3H]glucosamine
were obtained from New England Nuclear. The plasmid
pCG-a and rabbit antisera to hCG-a were generous gifts of
Irving Boime (Washington University School of Medicine,
St. Louis, MO). The antisera used here were raised against
native hCG-a, and reduced carboxymethylated hCG-a.

Full-length cDNA coding for the hCG-a subunit was iso-
lated from pCG-a, a plasmid with the GC-tailed cDNA in-
sert at the Pst I site of pBR322 (7). The cDNA was isolated
from pCG-a by restricting at the BamHI site at the 5' termi-
nus (7, 16) and an Hae III site in pBR322 at position 3490
(17), which lies 3' to the poly(A) addition signal and the 3'
GC tail. The BamHI/Hae III cDNA fragment was cloned
into the M13 phage mp8 digested with BamHI and HindII
(18). The poly(A) addition signal and the G-C tail were elimi-
nated by replacing the segment between the Pst I site in the
coding region of the cDNA 7 2/3 codons upstream from the
termination codon (16) and the HindIll site of M13 mp8 (18)
with a chemically synthesized DNA fragment, so as to re-
construct the original coding sequence, including the termi-
nator. The termination codon is followed immediately by
sites for the enzymes Xho I and Bgl II (see Fig. 1). The accu-
racy of this reconstruction was verified by dideoxy sequenc-
ing (19). The resulting BamHI/Bgl II fragment containing the
5' untranslated sequences and the coding sequence ofhCG-a
was used in the construction of vectors shown in Fig. 1. Plas-
mids pJYMMT(E) and pBPV2308 used in these constructs
were kindly provided by D. Hamer (National Institutes of
Health).
Growth of C127 mouse cells, the DNA transfection proce-

dure, and the isolation of BPV-transformed cell clones were
carried out as described by Howley et al. (15). Transformed
foci were subcloned into single wells of 24-well plates and
the conditioned medium was assayed for hCG-a protein us-
ing RIA. Since the antibody used in the RIA recognized
hCG-a subunit as well as intact hCG, we used 125I-labeled
hCG as the tracer and pure a subunit as the competing li-
gand. Antigen-antibody complexes were separated using
Sepharose-linked goat anti-rabbit antibody (Miles).

Radioisotopic labeling experiments were performed in 9-
cm2 dishes. Cells were labeled with [35S]methionine at 50-
100 ,Ci/ml (1400 Ci/mmol; 1 Ci = 37 GBq; Amersham) in
methionine-free modified Eagle's medium/2% dialyzed fetal
bovine serum. [3H]Glucosamine (43 Ci/mmol) labeling was
done in glucose-free Dulbecco's modified Eagle's medium
(8)/2% dialyzed fetal bovine serum, at a final concentration
of 100 ,uCi/ml. After labeling, cells were lysed in buffer A
(phosphate-buffered saline/1% Nonidet P-40/0.5% deoxy-
cholate) containing 1000 kallikrein inhibitory units (KIU) of
the protease inhibitor Trasylol (Sigma). The lysate was spun
in an Eppendorf centrifuge to remove insoluble cell debris
and was stored at -20°C. For secretion studies, pulse-la-

Abbreviations: BPV, bovine papilloma virus; MT, metallothionein;
hCG, human chorionic gonadotropin.
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beled cells were incubated for 3 hr in complete medium. Af-
ter the chase, the medium was spun to remove detached cells
and was stored at -20'C after the addition of 1000 KIU of
Trasylol.

Labeled cell lysates, and chase media brought to lx in
buffer A were immunoprecipitated with native a-specific
rabbit antiserum. Antigen-antibody complexes were isolat-
ed by binding to formaldehyde-fixed Staphylococcus aureus
(Miles), reduced with 2-mercaptoethanol, and analyzed on
NaDodSO4 15% polyacrylamide gels as described by
Laemmli (20).

RESULTS

Vector Construction. Construction of the BPV vector
pMON1040 used in the transfection of C127 cells is shown in
Fig. 1. The BamHI/Bgl II cDNA fragment containing the 5'
flanking sequences and the coding sequence of hCG-a was
introduced into the unique Bgl II site of the plasmid
pJYMMT(E) (21) to obtain pMON1038. The Bgl II site in
pJYMMT(E) lies within the mouse MT-I genomic fragment,

Bg

B B hCG'

Ap

64 bases downstream from the cap site of the MT transcript,
just preceding the ATG initiation codon (22). In this config-
uration, transcription from the MT-I promoter in pMON1038
would result in a chimeric mRNA with the 5' untranslated
leader of the MT-I mRNA followed, respectively, by the
hCG coding sequence and the coding sequence of the MT
gene. The downstream MTgene provides the introns and the
poly(A) addition signal putatively required for the proper
processing of the mRNA (see ref. 23). In addition to the MT
gene, pJYMMT(E) also contains the entire simian virus 40
genome linked to a "poison minus" pBR322 derivative and
is, therefore, capable of replicating in monkey cells (21).
DEAE dextran-mediated transfection of pMON1038 into
CV-1 monkey cells resulted in the production of hCG-a (not
shown).
To construct the BPV vector pMON1040, the BamHI/Sal

I fragment of pMON1038, including the hCG-MTI chimeric
gene and the poison minus pBR322 sequences, was ligated to
a full-length BPV genome with BamHI and Sal I termini.
Calcium phosphate-precipitated pMON1040 DNA was used
to transfect mouse C127 cells as described by Howley et al.
(15).
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FIG. 1. Construction ofpMON1040 BPV vector for the transfection of C127 cells. Open boxes represent MT-I promoter region; solid boxes,
MT-I coding sequence and 3' flanking sequences; cross-hatched boxes, BPV sequences; dotted lines, pBR322 sequences. Continuous line
between the pair of BamHI (B) sites in pJYMMT (E) and pMON1038 represents the simian virus 40 genome. The hCG-a sequences are also
represented by a continuous line and are labeled. Enzymes: B, BamHI; Bg, Bgl II; D, HindIII; P, Pst I; R, EcoRI; S, Sal I; X, Xho I; B/Bg,
fusion joint of BamHI and Bgl II sticky ends; CAP, calf liver alkaline phosphatase; Ap, ampicillin resistance gene.
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Isolation and Characterization of hCG-a Producing Clones.
Two to three weeks after the transfection, 72 transformed
foci were cloned into individual wells of 24-well plates. After
1 week of growth, the amount of hCG-a secreted into the
culture medium during a 48-hr period was measured by RIA.
Production levels of hCG-a ranged from undetectable to 300
ng/ml in the clones tested. No hCG-a signals were detected
in the medium of a BPV-transformed clone that did not con-
tain hCG-related sequences on the vector. Five clones that
appeared to produce the highest level of hCG-a were studied
further. Table 1 shows the levels of hCG-a secreted by the
five clones during a 24-hr period. Addition of noncytotoxic
levels of Cd21 or Zn2+ to the medium caused an increase in
the levels of secreted hCG-a. This result is consistent with
the idea that transcription of the hCG-a-producing transcript
is under the control of the MT promoter, which has been
shown to be inducible by heavy metals (21, 24). However,
the extent of response to the metal ions shows considerable
variability, with induction ratios varying between 2- and 5-
fold. A similar decrease in the responsiveness of the MT-I
promoter to metal ions has been observed in BPV-derived
transformants producing human growth hormone (25).

In general, when clones were tested by RIA at 48 hr,
>95% of hCG-a was found in the medium, indicating profi-
cient secretion and the absence of high levels accumulating
intracellularly.

In all further studies, described below, we used the clone
20 described in Table 1. Fig. 2 shows the kinetics of hCG-a
secretion by this line. The hCG-a protein is detectable over
background as early as 3 hr, but the increase is small com-
pared to that which becomes detectable at 9 hr. Pulse-chase
experiments described below (see Fig. 4) confirm the syn-
thesis and secretion during these early periods. This line se-
cretes -300 ng of hCG-a per 106 cells per day and has been
stable over the past 4 months. We have detected BPV se-
quences in the Hirt supernatants (26) of clone 20 by Southern
gel analysis (27), indicating episomal replication of the BPV
vector in the cells (28).

Characterization of the Intracellular and Secreted Forms of
hCGoa. The a subunit of glycoprotein hormones is synthe-
sized eutopically in the pituitary and placenta, and ectopical-
ly in a number of tumor cell types (8-14). The intracellular
and secreted forms of this protein have been extensively
characterized in the studies cited. We examined the size and
the extent of glycosylation of the a subunit synthesized in
clone 20 in the following experiments.

Cells were pulsed for 1 hr with either [35S]methionine or
[6-3H]glucosamine. Cell lysates were prepared immediately
after the pulse or after a 3-hr chase in nonradioactive medi-
um. Immunoprecipitates of the lysates and the chase medi-
um using antiserum against native a subunit were analyzed
on NaDodSO4/polyacrylamide gels. Fig. 3 shows the data

Table 1. Response of hCG-a secretion by pMON1040-derived
clones to Cd2" and Zn2+

hCG-a, ng/ml
No Cd2+ Cd2+ Zn2+

Clone addition (1 ,uM) (5 kLM) (50 /.M)
1 50 66 100 95
5 270 500 560 280
7 93 300 500 495
18 180 190 320 540
20 200 250 470 280

Cells (106) from each clone grown overnifht in 9-cm2 dishes were
exposed to medium containing Cd2+ or Zn ions for 24 hr. hCG-a
in the medium was assayed by RIA. Background hCG-a-reactive
material in medium of a similarly treated transformed cell line de-
rived using an unrelated BPV vector was <2 ng/ml.
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FIG. 2. Secretion of hCG-a by pMON1040 clone 20 into culture
medium. Cells grown in 9-cm2 dishes were exposed to fresh medium
with or without 5 /iM Cd2" at 0 hr. Aliquots of medium at various
times shown were assayed for hCG-a by RIA. Closed circles, medi-
um alone; open circles, medium containing 5 AM Cd2+.

for [35S]methionine labeled lysates and media. Two bands of
-22 and 21 kDa are seen in cell lysates immediately after
pulse (lanes 4 and 5). Neither of these bands is seen when
immunoprecipitations are carried out in the presence of ex-
cess unlabeled hCG-a (not shown). The 22-kDa band comi-
grates with the 125I-labeled hCG-a standard (lane 1) obtained
by dissociation of 125I-labeled native hCG (see Materials and
Methods), and it disappears during the subsequent chase
(lane 6). The 21-kDa form, however, persists in the intracel-
lular compartment throughout the chase period. These data
suggest that the 22-kDa form may represent the secreted
component of hCG-a, whereas the 21-kDa form may remain
intracellular and be degraded, or it may be exported slowly.
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FIG. 3. Intracellular and secreted forms of hCG-a in pMON1040
clone 20. Cells in 9-cm2 dishes were pulsed with [35S]methionine for
1 hr and either lysed immediately or chased for 3 hr in complete
medium and then lysed. Aliquots of lysates and medium were im-
munoprecipitated with rabbit antiserum against native hCG-a or
with a nonspecific rabbit serum. Lanes 4 and 5, lysates after pulse;
lanes 6 and 7, lysates after 3-hr chase; lanes 2 and 3, medium from
chase. Lanes 2, 4, and 6, hCG-a antiserum; lanes 3, 5, and 7, non-
specific antiserum. Lane 1, 251I-labeled hCG-a marker from dissoci-
ated native 125"-labeled hCG. Lane S, radioactive markers (top to
bottom) 94,000, 67,000, 30,000, and 12,000 Da.
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Since the a subunit is synthesized ectopically in many tumor
cells and since the C127 cells were derived from a mammary
tumor (29), it was necessary to rule out the possibility that
the observed bands were due to endogenous mouse a gene
expression. We examined lysates from pulse-labeled cells
transformed with a BPV hybrid carrying an insert unrelated
to hCG-a. This lysate as well as clone 20-derived lysate were
immunoprecipitated using two hCG-a-specific antisera
raised against native and reduced carboxymethylated a sub-
unit. Both antisera precipitated the 22- and 21-kDa bands
from the lysates of clone 20. However, neither of the a-spe-
cific bands shown in Fig. 3 were immunoprecipitated from
the lysate of the unrelated BPV transformant with either
antisera, indicating that the two forms of hCG-a seen in the
lysate of clone 20 are specific to the hCG-a gene in
pMON1040.

Fig. 3 (lane 2) shows the immunoprecipitation of hCG-a-
specific material secreted into the medium during the chase
period. A disperse band of material running between 22 and
30 kDa is observed. The increase in size of the secreted sub-
unit is in agreement with observations of increase in the mo-
lecular size of secreted free a subunit from the pituitary, pla-
centa, or ectopically producing cells (8-14), and it presum-
ably represents additional glycosylation of the intracellular
form during secretion (14).

Fig. 4 shows results of a pulse-chase experiment using
[3H]glucosamine to label the sugar moieties attached to the
proteins. In pulsed cell lysates (lane 4), two bands corre-
sponding in molecular size to the 22- and 21-kDa forms
shown in Fig. 3 are seen. The lower molecular size, 21-kDa
form, incorporates more label than the 22-kDa form. During
the 3-hr chase (lane 6), both a-specific bands show an in-
crease in intensity. The differences in the kinetics of
[35S]methionine and [3H]glucosamine label incorporations
are likely to represent the differences in the flow of these
precursors through their respective intracellular pools.
Nontheless, these data show that both the intracellular forms
of the a subunit contain sugar moieties attached to them.
The secreted form of the protein also labels with glucosa-
mine (lane 2) and shows the increase in molecular size simi-
lar to that seen in the 35S-labeling experiment described in
Fig. 3. However, in contrast to the 35S-labeled lysates, small
amounts of the higher molecular size form are observed in
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FIG. 4. Glycosylation of hCG-a produced by pMON1040 clone
20. [6-3H]Glucosamine-labeled cell lysates and chase media (see
Fig. 3 for experimental details) were immunoprecipitated with anti-
bodies to native a subunit or with a nonspecific antibody. Lanes 2
and 3, chase medium; lanes 4 and 5, lysates after pulse; lanes 6 and
7, lysates from pulse-chased cells. Lane 1, '251-labeled hCG-a mark-
er from dissociated native '25I-labeled hCG. The light band in lane 1
migrating behind the dark hCG-a band corresponds to hCG-13.

the lysates of glucosamine labeled cells. The data in Figs. 3
and 4 taken together show that the major -species of a sub-
unit-related material in the lysate and in the medium are gly-
cosylated. The immunoprecipitates of 35S-pulsed cell lysates
using two a-specific antisera, against native and reduced
carboxymethylated a subunit, revealed no bands other than
the two forms described above. Thus, these forms appear to
be the only predominant a subunit-related proteins in the in-
tracellular space.

DISCUSSION
We have expressed the full-length cDNA for the a subunit of
human glycoprotein hormones under the control of the
mouse MT-I promoter in mouse C127 cells using a BPV vec-
tor. Transformed clones synthesize and secrete glycosylated
hCG-a-related polypeptide continuously. In a number of
clones examined, >95% of the a subunit is found in the cul-
ture medium, indicating very efficient secretion. The highest
producing clones secretes -300 ng ofhCG-a per 106 cells per
day.
Although the primary sequence and the locations of the

glycosylation sites are highly conserved among the a sub-
units from various mammalian species (1, 16, 30-32), there is
-25% amino acid sequence divergence between human and
mouse a subunits (32). It was, therefore, of great interest to
study the post-translational processing of the human a sub-
unit in a heterologous mouse cell. We characterized the in-
tracellular and the secreted forms of hCG-a in one of the
high producing clones (clone 20), using pulse-chase experi-
ments.
Two equally abundant forms of hCG-a-related proteins

migrating at 22 kDa and at 21 kDa were observed in the
[35S]methionine-labeled lysates of clone 20. The sizes of the
intracellular forms are considerably larger than the 10 kDa
expected from the primary sequence of the protein (1). The
lower electrophoretic mobility of the intracellular forms seen
here is explained by the presence of carbohydrate on both
the species. The 22-kDa intracellular form comigrates with
the a subunit of the dissociated urinary hCG standard, and
pulse-chase experiments indicate that it is efficiently secret-
ed. On the other hand, based on similar pulse-chase experi-
ments, the 21-kDa form is apparently persisting in the intra-
cellular space. Moreover, hCG-a-reactive material does not
accumulate intracellularly (RIA data), suggesting that con-
tinuous production of the 21-kDa form may be counterbal-
anced by slow degradation or release. Alternatively, the 21-
kDa form may be converted slowly to the 22-kDa form or an
as yet unidentified form and subsequently secreted.

Native hCG and the free a subunit are synthesized by the
human placenta (12) and human choriocarcinomas (8). In
both cases, two intracellular forms of 18 kDa and 15 kDa,
bearing a precursor-product relationship, are observed. Our
data show that the intracellular processing of the human a
subunit in mouse cells follows a different pathway. Interest-
ingly, an intracellular form corresponding in size to the a
subunit of secreted native hormones has been observed in
normal and tumor cells derived from rodent pituitaries (13,
33, 34). Thus the 22-kDa form seen in this C127 clone may be
the product of a pathway specific to pituitary cells or to the
rodent species.
The 21-kDa nonsecreted form we have observed has not

been reported in any of the studies cited above. However,
Ruddon et al. (8) have reported the presence of nonsecreted
hCG-a in the intracellular compartment of a mammary carci-
noma and a neuroblastoma line. Coincidentally, the C127
cells are derived from a mammary carcinoma (29), and there-
fore, the 21-kDa nonsecreted form may be analogous to the
nonsecreted hCG-a reported by Ruddon et al. (8).
The observation that the a subunit secreted by clone 20

Proc. NatL Acad Sci. USA 81 (1984)
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has a larger molecular size than the a subunit dissociated
from hCG is extremely interesting. Free a subunit is secret-
ed eutopically and ectopically by many cell types of human,
bovine, and rodent origin. In all these cases, the secreted
free form has been shown to have a larger molecular size
than the a subunit secreted in combination with the corre-
sponding f3 subunit (8-14, 35). The increase in molecular size
is believed to represent further modification of the free a
subunit prior to secretion. Apparently, the modifying en-
zymes in mouse cells may recognize the structural features
of the human a subunit that signal this type of modification.
The mouse cell form of hCG-a might, like the free a subunit
purified from bovine pituitaries (14), carry an additional 0-
linked oligosaccharide normally absent in the combined a
subunit. However, there are no data here to suggest that. In
any event, this high molecular size a is seen in only small
amounts in cell lysates of clone 20. This is true of all cases
cited above as well and suggests that the additional modifica-
tion of the secreted a occurs as a terminal step in secretion.
C127 cells and BPV-transformed C127 cells apparently do

not produce large quantities of mouse a subunit ectopically.
In control experiments using C127 cells transformed by a
BPV vector unrelated to pMON1040 used here, we detected
no secretion of a-like material. Labeled cell lysates from this
line immunoprecipitated with two independent polyclonal
antisera against hCG-a did not show any a-specific bands on
gels. Although there may be production of mouse a subunit
below the sensitivity of our assay, the simplest interpretation
of these results is that BPV-transformed C127 cells do not
produce mouse a ectopically. This would suggest that the
mechanisms that result in the modification, and, more inter-
estingly, hypermodification of the a subunit are not limited
to cell types that produce the a subunit eutopically or ectopi-
cally.
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