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ABSTRACT: In previous studies, a lutropin receptor mRNA binding protein implicated in the hormonal
regulation of lutropin receptor mMRNA stability was identified. This protein, termed LRBP-1, was shown
by RNA gel electrophoretic mobility shift assay to specifically interact with lutropin receptor RNA
sequences. The present studies have examined the specificity of lutropin receptor mMRNA recognition by
LRBP-1 and mapped the contact site by RNA footprinting and by site-directed mutagenesis. LRBP-1
was partially purified by cation-exchange chromatography, and the mRNA binding properties of the partially
purified LRBP-1 were examined by RNA gel electrophoretic mobility shift assay and hydroxyl-radical
RNA footprinting. These data showed that the LRBP-1 binding site is located between nucleotides 203
and 220 of the receptor open reading frame, and consists of the bipartite polypyrimidine sedquence 5
UCUC-X7-UCUCCCU-3. Competition RNA gel electrophoretic mobility shift assays demonstrated that
homoribopolymers of poly(rC) were effective RNA binding competitors, while poly(rA), poly(rG), and
poly(rU) showed no effect. Mutagenesis of the cytidine residues contained within the LRBP-1 binding
site demonstrated that all the cytidines in the bipartite sequence contribute to LRBP-1 binding specificity.
Additionally, RNA gel electrophoretic mobility supershift analysis showed that LRBP-1 was not recognized
by antibodies against two well-characterized poly(rC) RNA binding protei@®-1 ancCP-2, implicated

in the regulation of RNA stability ofi-globin and tyrosine hydroxylase mRNAs. In summary, we show
that partially purified LRBP-1 binds to a polypyrimidine sequence within nucleotides 203 and 220 of
lutropin receptor mMRNA with a high degree of specificity which is indicative of its role in posttranscriptional
control of lutropin receptor expression.

A key event in the regulation of steroidogenesis in the mRNA does not result from decreased transcription, but
mammalian ovary is the interaction of luteinizing hormone occurs posttranscriptionally, with an approximate 3-fold
(LH), or its human placental counterpart human chorionic decrease in receptor mRNA half-lif€)(

gonadotropin (hCG), with the lutropin receptat).( The The steady-state level of a mRNA, in general, is deter-
lutropin receptor belongs to the family ot@rotein-coupled mineq by the balance between the rates of synthesis and
receptors that mediate their biological effects through cAMP degradation. The rate of MRNA degradation, in turn, can be
production ). Lutropin receptors expressed on the ovarian ., qiated by the dynamic interactions of specific RNA
granulosa cells and luteal cells are greatly diminished by an binding proteins, as reported in many systems, including
endogenous preovulatory LH surge, or by the administration cytokines, oncogenes, and G-protein-coupled recepters (

of a pharmacological dose of hCG)(Previqus §tudies from 15). Atten,wpts are cur,rently underway to identify specific
Iour laboratory have shown that the decline in cell surface regulatory elements and trans-acting factors that participate
utropin receptor'number that occurs dyrmg hCG—lnducgd in the regulated degradation of specific mMRNAs.
down-regulation is paralleled by a specific loss of lutropin ) o
receptor mRNA4, 5). Following the injection of a bolus of To study the molecular basis of the posttranscriptional
hCG in female rat, a rapid decline in the steady-state levelscontrol of lutropin receptor mRNA, we identified two

of all four of the lutropin receptor mRNA transcripts (6.7, Proteins which bound sequences located _between nucleotides
4.4, 2.6, and 1.8 kb) is seen within 12 h, with complete loss 102 and 282 of the receptor open reading frame by RNA
of detectable receptor mRNAs by 24 h. This selective loss g€l electrophoretic mobility shift analysid§). Incubation

is followed by a recovery of MRNA expression between 24 of protein extracts from control and hormone-treated (down-

and 48 h 4, 5). We have further reported that loss of receptor regulated) rat ovary with radiolabeled lutropin receptor
MRNAs showed the formation of two sequence-specific
* Supported by NIH Grant HD-06656. ribonucleoprotein (RNP) complexes of approximately 50 and
* Address correspondence to this author at 6428 Medical Sciences45 kDa, termed LRBP-1 and LRBP-2, respectively. Both
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734-764-8142, Fax 734-936.8617. LRBP-1 and LRBP_2 were shown to bind in the Iut_rop_ln
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HD-07048. activity of LRBP-1 was further demonstrated to be regulated

10.1021/bi9915770 CCC: $18.00 © 1999 American Chemical Society
Published on Web 12/01/1999



16890 Biochemistry, Vol. 38, No. 51, 1999 Kash and Menon

by hCG and increased-3-fold during lutropin receptor  obtained from ATCC 18). The nomenclature used through-
down-regulation 16). out this report to describe lutropin receptor RNAs designates
To characterize the interaction of LRBP-1 with lutropin nucleotide 1 as the first nucleotide transcribed in the
receptor mMRNA, LRBP-1 was partially purified using cation- 5'-untranslated region of the 2.2 kb cDNATY).
exchange chromatography. The sequence specificity of RNAs were prepared from linearized cDNA templates
LRBP-1 eluted from an S-Sepharose column was character-using the Maxiscript and Megashortscript kits according to
ized by RNA electrophoretic mobility shift and hydroxyl- the manufacturer (Ambion), and essentially as described by
radical RNA footprinting analyses. The data presented hereMelton et al. (9). For uniformly radiolabeled RNAs,
demonstrate that the LRBP-1 binds a cytidine-rich bipartite transcription reactions were performed in the presence 100
sequence in the lutropin receptor open reading frame uCi of [a-**P]JUTP (800 Ci/mmol; NEN) without additional
composed of nucleotides-8,0:CUC-X-UCUCCCU¢3, unlabeled UTP. Following transcription, RNAs were treated
with a low apparent equilibrium dissociation constant. These with RNase-free DNase | and were extracted with water-
data demonstrate a high degree of specificity in the interac-saturated pheneichloroform-isoamyl alcohol (50:49:1).
tion of LRBP-1 with lutropin receptor mRNA between Unincorporated nucleotides were separated from the labeled
nucleotides 203 and 220, and suggest a role for LRBP-1 in RNA using Nuc-Trap columns (Stratagene). RNA was then
determining the specificity of hCG-regulated turnover of precipitated with 2.5 volumes of ethanol and 0.1 volume of

lutropin receptor mRNA in the rat ovary. 3 M sodium acetate, pH 5.4. The RNA was reconstituted in
buffer containing 1 mM EDTA and was stored-aR0 °C.
MATERIALS AND METHODS To prepare 5end labeled LR:188228 RNA, in vitro

) ) transcribed RNAs were then gel-purified on a 2% agarose

Animals and Tissue3wenty-one day old Sprague-Dawley  ge| (NuSieve GTG agarose; FMC) and were electroeluted
female rats were injected subcutaneously with 50 IU pregnant 3¢ 200 v for 15 min (IB), followed by ethanol precipitation.
mare serum gonadotropin (Calbiochem), followed by 251U 5 and labeled RNAs were prepared by dephosphorylation
human chorionic gonadotropin (hCG; Sigma) 56 h later to ¢ 2gg pmol of RNA with 20 units of calf intestinal
induce superovulation. Lutropin receptor down-regulation phosphatase at 5@ for 90 min and with an additional 10
was induced by the injection of 50 IU of hCG 5 days later, | pits of phosphatase for 30 mia@). RNAs were extracted
as previously described{6, 16). Ovaries were collected  yice with water-saturated phenrethloroform—isoamyl
12 h following the final hCG injection and were either 4jcohol (50:49:1) and were precipitated with 2.5 volumes
processed immediately or stored in liquid nitrogen until use. of ethanol and 0.1 volumef& M sodium acetate, pH 5.4.

Partial Purification of LRBP-10varies were homogenized The RNAs were then labeled with T4 polynucleotide kinase
at4°C in buffer A (10 mM HEPES, pH 7.9, 0.5 MM Mgl  (New England Biolabs) and 1.0 mCi of £2P]ATP (6000
50 uM EDTA, 5 mM DTT, 10% glycerol) containing 50  Ci/mmol; NEN) @0). Radiolabeled RNAs were gel-purified
mM KCl and EDTA-free complete protease inhibitor cocktail by 8 M urea/20% polyacrylamide gel electrophoresis, and
(Boehringer Mannheim) followed by centrifugation at 105900 eluted h 2 M ammonium acetate, 1% SDS, and 0.5 mg/mL
for 90 min at 4°C. The supernatants (S100) were collected, yeast tRNA overnight at 28C. Radiolabeled RNAs were
and proteins were quantified by bicinchoninic acid assay quantified by liquid scintillation counting, and unlabeled
(BCA) (Pierce Chemical Co.). The S100 fractions were RNAs were quantified by measurement of the absorbance
applied to an S-Sepharose column (BioRad) (5 mg of protein/ at 260 nm. Radiolabeled RNA concentrations were calculated
mL of packed chromatography resin) equilibrated with 20 py the specific activity of the incorporated radiolabeled
bed volumes of buffer A (without protease inhibitors), and nucleotide.
the column effluent was monitored continuously by measur-  RNA Gel Shift AnalysiéJnless otherwise indicated, RNA
ing the absorbance at 280 nm. The column was washed Untilge| shift analysis was performed as described previodsly (
the absorbance at 280 nm was less than 0.02 (approximatelyBriefly, protein samples were incubated withx110P cpm
10 bed volumes). The proteins were eluted with buffer A of radiolabeled, gel-purified RNA in homogenization buffer
containing a stepwise KCI gradient (15800 mM). S-  (described above) in the presence qidof tRNA and 40
Sepharose column eluates were desalted to 50 mM KCI in ynits of RNasin (Promega) at 3G for 10 min. Unprotected
buffer A, plus EDTA-free complete protease inhibitor radiolabeled RNA was then degraded by the addition of 2
cocktail, using Centriprep-10 micro-concentrators (Amicon), units of RNase T1 (Boehringer Mannheim) at X7 for 30
and protein concentrations were determined by BCA. min. When indicated, unlabeled competitor RNAs were also

Preparation of RNAd_utropin receptor cDNA nucleotides  included in the binding reaction. Samples were then incu-
102—-282 (LR:102-282 cDNA) was prepared by partial bated with heparin at a final concentration of 5 mg/mL for
digestion of a full-length rat lutropin receptor cDNA and 10 min on ice to decrease nonspecific binding. The RNA
cloning into the pBluescript Il vector (Stratagene), as protein complexes were resolved by 8% native polyacryla-
previously describedl@). The cDNAs used to generate wild- mide gel electrophoresis at 4. The gel was then dried
type and mutant (see Figure 9, panel A) LR:1228 RNAs and exposed to Kodak XAR film and visualized by autora-
were chemically synthesized, and contained the T7 RNA diography. RNA gel electrophoretic mobility shift analysis
polymerase promoter at théénd. A lutropin receptor cONA  was also performed by incubation of (2:5) x 10* cpm of
containing nucleotides 7311401 was prepared by direc- radiolabeled LR:188228 RNA with 2.5-5 ug of the 150
tional cloning of anAcd, Apa fragment of a 2.2 kb full- mM S-Sepharose for 15 min at 3G, followed by 5% native
length open reading frame cDNALY), and was used to  polyacrylamide gel electrophoresisrf8 h at 4°C. The
generate LR:7121401 RNA. A full-length human glycer-  radiolabeled bands on the gel were visualized by autorad-
aldehyde-3-phosphate dehydrogenase (GAPDH) cDNA wasiography. When indicated, quantification of radiolabeled
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bands was performed using a phosphorimager and Im-
ageQuant software (Molecular Dynamics). RNA supershift
analysis was performed by incubation of Z510* cpm of

H | § | FT|150]250|500

radiolabeled, gel-purified LR:18888 with 2ug of 150 mM 209 m—
KCI S-Sepharose eluate or 4@ of the supernatant of a
13000@ (S130) from pheochromocytoma-derived PC12 cells 130 =—

(where indicated) for 15 min at 30C, and were then

incubated with polyclonal antibodies specific to€P-1 1)

or aCP-2 @2) for 1 h at 4°C, followed by separation by

polyacrylamide gel electrophoresis on 5% native gels.
RNA Footprinting Hydroxyl-radical [Fe(ll)-EDTA] RNA '.““

footprinting was performed essentially as described previ- 44 =

ously 0). Briefly, 5 x 1¢° cpm of gel-purified, 5 end

labeled RNA was incubated with 5@100 ug of 150 mM

KCI S-Sepharose eluate of LRBP-1 in buffer containing 10 30—

mM sodium phosphate buffer (pH 6.5), 50 mM NaCl, 1 mM

EDTA, and 0.15 mg/mL yeast tRNA for 30 min at room _
temperature. RNA strand scission was performed by the
addition of freshly prepared solutions of 2 mM Fe(ll)

(Aldrich)/4 mM EDTA and 10 mM DTT (final concentra- 1234567
tion), followed by incubation at room temperature for 60 Fcure 1: Partial purification of LRBP-1 using cation-exchange
min. The reaction was quenched by the addition of thiourea chromatography. Representative autoradiogram of RNA gel mobil-
(10 mM final) and incubation for 5 min at room temperature. ilt?yNsAhiirfmtcﬁggPésdiiv ﬁﬁﬁgfn:g?eiﬁs(ilr;% 31)1%%Thgin?:elnoa2t;2f?ozm
Cleavage reactions were then. e?(tracted with phenol down-regulated (12 h p%st-hCG) (Iané 2), faf) of 5180 (lane 3),
chloroform-isoamyl alcohol (50:49:1) and were ethanol- 50 g of column flow-through (lane 4), or g of 150 mM KCi
precipitated in the presence ofify of yeast tRNA at-80 S-Sepharose eluate (lane 5)u§ of 250 mM KCI S-Sepharose
°C. Samples were washed with 75% ethanol, dried, and elute (lane 6), or 5@g of 500 mM KCI S-Sepharose eluate protein
resuspended in loading buffer (95% formamide, 10 mM ('gln‘zgr)-l;rt‘]?d:amelﬁl"eesie"gte}:)e Hgfggg V(‘;'rt]h;'\'gos/‘j I;ii\f:paé?te;ngy
EDTA, 0.05% xylene cyanol, 0.05% bromophenol k?lue, and \eiszaliz)éd by aut%radiograpﬁy. This figure is representativge o'f four
0.1% SDS), and an equal number of counts were incubatedseparate experiments.
at 68 °C for 5 min, immediately prior to electrophoresis.
RNA hydrolysis standards were prepared by digestion of 5 on the column which could be eluted with buffer A
end labeled LR:188228 RNA with 1-3 units of RNase  containing 150 mM KCI (lane 5). Additionally, partial
T1 under denaturing conditions (25 mM citrate, pH 4.8, 1 purification of LRBP-1 resulted in an approximate 20-fold
mM EDTA, ard 7 M urea) for 15 min at 50 Ci and by limited  enrichment in LRBP-1 RNA binding activity (see Figure 2).
alkaline hydrolysis with incubation in 50 mM Nao;, pH The 150 mM KCI S-Sepharose eluate was used in the
11.7, at 95°C for 30-90 s, followed by rapid quench with  remainder of the experiments described in this report.
25 mM citrate, pH 4.8, and 10 M urea. The RNA cleavage  To quantify the enrichment of LRBP-1 RNA binding
products were then resolveq B M urea/20% polyacryla-  activity, several concentrations (0.5, 5.0, and Ad) of
mide gel electrophoresis at 60 W for 4 h. The gel was fixed homogenate (lanes), S100 (lanes57), or the 150 mM
with 10% acetic acid and 10% methanol, and the RNA KCI eluate were incubated with & 1C° cpm of LR:102-
cleavage products were visualized by autoradiography. 282 RNA at 30°C for 10 min, followed by RNase T1
RESULTS treatment, and the RNP complexes were resolved by 8%
native polyacrylamide gel electrophoresis. As shown in
Partial Purification of LRBP-1 Using Cation-Exchange Figure 2, cation-exchange chromatography resulted in an
ChromatographyTo characterize the interaction of LRBP-1 enrichment in the LRBP-1 RNA binding activity. Further
with lutropin receptor, LRBP-1 was partially purified using analysis revealed an approximate 20-fold enrichment in
cation-exchange chromatography on an S-Sepharose matrix RBP-1 in the 150 mM KCI S-Sepharose eluate (data not
with subsequent elution of proteins in buffer A containing shown).
increasing KCI concentrations. Down-regulated ovarian S100 Analysis of LRBP-1 RNA Binding Specificifyo confirm
was applied to an S-Sepharose column at 50 mM KCI (pH that the lutropin receptor mRNA binding activity contained
7.8) in buffer A plus EDTA-free complete protease inhibitor in the 150 mM KCI S-Sepharose eluate was specific for
cocktail and washed extensively, and proteins were elutedreceptor RNA, a series of competition RNA electrophoretic
with buffer A containing a stepwise KCI gradient (5800 mobility shift assays were performed by coincubation of
mM). Samples were desalted in buffer A plus protease radiolabeled LR:102282 RNA with increasing concentra-
inhibitors to 50 mM KCI, quantified, and analyzed by RNA tions of specific and nonspecific unlabeled competitor RNAs.
gel mobility shift analysis. As shown in Figure 1, incubation As shown in Figure 3, & 10° cpm (10 ng) of radiolabeled
of 1 x 10° cpm of LR:102-282 with 50ug of homogenate  LR:102-282 RNA was incubated with &g of 150 mM KCI
or 50ug of S100 (lanes 2 and 3) resulted in the appearanceS-Sepharose eluate in the absence (lanes 2, 6, and 10) or
of the 50 kDa LRBP-1 and 45 kDa LRBP-2 RNP complexes. presence of increasing concentrations (0.01, 0.1,.ay) bof
However, when S100 was applied to the S-Sepharose columrLR:102—-468 (lanes 35), LR:711-1401 (lanes #9), or
in buffer A containing 50 mM KCI, LRBP-1 was retained full-length glyceraldehyde-3-phosphate dehydrogenase (GAP-

BE m—

AA
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Ficure 4: Poly(rC) RNA competes for LRBP-1 binding. Repre-
sentative autoradiogram of RNA gel mobility shift analysis
performed using 1x 1% cpm of LR:102-282 RNA (10 ng)
incubated without protein (lane 1) or with g of 150 mM KCI
S-Sepharose eluate in the presence of increasing concentrations (1-,
10-, and 100-fold molar excesses) of unlabeled homoribopolymers

] o - of poly(rA) (lanes 2-4), poly(rC) (lanes 57), poly(rG) (lanes
FiIGURE 2: Enrichment of LRBP-1 RNA binding activity. Repre- 810y, and poly(rU) (lanes 1113). The samples were treated with
sentative autoradiogram of RNA gel mobility shift performed using RNase T1, separated by polyacrylamide gel electrophoresis on an
1 x 10° cpm of LR:102-282 RNA incubated with no protein (lane 8o native gel, and visualized by autoradiography. These data are

1), increasing concentrations of S100 (0.5, 5.0, angidl(lanes  yepresentative of three separate experiments.
2—4), or increasing concentrations (0.5, 5.0, andi@pof the 150

mM KCI S-Sepharose eluate (lanes®). The samples were treated To determine if LRBP-1 displayed a preference for any
with RNase 11, Selparégeq byl,pog’%crwamidg gel efCtrOhPhor(ejSiS single nucleotide, competiton RNA gel electrophoretic
gpearlgé’sne&m\ﬁ\?: (')?tnhrg’ésgggéiateye%tgﬁ?né?]%;‘?‘p y- These datay ijity shift analysis was performed with homoribopoly-
mers of poly(rA), poly(rC), poly(rG), and poly(rU). As
shown in Figure 4, 1x 10° cpm (10 ng) of radiolabeled
) LR:102—282 RNA was incubated with g of the partially
LR:102468 | LR:711-1401 | GAPDH _ J:competitor RNA purified LRBP-1 in the 150 mM KCI S-Sepharose eluate in
© |10 f102103{ [ 10 [107103{ ) |10 [102]103|:ng RNA the absence (lanes 2, 5, 8, and 11) or presence of increasing
concentrations (10- or 100-fold molar excess) of unlabeled
209 = poly(rA) (lanes 3, 4), poly(rC) (lanes 6, 7), poly(rG) (lanes
9, 10), or poly(rU) (lanes 12, 13) RNAs. This analysis
130 == demonstrated that LRBP-1 binding could be completed only
by poly(rC) RNA, and suggested that cytidine residues are
important components of the LRBP-1 RNA binding site.
Determination of the LRBP-1 Binding Sifeo determine
the LRBP-1 binding site on lutropin receptor RNA, RNase
w‘ w T1 RNA footprinting analysis was initially performed and
suggested that LRBP-1 bound between nucleotides 188 and
288 of the lutropin receptor open reading frame (data not
shown). Based on these data, a cDNA containing nucleotides
188-228 with the T7 RNA polymerase promoter at the 5
end was prepared by chemical synthesis. This cDNA was
i - used to prepare radiolabeled LR: 1888 RNA, which was
u then used for RNA gel electrophoretic mobility shift analysis.
Increasing concentrations of 150 mM KCI S-Sepharose eluate
FiGURe 3: LRBP-1 RNA binding specificity. Representative (2.5-20u9) were incubated with X 10° cpm of LR:188-
autoradiogram of RNA gel mobility shift analysis performed using 228 RNA, treated with RNase T1, and separated by poly-
1 x 10° cpm of LR:102-282 RNA (10 ng) incubated without  acrylamide gel electrophoresis on 8% native gels. As shown
protein (lane 1) or with %g of 150 mM KCI S-Sepharose eluate i Figure 5, panel A, incubation of increasing concentrations

in the presence of increasing concentrations (0, 10, 100, or 1000 . ; ;
ng) of c?old competitor RNAs:gLR:1(32468 (Ianeé 25), LR: 711 of 150 mM KCI S-Sepharose eluate with radiolabeled LR:

1401 (lanes 69), or glyceraldehyde-3-phosphate dehydrogenase 188-228 RNA resulted in a concentration-dependent in-
(GAPDH) RNAs. The samples were treated with RNase T1, crease in formation of the-50 kDa radiolabeled RNP
separated by polyacrylamide gel electrophoresis on an 8% nativecomplex. These data demonstrated that the sequences
gel, and visualized by autoradiography. These data are representativgyanyeen nucleotides 188 agés of lutropin receptor MRNA
of three separate experiments. - -

were sufficient to bind to LRBP-1.
DH) (lanes 1113) RNAs. This analysis demonstrated that  To ensure that interaction of LRBP-1 with the LR:188
the enriched LRBP-1 still displayed the sequence-specific 228 RNA was sequence-specific, competition RNA gel
RNA binding activity we have previously reported. electrophoretic mobility shift analysis was performed by

32
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A incubating 5ug of the 150 mM KCI S-Sepharose eluate with
0 25 510 20 :pg 150 mM SS-clute radiolabeled LR:188228 RNA in the absence and presence
of increasing concentrations of unlabeled competitor RNAs.

= Because the molecular mass of the LR:2228 RNA was
130 m. small (10 463 Da), separation of free radiolabeled LR:188
o5 wm 228 RNA from the 50 kDa radiolabeled LR:18828/

LRBP-1 RNP complex could be accomplished by native

polyacrylamide gel electrophoresis, without the need for
| el RNase T1 treatment. As shown in Figure 5, panel B 5
10* cpm (0.32 ng) of radiolabeled LR:18228 RNA was
incubated with 5:g of the 150 mM KCI S-Sepharose eluate
for 30 min at 3C°C in the absence and presence of increasing
concentrations (0-, 1-, 10-, and 100-fold molar excesses) of
|.... unlabeled LR:188228 (lanes 25), GAPDH (lanes 69),

or LR:711-1401 RNA (lanes 1613), followed by poly-

32 mm

brads acrylamide gel electrophoresis on a 5% native geBfa at
B 4 °C. This analysis demonstrated that only LR:1&28
] RNA competed for LRBP-1 binding, while the GAPDH and
[[Lrass22s [ Gapor [ LR71-1408 Competitor RNA LR:711-1401 RNAs showed no effect on LRBP-1 binding
of radiolabeled LR:188228 RNA.
Wbt M bbb |- RNA+LRBP-I To obtain an estimate of the apparéGtfor the binding

M.“.“ - Freo RNA of LRBP-1 to LR:188-228 RNA, increasing amounts of

radiolabeled LR:188228 RNA (0.1, 0.2, 1.2, and 2.4
1234567 891011 121314 10* mol) were incubated with 2g of the 150 mM KCI

Ficure 5: (A) Determination of the LRBP-1 lutropin receptor S'SEpharose eluate for 30 min at 3G, IOIIOW?d by
mRNA binding site to nucleotides 18228 of lutropin receptor ~ Polyacrylamide gel electrophoresis on a 5% native gel, as
mRNA. Representative autoradiogram of RNA gel mobility shift shown in Figure 6, panel A. The radiolabeled species were
analysis performed by incubation of1 10° cpm of LR:188-228 analyzed using a phosphorimager (Molecular Dynamics), and
RNA in the absence (lane 1) or presence of increasing concentra-the concentrations of free and bound LR:4228 RNA were

tions [2.5ug (lane 1), 5ug (lane 2), 1Qug (lane 3), or 2Qug (lane : .
4)] of 150 mM KCI S-Sepharose eluate. The samples were treated measured using the ImageQuant densitometry software

with RNase T1, separated by polyacrylamide gel electrophoresis (Molecular Dynamics) and from the specific activity of the
on an 8% native gel, and visualized by autoradiography. These dataradiolabeled RNA. Scatchard analysis was performed, and
are representative of two separate experiments. (B) Competitionan apparenky was determined to be approximately 4 nM
of LRBP-1 binding to LR:188228 RNA. Representative autora- (panel B). These data demonstrated that LRBP-1 specifically

diogram of RNA gel mobility shift analysis performed by incubation - .
of 5 x 10° cpm of LR:188-228 RNA alone (lanes 1 and 14) or bound sequences contained between nucleotides 188 and 228

with 5 ug of 150 mM KCI S-Sepharose eluate in the absence or Of the lutropin receptor mRNA.

presence of increasing concentrations of unlabeled competitor Hydroxyl-Radical RNA Footprintinglo identify the base

RNAs: LR:188-228 (lanes 25), GAPDH (lanes 69), or LR: _ _radi it

711-1401 RNA (lanes 1613). The samples were then resolved .ContaCts made by LRBP-1, hydroxyl-radical RNA foo'tpr'lnt
ing analysis was performed. To perform RNA footprinting,

by polyacrylamide gel electrophoresis on a 5% native gel at 75 V ’ :
for 3 h at 4°C. These data are representative of two separate the concentration of 150 mM S-Sepharose eluate required

experiments. to bind >50% of the gel-purified, 5end labeled LR:188
A B
] BT
: Moles RNA 03 ]

8

%‘ 0.25 -
=

§ 4 44| RNA + LRBP-1 E 02 1

0.15 1
e | IESE N

. 1. 1.2 . .
1 2 3 45 6 7 8 75 0 5 15 1.75

Bound ( x 1014 moles)

FiGure 6: Determination of the apparent LRBP-1 equilibrium dissociation constant of LRBP-1 binding to LR2Z288RNA. Panel A:
representative autoradiogram of RNA gel mobility shift analysis performed by incubationugfd® 150 mM KCI S-Sepharose eluate
incubated with increasing amounts [0x110713 (lanes 2, 3), 0.2 1013 (lanes 4, 5), 1.2 10713 (lanes 6, 7), or 2.4 10713 (lanes 8, 9)

mol] of radiolabeled LR:188228 RNA in 0.01 mL final volume. The samples were then resolved by polyacrylamide gel electrophoresis
on a 5% native gel at 75 V f&3 h at 4°C. Quantification of the gel was performed using a phosphorimager and ImageQuant densitometry
software (Molecular Dynamics). Panel B: Scatchard analysis of the data presented in panel A. The &apzfreRBP-1 binding was
approximately 4 nM. These data are representative of two separate experiments.
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Ficure 7: Hydroxyl-radical RNA footprinting of LR:188228
RNA incubated with LRBP-1. Panel A: representative autoradio-
gram of the titration of 5end labeled RNA with the 150 mM KClI
S-Sepharose eluate by electrophoretic mobility shift analysis
performed by incubation of & 10* cpm of LR:188-228 RNA in

the absence (lane 1) or presence of increasing concentrations [2.
ug (lane 2), 5ug (lane 3), 1Qug (lane 4), 2Qug (lane 5), or 4Qug
(lane 6)] of 150 mM KCI S-Sepharose eluate in RNA footprinting
buffer followed by 5% native polyacrylamide gel electrophoresis
at 100 V for 3 h at £C. Panel B: representative autoradiogram of
hydroxyl-radical RNA footprinting analysis performed by incuba-
tion of 5 x 10° cpm of 8 end labeled LR:188228 RNA incubated

Kash and Menon
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Ficure 8: Diagram of the LRBP-1 RNA binding site. Diagram of
the lutropin receptor mRNA open reading frame showing the
position of the LRBP-1 binding site (LBS). The sequence of the
LR:188-228 RNA is also shown, with the nucleotides protected
from hydroxyl-radical cleavage indicated by the shaded boxes.

electrophoresis on a 5% native gel at 75 V ®h at 4°C.

The results (Figure 7, panel A) show that greater than 50%
of the radiolabeled LR:188228 was bound at concentrations
of 20 and 40ug of the SSE fraction.

Hydroxyl-radical footprinting was performed using a
previously published procedurgd). Briefly, RNA binding
reactions were prepared by incubation o&510° cpm of
gel-purified, 5 end labeled LR:188288 RNA with increas-
ing concentrations of 150 mM KCI SSE (50, 100, 200, and
400uQ) in footprinting buffer (described above) for 30 min
at room temperature. The RNA cleavage reaction was
performed by the addition of 2 mM Fe(ll)/4 mM EDTA,
and 10 mM DTT followed by incubation at room temperature
for 60 min. The cleavage reactions were quenched by the
addition of thiourea and were extracted with phenol
chloroform and ethanol-precipitated. Equal amounts of
radioactivity were then separated by denaturing 20% poly-
acrylamide gel electrophoresis at 60 W for 4 h. Nucleotide
positions were determined by digestion 6&8d labeled LR:
188-228 RNA with RNase T1 (lanes 3, 4) and limited
alkaline hydrolysis standards (lanes 5, 6 and 13, 14).

As shown in Figure 7, panel B, incubation ¢fend labeled
LR:188-228 RNA with increasing concentrations of 150
mM KCI S-Sepharose eluate (lanes Bl) resulted in the
increased protection of two prominent regions (located
between nucleotides 26206 and 214-220) from hydroxyl-
radical strand cleavage, compared to RNA incubated without

5g_RBP-l (lanes 811). These lanes additionally show limited

protection of nucleotides upstream to nucleotide 203 which
may be due to nonspecific RNAprotein interactions as a
result of the high concentrations of protein used in the
footprinting reactionsThese data suggested that LRBP-1
protected the sequencé€-B,,CUC-X-UCUCCCUye3'

in the absence or presence of increasing concentrations of the 15dT0m cleavage by freely diffusible hydroxyl radicals (shown

mM KCI S-Sepharose eluate, followed by hydroxyl-radical strand
cleavage initiated by incubation with Fe(I))EDTA and DTT.

Nucleotide positions were determined by comparison to RNase T1

(lanes 3, 4) and limited alkaline hydrolysis standards (lanes 5, 6

and 13, 14). These data are representative of two separate®

experiments.

228 RNA was determined by RNA electrophoretic mobility
shift analysis. As shown in Figure 7, panel Ax510* cpm

of LR:188—228 RNA was incubated in the absence (lane 1)
or presence of increasing concentrations{2A6ug) of 150
mM KCI S-Sepharose eluate in hydroxyl-radical footprinting
buffer containing 10 mM sodium phosphate, pH 6.8, 50 mM
NaCl, 1 mM EDTA, and 0.15 mg/mL yeast tRNA for 30
min at room temperature, followed by polyacrylamide gel

diagrammatically in Figure 8).

Mutational Analysis of the LRBP-1 Binding Site (LBS).
To determine the nucleotides critical for LRBP-1 binding, a
eries of mutant LBS cDNAs were chemically synthesized,
and the resultant RNAs, in which specific cytidines were
changed to uridine, were used for competition RNA gel
electrophoretic mobility shift analysis. Mutant cDNAs with
the T7 RNA polymerase promoter at theé &nd were
prepared by chemical synthesis, and RNA was prepared by
in vitro transcription, as described under Materials and
Methods. The mutant RNAs generated weré®&4y,
C215,217—21%, C217,21!U, and GO4,206,215,21—7219U, as ShOWﬂ in
Figure 9, panel A. In the mutant RNAs, the cytidines in the
LBS were mutated because only poly(rC) RNAs were
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A

wt LBS
5-GGCCUCGCCAGACUAUCUCUCACCUAUCUCCCUGUCAAAGU-3’

C 204206 {J mELBS
5’-GGCCUCGCCAGACUAUuWUUUCACCUAUCUCCCUGUCAAAGU-3’

C 217218 U mLBS
5’-GGCCUCGCCAGACUAUCUCUCACCUAUCUuuCUGUCAAAGU-3

C 215217218219 U mLBS
5.GGCCUCGCCAGACUAUCUCUCACCUAUu Uuna UGUCAAAGU-3’

C/U mLBS
5’-GGCCUCGCCAGACUAUu UuUCACCUAUuUunu UGUCAAAGU-3’

B
_—1 1 1
T I el ) s ) ] e
LS U e = ol v ot W |=RNP
1 2 3 4 5 6 7 & 9 10 11 1213 14 15

Ficure 9: Wild-type and mutant LBS RNA sequences. Panel A:
diagram of wild-type and mutant LRBP-1 binding site (LBS) RNAs
used in RNA electrophoretic mobility shift analysis. Mutations are

Biochemistry, Vol. 38, No. 51, 19996895

150 mM SSE PCI12 S130
+ |++] - -1 -1+ - + aCP-1 Ab
-] - N BE O T N B - + aCP-2 Ab
— RNP + Ab
=— RNP complexes
] Free RNA

1 2 3 4 5 6 7 8 9

10 11

Ficure 10: RNA gel supershift analysis usingCP-1 andoaCP-2
antibodies. Representative autoradiogram of supershift RNA gel
electrophoretic mobility shift analysis performed by incubating 2.5
x 10* cpm of LR:188-228 RNA in the absence (lanes 1, and 10,
11) or presence of 2g of 150 mM KCI S-Sepharose eluate (lanes
2—6) or 40ug of PC12 cell S130 (lanes—R). Where indicated,
antibodies specific fonCP-1 (lanes 3, 4, 8, and 10) @CP-2 (lanes

5, 6, 9, and 11) were added to the RNA binding reactions. The
samples were then resolved by polyacrylamide gel electrophoresis
on a 5% native gel at 75 V fa3 h at 4°C.

shown to bind PC12 cell cytosolic proteins, which were
identified as two isoforms of a 40 kDa poly(rC) RNA binding
protein, PCBP-1 and -2, also known a€P-1 and -2, or
hnRNP E 26). To determine whether LRBP-1 represented
one of these poly(rC) RNA binding proteins, supershift RNA
gel electrophoretic mobility shift analysis was performed by

shown with lower case letters. Panel B: representative autoradio-incubation of LRBP-1 in the 150 mM S-Sepharose eluate

gram of competition RNA gel electrophoretic mobility shift analysis
performed by incubation of & 10° cpm (0.3 ng) of LR:188228
RNA in the absence (lane 1) or presence ofgbof 150 mM KCI

S-Sepharose eluate in the absence (lanes 2, 5, 8, 11) or presen

of a 10-fold or 100-fold molar excess of wild-type LBS (lanes 3,
4), mLBS %204 (lanes 6, 7), mLBS &5217219 (lanes 9, 10),
mLBS C?17219 (lanes 12, 13), or mLBS %84206.215.217219 (lanes

with LR:188-228 RNA, followed by incubation with
polyclonal antibodies foo.CP-1 andaCP-2 @1, 22). As
shown in Figure 10, RNA gel electrophoretic mobility

ce

supershift analysis was performed by incubation of 30
cpm of LR:188-228 RNA with either 5ug of 150 mM KCI
S-Sepharose eluate (lanes® or 40ug of PC12 cell S130

14, 15) competitor RNA. Samples were resolved by polyacrylamide (Janes 7-9) at 30°C for 15 min. Polyclonal antibodies for

gel electrophoresis on a 5% native gel.

oCP-1 (lanes 3, 4, 8) oo.lCP-2 (lanes 5, 6, 9) were then

effective binding competitors. Wild-type and mutant (m)- 2dded to the binding reactions and incubated for 60 min at
LBS RNAs were used as competitors (at concentrations of 4 °C. followed by polyacrylamide gel electrophoresis on a
10- and 100-fold molar excesses) in RNA gel electrophoretic 9% hative gel. As shown in Figure 10, supershifted RNP

mobility shift analysis with radiolabeled LR:18228 RNA,
as shown in Figure 9, panel B.

complexes were not observed in the samples containing
LRBP-1, while supershifted species could be observed in

This analysis demonstrated that the rank order of competi-Sa@mples containing PC12 cell S130 incubated with either

tion of the wild-type and mutant LBS RNAs was: wt LBS,
mLBS G721y, mLBS CG15217219, mLBS C%42%¢, and
mMLBS (C?04206215217219J  These data suggest that all of the

oCP-1 oraCP-2 antibodies. This analysis suggested that
LRBP-1 does not represenfCP-1 oraCP-2, as no super-
shifted complexes were observed when antibodies specific

cytidines in the bipartite LBS sequence contribute to the for these proteins were incubated with samples containing

recognition of the lutropin receptor RNA by LRBP-1.

However, cytidines 204 and 206 appear most critical for

LRBP-1 binding, as mutation of these two nucleotides
markedly affected the ability of this RNA to compete for
binding of the radiolabeled wild-type LR:18228 RNA.

the 150 mM KCI S-Sepharose eluate.
DISCUSSION

Control of mMRNA turnover as a means to influence steady-
state protein levels has been well documeng). (The loss

Additionally, cytidines 217 and 218 appear to be the least of lutropin receptor protein observed during hCG-induced

important for RNA recognition (compare lanes 9, 10 and
12, 13).

RNA Electrophoretic Supershift AnalysiRecently, a
cytidine-rich 3 UTR maotif consisting of the sequence (U/
C)(C/U)CCCU was identified in the stabilization of tyrosine
hydroxylase mRNA during hypoxia in pheochromocytoma
(PC12) cells 23—25). Moreover, this sequence has been

down-regulation is paralleled by the specific loss of steady-
state levels of receptor mRNAs in the ovary, which results
from an approximate 3-fold decrease in the half-life of
receptor mMRNA §). Previous work from our laboratory has
demonstrated that two proteins isolated from down-regulated
rat ovary interacted with lutropin receptor mRNA in a
sequence-specific manndigj. These two proteins, LRBP-1
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and LRBP-2, recognized and bound sequences in the receptothe binding of cytidine-rich RNA sequences has been
open reading frame between nucleotides 102 and 282. Thedemonstrated to be critical for the stabilization of tyrosine
RNA binding activity of LRBP-1 was further shown to be hydroxylase mRNA during hypoxia in PC12 cel®). The
stimulated by hCG approximately 3-fold during lutropin core binding element in the ®TR of tyrosine hydroxylase
receptor down-regulation, suggestive of a role in the post- has been shown to be (U/C)(C/U)CCCU, with the underlined
transcriptional regulation of the receptor. nucleotides being most critical for RNA binding?5).

In this report, we have demonstrated that LRBP-1 was Czyzyk-Krzeska and colleagues have further demonstrated
partially purified by cation-exchange chromatography. This that this sequence is bound yCP-1 andaCP-2 @3).
partially purified LRBP-1 displayed a high degree of Interestingly, the lutropin receptor mMRNA sequences deter-
specificity in binding of lutropin receptor RNA sequences mined to be critical for LRBP-1 binding contain a near-
between nucleotides 188 and 228, with an apparent lowidentical sequence to the tyrosine hydroxylase mRNA
nanomolar equilibrium dissociation constant. The low dis- sequence bound liyCP-1 andxCP-2. However, when RNA
sociation constani() measured for LRBP-1 binding to LR:  gel electrophoretic mobility supershift analysis was per-
188-228 RNA is in the range expected for a specific mMRNA formed using polyclonal antibodies fotCP-1 ando.CP-2,
binding protein, as has been reported for other RNA binding no supershifted RNP complexes could be observed with the
proteins 28). Hydroxyl-radical footprinting demonstrated that ovarian 150 mM KCI S-Sepharose eluate, revealing that
within the 41 nucleotide LR:188228 RNA, LRBP-1 LRBP-1, isolated from rat ovary, is different fromCP-1
protected a cytidine-rich bipartite sequence 'atJ5:CUC- or aCP-2. Accordingly, mutagenesis of the lutropin receptor
X7-UCUCCCU,3'. More significantly, competitor RNAs  LBS demonstrated that the cytidines?{G*y which cor-
containing mutations of distinct cytidines in the regions respond to the critical core binding element in tyrosine
between 203206 and 214220 were able to abolish hydroxylase mRNA had only a limited effect on disrupting
LRBP-1 RNA binding as shown in Figure 9B. Specifically, LRBP-1 binding, and appear least important for LRBP-1
mutation of cytidines 204 and 206 markedly decreased binding.
competition for wild-type LBS RNA binding by LRBP-1, The characterization of the lutropin receptor mRNA
while RNAs with mutations of cytidines 217 and 218 sequences contacted by LRBP-1 provides valuable informa-
remained effective binding competitors. Moreover, muta- tion for future studies directed at defining the putative role
tion of all the cytidines in the bipartite LBS abolished of LRBP-1 in the hormonal control of lutropin receptor
LRBP-1 binding. This competition experiment is critical in - mRNA stability. Although the mechanism of lutropin recep-
demonstrating the LBS because both wild-type and mutanttor mRNA degradation mediated by LRBP-1 remains
LBS RNAs are coincubated with LRBP-1, allowing the unknown, we speculate that the control of lutropin receptor
protein to discriminate between the two RNAs in solu- mRNA stability could be determined by the ratio of LBS
tion. binding byaCP-1 or -2 and LRBP-1. Accordingly, the rate

The data presented in this report demonstrate that theof lutropin receptor mRNA degradation could be modulated
protein LRBP-1 specifically binds sequences within the open by the equilibrium of the stabilizing effects ofCP-1 and
reading frame of the lutropin receptor mRNA. Studies in -2, and the destabilizing influence of LRBP-1. However,
several other systems have demonstrated that open readinghese data do not rule out a more complex model involving
frame sequences contain trans-acting factor binding sites andbther, as yet, unidentified proteins and mRNA sequences.
contribute to mRNA stability. Two well-studied examples The mechanism by which LRBP-1 regulate lutropin receptor
are c-fos and c-myc, which both contain open reading frame mRNA is currently being investigated using a cell-free
protein binding sites in addition to sites in thelBTR. c-fos mRNA decay system.
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