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ABSTRACT. Using chimeras and more discrete exchange mutations of the rat (r) and human (h) gonadotropin
receptors, we had previously identified multiple noncontiguous residues of the lutropin (LHR) and follitropin
(FSHR) receptors that dictate their rates of internalization. Since the internalization of the LHR and the
FSHR is driven by their abilities to associate with the nonvisual arrestins, we hypothesized that one or
more of the residues previously identified by the internalization assays are involved in the formation of
the receptor/nonvisual arrestin complex. In the studies reported herein, we tested this hypothesis by
measuring the association of arrestin-3 with a large number of r(LHR/hLHR and rFSHR/hFSHR exchange
mutants that affect internalization. The results presented show that the same residues that dictate the rate
of internalization of these two receptor pairs affect their ability to associate with arrestin-3. Although
these residues are located in distinct topological domains, our analyses show that threonine residues in
the third intracellular loop of both receptor pairs are particularly important for the formation of the receptor/
arrestin-3 complexes and internalization. We conclude that the different rates of internalization of the
gonadotropin receptors are dictated by their different abilities to associate with the nonvisual arrestins
and that this association is, in turn, largely dictated by the presence of threonine residues in their third
intracellular loops.

Although much has been recently learned about the role cellular domains play a role in the rate and/or the extent of
of the nonvisual arrestins in the trafficking of G protein- internalization 6, 10). In more recent studies we have
coupled receptors (GPCRg¢1—5), there is a relative paucity — systematically analyzed chimeras and ex-
of information on the identity of specific GPCR residues that change mutants of the gonadotropin receptors from two
participate in GPCR trafficking and nonvisual arrestin different species, the hLHR and rLHR or the hFSHR and
binding. the rFSHR, to identify several noncontiguous, intracellular

In an attempt to define structural features of GPCRs that residues that dictate the rate of internalization of these re-
participate in trafficking, we @9) and others 10) have ceptors {, 8). The identified residues are located in the
taken advantage of differences in the rates of internalization C-terminal tail, transmembrane regions 4 and 7 (TM4 and
and postendocytotic fates and the high degree of amino acidTM7), and intracellular loops 2 and 3 (iL2 and iL3).
sequence identity displayed by the glycoprotein hormone Interestingly, the only region that is common to the two
receptors to identify residues that influence these processesreceptors is the third intracellular loof, (8).

For example, studies utilizing chimeras of the lutropin (LHR)  Since the internalization of the gonadotropin receptors is
and thyrotropin (TSHR) receptors as well as chimeras of the driven by their interactions with the nonvisual arrestiis (
hLHR and rLHR have shown that the serpentine and/or 8), we hypothesized that the residues identified as being
intracellular domains of these receptors contain structural required for internalization could be involved in the binding
features that determine their routing to the recycling vs the of the nonvisual arrestins. Using a recently described cotrans-
degradation pathway8<{11). Other studies on LHR/TSHR fection assay that can be used to measure the association of
and LHR/FSHR chimeras have also shown that their extra- the nonvisual arrestins with GPCRK2(-14), we now show

that this hypothesis is indeed correct. We also present addi-
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! Abbreviations: LHR, lutropin receptor; FSHR, follitropin receptor; MATERIALS AND METHODS
TSHR, thyrotropin receptor; CG, chorionic gonadotropin; FSH, fol-
litropin; GPCR, G protein-coupled receptor; TM, transmembrane; iL,  Plasmids. Expression vectors for the rat and human

intracellular loop; prefixes h and r, human and rat, respectively; Hepes, ; ;
N-(2-hydroxyethylpiperazinéé-2-ethanesulfonic acid: Tris, tris(hy- gonadotropin receptors and mutants thereof were as described

droxymethyi)aminomethane; EDTA, ethylenediaminetetraacetic acid; (7 8)- .A” receptors were modified to express the myc epitope
SDS, sodium dodecy! sulfate; PVDF, poly(vinylidene difluoride). at their N-terminus as described elsewhdrg (6). The new
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mutants described here were prepared by use of a site- Determinations of the rates of internalization (Tables 1
directed mutagenesis kit from Stratagene with the myc and 2) were done with at least five different data points
epitope-tagged receptors as templates. An expression vectocollected at 3-10 min intervals (depending on the construct
for arrestin-3 was initially provided by Dr. Jeff Benovic transfected) after the addition of a subsaturating (M)
(Thomas Jefferson University, Philadephia, PA) and it was concentration of?3-hFSH or?3-hCG. The endocytotic rate
modified to express the FLAG epitope at the N-termiri®.( constant k) was calculated from the slope of the line
HA-tagged dynamin K44AX7) was kindly provided by Dr. obtained by plotting the ratio of internalized to surface-bound
Sandra Schmid (Scripps Research Institute, La Jolla, CA). hormone against time or by plotting the internalized radio-
Measurement of the Association of the Gonadotropin activity against the integral of the surface-bound radioactivity
Receptors with the Arrestin-3 in Cotransfected C&lB3T (6, 20—23). The half-time of internalizationt{),) is defined
cells were maintained in Dulbecco’s modified Eagle's as 0.693.
medium containing 10 mM Hepes, 10% newborn calf serum,  Single-point internalization assays such as those shown
and 50ug/mL gentamicin, pH 7.4. Transient transfections in Figure 6 were done with the same hormone concentrations
were done by the calcium phosphate method of Chen andlisted above, but a single 10 min incubation was used and
Okayama 18). Cells were plated in gelatin-coated 100-mm the results were expressed as the ratio of internalized/surface-
dishes and transfected when-780% confluent with the bound hormone.

myc-tagged receptors (i), FLAG-arrrestin-3 (0.g), and Other MethodsHormonal responsiveness was assessed
HA-dynamin-K44A (2.5ug). After an overnight incubation, by measuring cAMP accumulation in transiently transfected
the cells were washed and used 24 h later. cells plated in gelatin-coated 35-mm wells. Total CAMP was

The association of the receptors with arrestin-3 was measured as described e|Sewhér3) @t the end of a 2 h
measured in cotransfected cells as described in detailincubation (37°C) with increasing concentrations of hCG
elsewhere 12—14). Briefly, the monolayers were washed or hFSH. Plots of the doseaesponse curves were drawn by
three times and the cells were incubated with vehicle Only f|tt|ng the data obtained to a Sigmoida| equation with the
or with a saturating concentration of hCG or hFSH+ZB Prism software package from GraphPad Software Inc.
nM) for 30 min at 37°C. At the end of this incubation the Statistical analyses-test) were performed with the InStat

cells were cross-linked with 1.5 mM DSP [dithiobis-  gufware package from GraphPad Software Inc.
(succinimidopropionate)] for 30 min at room temperature Hormones and Suppliesluman kidney 293T cells are a

while the dishes were rocked. The cross-linked cells were _ . . :
. derivative of 293 cells that express the SV40T antigef) (
washed and lysed as described befdr® (3) except that and were provided to us by Dr. Marlene Hosey (Northwest-

?;Pﬁlglfgero(éf/o mg/_l NadCI, 50 Lnl\l/l tTris, (lj (r)nm/ESD[')I'éA H ern University, Chicago, IL). The 9E10 hybridoma cell line
o NF-40, 9.570 sodium deoxychoiate, and 1. 17 » PM \was obtained from the American Type Culture Collection.

7.4) was used instead of the. .previously d_escril_aed lysis Purified hCG (CR-127~13 000 IU/mg) and purified hFSH
bll.Jffer?' Tké%éysl?tes v;/e_re. cla;;:ﬂed by centrlfutgaftlon,ta_nd were purchased from Dr. A. Parlow and the National
aliquots (-5004 )_cpn aining the same amount of protein ., ,on6 g Pituitary Agency of the National Institute of
were mmunoprempltated with a monoclonal antibody to the Diabetes and Digestive and Kidney Diseases. Purified
myc epitope (9E1_0) that had t_Jeen preabsorbed to agaros€ie ombinant hFSH and hC@vere provided by Ares Serono
conjl_Jgated protein G ove_rnlght at AC as descrl_bed (Randolph, MA). Cell culture medium was obtained from
previously (6). After extensive washing, the cross-linked ¢ pedia and Cell Production Core of the Diabetes and
;:r?mbpleﬁes_ ngesreduceid gng elu'[.?ﬁ bi/j Vigorous mt|X|fng f; Endocrinology Research Center of the University of lowa.
€ beads in Sampie bulter with reducing agents 1or 15 &, canirated supernatant from the 9E10 cells was prepared
min at room temperature. The eluted material was then by the Hybridoma Facility of the Cancer Center of the
resolved on SDS gels and electrophoretically transferred tOUniversity of lowa. The 9E10 and anti-FLAG M2 mono-
P\I/:IID_iGmembr?ness as c(j:lets;:nbed eltsewhgg).( " clonal antibodies coupled to horseradish peroxidase were
-arrestin-s and the myc-lagged Teceplors were€ ., ..pased from Boehringer Mannheim and Sigma, respec-
detected in blots of the immunoprecipitates or lysates by usetively. Other cell culture supplies, plasticware, and reagents

of an anti-FLAG (MZ) mono_clonal _antiquy_ covalently were obtained from Corning and Gibco. All other chemicals
coupled to horseradish peroxidase (final dilution of 1:500) were obtained from commonly used suppliers

or an anti-myc (9E10) monoclonal antibody covalently
coupled to horseradish peroxidase (final dilution of 1:1000). ResULTS
All immune complexes were ultimately visualized and
guantitated by use of the Super Signal West Femto Maximum We have recently devised an approach that exploits the
Sensitivity system of detection from Pierce and a Kodak high degree of amino acid sequence identity of the rat and
digital imaging system. This image capture system is set up human gonadotropin receptors and their divergent rates of
to alert us when image saturation occurs and to prevent usinternalization to identify the intracellular residues of these
from measuring the intensity of such images. receptors that participate in agonist-induced internalization
Hormone Internalization Assay293T cells were plated (7, 8). The residues so identified are highlighted in Figure
in 100-mm dishes and transfected with the desired receptorl. The residues highlighted with darker shading on the top
constructs (fug) alone (Tables 1 and 2) or together with two lines are responsible for the different half-times of
increasing amounts of FLAG-arrestin-3 (Figure 6) by the internalization of hCG mediated by the rLHR and hLHR,
method described above. At the end of the transfection the

cells were washed, trypsinized, and plated in gelatin-coated 2 goth preparations were used in this study and were found to be
35-mm wells and used 24 h later for internalization assays. indistinguishable.
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TM1
rLHR 300 EENELSGWDYDYGFC. SPEKETLQCAPEPDAFNPCEDIMGYAFYRVLIWLINILAIFGNLTVLF360
hLHR 322 A-5------- E----.L---PR----=--=---ccccc-==- D=l === ===~ M--M----382
rFSHR307GS . DMMYNEF--DLCNEVVDVT-S-K------------~+ NI-JR----F-8-=-=-=-T--T---V367
hFSHR 324 RGFDMTYTEF--DLCNEVVDVT-S-K------------- NI-|----- F-8-=-=-=-T--II--V385
inl TM2 eLl
rLHR 361 VI LTSRYKLTVPRFLMCNLSFADFCMGLYLLLTASVIDSQTKGQYYNHAIDWQTGSGCGRAAGF 422
————————————————————————————————————————————— sST- - - 444
——————————— L-I-I---------IH--8--H-Y--=----GA-CD-|---429
—————————— L-I-I---------IH--8S--H-Y-------A--D-|---447
T™3 in2 TM4
rLHR 423 FTVFASELSVYTLTVITHERWHTITYANEILDOKLRLRHAIPIMLGGWLFSTLIATMPLVGI|S 484
hLHR 445 - - - - - - - - - - - - — - — - — |- - - - - - - -~ pgi- - ------- --L--------- S---ML----V]-506
TFSHR 430 - - - - - - - - - - - - - - A - - |- - - - - - - H-M--EC-VQ---|-ASV-VLE--M-AFAA-LF-IF--|-491
hFSHR 448 — - - — — - — - - — — — - - A - — |- - - - - - - H-M---C-VQ---|-ASV-VM--I-AFAA-LF-IF--|-509
eL2 TMS iL3 *
rLHR 485 NYMKVSICLPMDVESTLSVYILSILILNVVAFVVICACY|IRJIYFAVINPELRARINKDTEK I A 546
hLHR 507 - - - - - - - - I T--------T-=-=--=----- FI----- - - - - ----B-Ry------- 568
rFSHR 492 S - - - - - - - - - - - ID-P---L-VMAL-V---L------ G--|fH--LT-R--PIVSSSS--=-- 553
BhFSHR 510 S - - - - - - - - - - - ID-P---L-VM-L-I---L-----~- G--f=H--LT-R--NIVSSSS--R--571
TM6 eL3 TM7
rLHR 547 KEMAILIFTDFTCMAPISFFAISAAFKVPLITVTNSKILLVLFYPVNSCANPFLYATIFTKAFG08
BLHR 569 — — — |- - - - - - - o o oo e e m e e — o L I----mmmmmmo - - -T-630
rFSHR 554 -R - -|T - - - - - - L----=-=-=-==-=-== gL-=-=-=-=--- SKA-|------=-I------------ --N-615
hFSHR 572 - R - -|[M - - - - - — L—-—-—-————————- slL------- SKA-|------ H-IT-------—-—--—- - -N-633

rLHR 609 QRDFLLLSRFGCCKRRAELYRRKEFSAYTSNCKNGFPGASKPSQATLKLSTVHCQQPIPPRE-'?O

hiHR 631 - - - -Jg- - - -K---------oo--- Do-mmmmmmm == = T-SN----8------ L---GTALLDG692
rFSHR 616 R- - -FI---K--=-YEMQ-QI--TETS-ATHNFHARKSHCSSA-RVTN..SYVLVPLNHSSQNG&77
hFSHR 634 R- - -FI---KC-=-YEMQ-QI--TETS--VHNTHPRNGHCSSA-RVTSGSTYILVPLSHLAQNG95

rLHR 671 ALTH
hLHR 693 KTRYTEC

Ficure 1: Amino acid sequence alignment of the rat and human gonadotropin receptors. The amino acid sequences of the rFSHR, hFSHR,
rLHR, and hLHR were taken from ref39, 40, 41, and42, respectively. The amino acid sequence of the C-terminal half of the rLHR is
shown in the single-letter code. A dash under a given rLHR residue indicates that the corresponding residue in the other receptor is identical
to that of the rLHR. Residues that are not identical to those of the rLHR are identified with the appropriate single-letter code. Dots indicate
gaps introduced for optimal alignment. The seven transmembrane regions are labete@NIV|Jand the three intracellular and extracellular

loops are labeled iL1iL3 and eL1-elL3, respectively. The seven noncontiguous residues present in the serpentine and C-terminal domains
that were previously shown to dictate the rate of internalization of the LHR (se®) rafe highlighted (darker shading), and the six
noncontiguous residues present in the serpentine region that were shown here to dictate the rate of internalization of the FSHR (see ref
are also highlighted (lighter shading). The third intracellular loop residues identified here as being involved in arrestin-3 binding are marked
with arrows.

and those highlighted with lighter shading in the bottom two nalization (2—14). By this approach, an increase in receptor-
lines are responsible for the different half-times of internal- associated arrestin-3 can be readily detected in cells cotrans-
ization of hFSH mediated by the rFSHR and the hFSHR. fected with a constant amount of receptor and increasing

To determine if these residues modulate the associationamounts of arrestin-3 but the formation of the complex is,
of the gonadotropin receptors with the nonvisual arrestins, 8 expected, a saturable phenomeridh 14). When 293T
we used an approach described recently to measure thé&ells plated in 100-mm dishes are cotransfected witlg5
association of different GPCRs with arrestin-3 in intact cells Of the myc-hLHR, 2.5.g of dynamin-K44A, and increasing
(12—14, 25). In our version of this approach, 293T cells are amounts of I_:LAG-arrestm-_3, half_-max_lmal saturation of the
cotransfected with a mixture of a myc-tagged receptor, h_LHR/arrestm-S complex is attained in ce_lls cotransfected
FLAG-tagged arrestin-3, and dynamin-K44A and the forma- With ~1 ug of FLAG-arrestin-3/100-mm dishl). Under
tion of the receptor/arrestin-3 complex is measured by the same conditions, cells cotransfected withg%f the myc-
probing anti-myc immunoprecipitates of cross-linked cells "FSHR, 2.5ug of dynamin-K44A, and increasing amounts
with anti-myc and anti-FLAG antibodiesl?—14). Since of FLAG-arrest|_n-3 display half-maX|m_aI saturation when
cotransfection with dynamin-K44A prevents the internaliza- cotransfected with-2 ug of FLAG-arrestin-3/100-mm dish
tion of the receptor/nonvisual arrestin complexes, this (14).
cotransfection approach allows for the measurement of the In the experiments described below we always measured
formation of the receptor/arrestin complexes at the cell the formation of the arrestin-3/receptor complex with 293T
surface and independently of their different rates of inter- cells plated in 100-mm dishes and cotransfected witlg5
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of the myc-tagged receptors (to attain equivalent receptor a Lysate, IB = arrestin-3 (FLAG)
expression), 2.ag of dynamin-K44A, and 0.ag of FLAG-
arrestin-3. This amount of FLAG-arrestin-3 was chosen
because it gives an easily measurable signal but is lower
than that required to attain half-maximal saturation as dis-
cussed above. Figure 2 shows representative experiments it IP = LHR (myc) , IB = LHR (myc)
which the association of arrestin-3 was measured with rLHR, o .o . - !.
-

hLHR, and exchange mutants thereof or rFSHR, hFSHR,
and exchange mutants thereof. A quantitative assessment o
the data obtained in several experiments is summarized in

68 kDa — | . < 68 kDa

Figure 3. A quantitative comparison of the association of IP = LHR (myc), IB = arrestin-3 (FLAG)
arrestin-3 with hLHR, rLHR, and their exchange mutants - “_. E 'l
reveals a consistent correlation between the magnitude of

arrestin-3 association and internalization. The large agonist- nce - - - e -
induced incrgase in arrestin.—3 assc.)ciation'wit.h the hLHR [LHR 'LHR WLHR  hLHR
correlates with a short half-time of internalization of hCG (hiL2,hiL3,hCT) (AL2,riL3,rCT)
and a small agonist-induced increase in arrestin-3 associatior

with the rLHR correlates with a long half-time of internaliza- B Lysate, IB = amrestin-3 (FLAG)

tion of hCG (Figure 3A,B). Exchanging the seven residues IE' IE]
highlighted in Figure 1 between the rLHR and hLHR

lengthens the half-time of internalization of the hLHR to a IP = FSHR (myc) , IB = FSHR (myc)
value that approximates that of the rLHR and greatly reduces m m
the agonist-induced increase in arrestin-3 association (Figure

3A). The complementary exchange shortens the half-time IP = FSHR (myc) , IB = arrestin-3 (FLAG)

that of the hLHR and greatly enhances the agonist-induced

increase in arrestin-3 association (Figure 3B). A comparison  hFsH

of arrestin-3 association with the rFSHR (Fl_gu_re 3_C) and hESHR  hFSHR FSHR  rFSHR

the hFSHR (Figure 3D) also reveals a similar inverse (FTM4,riL3,rTM7) (WTM4,hiL3,hTMT)
relationship. The short half-time of internalization of hFSH

of internalization of the rLHR to a value that approximates E
-+ - + -+ - +

; ; ; ; IGURE 2: Association of FLAG-arrestin-3 with different LHR and
mediated by the rFSHR is accompanied by a large Incr(_:‘aSE‘IIESHR constructs. 293T cells were plated in 100-mm dishes and

in agonist-induced arrestin-3 association, whereas the 10ng_Jiransfected with FLAG-arrestin-3 (0 of plasmid), dynamin-

half-time of internalization of the hFSHR is accompanied K44A (2.5ug of plasmid), and the indicated myc-tagged receptors
by a smaller agonist-induced increase in arrestin-3 association(5 g of plasmid). The cells were incubated without or with agonist
(Figure 3C,D). These data also show that exchanging the (26 nM hCG for the LHR-transfected cells or 50 nM hFSH for the

six IFSHR residues for the six hFSHR residues that IengthenFsg'.R'tra”SfeCt‘?d.Ce.”s) at gE f°.rb3% mig prior to _crloss-ltijnkin% g
he half-time of internalization of the rESHR results in a and immunoprecipitation as described under Materials and Methods.
the The results presented show the relevant areas of the blots of a

reduction in arrestin-3 association, whereas exchanging therepresentative experiment in which aliquots of the different lysates
six hFSHR residues for the six rFSHR residues that shorten(~18 uL for the lysate blots and-500 uL for the blots of the

the half-time of internalization of the rLHR results in an immunoprecipitates) were used to measure the total amount of
enhancement of arrestin-3 association FLAG-arrestin-3 expressed in the lysate or the amount of myc-

. . tagged receptor or FLAG-arrestin-3 immunoprecipitated with the
The seven LHR and six FSHR residues that control the 9e10 monoclonal antibody as described under Materials and

rates of internalization and the extent of arrestin-3 associationMethods. In panel A, the 85 and 68 kDa bands shown in the myc
are present in three distinct regions: iL2, iL3, and the blots of the myc immunoprecipitates represent the mature and

juxtamembrane region of the C-terminal tail of the LHR and immature forms of the LHR, respectively. As discussed elsewhere
(see ref43), the immature form of the LHR is much more promi-

TM4, iL3, and TM7 of the FSHR (see Figure 1). Since the et in cells transfected with the rLHR than with the hLHR. In
relative importance of each of these regions to the processpanel A, rLHR(hiL2,hiL3,hCT) refers to a rLHR mutant in which
of internalization has already been evaluated by use of the two divergent residues in iL2, the four divergent residues in
mutants containing complementary progressive substitutions/L3, a?(zhth% ?Ingle dl“{e'rlgem fESIdI:Je in (tjhfe Jliﬁtamembfan% re-
: gion of the C-terminal tail were exchanged for the corresponding
of each recept_or pai7(13), the same mUt.antS were used _tO hLHR residues, whereas hLHR(riL2,riL3,rCT) refers to a hLHR
evaluate the involvement of these residues on arrestin-3ytant in which the two divergent residues in iL2, the four di-
association. Instead of using all complementary exchangevergent residues in iL3, and the single divergent residue in the
constructs (as done in Figures 2 and 3), these experimentguxtamembrane region of the C-terminal tail were exchanged for
were done only with hLHR constructs with substituted rLHR the corresponding rLHR residues (see Figure 1 for the identity of

: . . these residues). In panel B, hFSHR(rTM4,riL3,rTM7) refers to a
residues and rFSHR constructs with substituted hFSHRhFSHR mutant in which the two divergent residues in TM4, the

residues because these are the constructs that display théyree divergent residues in iL3, and the single divergent residue in
greatest changes in arrestin-3 association (cf. Figure 3A,C).TM7 were exchanged for the corresponding rFSHR residues,
The data for the different hLHR constructs are presented in whereas rFSHR(hTM4,hiL3,hTM7) refers to a rFSHR mutant in

Figure 4 and show that substitution of the two divergent which the two divergent residues in TM4, the three divergent

. o . . . . residues in iL3, and the single divergent residue in TM7 were
residues in iL2 and the single divergent residue in the exchanged for the corresponding hFSHR residues (see Figure 1

C-terminal tail of the hLHR for the corresponding rLHR  for the identity of these residues). ¥ immunoprecipitate, IB=
residues had little or no effect on arrestin-3 association, butimmunoblot.
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Ficure 3: Quantitation of the association of FLAG-arrestin-3 with the human and rat gonadotropin receptors and mutants thereof. The
association of arrestin-3 with the indicated receptors was measured as described in the caption for Figure 2 and under Materials and Methods.
The amounts of FLAG-arrestin-3 and myc-tagged receptor present in the immunoprecipitates were quantitated as described under Materials
and Methods, and the amount of receptor-associated arrestin-3 was calculated as the ratio of these two measurements. This ratio was
plotted for each receptor pair as shown. The identity of the residues mutated in each of the constructs shown can be found in Figure 1. The
approximate half-times of internalization of agonist mediated by each construct were measured in cells transfected only with the indicated
receptor constructs and are shown under the appropriate bars. These values are taken ffomnd@&sEach bar represent the mean

(+SEM) obtained from 35 independent transfections. Asterisks denote statistically significant differgmee$.05) when compared to

the corresponding wt receptor. Note the different scales among the different panels.

1.8

1=hLHR
-hCG
= t12 ~20 min

Il +hCG

2 = hLHR(riL2),
t1/2 ~35 min

3 = hLHR(riL3)
ti2~ 100 min

4= hLHR (rCT)
t1/2 ~33 min

Flag arrestin-3/myc-receptor

5 = hLHR (riL2,riL3,rCT)
t1/2 ~160 min

1 2 3 4 5

Ficure 4: Quantitation of the association of FLAG-arrestin-3 with myc-hLHR constructs containing rLHR residue substitutions. 293T
cells were plated in 100-mm dishes and cotransfected with FLAG-arrestin-g@05 plasmid), dynamin-K44A (2.9 of plasmid) and

the indicated myc-tagged receptorsy® of plasmid). The cotransfected cells were incubated with (26 nM) or without hCG & 3ar

30 min prior to cross-linking and immunoprecipitation. The amounts of FLAG-arrestin-3 and myc-tagged receptor present in the
immunoprecipitates were quantitated as described for Figure 2 and under Materials and Methods, and the amount of receptor-associated
arrestin-3 was calculated as the ratio of these two measurements. This ratio was plotted for each receptor construct as shown. The approximate
half-times of internalization of agonist mediated by each construct were measured in cells transfected only with the indicated receptor
constructs and are shown under the appropriate bars. These values are taken Ttdmh & (ri2L) refers to a hLHR mutant in which the

two divergent residues in iL2 were exchanged for the corresponding rLHR residues; hLHR(ri3L) refers to a hLHR mutant in which the four
divergent residues in iL3 were exchanged for the corresponding rLHR residues; hLHR(rCT) refers to a hLHR mutant in which the single
divergent residue in the juxtamembrane region of the C-terminal tail was exchanged for the corresponding rLHR residue; and hLHR-
(riL2,riL3,rCT) refers to a hLHR mutant in which the two divergent residues in iL2, the four divergent residues in iL3, and the single
divergent residue in the juxtamembrane region of the C-terminal tail were exchanged for the corresponding rLHR residues. The identity of
the residues mutated is shown in Figure 1. Each bar represent the sn8&M] obtained from 35 independent transfections. Asterisks

denote statistically significant differencgs € 0.05) when compared to the hLHR-wit.

substitution of the four divergent residues in iL3 decreased exchange mutant is somewhat lower than that detected in
the agonist-induced arrestin-3 association. The magnitude ofthe construct in which the iL2, iL3, and C-terminal tail
the reduction in arrestin-3 association detected with the iL3 residues were simultaneously mutated, however. A com-
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0.2
4 = fFSHR(hTM?)
t1[2 ~35 min
0.1
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Ficure 5: Quantitation of the association of arrestin-3 with myc-rFSHR constructs containing hFSHR residue substitutions. 293T cells
were plated in 100-mm dishes and cotransfected with FLAG-arrestin-3«(0d plasmid), dynamin-K44A (2.&g of plasmid), and the

indicated myc-tagged receptors 48 of plasmid). The cotransfected cells were incubated with (50 nM) or without hFSH ‘& 83 30

min prior to cross-linking and immunoprecipitation. The amounts of FLAG-arrestin-3 and myc-tagged receptor present in the
immunoprecipitates were quantitated as described for Figure 2 and under Materials and Methods, and the amount of receptor-associated
arrestin-3 was calculated as the ratio of these two measurements. This ratio was plotted for each receptor construct as shown. The approximate
half-times of internalization of agonist mediated by each construct were measured in cells transfected only with the indicated receptor
constructs and are shown under the appropriate bars. These values are taken &afRSER(hTM4) refers to a rFSHR mutant in which

the two divergent residues in TM4 were exchanged for the corresponding hFSHR residues; rFSHR(hIL3) refers to a rFSHR mutant in
which the three divergent residues in iL3 were exchanged for the corresponding hFSHR residues; rFSHR(TM7) refers to a rFSHR mutant
in which the two divergent residues in TM7 were exchanged for the corresponding hFSHR residues; and rFSHR(hTM4,hiL3,hTM7) refers
to a rFSHR mutant in which the two divergent residues in TM4, the three divergent residues in iL3, and the two divergent residues in TM7
were exchanged for the corresponding hFSHR residues. The identity of the residues mutated is shown in Figure 1. Each bar represent the
mean SEM) obtained from 35 independent transfections. Asterisks denote statistically significant differenee8.05) when compared

to the rFSHR-wt.

Flag-arrestin-3/myc-receptor

parison of the arrestin-3 association data with the half-times gonadotropin receptor pairs, we performed additional experi-
of internalization of hCG mediated by each of these mutants ments designed to define which iL3 residues are responsible
(Figure 4) revealed that the lack of effect of the iL2 and for these effects.
C-terminal tail exchange mutants on arrestin-3 association The three divergent iL3 residues of the rFSHR Fhr
are associated with small changes (i2;fold) in the half- Thr**2, and Lys$®) were mutated to the corresponding hFSHR
time of internalization, whereas the significant reduction in residues (lle, Asn, and Arg, respectively; see Figure 1) and
arrestin-3 association detected with the iL3 exchange mutantthe functional properties of these mutants were compared to
is associated with a more pronounced change in the half-those of the mutant in which all three residues were
time of internalization (i.e.;~5-fold). simultaneously exchanged. These data are presented in Table
The data for the different rFSHR constructs are shown in 1 and show that the individual substitution of each rEFSHR
Figure 5 and show that substitution of the two divergent residue for the corresponding hFSHR residue impairs the
residues in TM4 had no effect on arrestin-3 association association of arrestin-3 with the rFSHR to about the same
whereas the substitution of the three divergent residues inextent as when all residues are simultaneously substituted
iL3 or the single divergent residue in TM7 of the rFSHR [i.e., the rFSHR(hIL3) construct]. Only two of these three
impaired the agonist-promoted increase in arrestin-3 associatesidues (TH?®? and ThP*?), however, contribute to the
tion. These changes correlate well with the effects of these difference in the rate of internalization between the rFSHR
mutations on the internalization of hFSH (Figure 5). The and hFSHR. Since the rFSHR is known to be phosphorylated
magnitude of the changes in internalization and arrestin-3 on Ser and Thr residues present in iL37,(28) but the
association observed with mutations of each region is formation of the arrestin-3/rFSHR complex occurs indepen-
somewhat lower than that detected in the rFSHR constructdently of the phosphorylation of these residub$) (we also
in which the TM4, iL3, and TM7 residues were simulta- tested the effects of additional mutations of ¥hand Thp*2
neously mutated (Figure 5). on the formation of the arrestin-3/rFSHR complex and the
The TM7 residues of the FSHR (His in the hFSHR and internalization of hFSH. These two residues were individually
Tyr in the rFSHR; see Figure 1) that were shown to influ- mutated to Ala (a non-phosphate acceptor), Ser (another
ence arrestin-3 association and internalization have beenphosphate acceptor), or Asp (which should mimic the charge
recently implicated as being involved in interhelical hy- of a phosphorylated residue). The results of these experiments
drophobic interactions that stabilize the activated/inacti- are also summarized in Table 1 and show that mutation of
vated states of the FSHR®). Since it is likely that the  T53%2to Ala, Ser, or Asp had no effect on the association of
effects of this residue on arrestin-3 association are indirectly the rFSHR with arrestin-3 or on the half-time of internaliza-
mediated by changes in conformation of the intracellular tion of hFSH. In contrast, mutation of® to Ala, Ser, or
loops rather than by a direct interaction of this residue Asp significantly reduced the association of the rFSHR with
with arrestin-3, its potential importance on the formation of arrestin-3 and lengthened the half-time of internalization of
the FSHR/arrestin-3 complex was not investigated further. hFSH.
On the other hand, since our data show that iL3 is the The discrepancy between the effects of the K551R
only region that affects the formation of the receptor/ mutation of the rFSHR on arrestin-3 association and inter-
arrestin-3 complex and internalization on each of the two nalization is puzzling and remains unresolved. It is worth
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Table 1: Mutations of Selected Third Intracellular Loop Residues Table 2: Mutations of Selected Third Intracellular Loop Residues

of the FSHR Affect the Formation of the rFSHR/Arrestin-3 of the hLHR Affect the Formation of the hLHR/Arrestin-3 Complex
Complex and the Internalization of hFSH and the Internalization of hGG
receptor-associated hFSH receptor-associated hCG
arrestin-3 internalization arrestin-3 internalization

rFSHR (x-fold over basal) ty2(min) hLHR (x-fold over basal) ty2(min)

wt 26+5 16+1 wt 313+ 76 20+ 1

hiL3P 10+ 3¢ 30+ 3 riL3P 113+ 22 109+ 9°

T532I 7+ 2° 34+ 1° K548R 367+ 66 38+ 3¢

T542N 5+ 1° 33+ 2¢ R554Q 327+ 62 23+ 4

K551R 11+ 3¢ 15+1 M559T 240+ 62 2242

T532A 17+ 2 154+ 2 T561P 143t 27 75+ 5°

T532S 17+ 6 20+ 1 T561A 230+ 25 22+1

T532D 16+ 3 19+ 2 T561S 120+ 46° 52+ 3¢

T542A 114 3 344 1¢ T561D 122+ 22 71+ 8

T542S 7+ 1° 32+ 5° aFor arrestin-3 binding assays, the cells were plated in 100-mm

T542D 8+ 1° 424 5° dishes and cotransfected with FLAG-arrestin-3 (@5 dynamin-K44A

a For arrestin-3 binding assays, the cells were plated in 100-mm (2-540), and the indicated myc-tagged receptor construcig5The
dishes and cotransfected with FLAG-arrestin-3 (a5 dynamin-K44A cells were then incubated with (26 nM) or without hCG at°&7 for
(2.5ug), and the indicated myc-tagged receptor constructsy{5The 30 min and the association of arrestin-3 with the indicated constructs
cells were then incubated with (50 nM) or without hFSH at*87for was melasurzd as }?edscnbﬁd in the capft!ons for F'guquem% under
30 min and the association of arrestin-3 with the indicated constructs Matérials and Methods. The amount of inmunoprecipitate arrestin-3
was measured as described in the caption for Figure 2 and under’VS measured in co_ntrol a_nd stlmulateq (_:ells and divided by the amount
Materials and Methods. The amount of immunoprecipitated arrestin-3 ©f FéCeptor present in the immunoprecipitates. All data were expressed
was measured in control and stimulated cells and divided by the amount@SXfold over the amount of receptor-associated arrestin-3 present in
of receptor present in the immunoprecipitates. All data are expressedunSt'mUIated cells. For internalization assays, the cells were transfected
as x-fold over the amount of receptor-associated arrestin-3 present in®™Y WI'.th the |295:c:ted receptor CO'LS”U(;}S a'.’g éhe dhalf-tlme‘olf
unstimulated cells. For internalization assays, the cells were transfectedNtérnalization of*1-hCG was measured as described under Materials
only with the indicated receptor constructs and the half-time of ancli Methﬁds. E%Ch nu?ber reprefseng)trge m&fEﬂVlh) obtained from
internalization of24-hFSH was measured as described under Materials &t 1€ast three independent transfectiordote that LHR(riL3) is a
and Methods. Each number represent the me8EM) obtained from construct containing the K548R, R554Q, M559T and T561P mutations.

at least three independent transfectidhisote that rFSHR(hiL3) isa . Statistically significant differenceg (< 0.05) when compared to the

construct containing the T532I, T542N and K551R mutatiéi&tatis- LHR-wt.
tically significant diff < 0.05) wh d to th . . L
r",::g,}(R_s\;ﬁh' leant differences f( ) when compared t0 the e of internalization of hCG to about the same extent as

the T561P mutation.
mentioning, however, that of 28 mutants analyzed in this Collectively, the data presented in Tables 1 and 2 highlight
paper, this is the only mutant that displayed a significant the importance of the T5321 and T542N exchange mutants
reduction in arrestin-3 association that was not accompaniedof the FSH receptors and the T561P exchange mutant of the
by a significant change in the half-time of internalization. LH receptors in arrestin-3 association and ligand internaliza-
The opposite is not true, however, as there are three examplesion.
of mutants [hLRH(riL2), hLHR(rCT) and hLHR-K548R] that Since the arrestin-3 association assays were done in cells
display changes in internalization that are not accompaniedcotransfected with a small amount of arrestin-3 but the inter-
by changes in arrestin-3 association (cf. Figure 4 and Tablenalization assays were done in cells that were not cotrans-
2). This is probably due to the greater sensitivity of the fected with arrestin-3, it was important to ascertain that
internalization assay as compared to that of the arrestin-3the reported changes in internalization could be detected in
association assay. cells cotransfected with arrestin-3. Thus, additional inter-
Similar experiments were performed by mutating the four nalization assays were performed with rFSHR-wt, rFSHR-
divergent iL3 residues of the hLHR (L3, Arg®5% Met>9, T532l, and rFSHR-T542N (Figure 6A) as well as with the
and ThP®Y) to the corresponding rLHR residues (Arg, Gln, hLHR-wt and the hLHR-T561P mutant (Figure 6B) in cells
Thr, and Pro, respectively; see Figure 1) and the functional cotransfected with increasing amounts of arrestin-3 plasmid.
properties of each of these mutants were compared to thosdn the case of the rFSHR-T542N (Figure 6A) or hLHR-
of the hLHR(riL3) construct in which all four iL3 residues T561P (Figure 6B) mutants, a slow rate of internalization
were simultaneously mutated to those present in the rLHR. was detected in cells cotransfected with up to (i of
These results are presented in Table 2 and show that thearrestin-3 plasmid/100-mm dish. The slower rate of inter-
differences in arrestin-3 association and the half-times of nalization of the rFSHR-T532] mutant was also preserved
internalization of hCG are due mostly to the presence of a in cells cotransfected with the lower amounts of arrestin-3
Thr in the hLHR or a Pro in the rLHR at the position plasmid used in the arrestin-3 association assays but it was
equivalent to codon 561 of the hLHR. To complement the rescued in cells cotransfected with high amounts of arrestin-3
experiments done with the rFSHR (see Table 1), the plasmid (Figure 6A). When assayed in cell expressing
functional properties of hLHR mutants in which Pfrwas increasing amounts of arrestin-3, the rates of internalization
mutated to Ala, Ser, or Asp were also examined. These of hCG or hFSH by the four parent chimeras shown in
results are also presented in Table 2 and show that a T561AFigures 2 and 3 herein are similar to that of the rFSHR-
mutation has no significant effect on arrestin-3 association T5321 mutant ¢, 8).
or hCG internalization, whereas the T561S and T561D Finally, because the association of GPCRs with the
mutations reduce arrestin-3 association and lengthen the halfnonvisual arrestins is also dependent on receptor activation,
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Ficure 6: Effects of increasing amounts of arrestin-3 on the
internalization of gonadotropins mediated by myc-rFSHR-wt, myc- 0 . . . .

hLHR-wt, and mutants thereof. The internalization&1-hFSH -12 -1 -10 -9 -8 -7
(panel A) or?39-hCG (panel B) was measured in 293T cells

cotransected with a constant amount of myc-tagged receptor plas- hCG (M)
mid (5 ug/100-mm dish) and increasing amounts of FLAG- Fgure7: Signaling properties of myc-rFSHR-wt, myc-hLHR-wt,
arrestin-3 as indicated. The amount of surface-bound and internal-and mutants thereof. 293T cells were plated in 35-mm wells and
ized?4-hCG were determined during a 10 min incubation of the transected with Lg of the indicated plasmids to attain equivalent
transfected cells with 2 nNP3-hFSH (panel A) 0#?34-hCG (panel  receptor expression. The cells were then incubated with increasing
B) as described under Materials and Methods and plotted as aconcentrations of hFSH (panel A) or hCG (panel Bj) 2oh at 37
function of the amount of FLAG-arrestin-3 transfected. Each point °C and the amount of cAMP accumulated was measured as
shows the average SEM of three independent transfections. Some  described under Materials and Methods. Each point shows the
error bars are not visible because they fall within the Symbols. The averagej: SEM of three independent transfections.

arrows indicate the amount of FLAG-arrestin-3 used to transfect
cells for the arrestin-3 association assays.

Table 3: Ligand Binding and Signaling Properties of Selected
it was important to determine if the exchange mutants htHR and rFSHR Mutants

described above display a reduction in agonist-induced maximal
receptor activation. The results summarized in Figure 7 and hgrmoge resIOOI'V‘Sfe
Table 3 show that the ability of hFSH to simulate cAMP oun (pmol o

. . . (fmol/1CP CAMP/1C
accumulation in cells expressing the rFSHR-T5321 and  receptor cells) EGo(M) cells)
rFSHR-T542N mutants is very s!m_llar to that displayed by FSHR-WL 8742 14@E000)x 100 6217+ 41
cells expressing the rFSHR-wit. Slmllarly, the desesponse fESHR-T532I 84+ 1 1.4 @ 0.03)x 10710 5133+ 209
curves for the hCG-induced increase in cCAMP accumulation rFSHR-T542N 842 1.6*0.01)x 10 6967+ 96
are very similar to the curves for the hLHR-wt and the p HR-wt 123+7 09 0.02)x 10 5090+ 96

hLHR-T561P mutant. These results are not surprising be- hLHR-T561P 1188 0.8 0.02)x 1010 4634+ 142
cause ?he mutants in question were designe_d on the basis 0f a Hormone binding was measured dugia 1 hincubation of in-
the amino acid sequences of the gonadotropin receptors frontact cells with a saturating concentratior50 nM) of 125-hFSH or
different mammalian species. Moreover, the four parent 3-hCG to intact cells as described in refs 7 and 8. Maximal cAMP

chimeras shown in Figures 2 and 3 have already been showr{€SPonses and & were calculated from the doseesponse curves
9 y shown in Figure 7 as described under Materials and Methods. The

to respond normally to gonadotropin stimulatioh §). numbers shown are the me&arSEM of three independent transfections.

DISCUSSION seven for the LHR) present in the serpentine and C-terminal
Since the internalization of many GPCRs is driven by their domains of these receptors that are responsible for their
interaction with the nonvisual arrestins, we reasoned that adivergent rates of internalization (Figure 1 and réfand
mutagenesis approach that used internalization assays a8). The new studies presented here show that the divergent
readout would result in the identification of GPCR residues rates of internalization of these two pairs of gonadotropin
that participate in the formation of the GPCR/nonvisual receptors correlate with differences in their abilities to
arrestin complex. To this end, we first took advantage of associate with arrestin-3 and that the divergent residues that
the different rates of internalization of the LHR and FSHR dictate internalization also dictate the ability of these
derived from rats and humans and a complementary ex-receptors to associate with arrestin-3 (FigureSp Thus,
change mutagenesis approach to identify a limited numberthe mutagenesis/internalization approach is powerful and
of divergent, noncontiguous residues (six for the FSHR and useful in the identification of GPCR residues that participate
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in the formation of the GPCR/nonvisual arrestin complexes. reduced arrestin-3 association whereas mutations to Ala, Ser,
Although the seven divergent residues of the r(LHR/hLHR or Asp had no effect. Therefore, the presence of lle in the
and rFSHR/hFSHR pairs that dictate their rates of internal- equivalent position of the hFSHR appears to be responsible
ization are present in distinct topological domains (Figure for the reduced association of this receptor with arrestin-3.
1), iL3 is the only common region between the two pairs of Thr*®tiniL3 of the hLHR also appears to promote arrestin-3
gonadotropin receptors that affects internalization and ar- association because the mutation of this residue to Pro (the
restin-3 binding. This finding is interesting because previous equivalent residue in the rLHR), Ser, or Asp impaired the
studies have implicated iL3 as being important for the formation of the LHR/arrestin-3 complex (Table 2). A
interaction of several GPCR&Y, 30), including the LHR substitution of this residue for Ala is permissible, however,
(31, 32) with arrestins. Since those studies were done by as it has no effect on arrestin-3 association (Table 2).
measuring the binding of purified arrestins to isolated iL3 A number of recent studies measuring the binding of
peptides or mutants thereof, they could not be used tononvisual arrestins to iL3 peptides of the different subtypes
ascertain the importance of iL3 relative to that of other GPCR of a2-adrenergic receptor8@ and the LHR 81, 32) suggest
regions in the formation of the arrestin/GPCR complex. Our that basic residues present in iL3 of GPCRs are essential
studies, which were done with the intact gonadotropin for the binding of nonvisual arrestins. It is interesting to note
receptors, are therefore unique and important because theyhat one of the three divergent residues in iL3 of the rFSHR/
highlight the importance of iL3 in the context of the full- hFSHR pair is basic but conservatively substituted (K551R;
length receptor. The only other study similar to ours was see Table 1). As already discussed above, this residue appears
done by testing synthetic peptides derived from different to have an effect on arrestin-3 association but not on
regions of rhodopsin for their ability to inhibit the binding internalization. Two of the four divergent residues in iL3 of
of arrestin-1 to light-activated, phosphorylated rhodopsin the rLHR/hLHR pair are also basic but only one is
(33). The results of this study also highlighted the importance conservatively substituted (K548R; see Table 2) while the
of iL3 in the formation of the rhodopsin/arrestin-1 complex other is not (R554Q; see Table 2). Neither of these two seems
(33). The finding that our unbiased approach resulted in the to have a major effect on the association of the hLHR with
identification of residues present in iL3 as being involved arrestin-3, however. When assayed in vitro by a synthetic
in the interaction of the gonadotropin receptors with arres- peptide approach, A8ff in iL3 of the hLHR was shown to
tin-3 is also noteworthy because this region is particularly be essential for the binding of arrestin32). The importance
important in the agonist-induced recognition and activation of this residue was not investigated here because it is
of G proteins by GPCRs3¢—37). conserved between the rLHR and the hLHR (cf. Figure 1).
Although the amino acid sequences of the third intracel- Finally, as already noted above, other investigators have been
lular loops of the LHR and FSHR are not particularly able to detect high-affinityq ~ 100 pM) binding of purified
conserved (Figure 1), we found that the identity of the 3iL arrestin-2 to synthetic peptides corresponding to the third
residues that contribute to arrestin-3 association is indeedintracellular loop of the LHR31, 32). Curiously, however,
conserved. THRf2in the 3iL of the rESHR and TH# in the the binding of purified arrestin-3 to these peptides was
3iL of the hLHR are particularly important for the formation ~undetectable32).?
of the receptor/arrestin-3 complex (Tables 1 and 2). Like
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