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Abstract

The ACTH receptor (melanocortin 2 receptor — MC2R) is the smallest G protein coupled receptor
which, when activated by the peptide hormone, adrenocorticotropin (ACTH), stimulates CAMP
production and adrenal steroidogenesis. Receptor expression is dependent on a specific membrane
trafficking process involving an accessory protein (Melanocortin 2 receptor accessory protein -
MRAP) and other unidentified components. In an attempt to discover novel receptor interacting
proteins, the C-terminal tail of the MC2R was used to screen a mouse adrenal Y6 cell cDNA
library using the bacterial 2-hybrid system. This identified the nucleoporin, Nup 50 (Npap60), as
the major full length interacting protein. Interaction was confirmed by a GST pull-down assay and
by coimmunoprecipitation in human H295R cells (which express both proteins endogenously).
Deletion analysis identified the region between residues 143 and 466 in Nup50 as being required
for interaction with the MC2R. Stimulation of H295R cells with ACTH (10-5M) was followed by
a gradual translocation of the Nup50-MC2R complex from the membrane to the nucleus after
30min. This time course is most consistent with MC2R internalisation dynamics and may suggest
a novel role for Nup50.
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INTRODUCTION

The pituitary hormone adrenocorticotropin (ACTH) is the principal regulator of adrenal
steroidogenesis and is essential for life. ACTH acts through a cell surface G protein-coupled
receptor (GPCR) to stimulate the intracellular production of cAMP by activating adenylate
cyclase [1]. The ACTH receptor is a member of the melanocortin receptor subtype and is
known as the melanocortin 2 receptor (MC2R) [2]. MC2R is primarily expressed in the
adrenal cortex [2-4] although lower levels of expression are present in adipose tissue [5],
pituitary [6], skin [7] and sympathetic ganglia [8].
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Although the major role of ACTH in the adrenal is to stimulate steroidogenesis, a function
which appears to be largely dependent on its ability to stimulate cAMP generation,
additional signaling functions of this receptor also exist, but remain less well defined. In
particular these include a number of observations on its ability to stimulate calcium influx
which may have a synergistic effect with cAMP on steroidogenesis [9-13]. ACTH may also
stimulate arachidonic acid metabolism [14] and activate protein kinase C [15], in addition to
effects in certain models on MAP kinase activation [16]. The influence of ACTH on adrenal
cell growth is also highly dependent on the experimental paradigm and cell or tissue type
and origin under investigation, and both proliferative (mainly /n vivo studies) and anti-
proliferative actions (mainly in /n vitro cell culture models) are described. Recent work has
identified the role of the Cdk inhibitor p27kip1 in the anti-proliferative response [17].

The MC2R requires the presence of an accessory factor, melanocortin 2 receptor accessory
protein (MRAP), for trafficking to the cell surface and generation of a functional response
[18,19]. We wished to explore the hypothesis that additional factors are required to interact
with this receptor in order for it to achieve its full range of functions, and for this purpose we
sought to identify additional proteins that might interact with it using bacterial two-hybrid
(B2H) screening of cDNA libraries. In the studies reported here we used the C-terminal tail
of the mouse MC2R as a “bait’ in the B2H system to screen a mouse Y6 adrenocortical cell
line cDNA library [20].

We show that the murine MC2R interacts with the nucleoporin Nup50 previously known as
Npap60 [21]. Nup50 a 60 kDa vertebrate nuclear protein was originally identified as part of
the nuclear pore complex [21-23] and has since been shown to be mobile, shuttling between
cytoplasm and nucleoplasm [24]. Our data suggests that ACTH stimulates this shuttling to
the nucleus, raising the possibility of a novel mechanism of action for this receptor.

Bacterial 2 Hybrid Screens

The C-terminal end of the mMC2 receptor (residues 273-296) was used as a ‘bait” attached
by a (Gly,Ser); repeat flexible linker to the A.CI protein, taking care to ensure the reading
frame was maintained. The complete sequence and frame of the construct were verified by
DNA sequencing. This was used to screen a cDNA library constructed in the
BacterioMatch™ target vector pTRG (Stratagene, Amsterdam) using Y6 cell cDNA. The Y6
cell is a mouse adrenocortical cell line related to the Y1 cell line, but which fails to express
the MC2R gene and which shows no response to ACTH [26]. Transfection of the MC2R into
this cell restores ACTH signalling. This library had an amplified titre of 1 x 10° cfu/ml and
an estimated background of <0.6% non-recombinants. The average insert size was 1.13 kb
and the insert range 0.7-1.9 kb. 150,000 clones/plate in 15 250x250 mm agar plates
containing 10 mg/ml tetracycline were screened.

Three independent library screens were performed using tetracycline (10mg/ml) and
chlorapmhenicol (10mg/ml) with kanamycin (10mg/ml) and carbenicillin (L0mg/ml) as
selective agents in the first screen, or 3-amino-1,2,4-triazole (3-AT; 5 mM) and streptomycin
(12mg/ml) (in the latter two screens). Two plasmids (pBT-LGF2 and pTRG-Gal11) served
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as a positive interaction control. As negative controls the pBT MC2R tail and the pTRG
empty vector and the pTRG Y6 cDNA library co-transformed with empty pBT vector were
used.

The initial screen involved plating the co-transformants on selective media plates for 24
hours at 30 °C and then for a further 16 hours to detect weak interactors. All interacting
clones were picked and placed on an enrichment plate and incubated at 37 °C for a further
24 hours. Following that they were streaked on plates containing selective agents
tetracycline and chloramphenicol as a source for glycerol stocks and on plates containing
streptomycin and 3-AT (5mM) as a secondary screen to verify positive interactors.

All positive interactors went through a scoring system to identify the strength of the
interaction and possible false positives. This involved sequencing miniprep DNA to ascertain
the length of the translated product of the cDNA clone and whether it was in frame with the
RNA polymerase-a protein. Interactors that were out of frame and/or contained in frame
stop codons were treated as false positives and discarded from further investigations.

Construction of Plasmids

Positive interactors were amplified using primers designed against the pTRG plasmid in
order to be subcloned into the pPGEMT-easy vector (Promega). The forward primer was
designed against the end of the RNA polymerase a sequence of the pTRG target plasmid
and contained an ATG codon to ensure translation in frame in later stages. All constructs
were verified via PCR and sequencing. (Primer sequences and PCR conditions are available
on request).

The C-terminal end of the MC2R together with the flexible linker that made up the ‘bait’
used in the B2H screens was digested out of the pBT vector using £EcoR/and Xho!/and
subcloned into the pGEX-4T-3 vector (Amersham Biosciences) in frame with the
glutathione S-transferase sequence on the vector. The correct insertion of the fragment in
frame with the GST protein sequence was verified by DNA sequencing.

Construction of the plasmids containing the Nup50 fragments for /n vitro transcription
translation was achieved by amplifying various regions of the cDNA and subcloning these
into pGEMT-easy (Primer sequences and PCR conditions are available on request).

GST Pull-down assay

A single colony of £.coli containing the recombinant pPGEX-mMC2R tail plasmid with the
GST- fusion protein was cultured and induced with Isopropyl p-D-1-thiogalactopyranoside
(IPTG;1 mM). The pellet was lysed, sonicated and centrifuged and the supernatant was used
to harvest the expressed protein. All extractions were performed in the presence of protease
and phosphatase inhibitor cocktails. Extracted proteins were visualised following SDS-
PAGE. Typical yields of the expressed protein were 0.8 to 1 mg/ml for a 400 ml starting
culture.

The pGEMT-easy plasmid constructs containing the Nup50 fragments were sequenced and
used for Jn vitro transcription-translation in the presence of 3°S methionine-cysteine
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(Amersham Biosciences #AGQ0080). 500 ng of the expressed mMMC2R tail-GST protein
were incubated with 200 pl of ice cold PBS (binding buffer), 50 pl of the appropriate 35S-
labelled Nup50 fragment and 50 pl of prepared Glutathione Sepharose 4B beads
(Amersham) overnight at 4°C. The beads were then washed 4 times for 20 minutes with ice
cold PBS before adding 2X SDS Laemmli buffer. Samples were boiled at 95°C for 5
minutes before SDS-PAGE electrophoresis. Results were visualised after standard
autoradiography.

H295R cells (ATCC) were maintained in 50% Dulbecco’s modifies Eagle’s medium
(DMEM) (Sigma), 50% F12 Ham medium (Invitrogen) supplemented with 10% Ultraser SF,
1% Pen/Strep solution containing 100 U/ml penicillin and 0.1mg/ml streptomycin (Sigma),
1% ITS (0.1 mg/ml insulin, 5.5 pg/ml transferrin and 0.05 ug/ml sodium selenite) (Sigma) at
37°C in a humidified atmosphere containing 5% CO,.

Immunoprecipitations and immunoblotting

Antibodies

H295R cells were grown to 70% confluency before treatment and harvesting. Cells were left
overnight in serum free medium before treatment with ACTH (10~8M) for various intervals.
Cells were fractionated as described [27]. Briefly, cells were harvested, then resuspended in
1 ml of Buffer A (10mM Hepes pH 7.9, 1.5 mM MgCl,, 10 mM KClI, 0.1 % NP40, 0.5 mM
DTT, 25 u ug /ml leupeptin, 0.2 mM Na3VQ,) and left to stand on ice for 20 minutes. 200 pl
of this was retained as Fraction 1 (total cell lysate). The remainder was centrifuged for 20
minutes at 1000g at 4°C. The supernatant was retained as Fraction 2 (cellular and membrane
fraction) and the pellet resuspended in 500 pl of Buffer B (0.3 M Hepes pH 7.9, 1.5 M KClI,
0.03 M MgCly, 25 pg /ml leupeptin, 0.2 mM Na3VO,) and left to stand on ice for 20
minutes (crude nuclear fraction). This was centrifuged for 15 minutes at 13,000 rpm at 4°C,
and the pellet resuspended in 200 ul of Buffer C (20 mM Na-Hepes pH 7.9, 25% v/v
glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.2 mM EGTA, 0.5 mM
phenylmethylsulfonyl fluoride, 0.5 mM DTT, 25 ug/ml leupeptin, 0.2 mM Na3VOy). This
last fraction (Fraction 4) was the enriched nuclear fraction.

These fractions were used for immunoprecipitations and western blot analysis. For western
blot analysis 30 pl of sample from each fraction was used. 3X SDS loading dye was added
and the samples heated to 95 °C for 5 min. Samples were loaded onto 10% polyacrylamide
gels (Biorad) and electrophoresed at 120V in Tris-glycine buffer. Gels were blotted onto
PVDF membranes (Amersham) which were subsequently blocked for 1 hour in 5% Marvel
and probed with anti-Nup50 followed by anti-goat-HRP. Blots were developed using the
ECLplus chemiluminescence system (Amersham).

Anti-Nup 50 antibody (Abcam, #ab4005) and anti-p-actin antibody (Abcam, #ab8227),
Anti-GRP78/BiP (Abcam #ab2902), and anti-nucleoporin 62 (Transduction Laboratories #
N43620) were all used at a concentrations of 1:1000. MC2R antibodies H70 (rabbit) and
C-16 (goat) raised against residues 64 — 133 and the C-terminal tail of the human receptor
respectively (Santa Cruz, Heidelberg) were used at 1:1000. Peroxidase labelled anti-mouse
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antibodies (Cell Signalling Technology) anti-rabbit antibodies (Amersham) and anti-goat
(Jackson Immunochemicals) were used at a concentration of 1: 10,000.

RESULTS

Identification of Nup 50 as an MC2R interacting protein

The C-terminal tail of the murine MC2R, was subcloned in frame with the A.CI protein in
pBT and this was used to screen a Y6 mouse adrenocortical cell cDNA library. Three
independent screens of approximately 106 clones each were performed and led to the
isolation on two separate occasions of the same cDNA fragment of 1.4 kb size. DNA
sequencing revealed this to be identical to the cDNA encoding Nup50. This cDNA encoded
a protein fragment extending from residue 129 of the translated protein to the C-terminus at
residue 466 (Figure 1a).

The MC2R:Nup50 interaction was further confirmed using the mMC2R C-tail coupled to
Glutathione-S-Transferase (GST) in conjunction with /n vitro transcribed and translated full
length Nup50 protein labelled with 35S-Methionine. Combination of recombinant GST-
mMC2R C-tail and /n vitro transcribed and translated Nup501_4¢6 protein with GST beads
confirmed the interaction /n vitro (Figure 1b). Two additional fragments — Nup50143-466
(containing the p27kip1-binding domain, the serine-rich domain and the Ran-BD-binding
domain) and Nup50,40_329 (containing the serine-rich domain alone) were also tested and
demonstrated interaction of GST-mMC2R C-tail with the former but not the latter (Figure
1c). As a negative control, the GST protein alone was unable to pull down the Nup50143-466
fragment. (Figure 1c).

Co-immunoprecipitation of MC2R/Nup50 in H295R cells

In order to attempt to demonstrate the physiological nature of this interaction we used the
human adrenocortical H295R cell line which expresses both the MC2R and Nup50
endogenously. Two antibodies that immunoprecipitate the MC2R are available — C-16,
raised against an epitope in the C-terminal tail, and H-70, raised against a fragment
extending from the second to the third transmembrane domain of the MC2R. Both
antibodies precipitate a band of a similar size in 3°S-methionine labelled mouse Y1 cells
(Figure 2a). Immunoprecipitates from H295R cells were separated on SDS-PAGE and
immunoblotted with Nup50 antibody, revealing a strong coimmunoprecipitation (Figure 2b).
The reverse co-immunoprecipitation using the Nup50 antibody to precipitate receptor was
attempted, but both MC2R antibodies failed to work conclusively in these precipitates or on
immunoblotting of cell lysates. This is consistent with a general observation that this
receptor, in common with many other G protein-coupled receptors, resolves poorly on SDS-
PAGE. The possibility that Nup50 co-precipitation was non-specific was addressed using an
antibody to another nucleoporin, Nup62. No evidence of Nup62 co-precipitation was found
in these cells (Figure 2c).

In view of the uncertain subcellular localization of the MC2R-Nup50 complex, cells were
fractionated so as to enrich both membranous and nuclear fractions. The quality of the
fractionation was demonstrated by immunoblotting using GRP78/ BiP, an endoplasmic
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reticulum (ER) marker, and Nup62, as a nuclear envelope marker. (Figure 3a). This supports
the notion that the purified nuclear fraction (Fraction 4) is free of endoplasmic reticulum
contamination, although some nuclear contamination persists in the membrane fraction
(Fraction 2). In the membrane fraction Nup50 coimmunoprecipitates with MC2R in the
unstimulated cell. However stimulation of cells with ACTH leads to a decline in the
presence of the complex by 60 min (Figure 3b). In contrast, in the enriched nuclear fraction
no co-precipitated Nup50 is detectable at rest or until 60 min after ACTH stimulation,
following which there is a significant accumulation of the MC2R-Nup50 complex. (Figure
3c).

In view of the dependency of the nuclear translocation of the MC2R-Nup50 complex on
ACTH stimulation the role of established signalling pathways in mediating this process was
investigated. ACTH acting via the MC2R in the adrenal cortex stimulates steroidogenesis by
activating adenylate cyclase to make cAMP, which in turn activates protein kinase A as its
second messenger. However in the H295R cell ACTH stimulation normally only generates a
very weak CAMP response. Use of the widely recognised protein kinase A inhibitor, H89,
has no effect in blocking the translocation of MC2R-Nup50 to the nucleus at 90 min (Figure
4). H295R cells generate a fairly robust MAP kinase response to ACTH stimulation.
However use of the MAP kinase inhibitor UO126 to block this action also was without
effect on nuclear translocation.

DISCUSSION

Characterisation of the MC2R has been severely impaired as a result of difficulties in
expressing a functional receptor protein in transfected cells. We previously demonstrated
that transfected MC2R was translated, but that this protein accumulated in the endoplasmic
reticulum and Golgi, and we postulated that an accessory factor was required for the
receptor to traffic to the cell surface in the adrenal, its principal physiological site of
expression [18]. A genetic approach based on ACTH resistant patients ultimately led to the
identification of MRAP [19]. However alternative strategies were initiated to identify MC2R
interacting factors which included the B2H approach reported here. As we report, the
principal cDNA identified in this screen was the nuclear protein Nup50.

The MC2R-Nup50 interaction was confirmed using a GST pull down assay with the full
length Nup50 protein as well as with a smaller fragment that contained the putative p27kipl
and RanBD binding domains. The physiological relevance of this interaction was
subsequently confirmed by co-immunoprecipitation in the H295R cell line, a human
adrenocortical cell line that expresses modest amounts of endogenous MC2R and Nup50.
Furthermore the MC2R-Nup50 complex appears to translocate from the membrane to the
nucleus in a relatively delayed response to ACTH stimulation. One possibility is that
endoplasmic reticulum may co-purify with the nucleus. However, this is unlikely in view of
the demonstration of the complete absence of GRP78/Bip, a well recognized marker of
endoplasmic reticulum in the purified nuclear fraction.

It is clear from our data that the MC2R-Nup 50 complex is present in unstimulated cells at
the plasma membrane. Stimulation of receptor with ACTH leads to translocation of the
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receptor-Nup50 complex to the nucleus with a time course which is not dissimilar to that of
MC2R internalization observed in the mouse Y1 cell line [28] or the H295R cell line
(unpublished observations). Inhibition of PKA or MAPK signalling in this cell line does not
interfere significantly with either internalisation (unpublished data) or MC2R-Nup50 nuclear
translocation. If, as we speculate, translocation follows receptor internalisation, it is possible
that a process of endosomal trafficking from the plasma to the nuclear membrane is taking
place. Attempts to visualise this using immunofluorescent studies have been unsuccessful
owing to the poor specificity of both the Nup 50 and MC2R antibodies when used in this
way.

Some uncertainty exists over the function of Nup50. It was originally found to be one of the
nucleoporins that form the nuclear pore basket [22] and to be nucleoplasmically orientated
[21]. Subsequent work suggested that it was not a structural component of the nuclear pore
complex, but a Ran binding protein and a co-factor for importin a.:f mediated import [24].
The same study reported that endogenous Nup50 was mobile and could shuttle across the
nuclear membrane. The N-terminal domain has been shown to bind with high affinity to
importin-a and the crystallographic structure of this complex has recently been reported
[25]. Matsuura & Stewart have used this data together with a stopped-flow FRET assay to
argue that Nup50 functions to undo the importin-a-NLS cargo complex on the
nucleoplasmic side of the nuclear membrane, thereby enhancing the rate of nuclear import
[25].

It has also been shown that Nup50 can interact with p27kip1, a member of the Cip-Kip
family of the cyclin-dependent kinase (Cdk) inhibitors that binds to cyclin-Cdk complexes
and inhibits their catalytic activity in response to anti-proliferative stimuli [23]. This is of
particular interest since there is substantial data to show that ACTH activates anti-mitogenic
mechanisms in the Y1 mouse adrenocortical cell line and that this is mediated through
p27kipl protein induction [17, 29]. These studies did not examine nuclear:cytoplasmic
distribution of p27kipl, and this is likely to offer a further level of regulation of p27kipl
activity. Deletion of p27kipl in mice leads to adrenal tumour development (in addition to
other tumours) [30]. However we were unable to convincingly demonstrate co-precipitation
of p27kipl with the MC2R-Nup50 complex in H295R cells (data not shown).

The presence of GPCRs in the nucleus or at the nuclear membrane has been observed in
several previous studies with a range of GPCRs. Amongst these, some of the earliest
observations were with the AT1 angiotensin receptors which used ligand binding and
immunoelectron microscopy techniques to demonstrate the presence of this receptor on
nuclear membranes or in the nucleus, probably in a G protein-coupled state. Other receptors
apparently expressed in this location include prostaglandin EP3 and EP4 receptors in
porcine cerebral microvascular endothelial cells and in stably transfected HEK293 cells [31].
This study used mainly indirect immunofluorescence and confocal microscopy but also
demonstrated functional G protein coupling and a potential role in regulation of genes such
as eNOS [32,33]. In the same way, nuclear metabotropic glutamate receptors bound
radiolabeled quisqualate and regulated nuclear oscillations of Ca** with consequent effects
on gene expression [34]. In the case of the endothelin receptors, a yeast two hybrid approach
[35] revealed an interaction between the C-terminal tail of the ETA receptor and the nuclear
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proteins Tip60 and HDACY. In the absence of ET-1 the receptor was mainly expressed at the
cell surface and Tip60 and HDAC7 were found mainly in the nucleus whereas in the
presence of ET-1 there was a marked shift of Tip60 and HDACY to the perinuclear region
where the ETA receptor could also be detected. A further study demonstrated nuclear
endothelin receptors were capable of specific ligand binding, induction of a transient
increase in nuclear cisternal Ca*™ content and stimulation of nuclear protein kinase activity
[36].

The physiological functions of GPCRs on nuclear membranes are at present largely
unknown. It is noteworthy that several proteins that have been strongly associated with the
cell surface functions of GPCRs have also been localised in the nuclear region. These
include heterotrimeric G proteins [37], adenylyl cyclase [38], phospholipase C [39] and B-
arrestin 1 [40]. Many questions about a possible nuclear role for GPCRs remain to be
answered such as identifying a mechanism for their translocation to the nucleus, but the
mounting evidence suggests this is an underexplored aspect of the function of this class of
receptors.
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Figure 1.
GST-pull down of Nup 50. (a) depicts the domain structure of the full length Nup50 protein

and the fragment of this protein encoded by the cloned cDNA identified in bacterial two-
hybrid screening. (b) GST-pull down of full length Nup50 [1-466]. 35S-labelled in vitro
translated Nup50 input (lane 2) was incubated with GST-MCZ2R tail, washed and the
retained fraction separated on SDS-PAGE (lane 3). GST alone failed to pull down any 35S-
labelled protein (lane 4) (c) The Nup50 [143-466] fragment is pulled down efficiently in this
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system (lanes 2 & 3), although little or no pull down of the smaller serine-rich domain
(Nup50 [240-329]) (lanes 4 & 5) is detected.
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Figure 2.

Cg-immunoprecipitation of MC2R-Nup50 complex in H295R cells. (a) Both the C16 and
H-70 antibodies raised against the MC2R precipitate a similar sized 3°S-methionine-labelled
band in mouse Y1 cells. (b) Using both antibodies it was possible to co-immunoprecipitate
Nup50 in H295R cells. (c) Nup 62 does not interact with MC2R. Immunoprecipitation of
buffer alone (lane 1) or H295R lysate (lane 2) with the H70 MC2R antibody failed to
precipitate Nup 62. Nup 62 is readily detectable in non-immunoprecipitated cell lysates
(lane 3).
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Figure 3.

Sugbcellular fractionation of the MC2R-Nup50 complex. H295R cells were fractionated as
described [27] into four fractions (whole cell lysates, membrane, crude nuclear, and purified
nuclear fractions). (a) Demonstrates the contents of subcellular fraction for an ER marker
(GRP78/BiP) and nuclear membranes (Nup62) by immunoblotting. (Fraction 1, whole cell
lysate; fraction 2, membranes; fraction 3, crude nuclear extract; fraction 4, purified nuclear
extract). (b) In membrane fractions the MC2R-Nup50 complex is demonstrated by co-
immunoprecipitation using the MC2R C-16 antibody at rest and following stimulation by
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ACTH (1076M) for the initial 30 minutes. Some reappearance of the complex occurs by 150
minutes. () in purified nuclear fractions the MC2R-Nup50 complex is not detectable at rest,
but begins to appear by 60 minutes and is prominent at 150 and 210 minutes.
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Figure 4.

Efgfect of inhibition of signal transduction. Nuclear fractions of H295R cells stimulated with
or without ACTH (1078M) for 90 min with prior exposure to either the protein kinase A
inhibitor (H89) or the MAP kinase inhibitor (UO126) were used to coimmunoprecipitate the
MC2R-Nup50 complex. Neither inhibitor appears to significantly reduce appearance of the
complex.
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