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ABSTRACT. The luteinizing hormone/human chorionic gonadotropin (LH/hCG) receptor, which belongs
to the family of G-protein coupled receptors, plays an important role in gonadal steroidogenesis. Substitution
of aspartic acid 556 of the LH/hCG receptor with glycine (D556G) creates a constitutively active receptor
that activates adenylyl cyclase in the absence of hormone. To examine receptor internalization, human
embryonic kidney cells (293 T) expressing wild type (WT) or D556G mutant receptors were incubated
with [124]hCG and subsequently analyzed for cell surface bound and internalized radioactivity. Comparison
of the rate constants of internalization of the D556G mutant and WT receptors revealed that the rate of
internalization of the D556G mutant was five times greater than that of the WT receptor. Although the
D556G receptor internalized2fl]hCG rapidly, a corresponding increase M3hCG degradation was

not seen. The internalization of another constitutively active LH/hCG receptor (aspartic acid 556 to tyrosine)
was also greater than that of the WT receptor. Internalization of receptor b&3iddG was inhibited

by a hypertonic sucrose solution, confirming that the ligand enters the cell by receptor-mediated endocytosis.
Furthermore, the constitutively active D556G and D556Y LH/hCG receptors utilize the arrestin dependent
internalization pathway. These results suggest that the active state conformation of the constitutively active
receptor is conducive to rapid internalization.

The luteinizing hormone (LH)and human chorionic  glycine 25—27). This mutant receptor was identified in
gonadotropin (hCG) receptor belongs to the large family of males with gonadotropin-independent, male-limited preco-
G-protein coupled receptord,(2) Within this family the cious puberty and transfection of the mutant receptor cDNA
receptor falls into a subgroup that includes other glycoprotein into COS-7 cells showed that the receptor stimulated cyclic
hormone receptors such as the thyrotropin receptor and theAMP production in the absence of LH or hCQ®S6].
follicle stimulating hormone receptor that have large N- Subsequent studies showed that mutation of this aspartic acid
terminal extracellular domains3(4). Both the pituitary  to tyrosine also produces constitutive activation of the LH/
hormone, LH, and its placental counterpart hCG bind the hCG receptor, and this mutation has been identified in males

receptor with high affinity §). Binding of either hormone  \ith precocious pubertyl@, 16, 20).
causes the heterotrimeric Gs-protein to exchange GDP for

GTP and activation of adenylyl cyclase to yield cyclic AMP
(6, 7). The subsequent activation of protein kinase A by
cyclic AMP leads to increased steroidogenesis in gonada

tissues 8). LH/hCG is also known to stimulate phospholipase a cqnstitutively active _mutant _receptoi&). Pulse chase
C resulting in the hydrolysis of phosphatidylinositol in cells Studies showed that unlike the wild type (WT) receptors most

expressing the LH/hCG receptd-12). of the mutant receptors were trapped in the endoplasmic
reticulum @8). However, binding assays using intact cells

showed that low levels of the constitutively active mutant
receptors were present at the cell surface indicating that some
of the mutant receptors were processed through the Golgi
and trafficked to the cell surfac8). The mutant receptor

at the cell surface binds hormone with high affinigy.

Several studies have shown that the LH/hCG receptor

We have shown previously that mutation of conserved
aspartic acid residue 556 in the sixth transmembrane domain
Iof the rat LH/hCG receptor to glycine (D556G) also produces

Several mutations have been identified in the LH/hCG
receptor that activate the receptor in the absence of LH or
hCG (13—24). The first mutation identified was the substitu-
tion of aspartic acid in the sixth transmembrane domain with
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EXPERIMENTAL PROCEDURES concentration of 100 ng/mL*3¥]hCG in a shaking water
) bath set at 50 strokes/min and 3C for 0—60 min. The
Materials [*?9]hCG was added immediately prior to the incubation.

Highly purified hCG CR127 was iodinated by the chloramine
T method to a specific activity of 30 0660 000 cpm/ng

as described previousl@§). Nonspecific binding of PAhCG

was determined by incubating the cells with a 1000-fold
excess unlabeled hCG. The internalization reactions were
terminated by the addition of 2 mL of cold assay media,

Human chorionic gonadotropin (3000 1U/mg, EEC No.
232-660-2) for nonspecific binding, N8I, Chloramine T,
and 3-isobutyl-1-methylxanthine were purchased from Sigma.
Leupeptin and sucrose were purchased from Boehringer
Mannheim. The sodium salt & was purchased from ICN.

All other chemicals used were reagents purified for use in and the cells were pelleted at 25or 5 min at 4°C. The

molecular biology studies. The GeneEditor in vitro site- supernatant was removed. and the wash was repeated. The
directed mutagenesis system was purchased from Promega b ' P :

Highly purified hCG (CR 127) was a gift from the Center cell pellets were incubated with a low pH buffer (100 mM

. . . NaCl, 50 mM glycine, pH 3) at 4C for 5 min to remove
for Population Research, NICHD, National Institutes of
Health,p distributed through the National Hormone and cell surface bound'fIhCG. The cells were repelleted and

Pituitary Program. The human cytomegalovirus promoter- the supernatant was saved. The cell pellets were then rinsed

driven vector, pCMV4, was a gift from Dr. D. Russell, once with low pH buffer, and the supernatants were
University of Texas Southern Medical Center, Dallas, TX ﬁgg?égidreaﬁgsgﬁﬁﬁﬁcg t?l:to\?vr:gbozmed fgpl_el_rlr;ﬁéagt
(33). Human embryonic kidney cells expressing the SV40 P

large T antigen (293 T cells) were a gift from Dr. G. P. receptor on the cell surface. The _ceII pe[lets were also
Nolan, Stanford University, Stanford, CA. Arrestin{3ar- cognted n g-counter and represent internalizéeH[hCG.
restin ’ andﬂ-arrestin-(3193fl8) cDNAs Were a gift from Using this procedure, more than 90% of the surface bound

12
Dr. J. L. Benovic, Thomas Jefferson University, Philadelphia, [*4]nCG was removed (data not shown).

PA. Determination of the Rate Constant of Internalizati®n.
determine the rate of internalization, surface bound and
Methods internalized {?4]hCG were measured at 5 min intervals
. . . during a 30 min incubation period as described above. The
Site-Directed Mutagenesis of the LH/hCG Recepiton- rate constant of internalization was calculated from the slope

ing of the WT LH/hCG receptor into the eukaryotic expres- ¢ the line generated by the first-order rate equatkire:

sion vector, pCMV4, and preparation of the DS56G LH/ 5 3 |og[(surface bound plus internalized)/(surface bound)]
hCG receptor has been described previously by our Iaboratory(37)_

(28, 34). The GeneEditor in vitro site-directed mutagenesis I L
system from Promega was used to generate the D556Y_ Mhibition of Receptor Bound'f4]hCG Internalization.
mutation. The plasmid WT LH/hCGR-pCMV4 was alkaline To determine the effect of temperature on internalization,
denatured for 20 min at room temperature followed by 0.2mL to cells ((3-5) OX 10? cells) was incubatgd with 100
annealing to the mutagenic oligo (CTCATCTTCACAT- ng/mL [*4]nCG at 37 c with shaking for 10 minA 2 mL
ACTTCACGTGCA) and the Bottom strand selection oligo volume Qf assay medium was a_dded to the cells followed
provided by Promega. The remaining procedure was per- by centrifugation at 25 for 5 min at room temperature.

formed as described in the GeneEditor protocol provided by 1€ Superatant was aspirated and the washing procedure
Promega. The mutation was confirmed by dideoxy chain repeqted. The cell pellet was resuspended n Q'Z mL of assay
termination sequencing. medium and incubated at 37 or'G for 50 min in order to

Cell Culture and Transfectior€Cell culture and transfection ggﬁmfdme%rg?ggl‘g:lst;inp;?zsgin(}?hee rzztljsia \z/avseri?attgc(ian
were performed as described previousd@)(except that all 9 P '

5 .S
experiments were performed using cells grown in 10 cm ghein[(l;jt])gg; :/?/ﬁalt?\gglloevt th: gj#e?uggagig:ﬁigngO\t’ﬁg
plates. In Figures 45, and 8 and Table 1 the cells were y P

transfected with 1Qug WT or 10 ug mutant (D556G or internalization assay.
D556Y) LH/hCG receptor cDNA. In Figures 6, 7, and 9 and  In the experiments using sucrose;-3 x 10° cells were
Table 2 the cells were transfected with cDNA quantities resuspended in 0.3 mL of 0.6 M sucrose. After the addition
necessary to give equivalent expression of WT and mutantof [**4]nCG (final concentration 100 ng/mL), the final
receptors at the cell surface. The concentrations of cDNAs Sucrose concentration was 0.45 M. The cells were then
added to the cells are given in the figure legends. incubated with shaking at 37C for 30 min. The surface
Receptor Bound!fi]hCG Internalization AssayTrans- bound {?4]nCG was removed by incubation with low pH
fected 293 T cells were harvested with phosphate-bufferedPuffer as described in the internalization assay.
saline containing 1 mM EDTA (ethylenedinitrilotetraacetic Internalization of Receptor293 T cells ((3-5) x 10°)
acid), pH 7.4 (PBS-EDTA), and centrifuged at 25@r 5 expressing WT or D556G receptors were incubated with 100
min at room temperature. The cell pellets were resuspendedng/mL of unlabeled highly purified hCG at 37C with
in 8 mL assay medium (Waymouth’s MB752/1 medium, 20 shaking for 0, 5, and 60 min. Cell surface bound hCG was
mM Hepes, 2.24 g/L NaHC£ 50 ug/mL gentamicin, and  removed by incubation with low pH buffer as described
0.1% bovine serum albumin (BSA), pH 7.4) maintained at earlier in the internalization assay. After the final acid wash,
37 °C. Aliquots of cells were assayed for DNA content to the cells were incubated with 100 ng/mq]hCG for 20 h
ensure that equivalent numbers of WT and mutant receptorat 4 °C. At the end of the incubation, 2 mL of cold assay
expressing cells were present in the internalization a8%y ( medium was added and the cells were centrifuged at@000
To measure internalization, 0.2 mL of the cell suspension for 10 min at 4°C. The cells were washed again, and the
((3-5) x 10 cells) was incubated with a saturating cell pellet was counted in g-counter.
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Assay of Receptor Bound?filnCG Degradation.Deg- 100
radation of [?9]hCG was determined by incubating+£3)
x 10 cells with 100 ng/mL PIhCG at 37°C for 15 min.
The cells were washed twice with 1 mL of assay medium
and centrifuged at 250for 5 min at room temperature. The
cells were resuspended in 0.2 mL of assay medium and
incubated with shaking at 3TC for 0, 1, 2, 3, or 4 h. At the
end of the incubation, 0.8 mL of assay medium was added
and the cells were centrifuged at 2bfbr 5 min at room
temperature. The pellets were processed to determine cell
surface and internalized?flnCG as described earlier. The
supernatants were saved for assay of acid soluble radioactiv-

Internalized/Surface (%)

ity. A 0.2 mL volume of Waymouth’s MB 752/1 medium 80
containing 2% BSA, 20 mM Hepes, 2.24 g/L NaH¢@nd

50 ug/mL gentamicin was added to the supernatant followed Time (minutes)

by the addition of 0.3 mL of 50% TCA. Aftea 1 h FiGURE 1: Internalization of 4]hCG bound to WT or D556G
incubation at £C, the tubes were centrifuged at 2@00r LH/hCG receptors. 293 T cells transiently transfected withu@0

10 min at 4°C. The supernatants were saved, and the pelletseach of WT ®) or D556G ©) LH/hCG receptor cDNAs were

were resuspended in 0.5 mL of 10% TCA and centrifuged incubated with 100 ng/mL*]hCG at 37°C in the absence (total

as above. The supernatants, which represent degrade inding) or presence (nonspecific binding) of 1a@mL unlabeled

12 : p. v o P 9 CG for the times indicated. Internalizeé@J]hCG and cell surface

[*#]hCG, were combined, and radioactivity was measured [125]hCG were determined as described in the Methods section.

in a y-counter. Specific binding was determined by subtracting nonspecific binding
Inhibition of Receptor Bound'$9]hCG Degradation by frorfn totgl bin(;}lin%._ Inte_rr_lalizegl r?diog\ctivity was divided by cell

Leupeptin and NKCI. To measure inhibition of receptor ~Surface bound ra ioactivity and plotted as a percentage versus time.

bound [?]hCG degradation, (35) x 10° cells were Each point is the mean of triplicatels SEM, and the experiment

! 2 ! is representative of at least two experiments.
preincubated with 10 mM NI, a lysosomotropic reagent,
or 100xM leupeptin, a lysosomal thiol protease inhibitor, or 100 ng/mL hCG at 37C for 30 min. At the end of the
at 37 °C for 1 h. After a 3 hincubation, cell surface, incubation, ice-cold ethanol was added to give a final
internalized, and degraded®J]nCG were measured as  concentration of 91% ethanol. The cells were incubated at
described in the degradation assay. The inhibitors, 200 —20°C overnight and centrifuged at 209€r 15 min at 4
leupeptin or 10 mM NKCI, were present throughout the  °c_ The supernatants were collected, and the ethanol was

explgriment. o . . evaporated in a Savant Speed Vac af65 The remaining
[**4]nCG Binding to 293 T Cells Expressing Wild-Type  residue was resuspended in 1 mL of the assay buffer provided
or Mutant LH/hCG Receptorsiransfected cells ((35) x in the cyclic AMP [25] assay system from Amersham Life

10°) were incubated with increasing concentrations of sciences, and the assay was performed by following the
[**4]hCG (3120 ng/mL) with shaking at 37C for 1 h. At manufacturer's instructions. The cell pellet was dissolved
the end of the |nCUbat|0n, 2 mL of assay medium was addedin 1 mLof0.1M NaOH, sonicated brieﬂy, and assayed for

to the tubes and centrifuged at 2@0at 4 °C for 10 min.  protein content using the BCA protein assay reagent by
The wash procedure was repeated, and the pellets wergijgrce.

counted in g-counter. The equilibrium dissociation constant

(Kg) and maximal binding capacityBfay) were calculated RESULTS

from a Scatchard plot using the Ligand progra®®)( The

DNA content of the cells was measured by the method of Internalization of [24]nCG by 293 T Cells Expressing

Burton (35). Wild Type or D556G Receptortitial experiments were
Determination of the Rate Constant of hE&eceptor conducted to examine the internalization of the WT or

Association, k The rate constant of hG&eceptor associa- constitutively active, D556G, LH/hCG receptor. To measure

tion was measured from the slope of the line generated byinternalization, transiently transfected 293 T cells expressing

the second-order equatiokt = [2.303/@ — b)][log b(a — WT or D556G receptors were incubated with a saturating

X)/a(b — X)], where ‘a” is the concentration of'f3]hCG, concentration of PIhCG at 37°C for 0—60 min. At the
“b” is the concentration of receptors, anxf s the amount end of the incubation, the cell surface associated and the

of “a” bound in time 1" (39, 40). The concentration of  internalized radioactivity were determined as described in
receptors was calculated from the maximal binding capacity the Methods section. Figure 1 shows that, for each incubation
(Bmay determined from the Scatchard plot of d#i]hCG period, the ratio of internalized to cell surfac¢é]nCG was
binding assay as described above. Thé Value was higher in cells expressing D556G receptor than in cells
determined by incubating cells with a saturating concentra- €xpressing WT receptor. After 10 min of incubation, there
tion of [129]hCG (100 ng/mL) at 37C for 5, 10, 20, and 30  Was 4-fold more internalization of D556G receptor bound
min. The specifically bound$3]hCG was taken as thes [**9]hCG than #I]hCG bound to WT receptor. At the end
value, and the concentration 6£J]hCG (100 ng/mL) was  ©f the 60 min incubation, the internalization of the D556G
used as thed” value. receptor was 5-fold higher than the WT receptor.

Assay of Cyclic AMPTransfected cells (5 10°) were The rate constants of internalization of WT or D556G
incubated with 0.5 mM 3-isobutyl-1-methylxanthine in assay receptors were then determined. Surface bound and internal-
medium at 37C for 15 min followed by incubation with 0 ized [*9]hCG were measured again at 5 min intervals during
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Ficure 2: Determination of the rate constants of internalization 2 50 =
of WT or D556G LH/hCG receptors. 293 T cells transiently =
transfected with 1Qig each of WT @) or D556G Q) LH/hCG g
receptor cDNAs were incubated with 100 ng/mi3hCG at 37 g 25
°C in the absence (total binding) or presence (nonspecific binding) =
of 100ug/mL unlabeled hCG for the times indicated. Internalized -
[*24]hCG and cell surface'fd]hCG were determined as described - - |
in the Methods section. Specific binding was determined by 0 T T
subtracting the nonspecific binding from the total binding. The graph Sucrose + - +
was generated using the equatiorrk®.3 log[(surface bound plus WT D556G
thrgl\a/:uzed)/(surface bound)]. Each pointis the mean of duplicates ¢, . o 5. |yibition of internalization of WT or D556G LH/hCG

receptors. (A) 293 T cells transiently transfected withutOeach
the first 30 min, since internalization plateaued after this of WT or D556G LH/hCG receptor cDNAs were incubated with

period (Figure 1). A plot of PA]hCG internalized by receptor 100 ng/mL [?4]nCG at 37°C for 10 min, followed by washing

; ; ; : ot and incubation at 37C (open bar) or GC (gray bar) for 50 min.
versus incubation time showed that internalization the LH/ (B) 293 T cells transiently transfected with 4@ each of WT or

hCG receptor followed first-order kinetics (data not shown). pgseG LH/hCG receptor cDNAs were incubated with 100 ng/mL
Internalization of other receptors has also been shown to be[12]hCG in the absence (open bar) or presence (gray bar) of 0.45

a first-order reaction41). The rate constants of internaliza- M sucrose at 37C for 30 min. For each inhibitor, nonspecific
tion of the WT and D556G receptors were determined from Pinding was determined by incubating the cells with 1@mL

: : : o unlabeled hCG. Specific binding was calculated by subtracting
the slopes derived from Figure 2. The internalization rate nonspecific binding from total binding. Internalize@j]hCG and

constant of {#4]nCG bound to the D556G mutant receptor  cel| surface PAJhCG were determined as described in the Methods
was 5-fold higher than'f]hCG bound to the WT receptor  section. Internalized radioactivity was divided by cell surface bound
(1.15 x 1072 and 2.30x 1073 min~%, respectively). The radioactivity and plotted as a percentage. Each column represents
5-fold increase inPAJhCG bound D556G receptor inter- the meantSEM and is representative of three experiments for each
nalization over the WT receptor was reflected in the half- treatment.

lives, which were 60 and 300 min, respectivety,(= 0.69/ 10 min incubation period. The cells were then washed to
K). remove free PPIhCG and incubated at 37 or @ for 50
Inhibition of Internalization of [2A]1hCG by 293 T Cells min. Cell surface and internalize#]hCG were determined
Expressing Wild Type or D556G Receptof® further as described in the Methods section. The results presented
characterize the internalization process, the internalizationin Figure 3A show that the D556G receptor was internalized
assay was performed under conditions known to block twice as rapidly at 37C compared to OC. The correspond-
receptor mediated endocytosis. Exposure of cells to low ing change for WT was small and not significant, reflecting
temperatures is expected to block receptor internalization the low rate of internalization of the WT receptor.

because internalization is an energy dependent pro8éss ( In addition to low temperatures, exposure of cells to

42). Since binding of P]hCG occurs more slowly at 0C hypertonic solutions of sucrose prevents internalization by
than at 37°C, 293 T cells expressing WT or D556G mutant blocking clathrin-coated pit formatiod 8, 44). To determine
receptors were incubated witFJ]hCG at 37°C for 10 min, the effect of hypertonic media on internalization &[-

to ensure that binding had occurred in cells that would hCG by WT or D556G receptors, 293 T cells expressing
subsequently be incubated af@. The 10 min incubation  either receptor were incubated with 100 ng/m#I[hCG in

time period was chosen because, as shown in Figure 1the presence of 0.45 M sucrose at°&€ for 30 min. At the
internalization of the D556G receptor continues to occur end of the incubation, the cells were treated as described in
rapidly after 10 min. Therefore, it would be possible to show the Methods section to determine cell surface and internalized
changes in endocytosis at different temperatures after the[**4]hCG. Figure 3B shows that the incubation with sucrose
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Ficure 4: Loss of WT or D556G LH/hCG receptors in response
to hCG. 293 T cells transiently transfected with/@each of WT

or D556G LH/hCG receptor cDNAs were incubated with 100 ng/
mL of unlabeled highly purified CR127 hCG at 3T for 0, 5
(open bar), or 60 min (gray bar). After being washed with low pH
buffer, the cells were incubated with 100 ng/mEq{]hCG at 4°C

for 20 h. Nonspecific binding was determined by incubating the
cells with 100 ug/mL unlabeled hCG. Specific binding was
calculated from the difference of total binding and nonspecific
binding. The percentage of internalized receptors was determined
by subtracting the radioactivity bound to cells in the presence of
hCG for 5 or 60 min from the radioactivity bound to cells in the
presence of hCG for 0 min. These values were then divided by
radioactivity bound to cells in the presence of hCG for 0 min. Each
column represents the meanSEM of triplicates and is representa-
tive of two experiments.

abolished WT and D556G receptor internalization. These
results show that the internalization of WT and D556G LH/
hCG receptors involves clathrin-coated pit formation.

Loss of Wild Type or D556G Receptors from the Cell
Surface The previous experiments examined the disappear-
ance of [?9]hCG rather than the loss of receptor from the
cell surface. To determine specifically receptor loss, 293 T
cells expressing WT or D556G LH/hCG receptors were
incubated with unlabeled hCG at 3C for 0, 5, and 60 min.

At the end of the incubation, the hCG bound to the cell
surface was removed by incubation with low pH buffer as
described in the Methods section. The cells were then
incubated with PAhCG at 4 °C overnight, and bound
[**4]hCG was determined. The results show that exposure
of cells expressing D556G receptor to unlabeled hCG for
60 min resulted in a 2-fold increase in the percentage of
receptors internalized compared to cells exposed for 5 min
(Figure 4). The data corroborate the previous experiments,
in which internalization of the WT and D556G receptors was
measured by determining internalizé@hCG.

Degradation of {29]hCG Internalized by Wild Type or
D556G ReceptorsSince the D556G mutant receptor is
rapidly internalized, the degradation dfJ]hCG bound to
the D556G receptor was investigated. Cells expressing WT
or D556G receptors were incubated witR]hCG for 15
min. The free {?9]hCG was removed by washing, and the
cells were incubated for the times indicated in Figure 5.
Degraded PAIhCG was measured in the TCA soluble
fraction. Figure 5A shows that there is very little degradation
of [*M]hCG by cells expressing WT receptor. A small
increase in degradation of?fllnCG was seen in cells
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Ficure 5: Degradation of PA]hCG internalized by WT (A) or
D556G (B) LH/hCG receptors. 293 T cells transiently transfected
with 10 ug each of WT (A) or D556G (B) LH/hCG receptor cDNAs
were incubated with 100 ng/mUPIhCG at 37°C for 15 min
followed by washing. The cells were then incubated afG7or

the times indicated in the figure. Nonspecific binding was deter-
mined by incubating the cells with 100g/mL unlabeled hCG.
Specific binding was calculated by subtracting nonspecific binding
from total binding. At the end of each incubation period, the cells
were assayed for surface, internalized, and degrad@8&thCG as
described in the Methods section. The radioactivity associated with
the cell surface @), internalized ©), or degraded X) fractions
were divided by the total of all three fractions. Each point represents
the meant SEM.

degraded was low despite rapid internalization'é1]hCG
by the D556G receptor.

Degradation of PII]hCG internalized by the WT receptor
is inhibited by the lysosomotropic reagent, A (30), and
the lysosomal thiol protease inhibitor, leupeptb);, Cells
expressing the WT or D556G receptors were incubated with
[*?9]nCG in the presence or absence of M or leupeptin
for 15 min. The cells were washed with assay medium and
incubated for an additioh& h in the presence or absence
of NH4CI or leupeptin. Both NHCI and leupeptin blocked
the small fraction of [?4]hCG degradation observed for both
WT and D556G receptor expressing cells (Table 1). The
results demonstrate that degradation*&f]hCG internalized
by both the WT and D556G receptors was inhibited by agents
that disrupt lysosomal function.

Internalization of [?4]hCG by 293 T Cells Expressing
Equal Numbers of Wild Type and D556G Receptive
have shown previously that cell surface expression of the

expressing D556G receptor compared to cells expressing WTD556G receptor was only 20% that of the corresponding WT

receptor (Figure 5B). However, the percentage'&f|pCG

receptor expression despite transfection with equal amounts
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Table 1: Inhibition of Degradation of{4]hCG Internalized by WT 0.05 A

or D556G Receptors

percentage of total (%) 0.04

receptor treatment surface internalized degraded

WT none 794+ 1 19+1 1.414+0.01 0.03
10 mM NH,CI 8042 20+£2  0.62+0.04
100uM leupeptin 82+ 4 18+ 4  0.43£0.16

D556G none 591 38+1 3.104+ 0.40
10 mM NH,CI 61+ 3 40+2  0.52+0.36
100uM leupeptin - 61+ 1 38+ 1 0.98+ 0.59 0.01

aFollowing a 1 hpreincubation in the presence or absence of 10
mM NH4CI or 100uM leupeptin, 293 T cells transiently transfected
with 10 ug each of WT or D556G receptor cDNAs were incubated
with 100 ng/mL [?9]hCG at 37°C in the presence or absence of the
degradation inhibitors for 15 min. Unboun¢?J]hCG was removed Bound (fmol/ug DNA)
by washing, and the cells were incubated in the presence or absence of
the degradation inhibitors at 3T for 3 h. Nonspecific binding was 100
determined by incubating the cells with 1@@/mL unlabeled hCG.
Surface associated, internalized, and degral#@thlCG were measured
as described in the Methods section. Specific binding was calculated
by subtracting the nonspecific binding from the total binding. The
radioactivity associated with the cell surface, internalized, or degraded
fractions were divided by the total of all three fractions. Each column
represents the meah SEM.

B/F

0.02

0.00

T T
0 0.5 1 1.5 2 2.5

~1
w
|

0
=)

]
1

of WT or D556G receptor cDNA28). To establish that the
increased internalization of the D556G mutant receptor is
not due to decreased cell surface expression compared to
WT receptor, we examined internalization éf4]nCG in 0 . : :

cells expressing equal numbers of cell surface WT or D556G 0 20 40 60 80

receptors. The number of WT receptors at the cell surface Time (minutes)

was reduced by transfecting 293 T cells with Lugprather  ggupe 6: Internalization of 9]hCG by equal numbers of WT
than 10ug of WT receptor cDNA. A reduction in cell surface  and D556G receptors. (A) 293 T cells transiently transfected with
WT receptors was confirmed by a#J]hCG binding assay.  1.75ug of WT (®) cDNA or 10 ug of D556G () cDNA were
Figure 6 A shows that 293 T cells transfected with 1.&p assayed for'f9]hCG binding as described in the Methods section.

Each point is the mean of duplicates and is representative of five
of WT cDNA or 10 xg of D556G CDNA expressed experiments (B/F= bound-to-free ratio). (B) 293 T cells transiently

comparable levels of cell surface receptors. Bhgvalues transfected with 1.7%g of WT (@) cDNA or 10 ug of D556G
for the WT or D556G expressing cells were 1.9 and 2.3 fmol/ (O) cDNA were incubated with 100 ng/miEPIJhCG at 37°C in

ug DNA, respectively. Thé, values, 1.5« 10~°and 1.8x the absence (total binding) or presence (nonspecific binding) of
10-° M, were also comparable for WT and D556G, respec- 100 ug/mL unlabeled hCG for the times indicated. Internalized

: : [29]hCG and cell surface'fd]hCG were determined as described
tively. Thus, by reducing the amount of WT receptor cDNA in the Methods section. Specific binding was determined by

transfected, we were able to express comparable numbergptracting nonspecific binding from total binding. Internalized
of WT and D556G cell surface receptors. radioactivity was divided by cell surface bound radioactivity and
Cells expressing comparable numbers of cell surface WT plotted as a percentage versus time. Each point is the mean of
receptors and D556G mutant receptors were used for thelfiplicates+ SEM.
internalization assay. The transfected cells were incubatedWT receptor (1.02x 10" and 0.67 x 10" M™% min™1,
with a saturating concentration of?filhCG at 37°C for respectively). Althoughk; of the D556G receptor is slightly
0—60 min. Cell surface and internalized radioactivity were higher than the WT receptor, it does not account for the
separated as described in the Methods section. The result®-fold increase of D556G receptor internalization over WT
show that, at each incubation period, cells expressing D556Greceptor internalization.
receptors internalized moré?filhCG than cells expressing Internalization of D556Y LH/hCG Receptor Bound
WT receptors (Figure 6B). Thus, the increased internalization [*?9]hCG. To determine if other constitutively active LH/
of the D556G receptors is not due to their reduced presencehCG receptors were also more rapidly internalized than WT
at the cell surface. receptors, we mutated aspartic acid 556 to tyrosine, which
hCG-WT or hCG-D556G Receptor Association Rate has been shown to constitutively activate the human LH/
Constants, k To investigate the possibility that the D556G hCG receptor 13, 16, 20). A comparison of the'PA]hCG
mutation might increase internalization due to an increase binding characteristics of cells transfected withydof WT,
in the rate of association with hCG, we measured the D556Y, or D556G receptor cDNAs are shown in Table 2.
association rate constants)(of D556G receptor and WT  The Ky values of the D556Y and D556G receptors were
receptor. The association of hormone with receptor is a similar to those of the WT receptor. Although tBg.x value
bimolecular interaction39, 46, 47). The association rate  of cells expressing the D556Y receptor was similar to that
constants were determined as described in the Methodsof WT receptor expressing cells, tiig,.x value of D556G
section and calculated from the slopes derived from Figure receptor expressing cells was lower. To compare the basal
7. Thek; of the D556G receptor is 1.5-fold higher than the and hCG stimulated cyclic AMP levels of cells expressing

Internalized/Surface (%)
>
1
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FIGURE 7: Determination of the rate constants of h\CG-WT receptor
and hCG D556G receptor association, 293 T cells transiently
transfected with 1.7'xg of WT (@) cDNA or 10 ug of D556G

(O) cDNA were subjected to a binding assay or incubated with
100 ng/mL F?A]hCG at 37°C for 5, 10, 20, and 30 min as described
in the Methods section. Nonspecific binding was measured by

incubation in the presence of a 1000-fold excess of unlabeled hCG.

Specific binding was calculated by subtracting nonspecific binding

from total binding. The graph was generated using the equation

kit = [2.303/@ — b)][log b(a — x)/a(b — X)], where ‘@ is the
concentration of PIA]hCG, “b” is the concentration of receptors
and X’ is the amount of &” binding in time “t". Each point is the

Biochemistry, Vol. 38, No. 27, 1998709

z 9.9
Z 104
= 7.7 %
1z |
2 8 @4) [J Surface
=
U = 3N T i
2[{.)— s T [ Internalized
o T
v—_‘ L
2 T
£ (1.9) an -
ot Ay L]
Time (minutes) 0 30 60 0 30 60
WwT D556Y

FiGURE 8: Internalization of 29]hCG bound to WT or D556Y
LH/hCG receptors. 293 T cells transiently transfected withu§0
each of WT or D556Y receptor cDNAs were incubated with 100
ng/mL [A]hCG at 37°C in the absence (total binding) or presence
(nonspecific binding) of 10@g/mL unlabeled hCG for 0, 30, or

60 min. Internalized’A]hCG (gray bar) and cell surfacé&filhCG
(open bar) were determined as described in the Methods section.
Specific binding was determined by subtracting nonspecific binding
from total binding. Internalized and cell surface radioactivity were
converted to femtomoles ofPhCG bound and normalized to
DNA. The numbers in parentheses represent internalized radioactiv-
ity divided by cell surface radioactivity expressed as a percentage.
Each point is the mean of duplicat&sSE and is representative of
four experiments.

receptor cDNAs. As shown in Table 2, transfecting with
these quantities of cDNAs produced cell populations with
similar numbers of cell surface receptors as measured by
Bmax Values. The basal levels of cyclic AMP were measured
by radioimmunoassay and show that D556G and D556Y

mean of triplicates and is representative of two separate experimentsproduce 10.3-fold and 10.7-fold more cyclic AMP than WT

Table 2: Binding and Cyclic AMP Production Properties of Cells
Expressing WT, D556G, or D556Y LH/HCG Receptors

basal cCAMP max cAMP* Bmax
(fmol/ug (fmol/ug Kgx 10°  (fmol/ug
receptor of protein)  of protein) (M) of DNA)
WT (10 N.D. N.D. 3.2 15.7
D556G (10) N.D. N.D. 1.8 2.3
D556Y (10) N.D. N.D. 2.0 12.9
normalized
WT (1.75) 28+ 4 3328+ 438 1.5 1.9
D556G (10) 289% 5 4592+ 432 1.8 2.3
D556Y (0.5) 300+ 28 3813+ 289 1.7 1.8

aIn the upper half of the table, 293 T cells were transiently

transfected with 1Qig of WT, D556G, or D556Y receptor cDNAs.
The cells were assayed fot?]|nCG binding as described in the
Methods section, and th€; and Bax Values were calculated from a
Scatchard plot using the program Ligand. To obtain normalized levels
of WT, D556G, and D556Y cell surface receptors, 293 T cells were
transiently transfected with 1.75g of WT receptor cDNA and 8.25
ug of empty pCMV4 vector, 1(xg of D556G receptor cDNA, or 0.5
ug of D556Y receptor cDNA and 9.4g of empty pCMV4 vector.
The cells were assayed fof?J]hCG binding and cyclic AMP

production as described in the Methods section. The basal cyclic AMP

values are the meah SEM of quadruplicates. Thi€; andBmax values
were calculated from the average of duplicate measurenfevieximal
cAMP refers to cAMP produced in response to a maximum stimulatory
dose of hCG¢ The numbers in parentheses refer toslgeof receptor
cDNA transfected? N.D. = not determined.

receptor in the absence of hCG (Table 2). Thus, mutation of
aspartic acid 556 to tyrosine also constitutively activates the
rat LH/hCG receptor. However, unlike the human LH/hCG
receptor, the tyrosine mutant is not more constitutively active
than the glycine mutant. In response to a maximal dose of
hCG, both constitutively active mutants produce comparable
levels of cyclic AMP. Since we have shown that receptor
internalization is independent of receptor number (Figure 6),
D556Y internalization was assessed in cells transfected with
10 ug of D556Y LH/hCG receptor cDNA and, therefore,
high numbers of D556Y receptors. Internalization was
measured by incubating cells expressing WT or D556Y
receptors with a saturating concentration 8fi[lhCG at 37
°C for the times indicated in Figure 8. The internalized and
cell surface associatet!i]nCG were measured as described
in the Methods section. Figure 8 shows that, at 30 and 60
min, the D556Y mutant receptor internalized 5-fold more
[**™M]hCG than the WT receptor. These results suggest that
increased internalization is a property of constitutively active
receptors generated by mutations at position 556.
Internalization of Constitutiely Active Receptors in the
Presence of Arrestind’he proposed pathway for WT LH/
hCG receptor internalization involves phosphorylation of the
cytoplasmic tail of the receptor followed by interaction with
arrestins which bind to clathrimd8). To delve further into
the mechanism of constitutively active LH/hCG receptor

WT, D556G, or D556Y receptors, the number of receptors internalization, the effect of overexpression of arrestins was
at the cell surface were normalized by transfecting with 1.75 examined. These studies were performed with 293 T cells
ug of WT, 10ug of D556G, or 0.5«g of D556Y LH/hCG expressing equivalent numbers of WT, D556G, or D556Y
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200 ) receptors were internalized more rapidly than WT receptors.
O] moarrestin We calculated that the D556G receptor was internalized at
arrestin-3 a rate five times greater than the WT receptor. The reduced
cell surface receptor density of the D556G receptor compared
B3 p-arrestin to the WT receptor does not appear to be the cause of the
increased internalization of the D556G receptor. Reduction
- of the number of cell surface WT receptors to comparable
g levels of cell surface D556G receptors did not lead to
50+ N increased WT receptor internalization (Figure 6). Further-
( more, both the WT receptor and the constitutively active
= =7 D556Y receptor were expressed at high levels on the cell
WT D556G D556Y surface (Table 2). However, the D556Y receptor is internal-
FIGURE 9: Internalization of A]hCG bound to WT or constitu-  12€d more rapidly from the cell surface than the WT receptor
tively active receptors in the presence of arrestins. For the WT (Figure 8). When the number of D556Y receptors at the cell
receptor, 293 T cells were cotransfected transiently with kg5  surface were reduced, the percentage of receptors internalized
of WT receptor cDNA, 8.23ug of empty pCMV4 vector, and 10 a5 similar to that seen in cells expressing high numbers of

ug of arrestin-3g-arrestin S-arrestin-(319-418), or empty pCMV4 . e
vector. For the D556G receptor, 293 T cells were cotransfected _ceII surface DS56Y receptors, further excluding the possibil

transiently with 10ug of D556G cDNA and arrestin cDNA or ity that internalization is dictated by receptor density (Figures
empty pCMV4 vector as described for the WT. For the D556Y 8 and 9). We also investigated the possibility that the D556G

receptor, 293 T cells were cotransfected transiently with..5f mutation increased the rate of association of receptor with

D556Y cDNA, 9.5ug of empty pCMV4 vector and arrestin cDNA, ; ; oa
or empty pCMV4 vector as described for the WT. The total cDNA thCG andsvvfaT dthe reason_ fcirhthe Itncr(?isceg rate Of. Ir:_terna!ﬁla
transfected in all three groups was 20. The transfected cells ~ [ON- A L.o-lold Increase in the rate or . association wi
were incubated with 100 ng/mlL%H]hCG at 37°C in the absence ~ D556G receptor over hCG association with WT receptor was

(total binding) or presence (nonspecific binding) of 1@@mL observed. However, this increase does not appear to be large
unlabeled hCG for 60 min. Internalizet?iﬂ]hCG and cell surface enough to account for the 5-fold increase in the rate of
[129]hCG were determined as described in the Methods section. D556G receptor internalization over WT receptor
Specific binding was determined by subtracting nonspecific binding P . . eceptor.
from total binding. Internalized radioactivity was divided by cell  The cellular processes involved in the internalization of
surface bound radioactivity and plotted as a percentage versus timethe D556G receptor and the associated degradation of the
Each point is the mean of triplicatels SEM, and the experiment  ligand are the same as for the wild-type receptor. The
is representative of three experiments. internalization of both receptors was sensitive to hypertonic

) ) ) media, which disrupts clathrin-coated pit formation. The low
LH/hCG receptors as described in the Methods section. Cells|gye| of [24]hCG degraded by cells expressing WT or

were cotransfected with their respective quantities of LH/ pg5ea receptor was abrogated by a lysosomotropic agent
hCG receptor cDNA and with 10g of arrestin-34-arrestin,  an a lysosomal thiol protease inhibitor. Sensitivity to these
or -arrestin-(319-418). Arrestin-3 ang-arrestin are non-  g4ents suggests that internalization of the hormone bound
visual mammalian arrestins arfdarrestin-(319-418) is @ yeceptors involves clustering of the receptors into clathrin-
dominant negative arrestin which is unable to bind phos- ;gateq pits followed by endocytosis and transport to the
phorylated receptor49). The cotransfected cells were |ysosomes for degradation. Although the rate of internaliza-
incubated with a saturating concentration BH[hCG at 37 tion of [129]hCG by the D556G mutant receptor was higher
°C for 1 h and processed for an internalization assay aSthan the WT receptor, a corresponding increase in degrada-

described in the Methods section. As shown in Figure 9, tion of the receptor bound3]hCG was not observed. It
arrestin-3 ang-arrestin increased the internalization of WT, - ahnears that increased internalization does not necessarily
D556G, and D556Y LH/hCG receptors. However, arrestin-3 o534 to an increase in degradation. A previous study on

was a much more potent stimulator of internalization than p3g3N and R442H LH/hCG receptor mutants has shown
p-arrestin. A possible explanation for the heightened effect y,5¢ they have the same degradation rate as the WT receptor
is that arrestin-3 may havg a higher affinity th@warrestin despite being internalized more slowly than WB0Y,

for the cytoplasmic domains of the LH/hCG receptor. The ajernatively, degradation of the D556G receptor may be
dominant negative mutapitarrestin-(319-418) reduced the  gjower than the wild-type receptor. The internalized WT or
internalization of D556G and D556Y receptors to levels pgsea receptors did not appear to undergo recycling (data

observed for WT receptor in the absence of arrestin-3 or ot shown), which is in agreement with what others have
p-arrestin. The dominant negative mutant also decreased WTreported 82, 51, 52).

receptor internalization but to a lesser extent than the \ynhile our manuscript was being submitted, Min et al.

constitutively active receptors. These results show that the ghorteq the internalization of the constitutively active DS56Y
constl_tutlvely active D556G and D556Y receptors utilize an | Lyhea receptor §3). These studies show that the basal
arrestin-dependent pathway for internalization. cyclic AMP expressed as a percentage of maximal hCG
stimulated cyclic AMP is 12.3% and 0.6% for cells express-

DISCUSSION ing D556Y or WT LH/hCG receptors, respectively. In
The results presented here describe the internalization ofcomparison, our results show that basal cyclic AMP as a
constitutively active LH/hCG receptors. Since the constitu- percentage of maximal hCG stimulated cyclic AMP is 7.9%
tively active receptor exists in an activated state, we reasonedand 0.9% for cells expressing D556Y or WT receptors,
that this property may have an effect on receptor turnover. respectively (Table 2). Both studies show conclusively that
The results show clearly that the D556G and D556Y the tyrosine mutation constitutively activates the rat LH/hCG

H4

150+ O

100+ B-arrestin-(319-418)

Internalized/Surface (%)
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receptor. We have shown that internalization of the D556Y  Studies using deglycosylated hCG would argue against the
receptor bound'fi]hCG is almost 5-fold greater than WT  possibility that it is the higher basal levels of cyclic AMP in
receptor boundfA]hCG. In the study by Min et al., the cells expressing the D556G or D556Y receptors that lead to
D556Y receptor internalizes 3-fold morEJ]hCG than the rapid internalization. Although capable of binding to the
WT receptor. Although there is a small difference in the receptor, deglycosylated hCG fails to stimulate cyclic AMP
magnitude of increase in*PIIhCG internalization, both production and slows the rate of receptor internalizati@). (
studies independently show that cells expressing the consti-However, the absence of cyclic AMP does not appear to be
tutively active D556Y LH/hCG receptor internalize signifi- the reason for decreased receptor internalization since the
cantly more [21hCG than cells expressing the WT LH/ addition of 8-bromo-cyclic AMP did not lead to increased
hCG receptor. internalization of deglycosylated hC&q). Additionally, the

The underlying mechanism that drives the rapid internal- LH/hCG receptor mutant, D383N, is internalized more
ization of the constitutively active receptor is not understood. slowly than the WT receptor, despite stimulating cAMP
However, several possibilities exist. Among these, one production at a level that is comparable to that of the WT
possibility is that rapid internalization is a consequence of receptor $0). These observations would argue against the
the active state conformation of the constitutively active increased intracellular levels of cyclic AMP as a contributing
receptor. Computer modeling has shown that a constitutively factor in the rapid internalization of the D556G and D556Y
active LH/hCG receptor has a different conformation than receptors.

the WT receptor that is not bound to hormorh)( The The results of this study and that by Min et al. show that
previous finding that hCG linked to its receptor via a peptide three different mutations in the transmembrane domains of
sequence produces a constitutively active receptor suggestghe LH/hCG receptor that constitutively activate the LH/hCG
that the COﬂStitUtiVG'y active mutant and hormone bound WT receptor also lead to increased interna”zationlﬁ]hCG‘
receptors have similar conformatior5]. It has also been  |n contrast, two constitutively activating mutations, D142A
shown that the LH/hCG receptor needs to be in an active and A293E, in thex-1b adrenergic receptor have been shown
state to undergo internalizatioﬁq 56) Due to its active to have Opposite effects on receptor interna"zatﬁﬂ)_(The
state conformation, the constitutively active receptor may p142A mutant shows decreased internalization compared to
reside in clathrin-coated pits prior to binding hCG. When the WT receptor, whereas the A293E receptor undergoes
the hormone binds to the constitutively active receptor, it increased internalization compared to WT receptor. It would
may be rapidly internalized due to the location of the receptor pe of interest to determine if the analogous mutations in the
in the coated pit, whereas the WT receptor would not | H/hCG receptor would also have opposite effects on
aggregate in the coated pit until it binds hormone. Thus, the receptor internalization.

active state conformation of the constitutively active receptor In conclusion, the present study demonstrates that the

is likely to play a role in the rapid internalization by the ¢, it tively active, D556G and D556Y LH/hCG receptors
mutant receptor. are rapidly internalized upon interaction with hCG. The rapid

The phosphorylation state of the D55GG and _D556Y internalization may be the result of the constitutively active
receptors may also provide an explanation for their rapid yocentor existing in an active state prior to hormone binding.

internalization. It has been shown that the WT LHNCG £ ihermore, the constitutively active LH/hCG receptor could
receptor is phosphory_lated In response to h_qrmong blndmgserve as an excellent model to examine the regulation of
and that phosphorylation of the receptor facilitates internal- G-protein coupled receptor internalization.

ization through an arrestin- and dynamin-dependent pathway

(48, 57-59). Our studies now show that the constitutively AckNOWLEDGMENT

active D556G and D556Y LH/hCG receptor mutants also

utilize the arrestin-dependent internalization pathway (Figure We thank Dr. Craig D. Logsdon and Dr. G. William
9). Since the constitutively active receptor exists in a Jourdian for reading the manuscript and for their helpful
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