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he Carboxyl Terminal Domain of Phosducin Functions
s a Transcriptional Activator
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tion cascade (1, 7). Phd binds the guanine nucleotide
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In previous work, we identified a set of phosducin
Phd) isoforms with unknown function including the
hosducin (Phd)-like orphan protein 1 (PhLOP1), an
mino terminal truncated isoform of the retinal Phd
acking the Gbg binding domain. To investigate the
otential biological function of PhLOP1, PhLOP1 was
used at its amino terminus with the DNA binding
omain (BD) of the yeast transcriptional factor, GAL4,
nd used as bait in a yeast two-hybrid screen. Two
otential functional protein partners were identified
uring the screen: SUG1, a subunit of the 26S protea-
ome and a putative transcriptional mediator, and
RX, a retina- and pineal-specific transcription factor.
pon localizing the interacting domain of PhLOP1
ith one of the new partners, SUG1, we found that a
omain of 40 amino acids at the carboxyl terminus of
hd and PhLOP1 had intrinsic transcriptional activa-

ion activity in yeast. The transactivation activity was
urther confirmed in mammalian cells. This region
ontains an acidic domain that has been shown to be
nvolved in the function of several transcriptional ac-
ivators. In addition, we showed that Phd is cytoplas-
ic while PhLOP1 is localized predominantly to the
ucleus when fused to an enhanced green fluorescent
rotein (EGFP) and transiently expressed in trans-
ected cells, suggesting that PhLOP1 may play a dis-
inct functional role in transcriptional regulation in-
ependent of the known Phd interaction/regulation of
bg transduction. © 2000 Academic Press

Phosducin (Phd) is an acidic phosphoprotein (1, 2)
bundantly expressed in retinal photoreceptors and
inealocytes (3–5) but ubiquitously distributed through-
ut other tissues (6). It has been established that Phd is
n important regulator of the retinal phototransduc-
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G)-protein beta/gamma (Gbg) complex, competitively
xcluding the binding of the Ga and thereby prevent-
ng re-association of G protein subunits to form the
ransduction-competent heterotrimer, Gabg (7–10).
he efficacy of Phd binding to Gbg is regulated by
rotein kinase A (PKA) catalyzed phosphorylation and
rotein phosphatase 2A (PP2A) catalyzed dephosphor-
lation on Serine 73 of Phd in a light-dependent man-
er (8, 9, 11–13). The dephosphorylated form of Phd
avors the binding of Gbg, which, in light, prevents
eceptor-mediated Ga reactivation (7, 8) and blocks
nteractions between Gbg and its effectors (14–17). In
he dark, Phd is phosphorylated and no longer blocks
he reassociation of the G protein subunits, thus
ore heterotrimeric transducin is available for activa-

ion (18).
Phd and its isoforms represent a superfamily of pro-

eins with selected members unable to interact with
bg. The Phd-like proteins (PhLPs) that bind Gbg,

ncluding PhLPL and PhLPS, share structural and po-
ential functional similarity to Phd (19–21). PhLPL/S

as been shown to have widespread tissue distribution
19). Phd and PhLP are encoded by distinct genes,
ocated on chromosome 1q (4) and 9 (22), respectively.
oth genes have alternatively spliced variants (19, 23).
f the three Phd isoforms identified by our laboratory

rom human retina, two failed to bind Gbg and they
ere named phosducin-like orphan proteins, PhLOP1
nd PhLOP2. PhLOP1 lacks the first 52 N-terminal
esidues of Phd, but it contains the complete carboxyl
C)-terminus of Phd. PhLOP2 has only a limited amino
cid sequence homology to Phd although its nucleotide
equence has significant homology to Phd (23).
To define the potential biological attributes of the

hLOPs, PhLOP1 was used as bait in a yeast two-
ybrid screen (24). Two genes encoding proteins that

nteract with Phd isoforms were identified from a bo-
ine retinal cDNA library: bovine SUG1 (bSUG1, Ac-
ession No. AF069053) (24) and bovine CRX (bCRX,
ccession No. AF154123) (25). Independent of our



work, PhLPL has also been reported to interact with
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UG1 (26).
To localize the interacting domain of Phd isoforms
ith SUG1 and CRX, we created several GAL4 DNA
inding domain (BD) fusion constructs with deletion
utants of Phd and PhLOP1. In this study, we dem-

nstrate that the carboxyl terminal 40 amino acids of
hd and PhLOP1 exhibit strong transcriptional acti-
ation in both yeast and mammalian cells. Fluorescent
icroscopy facilitates the study to investigate the sub-

ellular localization of Phd and PhLOP1 fused with an
nhanced green fluorescent protein (EGFP), which
ere transiently expressed in COS-7, PC12 and R28

ells. The functional implications of the transcriptional
ctivation domain of Phd and PhLOP1 are discussed.

ATERIALS AND METHODS

Plasmids construction. The complete coding sequences of human
etinal Phd, PhLOP1 and different deletion mutants of PhLOP1
ere cloned into the pBD-GAL4 phagemid vector (Stratagene, La
olla, CA) and the mammalian two-hybrid bait vector, pM (Clontech,
alo Alto, CA) downstream of the GAL4 DNA binding domain (BD)
etween their EcoRI and PstI restriction endonuclease sites as de-
cribed (24).
The enhanced green fluorescent protein (EGFP) fusion con-

tructs were made with the pEGFP-C2 vector (Clontech). Full-
ength coding regions of Phd and PhLOP1 were amplified using
he following primers with the first two amino acids changed from
et and Glu to Pro and Gly for Phd and from Met and Ser to Pro

nd Gly for PhLOP1 (the original nucleotide sequences for the
rst two amino acids are in lowercase and in parentheses) (17):
59Phd (6 –17) EcoRI, 59-CCGAATTC/CCG(atg)/GGA(gaa)/GAA/
CC/AAA/AG-39; 159PhLOP1 (6 –21) EcoRI, 59-CCGAATTC/CCG-

atg)/GGT(tct)/TCT/CCT/CAG/AG-39; 239Phd/PhLOP1 PstI, EcoRI,
amHI, 59GCCGGATCCGAATTCTGCAG/TCA/TTC/AAC/ATC/TTC/
TC-39 (antisense for both Phd and PhLOP1).
The PCR amplified products were digested with EcoRI and ligated

o pEGFP-C2 vector through its EcoRI site in the multiple cloning
ites. The clones that are in the correct orientation were chosen by
olony PCR with the above 59 sense primers and the 39 vector anti-
ense primer.
All the DNA constructs were completely sequenced from both 159

nd 239 directions using the ABI PRISM Genetic Analyzer Model
10 (Perkin Elmer, Foster City, CA) to confirm the correct reading
rame and the complete nucleotide sequence.

Yeast two-hybrid system. The yeast reporter host strain Saccha-
omyces cerevisiae CG-1945 used for the two-hybrid screen was de-
cribed previously (24). The yeast cells were grown in YPD (yeast
xtract/peptone/dextrose) or appropriate selection medium to main-
ain plasmids. Yeast transformation was done by the lithium acetate
ethod using the YEASTMAKER yeast transformation system

Clontech). Liquid growth assay and quantitative b-galactosidase
b-gal) assay was performed using previously published protocol (24).

Cell culture and transient transfection. COS-7 cells (American
ype Tissue Culture, Rockville, MD) were maintained in Dulbecco’s
odified Eagle’s medium (DMEM) as described (27). PC12 cells

American Type Tissue Culture) were grown in DMEM supple-
ented with 10% heat-inactivated horse serum, 5% FBS, 2 mM

-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin on
ollagen (Collagen Co., Palo Alto, CA) coated tissue culture dishes.
o obtain neuronal phenotype, PC12 cells were primed with 100
g/ml of nerve growth factor (NGF, Upstate Biotechnology, Lake
lacid, NY) for 5 days before plated for transfection. Immortalized
505
ere maintained as previously published (28–30) in DMEM supple-
ented with 10% FBS, 2 mM L-glutamine, MEM nonessential amino

cids, MEM vitamins and 100 mg/ml gentamicin. All the tissue
ulture media and supplements except the NGF were obtained from
rvine Scientific (Santa Ana, CA).

Transient transfection was performed using Superfect transfection
eagent (Qiagen, Valencia, CA) following the manufacturer’s instruc-
ion. Briefly, COS-7, R28 or NGF-primed PC12 cells were seeded at
3 105 cells/ml into 6-well plates 20 h before transfection. For single
lasmid transfection, 2 mg of plasmid DNA was used with 12 ml of
uperfect reagent. For cotransfection, 2 mg of GAL4 BD-fusion mam-
alian expression construct in pM vector and 0.4 mg of pG5CAT

eporter construct (Clontech) were used with 12 ml of Superfect
eagent.

Chloramphenicol acetyltransferase (CAT) enzyme-linked immu-
osorbent assay (ELISA). COS-7 cells, cotransfected with a BD
usion construct and the pG5CAT reporter construct, were incubated
or 2 days before being harvested for the CAT ELISA assay. Cell
xtracts were prepared using lysis buffer from the CAT ELISA kit
Boehringer Mannheim, Indianapolis, IN) following the manufac-
urer’s instruction. 0.4 ml of lysis buffer was used for each well. CAT
rotein was quantitated with 200 ml of cell extracts, following the
nstruction for the CAT ELISA Kit, with a microtiter plate reader
nd normalized to total protein in each sample. Data represent the
verage 6 standard error of the mean (SEM) of three independent
xperiments, each performed in duplicate.

Fluorescent microscopy. COS-7, R28 or PC12 cells transfected
ith EGFP fusion constructs in 6-well plates were allowed to grow

or 24–48 h. Fluorescent microscopy was performed on a Nikon
icroscope (Nikon Inc., Melville, NY) equipped for epifluorescence.
GFP fluorescence was observed using a standard fluorescein iso-

hiocyanate (FITC) filter, illuminating at 480 nm. Images of cells
ith EGFP and EGFP-tagged proteins were acquired using a Cooke
igital camera with a Sony Interline charge coupled device (CCD)
hip. The digitized images were stored on a Macintosh computer,
rocessed and analyzed using Adobe Photoshop.

ESULTS

To investigate the biological function of PhLOP1, we
id a yeast two-hybrid screen to identify protein-protein
nteraction partners (24, 25). Two potential functional
artners of PhLOP1 were identified from a bovine retina
east expression cDNA library during a screen with
hLOP1 as bait. One was SUG1, a subunit of the 26S
roteasome and a potential transcriptional mediator (24).
he other was the cone-rod homeobox (CRX), a recently
haracterized retina- and pineal-specific transcription
actor (31–35). To identify the interacting domain of
hLOP1 with SUG1, we constructed a series of N-
nd C-terminal deletion mutants of PhLOP1 in the
BD-GAL4 vector (Fig. 1A). These BD fusion constructs
ere cotransformed to the CG-1945 yeast reporter host

train with either the GAL4 activation domain (AD) vec-
or (pGAD10) or AD-SUG1 (pGAD10-SUG1). The yeast
ransformants were divided evenly and grown on 2Leu-
rp, 2Leu-Trp-His (2His) and 2Leu-Trp-His 1 5 mM
-aminotriazole (2His 1 3-AT) plates at 30°C. Colonies
rown on 2Leu-Trp plates were pooled and processed for
liquid growth assay and b-galactosidase (b-gal) assay 4
ays after cotransformation as described (24). Cell
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orded 3, 7 and 9 days after cotransformation. As shown
n Fig. 1, when AD-SUG1 was cotransformed, full-length
hd, PhLOP1 and several deletion mutants of Phd acti-
ated both HIS3 (growth in 2His medium) and LacZ
b-gal activity assay) reporter genes. When the AD vector
as cotransformed, BD-Phd (207–246) activated the re-
orter expression to the same extent as when it was
otransformed with AD-SUG1 (data not shown). When
urther truncated to 20 AA (207–226), no activation was
bserved. The full-length Phd and PhLOP1 and the other
eletion mutants of PhLOP1 did not activate the reporter
enes when expressed with the AD vector alone (data not
hown). These results indicated that Phd (207–246) could
ctivate transcription on its own when tethered to DNA
y a heterologous DNA binding domain.
To further confirm the transactivation activity of

hd (207–246), BD-Phd (207–246) was cotransformed
ith either the AD vector alone or AD-SUG1 to yeast
G-1945 cells. The strength of the reporter transacti-
ation was measured by the ability of the yeast to
urvive in 3-AT, a competitor in the histidine pathway
36). BD-Phd (207–246) activated the HIS3 gene when
xpressed with the AD vector alone to the same extent
s when it was co-expressed with AD-SUG1 (Fig. 2).
We next sought to investigate if the 40 AA domain at

he carboxyl terminus of Phd and PhLOP1 also had
ransactivation activity in mammalian cells. The full-
ength Phd, PhLOP1 and truncated PhLOP1 BD-
usion mammalian expression constructs were each
otransfected with the pG5CAT reporter vector, which
ontains the CAT gene downstream of five consensus
AL4 binding sites and the minimal promoter of the
denovirus E1b gene, into COS-7 cells. The CAT re-
orter protein was quantitated with the CAT ELISA
it and normalized for total protein. In Fig. 3, Phd
207–246) is shown to activate the CAT reporter ex-
ression, while full-length Phd, PhLOP1 and the other
runcated PhLOP1 proteins tested did not activate the
eporter gene, when tethered to the promoter up-
tream of the reporter gene by a heterologous DNA
inding domain in mammalian cells.
To further explore if the native Phd isoforms have

he potential to act as transcriptional activators in the
ucleus, we studied the subcellular localization of Phd

FIG. 1. Interaction of Phd, PhLOP1, and truncated PhLOP1 wit
onstructs into yeast CG-1945. The transformants were grown in
ncubated at 30°C. (A) Schematic alignment representing the BD con
Leu-Trp-His and on 2Leu-Trp-His 1 3-AT plates. (2): Small (B, ,

xpression in CG-1945 cells). (1): Small (B, ,1 mm), pink colonies. (1
olonies. (1111): Robust (B, .3 mm), pink colonies. (B) The yeast
ncubation at 30°C and a pool of colonies was seeded at 1,000 cells/ml
ith shaking, growth was measured at OD600. Data are presente

upplemented with histidine (2Leu-Trp). (C) A pool of colonies wa
-galactosidase assay. Data represent the mean 6 SEM of two inde
xpressed in standard units multiplied by 1000.
507
nd PhLOP1 in transiently transfected cells using
GFP as a reporter. Phd and PhLOP1 were fused to

he C-terminus of EGFP in the pEGFP-C2 vector and
ere transiently expressed in three different cell types:
on-neuronal cells (COS-7), neuronal cells (NGF-
rimed PC12) or neuroretinal cells (immortalized rat
etinal cells R28), which have been shown to express
oth photoreceptor and glial cell markers (28, 29). The
EGFP-C2 vector DNA was transfected as a control.
luorescent microscopy revealed that EGFP-Phd was
redominantly localized in the cytoplasm and EGFP-
hLOP1 was predominantly expressed in the nucleus,
hile the EGFP control was evenly distributed in both

ytoplasm and nucleus in each of the three different
ell lines tested (Fig. 4).

ISCUSSION

The present study shows that the C-terminal 40 AA
omain of Phd and PhLOP1 has strong transcriptional
ctivation function in both yeast and mammalian cells,

SUG1. AD-bSUG1 was cotransformed with the indicated BD fusion
presence (2Leu-Trp) or absence (2Leu-Trp-His) of histidine and

ucts and their interaction with bSUG1 by estimating the growth on
m), pale colonies (background growth because of HIS3 gene leaky

: Medium (B, 1–2 mm), pink colonies. (111): Big (B, 2–3 mm), pink
nsformants grown on 2Leu-Trp plates were collected after 4 days
o selective medium. After incubating the cultures for 2 days at 30°C
s a percentage of the OD600 of yeast grown in selective medium
llected from samples grown on 2Leu-Trp plates and prepared for
dent experiments done in triplicate. The b-galactosidase activity is

FIG. 2. Transactivation activity of Phd (207–246) in yeast cells.
he yeast strain CG-1945 was cotransformed with BD-Phd (207–
46) and either AD-bSUG1 or AD yeast expression constructs. The
ransformants were grown on 2Leu-Trp plates at 30°C for 3 days
efore processed for liquid growth assay. The cells were seeded at
000 cells/ml in selective medium without histidine but supple-
ented with indicated concentration of 3-AT. After incubating the

ultures for 2 days at 30°C with shaking (250 rpm), growth was
easured at OD600. Data is presented as a percentage of the OD600 of

east grown in selective medium supplemented with histidine
2Leu-Trp).
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hereas the full length Phd and PhLOP1 do not have
his activity. These data strongly suggest that a do-
ain of the Phd isoforms is a potential transcriptional

egulator. Similar observations have been reported
ith the transcription factor ATF-2 (37) and the hep-
titis C virus nonstructural protein NS5A (38) in which
n intrinsic transcriptional activation domain is nor-
ally masked by the full length protein. Structural

FIG. 3. Transactivation activity of Phd (207–246) in mammalian
ells. COS-7 cells were cotransfected with BD-PhLOP1 or BD-
runcated PhLOP1 in the mammalian expression vector pM with the
G5CAT reporter vector, which contains five consensus GAL4 bind-
ng sites and an adenovirus E1B minimal promoter upstream of the
AT reporter gene. 48 h after transfection, the cells were collected

or CAT reporter assay. The results are means 6 SEM of three
ndependent experiments performed in duplicate.

FIG. 4. In situ of EGFP-Phd and EGFP-PhLOP1 in transfected C
hd and PhLOP1 were inserted in-frame into the pEGFP-C2 vector,
GFP). The EGFP-Phd, EGFP-PhlOP1 fusion constructs, and the E
28 cells. Photographs were taken 24–48 h after transfection.
508
-terminus of Phd isoforms is rich in acidic amino
cids, resembling other acidic transcriptional activa-
ion domains that function universally in eukaryotes
rom yeast to human (39–42).

Members of the Phd superfamily have been reported
o interact with SUG1, a subunit of the 26S proteasome
nd a transcriptional regulator, which may target
hem for degradation by the 26S proteasome or may
uggest a role in transcriptional regulation (24, 26).
nterestingly, CRX, the other protein-protein interac-
ion partner of Phd isoforms identified from the same
east two-hybrid screen (25), is a major developmental
ranscription factor in the eye and the pineal gland
31–33). The identification of this interaction between
hd isoforms and CRX further support our hypothesis
hat Phd isoforms are potential transcriptional regula-
ors in the retina and pineal.

Both Phd and PhLOP1 are colocalized with CRX to
he nucleus of the transfected COS-7 cells and each
nhibits the transactivation activity of CRX on an IRBP
romoter containing a single CRX binding element
25). Since Phd is predominantly expressed in the cy-
oplasm of rod photoreceptors and pinealocytes, we
ought to determine the subcellular localization of Phd
nd PhLOP1 in either control COS-7 cells, immortal-
zed rat neuroretinal cells (R28) or NGF-primed neu-
oblastoma PC12 cells. EGFP fusion of Phd has been
hown to have the normal cytoplasmic localization and
unction in transiently transfected neuronal NG
08-15 hybrid cells (43, 44). Our results confirmed that
hd is localized to the cytoplasm; however, PhLOP1 is

-7, neuronal PC12, and neuroretinal R28 cells. The coding region of
ich encodes a red-shifted variant of wild-type GFP (enhanced GFP,

P control (pEGFP-C2 vector) were transfected to COS-7, PC12, and
OS
wh

GF
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onal cells. These results are consistent with the pre-
ious immunocytochemical study of Phd isoforms with
ransiently transfected COS-7 cells (25). When cotrans-
ected with CRX, both Phd and PhLOP1 are observed
n the nucleus of the cotransfected cells with a Phd
-terminus-specific monoclonal antibody. We have pro-
osed that Phd acts as a transcriptional regulator
hen its C-terminal peptides are released in the cyto-
lasm and transferred into the nucleus to exert its
ranscriptional function (25). The results of this study
urther support our hypothesis and confirm that the
-terminus of the Phd isoforms is potentially an in-
ependent functional unit controlling transcriptional
egulation.
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