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Abstract

In an eVort to better understand the Ah receptor nuclear translocator (Arnt)-dependent signaling mechanisms, we employed a
phage display system to identify Arnt-interacting peptides. Human liver cDNA library was utilized to screen for Arnt-interacting
peptides using an Arnt construct fused to thioredoxin (TH-ArntC�418). Two clones, namely Ainp1 and Ainp2 (Arnt-interacting
peptide), were identiWed and subsequently Ainp2 was further characterized. Ainp2 interacts with TH-ArntC�418 in the GST pull-
down and mammalian two-hybrid assays. Northern blot results revealed that Ainp2 is predominantly expressed in human liver. The
putative full-length Ainp2 cDNA sequence was subsequently cloned using RACE PCR. Endogenous expression of Ainp2 was found
in Jurkat cells at the mRNA and protein levels. Results from the transient transfection studies using a DRE-driven reporter plasmid
and the real-time QPCR experiments examining the endogenous CYP1A1 expression showed that Ainp2 enhances the 3-methylchlo-
ranthrene-induced activity in HepG2 cells, suggesting that Ainp2 plays a role in the Arnt-dependent function.
  2005 Elsevier Inc. All rights reserved.
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Ah receptor nuclear translocator (Arnt) is a basic-
helix–loop–helix-PAS protein essential for the AhR1 and
HIF1� signaling. In the AhR signaling pathway, an AhR
ligand triggers the nuclear translocation of the receptor,
followed by the formation of the AhR-Arnt heterodimer
which binds to the DRE, activates transcription of genes

that encode drug metabolizing enzymes (such as
CYP1A1 and 1A2) and other proteins (for review, see
[1]). In response to hypoxia [2] or nitric oxide [3], the for-
mation of the HIF-1�-Arnt heterodimer occurs which is
followed by the transcriptional up-regulation of a bat-
tery of genes including VEGF, EPO, glucose transport-
ers 1 and 3, and many glycolytic enzymes [4]. Studies on
Arnt-null mice revealed that Arnt is essential for angio-
genesis during embryonic development [5].

Phage display system has been eVectively utilized to
determine epitopes [6–8], isolate antibodies [9–11], and
develop potential therapeutic agents [12–14] (for review,
see [15]). Bacteriophage T7 can be used to express capsid
fusion proteins with peptide cDNAs randomly cloned
downstream to the capsid cDNA from a cDNA library;
these fusion proteins are located on the phage surface.
Phages containing the interacting peptides can then be
preferentially precipitated by the bait protein. After
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several rounds of biopanning, interacting peptides can
be enriched and then identiWed. For example, androgen
receptor interacting peptides [16], 2-methylnorharman
interacting peptides [17], EphA2 binding peptides SWL
and YSA [18], Oct-4 interacting proteins [19], Glc7 as the
HSF interacting protein [20], lipocalin-1 interacting
membrane receptor [21] and Gal80p interacting proteins
[22] have been discovered using this strategy.

It is our hypothesis that there are Arnt-interacting
proteins that are essential for Arnt-dependent function
(such as the AhR signaling) and are yet unidentiWed. For
example, to activate gene transcription initiated by an
AhR ligand, the AhR/Arnt/DRE ternary complex must
form prior to the recruitment of coactivators to the pro-
moter region. Our previous data showed that the forma-
tion of this ternary complex requires protein factors [23].
In other words, a number of unidentiWed proteins are
necessary to cause the formation of the AhR/Arnt/DRE
complex. We have shown that p23 [24] and CyP40 [25]
potentiate the formation of the AhR/Arnt/DRE com-
plex formation in vitro; however, the in vivo signiWcance
of these proteins is still unclear at present. Here, we
report that we isolated an Arnt-interacting peptide
Ainp2 using a phage display system. This Ainp2 is found
in Jurkat cells and enhances the 3MC-mediated AhR
signaling pathway.

Materials and methods

Materials and reagents

Human liver cDNA T7 phage library was purchased
from Novagen (La Jolla, CA). pET-b expression vector
for GST fusion protein synthesis was purchased from
Novagen (La Jolla, CA). The mammalian two-hybrid kit
was purchased from Promega (Madison, WI). The DRE-
driven luciferase reporter plasmid pGudLuc1.1 was a
gift from Dr. Mike Denison (UC, Davis). The �-galacto-
sidase expressing plasmid pCH110 was purchased from
Amersham–Pharmacia Biotech (Piscataway, NJ). Esche-
richia coli strains Top10 was purchased from Invitrogen
(Carlsbad, CA) and BL21 (DE3) from Stratagene (La
Jolla, CA). [32P-�]ATP and [32P-�]ATP were purchased
from MP Biomedicals (Irvine, CA). 3MC was purchased
from Sigma (St. Louis, MO). Antiserum C634FB con-
taining anti-Ainp2 polyclonal antibodies was obtained
from chicken injected with the bacterially expressed anti-
gen 6His-Ainp2CTG (Alpha Diagnostic, San Antonio,
TX). The Anti-Thio antibody was purchased from Invit-
rogen (Carlsbad, CA). All PCR primers were purchased
from Invitrogen (Carlsbad, CA). BugBuster and Cyto-
Buster reagents were purchased from Novagen (La Jolla,
CA). TALON metal resin was purchased from BD Bio-
sciences (Palo Alto, CA). GST · BIND Resin was pur-
chased from Novagen (La Jolla, CA). MEM media were

purchased from Sigma (St. Louis, MO), cosmic calf
serum from Fisher (SpringWeld, NJ), and all other cell
culture reagents from Gibco (Carlsbad, CA). Lipofect-
amine 2000 was purchased from Invitrogen (Carlsbad,
CA). Dual-Light luciferase and �-galactosidase reporter
assay was purchased from Applied Biosystems (Tropix,
Foster City, CA). MasterPure RNA PuriWcation and
FailSafe kits were purchased from Epicentre (Madison,
WI). All Northern blot and RACE PCR related reagents
were purchased from Ambion (Austin, TX). All other
reagents, unless speciWed otherwise, were purchased
from Fisher ScientiWc (SpringWeld, NJ).

Expression of thioredoxin fusion proteins
(TH-ArntC�418 and TH-AhRC�553)

The TH-ArntC�418 and TH-AhRC�553 proteins
were expressed and puriWed according to previously
published protocols with some modiWcations [26]. In
brief, an 18-h LB culture (100 mL) containing the expres-
sion plasmid and ampicillin (50�g/mL) was added to a
fresh LB media (500 mL) containing ampicillin (50 �g/
mL) and IPTG (1 mM Wnal). Four hours induction at
37 °C, 250 rpm was allowed, followed by cell harvest. The
cell pellet was resuspended in 45 mL lysis buVer (25 mM
Hepes, pH 7.4, 300 mM NaCl, and 10% glycerol). Five
milliliters of lysozyme solution (same buVer with 7.5 mg/
mL of lysozyme) was added dropwise upon stirring. The
suspension was stirred for 30 min, subjected to three
freeze/thaw cycle times, and then followed by centrifuga-
tion at 16,000g for 30 min to obtain the supernatant. The
supernatant was rocked with 0.25 mL of the pre-equili-
brated TALON resin for 1 h before a column was
poured. The resin was washed with 20 mL of puriWcation
buVer (25 mM Hepes, pH 7.4, 10% glycerol, and 300 mM
NaCl), and then eluted with the same buVer in addition
of 250 mM imidazole. The recombinant protein was
eluted with the Wrst 1.5 mL at a rate of 0.1 mL/min. After
dialysis against 300 mL of 25 mM Hepes, pH 7.4, 10%
glycerol, and 100 mM NaCl, the sample was stored at
¡80 °C.

TALON co-precipitation assay (biopanning)

One microliter of the human cDNA T7 phage library
or the ampliWed phage solution (1010–1011 pfu/mL) was
precleared with the TALON resin (100 �L) in the assay
buVer (800 �L, 25 mM Hepes, pH 7.4, 10% glycerol) by
rotating the mixture at 32 rpm for 30 min at 4 °C. After
brief centrifugation, the resin was discarded to remove
nonspeciWc binding phages. The supernatant was then
incubated with 100 �L TALON-puriWed of TH-
ArntC�418 or an equal amount of thioredoxin as the
negative control at 30 °C for 20 min before the addition
of the TALON resin (100 �L) to the mixture. The mix-
ture was rotated (32 rpm) at 4 °C for 5 h. After that, the
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resin was washed 10 times with 0.9 mL of wash buVer
(25 mM Hepes, pH 7.4, 10% glycerol, 250 mM KCl, 0.4%
Tween 20, and 10 mM �ME). The co-precipitated phages
were then eluted with 0.3 mL of elution buVer (25 mM
Hepes, pH 7.4, 250 mM imidazole). The eluted phages
were subjected to titer determination and then enriched
to a titer of 1010–1011 pfu/mL via plate lysate ampliWca-
tion, ready for next round of biopanning.

Membrane lift assay

Phages were plated on a 100 mm LB agar plate to
approximately 50–100 plaques. After the plaques grew
to 0.5–1 mm in diameter, the plate was chilled at 4 °C for
30 min and then overlaid with a 82 mm nitrocellulose
membrane at 4 °C for 1 min. The membrane was
removed and blocked with 8 mL of blocking buVer
(25 mM Hepes, pH 7.4, 10% glycerol, 100 mM KCl, and
10 mg/mL of nonfat dried milk) at 4 °C for 15 min. The
membrane was then rotated with 6 mL of blocking buVer
containing 10 �L of 32P-labelled TH-ArntC�418 [26] at
4 °C overnight at 32 rpm. After that, the membrane was
washed three times with wash buVer (25 mM Hepes, pH
7.4, 10% glycerol, 100 mM KCl, 0.4% Tween 20, and
10 mM �ME) and analyzed by autoradiography.

Expression of GST-Ainp2 fusion proteins

Ainp2 cDNA, either the phage peptide or the putative
full-length sequence, was cloned into the BamHI and
HindIII sites of the pET-b vector. Expression of the GST
fusion proteins (GST-Ainp2 and GST-Ainp2CTG) was
performed as follows: IPTG induction (1 mM Wnal) of
600 mL of LB culture was performed in BL21 (DE3) for
4 h at 37 °C, 250 rpm. The cells were lysed with 8 mL of
BugBuster reagent and the supernatant, after centrifuga-
tion at 16,000g for 30 min, was applied onto a
GST · BIND column (1 mL) at room temperature. The
column was washed with 20 mL of puriWcation buVer
(25 mM Hepes, pH 7.4, 10% glycerol, and 100 mM NaCl)
and then eluted with 3 mL of the same buVer except that
GSH (10 mM) was included. After dialysis, the sample
was then stored at ¡80 °C.

GST pull-down assay

A Wxed amount (7.5�g) of GST, GST-Ainp2, or GST-
Ainp2CTG was incubated with 100�L of TH-
ArntC�418 in 1 mL of assay buVer (25 mM Hepes, pH
7.4, 10% glycerol) at 30 °C for 20 min. The sample solu-
tion was then rotated with 200 �L of the GST · BIND
resin at 4 °C for 5 h at 32 rpm. After centrifugation at
16,000g for 45 s, the supernatant was discarded and the
pellet was washed four times with wash buVer (25 mM
Hepes, pH 7.4, 10% glycerol, 100 mM KCl, 0.4% Tween
20, 10 mM �ME, and 5 mM imidazole) and then eluted

with 100 �L of the SDS–PAGE sample buVer. The sam-
ples were subjected to 12% SDS–PAGE, followed by
Western blot analysis using the Anti-Thio antibody and
NBT/BCIP for signal detection, according to previously
published protocols [24].

Northern blot analysis

Interestingly, a signiWcant part of the cDNA sequence
of Ainp2 is reverse complement to the haptoglobin
cDNA. Thus, we made certain that only the antisense
probe for Ainp2 was synthesized so that there is not a
chance for the probe to hybridize with the haptoglobin
mRNA. A 176-bp antisense cDNA fragment of Ainp2
was labeled with [32P-�]dATP using the StripAble PCR
probe synthesis kit with a single primer 5�-TGATAA
GAGCTGTGCTGTGGCTGA-3� and a linearized
Ainp2 DNA sequence digested from pGEM-Ainp2 as
the template. The 32P antisense cDNA probe was synthe-
sized by PCR as follows: 30 s at 94 °C, 30 s at 50 °C, and
30 s at 72 °C, 50 cycles. The pre-made blot was Wrst pre-
hybridized with 7 mL of Ultrahyb buVer at 42 °C for
30 min and then incubated with the 32P antisense cDNA
probe at a concentration of 106 cpm/mL at 42 °C for
21 h, followed by two washes with NorthernMax high
stringency wash buVer (2£ SSC, 0.1% SDS) at 42 °C for
5 min and one wash with NorthernMax low stringency
wash buVer (0.1£ SSC, 0.1% SDS) at 4 °C for 15 min.
The pre-made blot was stripped using StripAble PCR
probe removal kit and reprobed with 32P-�-actin probe
synthesized accordingly (template, Ambion PTRIampl8;
primer, Ambion T7 primer; PCR protocol, 30 s at 94 °C,
30 s at 55 °C, and 1 min at 72 °C, 50 cycles) for normali-
zation.

RACE PCR

FirstChoice PCR-ready human liver cDNA was used
to perform the 5� and 3� RACE PCR to amplify the full-
length cDNA sequence of Ainp2. For 5� RACE, the anti-
sense Ainp2 primer (OL127, nt 217–242) and the 5�
adaptor primer was used whereas for 3� RACE, the
sense Ainp2 primer (OL126, nt 77–99) and the 3� adap-
tor primer was used. The PCR protocol was as follows:
30 s at 94 °C, 30 s at 60 °C, and 1.5 min at 72 °C, 35 cycles.
The ampliWed products were subsequently cloned, puri-
Wed, and sequenced.

RT-PCR and Western blot analysis to detect Ainp2 
expression

Human lymphoid cell line Jurkat were grown in
RPMI1640 supplemented with 10 mM HEPES (pH
7.25), 10% FBS, 0.2 mM L-glutamate, 100 U/mL penicil-
lin, and 0.1 mg/mL streptomycin. HepG2 and Hepa-1
cells were grown in Advanced MEM supplemented with
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5% cosmic calf serum, 0.2 mM L-glutamate, 100 U/mL of
penicillin, and 0.1 mg/mL streptomycin. Upon harvest,
cells were subjected to either RNA extraction using the
MasterPure RNA puriWcation kit or protein extraction
using CytoBuster reagent. For protein extraction,
enough CytoBuster reagent (50 �L per 18 mg of cell pel-
let) was added to each sample and then the samples were
incubated for 10 min at room temperature. After that,
freeze/thaw cycle was performed three times before sam-
ple centrifugation (16,000g, 10 min, 4 °C) to obtain the
soluble extract. RT-PCR was performed to detect the
Ainp2 mRNA as follows: Wrst strand cDNA was synthe-
sized using 1 �g of total RNA (from cells or rat liver) and
random primers according to the Epicentre’s protocol.
One microliter of the reverse transcription reaction mix-
ture was used as the template for the following PCR
with the Ainp2 speciWc primers (sense (OL124), 5�-
ATCCACTCCTGTCCACTCCCGTCC-3� and anti-
sense (OL143), 5�-AGGCAGGGTGTTGGCTTTAC-
3�): 30 s at 94 °C, 30 s at 50 °C, and 1.5 min at 72 °C, 35
cycles. For Western blot analysis, proteins of the soluble
extract was separated on a 15% tricine SDS–PAGE gel
and antiserum C634FB (1:500) was used as the primary
antibodies. Colorimetric assay using NBT/BCIP was
performed to detect the signals. To co-precipitate the
anti-Ainp2 antibodies from the antiserum C634FB,
0.6 �L of C634FB was incubated with 20 �L of the bacte-
rially expressed 6His-Ainp2CTG (8 �g), 140 �L PBS,
140 �L of non-fat dried milk in PBS (50 mg/mL, 0.2%
Tween 20) and 100 �L of the TALON resin for 2 h at
room temperature. After incubation, the mixture was
centrifuged at 16,000g for 10 min at 4 °C and the super-
natant was then used as the primary antibodies.

Mammalian two-hybrid assay

The ArntC�418 cDNA was cloned into the BamHI
and XbaI sites of the pACT vector containing the cDNA
of the VP16 transactivation domain. Additionally, the
Ainp2 peptide cDNA were cloned into the BamHI and
XbaI sites of the pBIND vector containing the cDNA of
the GAL4 DNA binding domain. HepG2 cells were
grown to 80% conXuence in a 24-well plate in Advanced
MEM supplemented with cosmic calf serum (5%), L-glu-
tamate (0.2 mM), penicillin (100 U/mL), and streptomy-
cin (0.1 mg/mL). A transfection mixture of 200 �L of
OPTI-MEM I medium containing plasmids (0.2 �g each
of the pACT-ArntC�418, pBIND-Ainp2, PG5luc and
pCH110 vectors) and 2 �L of Lipofectamine 2000 was
added to each well, followed by incubation at 37 °C for
5 h. The media were then replaced with the complete
media. After incubation at 37 °C for 24 h, cells were har-
vested for luciferase assay as follows: the cells were
immediately lysed by the addition of 200 �L/well of the
lysis buVer (100 mM potassium phosphate, pH 7.4, 1%
Triton-X100, and 0.5 mM DTT) and rotation at 150 rpm

for 10 min at room temperature, followed by centrifuga-
tion at 16,000g for 2 min. The supernatants (10 �L) were
subjected for luciferase and �-galactosidase assays using
the Dual-Light Kit, according to manufacturer’s recom-
mendation, using a Turner Design TD-20/20 lumino-
meter. All transfection experiments were performed in
triplicates and all the luciferase activities were normal-
ized by the internal �-galactosidase activity.

Transient transfection/luciferase assay

HepG2 cells were grown to 80% conXuence in a 24-
well plate. A transfection mixture of 200�L of OPTI-
MEM I media containing plasmids (0.33 �g each of
pGudLuc1.1, pCH110, pCMV-Tag4 or pCMV-
Ainp2CTG or pCMV-Ainp2�ATG) and 2 �L of Lipo-
fectamine 2000 was added to each well, followed by
incubation at 37 °C for 5 h. Complete media was
exchanged and after 18 h at 37 °C, the cells were treated
with either 1 �M 3MC or DMSO for 5 h at 37 °C before
harvest. Luciferase assay was performed as described in
the above session. We used MCF7 cells to examine the
mammalian expression of 6His-Ainp2CTG protein by
transient transfection studies. MCF-7 cells were grown
in Advanced DMEM/F12 supplemented with 5% FBS,
0.2 mM L-glutamate, 100 U/mL penicillin, and 0.1 mg/
mL streptomycin to 80% conXuence in a six-well plate.
Each well was transfected with 3�g of pCMV-6His-
Ainp2CTG plasmid, 6 �L of Lipofectamine 2000 in
0.5 mL of OPTI-MEM I media. Five hours after trans-
fection, fresh complete media were exchanged, followed
by a 24-h incubation at 37 °C before harvest. Cytobuster
reagent was used to prepare the soluble extracts.

Transient transfection/RT/real-time QPCR

HepG2 cells were grown to 80% conXuence in a 6-well
plate. A transfection mixture of 500�L of OPTI-MEM I
media containing plasmids (3�g each of pCMV-GST or
pCMV-GST-Ainp2CTG) and 6�L of Lipofectamine
2000 was added to each well and the cells were incubated
at 37°C for 5 h. Complete MEM was exchanged and incu-
bation was allowed for 18h at 37 °C. Then, the cells were
treated at 37°C with 1�M 3-MC or DMSO for 5h. After
induction, the cells were immediately lysed and total RNA
was prepared using the MasterPure RNA puriWcation kit.
RT/real-time PCR was performed using the FailSafe kit
(with SYBR Green I dye) and a DNA Engine Opticon 2
System (MJ Research). The Wrst cDNA strand was syn-
thesized at 37°C for 60 min using random primers. Subse-
quent PCR using 1A1 or 18S speciWc primers [1A1 sense
(OL109): 5�-GGCCACATCC GGGACATCACAGA-3�;
1A1 antisense (OL110): 5�-TGGGGATGGTGAAGGG
GACGAA-3�; 18S sense (OL96): 5�-CGCCCCCTCGAT
GCTCTTAG-3�; 18S antisense (OL97): 5�-CGGCGGGT
CATGGGAATAAC-3�] was performed as follows:
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CYP1A1/18S—30s at 94 °C, 30 s at 55°C, and 45s at
70°C. Typically we set the run to 30 cycles. The Wnal PCR
products were analyzed by agarose gel electrophoresis.
Relative abundance was determined by the cycle thresh-
old (CT) according to the equation  and normalized by the
18S standard.

Results

Biopanning and membrane lift assay to enrich Arnt-
interacting phages

We employed the TALON co-precipitation assay as
the biopanning protocol to screen for Arnt-interacting
proteins, followed by the membrane lift assay to conWrm
the interaction (Scheme 1). To try out this strategy, we
want to use an Arnt bait that can be obtained quickly
and abundantly. From our experience, one of the best
ways to quickly express soluble recombinant proteins in
an abundant amount is to express them as thioredoxin
fusion proteins in bacteria with a size smaller than
60 kDa [26]. For this reason, we designed the bait as an
Arnt construct C�418 (aa 1–371), lacking 418 amino
acids from the C-terminus, fused to the C-terminus of
thioredoxin to form TH-ArntC�418 (Fig. 1). To be cer-
tain that the Arnt moiety of TH-ArntC�418 was folded
properly, we examined the interaction between this con-
struct and AhRC�553 (lacking 553 amino acids from

the AhR C-terminus) in the TALON co-precipitation
assay. The silver stain results showed that AhRC�553
was co-precipitated as expected (Fig. 2A). Thioredoxin
and TH-ArntC�418 were expressed and puriWed ade-
quately for the biopanning protocol (Fig. 2B). After Wve
rounds of biopanning, the phage titer was enriched to
more than 100-fold (from 8 to 800 plaques) whereas the
negative control, of which thioredoxin instead of TH-
ArntC�418 was used as the bait, gave only 15-fold (from
2 to 30 plaques) enrichment (Figs. 2C and D). The
enriched phages were then ampliWed and screened by the
membrane lift assay to conWrm that the phages indeed
interacted with Arnt. Results from the membrane lift
assay showed that 87% of the plaques (26 out of 30
plaques screened) interacted with 32P-THArntC�418
(data not shown). Among the 26 positive plaques, 24 of
them were extracted and subjected for PCR to determine
the sizes of the unknown cDNA (the remaining two were
lost during the extraction). The PCR results showed that
six of them were 600 bp, four 500 bp, eleven 300 bp, and
two 200 bp (Fig. 2E). One plaque gave two products of
300 and 600bp which was most likely caused by contam-
ination during sample preparation. Out of these 24
cDNA fragments, we performed restriction digest on
ones with 300 and 600 bp using HaeIII and SacII. Five
of the six 600 bp fragments were identical; we named
them as Ainp1. Five of the eleven 300 bp fragments were
identical and named as Ainp2. The Ainp2 peptide con-
tains 58 amino acids (176 bp). The putative full-length

Scheme 1. Flowchart of the phage display system using T7Select human liver cDNA library.
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cDNA of Ainp2 (Ainp2CTG) was subsequently cloned
by RACE PCR and shown to contain 77 amino acids
(Fig. 3).

Another unique 600 bp cDNA, which we called Ainp3
and has an open reading frame of 87 nucleotides, is not
discussed in this paper. The remaining six 300 bp frag-
ments were diVerent from one another and were not pur-
sued further. We did not analyze the 500 bp fragments
because we were not able to recover the phage DNA
after ampliWcation for unknown reasons; the 200 bp
fragments were not analyzed as well due to their small
sizes.

In vitro interaction between Arnt and Ainp2

To examine whether Ainp2 interacts with Arnt, GST
fusion proteins containing Ainp2 peptide or its putative
full-length sequence were expressed in XLI-Blue (Figs. 1
and 4A, top) for GST pull-down assay. GST-Ainp2 or
GST-Ainp2CTG was used as the bait and GST as the
negative control. The results showed that in the presence
of GST-Ainp2 and GST-Ainp2CTG, 4.8 and 4.3% of the

amount of TH-ArntC�418 used for the assay were co-
precipitated, respectively, whereas undetectable amount
of TH-ArntC�418 was co-precipitated in the presence of
the GST control (Fig. 4B), showing that both Ainp2 and
Ainp2CTG interact with Arnt to a similar extent
in vitro. We realized that our GST-Ainp2CTG contains
intense lower bands that are also found in GST alone
(Fig. 4A, bottom). When we normalized the amount of
the lower bands of GST-Ainp2CTG and GST and used
them as baits for the GST pull-down assay, only GST-
Ainp2CTG co-precipitated TH-ArntC�418, supporting
that Ainp2CTG, but not the lower bands, interacts with
Arnt (data not shown).

Interaction between Arnt and Ainp2 within intact cells

To conWrm that Ainp2 is capable of interacting with
Arnt intact cells, mammalian two-hybrid studies were
performed. Ainp2 was fused with the Gal4 DBD
whereas ArntC�418 was fused with the transactivation
domain VP16. An UAS-driven luciferase reporter plas-
mid was used. It is known that MyoD interacts with id;
thus, plasmids expressing Myo-D and id are provided
with the kit as positive controls. We used them as the
negative controls by pairing MyoD with Ainp2 and id
with ArntC� 418 because they should not interact. The
transfection data showed that Gal4-Ainp2 increased the
luciferase activity by 6.6-fold when compared to the neg-
ative controls (Fig. 5), supporting that Ainp2 interacts
with Arnt intact cells.

Endogenous expression of Ainp2 in human liver and 
Jurkat cells

To conWrm that Ainp2 is an endogenous protein,
expression of the Ainp2 mRNA and protein was
examined. Results from the Northern blot using a human
pre-made blot showed that the Ainp2 mRNA is predom-
inantly found in human liver but not in brain, placenta,
skeletal muscle, heart, kidney, pancreas, lung, spleen, and
colon (Fig. 6). However, when we examined the
expression of Ainp2 in hepatoma cell lines HepG2 and
Hepa-1, no Ainp2 expression was found (Fig. 7A). In
addition, we did not observe Ainp2 protein expression in
cryopreserved human hepatocytes (BD Biosciences).
From a sequence search in GenBank using the Ainp2
cDNA (nt 1–1071) that we obtained from our RACE
PCR, we found eight EST clones (BX448994, BX448865,
BX427152, BX367157, BX367037, BX325183,
AL579899, and AL563931) from Jurkat cells that have a
complete match to our Ainp2 open reading frame (nt
117–350). In comparison, our Ainp2 cDNA has unique
sequences at the very 5� (nt 1–45) and 3� (nt 876–1071)
ends. Additionally, the Ainp2 cDNA is the reverse com-
plement to the haptoglobin cDNA, with the same
regions of Ainp2 cDNA (nt 1–45 and 877–1071) that are

Fig. 1. Domain map of recombinant proteins made for this study.
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unique in comparison. With this information, we
designed a primer set of Ainp2 (nt 75–98 and 976–995)
that should only amplify the Ainp2 cDNA in Jurkat
cells. Results from the RT-PCR experiment showed that
Ainp2 transcript is present in Jurkat cells (Fig. 7A,

upper). This PCR product has been puriWed and
sequenced to conWrm that it is indeed Ainp2. In addition,
we used the crude serum C634FB containing the Ainp2
speciWc antibodies to perform Western blot analysis of
the Jurkat cell extracts. Although this analysis revealed

Fig. 2. Phage display revealing Arnt-interacting phages. (A) Silver staining of a 12% polyacrylamide gel showing the result using TH-ArntC�418 as the
bait and the TALON resin to coprecipitate AhRC�553. Lane 1, TH-ArntC�418, 100 �L; lane 2, no TH-ArntC�418; lane 3, 7% of the amount of
AhRC�553 used for the assay (input). The arrow indicates AhRC�553. (B) Western blot of TH-ArntC�418 and thioredoxin. Samples were separated
by a 15% SDS–PAGE gel, followed by Western blot analysis using mouse Anti-Thio monoclonal antibody. NBT/BCIP was used to visualize the bands.
The arrows indicate TH-ArntC�418 (56 kDa) and thioredoxin (11 kDa). (C) Plate assay using phages after each round of biopanning. Serial dilution of
phages according to the phage titers determined by plate lysate ampliWcation (1:1000 for TH-ArntC�418 and 1:100 for thioredoxin). The numbers rep-
resent the round of biopanning. Thioredoxin was used as the negative control. (D) Table showing the quantiWcation of the results shown in (C). For
TH-ArntC�418, the titer increased by 100-fold after Wve rounds of biopanning (from 8 to 800 £ 103 pfu/mL) whereas for thioredoxin, the titer
increased by 15-fold (from 2 to 30 £ 103 pfu/mL). (E) Table showing the cDNA of positive clones from membrane lift. Twenty-four plaques which
showed positive images on membrane lift were analyzed by PCR using the speciWc T7SelectUP and T7SelectDOWN primers (Novagen, La Jolla, CA).
The ampliWed cDNA inserts were analyzed using a 1.5% agarose gel and categorized into Wve groups according to their sizes.

A

B

D

E

C
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that multiple bands could be detected when using the
crude serum, a band of approximately 20 kDa disap-
peared when the serum was pre-treated with 6His-
Ainp2CTG to co-precipitate the anti-Ainp2 antibodies
from the serum using the TALON resin (Fig. 7B), sup-
porting the idea that this 20 kDa protein is the endoge-
nous Ainp2 (Fig. 7A, lower).

EVect of Ainp2 on the luciferase activity up-regulated by 
3MC in HepG2 cells

To examine whether Ainp2 aVects the AhR signal-
ing, we performed transient transfection experiments
using a luciferase reporter plasmid regulated by the
mouse CYP1A1 promoter. The putative Ainp2 full-
length cDNA with its CTG start codon (Ainp2CTG) or
a mutated ATG (Ainp2�ATG) was expressed under
the control of the CMV promoter and the pCMV-Tag2
empty plasmid was used as the negative control. Induc-
tion of the luciferase activity by 3MC was increased
from 2.6-fold to 6.2- and 6.8-fold in the presence of
Ainp2C�ATG and Ainp2CTG, respectively. In addi-
tion, both Ainp2CTG (1.7-fold § 0.06) and
Ainp2�ATG (1.8-fold § 0.23) caused a statistically sig-
niWcant increase in the 3MC-induced luciferase activity
over the empty vector (Fig. 8). These results suggested
that Ainp2 may play a role in the gene regulation medi-
ated by AhR.

EVect of Ainp2 on the CYP1A1 induction by 3MC in 
HepG2 cells

To examine whether Ainp2 aVects the endogenous
gene regulation mediated by AhR, we induced CYP1A1

mRNA level by 3MC in HepG2 cells in the presence of
GST-Ainp2CTG or GST. We performed RT/real-time
QPCR to quantify the CYP1A1 message. The results
showed that induction of the CYP1A1 message by 3MC
was enhanced at least 1.5-fold by GST-Ainp2CTG over
the GST control (Fig. 9), supporting that Ainp2 may
play a role in the AhR signaling. The amount of GST
and GST-Ainp2CTG expressed in HepG2 cells was
about the same, according to our RT-PCR results (data
not shown).

Expression of 6His-Ainp2CTG in Sf9 and MCF7 cells

To examine whether Ainp2 is post-translationally
modiWed in eukaryotic cells, we utilized the baculovirus
system to overexpress 6His-Ainp2CTG in Sf9 cells
using the BaculoGold kit (PharMingen) [23]. In addi-
tion, we expressed 6His-Ainp2CTG in MCF7 cells by
transient transfection. After aYnity puriWcation using
the TALON resin, we obtained most of the baculovirus
6His-Ainp2CTG that has the same size as the bacteri-
ally expressed protein. Interestingly, a small fraction of
6His-Ainp2CTG in Sf9 cells has a higher molecular
weight (Fig. 10, lane 3), suggesting that it has been
modiWed post-translationally. Expression of 6His-
Ainp2CTG in MCF7 cells showed two bands: the
minor (bottom) band has the same size as the bacteri-
ally expressed protein whereas the major (top) band
appears to be post-translationally modiWed (Fig. 10,
lane 6). These two bands are absent in the wild type
MCF7 cells (Fig. 10, lane 7). Expression of 6His-
Ainp2CTG protein in Sf9 and MCF7 cells is consistent
with our prediction that Ainp2 is post-translationally
modiWed.

Fig. 3. Nucleotide and amino acid sequences of Ainp2. The Ainp2 peptide (underlined) and the putative full-length (bold) sequences are shown. The
* indicates the in-frame stop codons at the 3� and 5� UTR.
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Discussion

Phage display is a powerful technique to identify
small peptides that interact with a protein. It is particu-
larly useful for antibody characterization since the epi-
topes for antigen recognition are relatively small.
Bacteriophage T7 is capable of displaying thousand cop-
ies of a small peptide (typically up to 50 amino acids
[27]) on a phage particle, allowing eYcient isolation of
the interacting phages using a bait protein. In our case,
we wanted to maximize the size of peptides displayed on
the phage surface to optimize the expression of an Arnt-
interacting domain. We used a human liver cDNA
library cloned into 10-3B phage which allows expression
of peptides that are up to 1000 amino acids in length in
theory. Although only 5–15 peptides are expected to
express on a phage surface using this phage, we observed
a 100-fold enrichment of interacting phages (versus 15-
fold using the negative control thioredoxin) after Wve
rounds of biopanning, suggesting that the biopanning

process was working properly. We intentionally used a
thioredoxin-Arnt fusion (TH-ArntC�418) as the bait
protein because (1) TH-ArntC�418 is expressed well in
bacteria and is capable of dimerizing with AhRC�553
and forming the AhR/Arnt/DRE complex in the gel shift
assay [26]; (2) thioredoxin can be conveniently used as
the negative control; (3) TALON co-precipitation assay
can be used as the biopanning protocol and (4) TH-
ArntC�418 can be radiolabelled and then used as a
probe for the secondary screening.

Membrane lift assay using 32P-labelled TH-
ArntC�418 was performed to conWrm that the ampliWed
phages from biopanning did interact with the Arnt bait
before further characterization (Fig. 2F). We focused on
the longer pieces of isolated cDNA fragments (so that
200 bp fragments were intentionally excluded), with the
hope that they would reveal longer pieces of an open

Fig. 4. GST pull-down assay showing Ainp2 interaction with TH-
ArntC�418. (A) Coomassie blue staining of GST fusion proteins. Top:
lane 1, GST; lane 2, GST-Ainp2; and lane 3, GST-Ainp2CTG. Bot-
tom: lane 1, GST and lane 2, GST-Ainp2CTG. Samples were sepa-
rated by 12% SDS–PAGE. Arrows indicate the recombinant proteins
of interest. The sample amounts were adjusted on the bottom gel to
show the presence of the lower bands in GST and GST-Ainp2CTG.
(B) Western blot of GST pull-down assay showing interaction between
TH-ArntC�418 and Ainp2. TH-ArntC�418 (100 �L) was used as the
bait. Lane 1, 7.5 �g of GST-Ainp2; lane 2, 7.5 �g of GST-Ainp2CTG;
lane 3, 7.5 �g of GST; lanes 4 and 5, percent of TH-ArntC�418 used
for the assay (1 or 3%). The Anti-Thio antibody was used to detect
TH-ArntC�418. The arrow indicates the TH-ArntC�418 protein. This
experiment was repeated two more times with reproducible results.

Fig. 5. Mammalian two-hybrid assay showing the Ainp2 interaction
with TH-ArntC�418 in HepG2 cells. Plasmids transfected: lane 1,
pACT-MyoD/pBIND-Ainp2; lane 2, pACT-ArntC�418/pBIND-id;
and lane 3, pACT-ArntC�418/pBIND-Ainp2. The luciferase activities
were normalized by the internal standard �-galactosidase activity.
Activity of lane 1 was arbitrarily set to one. Data shown are the
means § SD, n D 6 (two independent experiments, each in triplicate).

Fig. 6. Tissue speciWc expression of Ainp2. Northern blot analysis of
Ainp2 using Ambion FirstChoice human pre-made blot. 1, brain; 2,
placenta; 3, skeletal muscle; 4, heart; 5, kidney; 6, pancreas; 7, liver; 8,
lung; 9, spleen; and 10, colon. Arrows indicate the Ainp2 transcript
and the loading standard �-actin.
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reading frame. As a result, we have identiWed two pep-
tides, Ainp1 and Ainp2, and both are 58 amino acids in
length. We did not observe any interacting phage that
contained the cDNA of a known Arnt-interacting pro-
tein such as AhR [28], HIF-1� [2], EPAS1 [29], AINT
[30], SRC-1 [31], TRIP230 [32] or CoCoA [33]. We were
not surprised because the minimal functional constructs
of some of these proteins are known [AhR (aa 1–289)
[34], HIF-1� (>aa 1–166) [35], SRC-1 (aa 763–1033) [31]
and TRIP230 (aa 1583–1978) [32]] and they are larger
than the phage peptides. As for CoCoA, our Arnt con-
struct C�418 (aa 1–371) may not interact properly with
CoCoA since it does not contain the whole PAS-B
domain and is smaller than the Arnt construct (aa 1–
458) used for the CoCoA interaction studies [33]. In
addition, we would not expect to obtain an AINT-con-
taining phage since the AINT mRNA was only found in
mouse embryos whereas the adult liver cDNA library
was used for our screening.

Results from GST pull-down assay, mammalian two-
hybrid assay, and transient transfection studies examin-
ing the Ainp2 eVect on the reporter gene expression and
the endogenous CYP1A1 message unambiguously sup-
ported that Ainp2 interacts with Arnt and enhances the

AhR signaling pathway. GST pull-down assay provided
strong proof that Ainp2 interacts with Arnt in vitro;
Arnt was clearly co-precipitated by either Ainp2 peptide
or Ainp2CTG whereas the negative control GST did not
precipitate Arnt (Fig. 4B). The results from the mamma-
lian two-hybrid studies also conWrmed that Ainp2 inter-
acts with Arnt: almost 7-fold increase in the luciferase
activity was caused by the Arnt–Ainp2 interaction, rela-
tive to the Arnt-id and MyoD-Ainp2 controls (Fig. 5).
This interaction appears to play a role in the AhR sig-
naling since expression of Ainp2 enhances the 3MC-
dependent induction of the luciferase activity and of the
CYP1A1 message in HepG2 cells. However, we found

Fig. 7. Endogenous Ainp2 expression in Jurkat cells. (A) RT-PCR
(upper) and Western blot (lower) showing the Ainp2 expression in Jur-
kat cells. RT-PCR (upper): A normalized amount of reverse transcrip-
tion reaction mixture was used. The expected Ainp2 product (921 bp)
is shown. Lane 1, Ambion RACE cDNA (positive control); lane 2,
Jurkat; lane 3, HepG2; and lane 4, Hepa-1. Western (lower): lane 1,
bacterially expressed His-Ainp2CTG (0.4 �L); lane 2, Jurkat soluble
extract (40 �g); and lane 3, soluble extract from cryopreserved human
hepatocytes (300 �g). The arrow (lane 2) indicates the Jurkat Ainp2
protein at »20 kDa. Antiserum C634FB (1:500) was used as the pri-
mary antibodies. (B) 187.5 �L of Jurkat soluble extract was loaded on
a one-lane 15% tricine SDS–PAGE gel. After transfer, the nitrocellu-
lose membrane was cut into strips and incubated with the following
primary antibodies: lane 1, C634FB (1:500) and lane 2, C634FB
(1:500) pre-treated with 6His-Ainp2CTG and TALON resin. The
arrow indicates the endogenous Ainp2 protein in Jurkat cells. This
Western was repeated two more times (n D 3) to conWrm the Wnding.

Fig. 8. EVect of Ainp2 on the 3MC-dependent induction of luciferase
activity in HepG2 cells. In a 24-well plate, 0.33 �g each of empty
pCMV-Tag4 vector (control, left), pCMV-Ainp2�ATG vector (mid-
dle) or pCMV-Ainp2CTG vector (right) was transfected with pCH110
(0.33 �g) and pGudLuc1.1 plasmids. Each of the luciferase activity was
normalized against the corresponding �-galactosidase activity. Fold
induction by 3MC over the DMSO control was included (2.6-, 6.2-,
and 6.8-fold for control, Ainp2�ATG and Ainp2CTG, respectively).
This experiment was done two times and each in triplicate (n D 6,
means § SD). The asterisks (*) indicate a statistically signiWcant diVer-
ence (two-tailed unpaired t test, p < 0.001) of 3MC-treated Ainp2CTG
or Ainp2�ATG compared to the 3MC treated control.

Fig. 9. EVects of Ainp2 on the CYP1A1 induction in HepG2 cells by
3MC. In a six-well plate, 3 �g of pCMV-GST (control) or pCMV-
GST-Ainp2CTG was transfected. RT followed by real-time QPCR
was performed to determine the CYP1A1 mRNA level. This experi-
ment was repeated once for a total of Wve replicates (n D 5) of GST
and six replicates (n D 6) of Ainp2CTG. The data represents
mean § SD of the amount of CYP1A1 gene normalized to the corre-
sponding 18S. Agarose gel showing the PCR products of CYP1A1
(340 bp) and 18S (376 bp) was included. The asterisk (*) indicates a
statistically signiWcant diVerence between the GST control and
Ainp2CTG (two-tailed unpaired t test, p < 0.005).
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that Ainp2 is not endogenously expressed in HepG2
cells, suggesting that Ainp2 is not important for the AhR
signaling in HepG2 cells.

The putative full-length Ainp2 protein contains 77
amino acids with an estimated size of 9 kDa. We believe
that we have obtained the full-length Ainp2 sequence
because there are in-frame stop codons in the 5� and 3�
UTR (Fig. 3). Although we did not see the starting
methionine, we observed a possible start codon CUG
(ANNCUGA) which contains a quasi Kozak sequence
(adenine at ¡3 and guanine instead of adenine at +4
positions) [36]. A hairpin loop structure is present down-
stream to that CUG (+11 to +34) with 67% GC content;
this fact supports the possibility that the 40S ribosome
may stall and recognize the upstream CUG as the start-
ing codon [36]. Additionally, 5� RACE reaction was per-
formed in two independent experiments, and in both
cases we obtained the same sequence information with
three in-frame stop codons upstream of the CTG, sug-
gesting that a non-AUG start codon is likely. When we
expressed the putative full-length Ainp2 cDNA with
either its native CTG or an ATG at that location in
HepG2 cells, both proteins enhanced the 3MC-induced
luciferase activity to a similar extent, suggesting that the
CUG is possibly the starting codon (Fig. 8).

Although our Northern blot analysis results showed
that Ainp2 mRNA is predominantly found in human
liver, we were not able to detect Ainp2 expression in
three hepatoma cell lines (Hep3B, HepG2, and Hepa-1)
and cryopreserved human hepatocytes (Fig. 7A and
unpublished data). It appears that expression of Ainp2 is
present in normal human liver and is sensitive to cell
transformation (as in the case of cancer cell lines) and
manipulation (as in the case of hepatocyte preparation).
Since some EST clones from Jurkat cells contain the
Ainp2 open reading frame, we searched for Ainp2 in
Jurkat cells and found its expression at both the mRNA
and protein levels. This endogenous Ainp2 protein

appears to be larger than the bacterially expressed
Ainp2CTG (20 versus 9 kDa). Certainly two obvious
possibilities are that (1) we do not have the full-length
Ainp2 and (2) Jurkat cells contain a splice variant of
Ainp2. The size of the Ainp2 transcript from our North-
ern blot analysis (between 1000 and 2000 nucleotides)
favors an Ainp2 protein that has a larger size than our
putative full-length cDNA (1071 nucleotides). However,
the Northern blot analysis was done using a small pre-
made blot that the size should not be accurate. Addition-
ally it is possible that Ainp2 has a long poly(A) tail in
human liver that led to a longer transcript observed on
the Northern blot. Another likely possibility for the size
discrepancy is that Ainp2 is post-translationally modi-
Wed in Jurkat cells since it contains numerous phosphor-
ylation sites, and our bacterially expressed Ainp2CTG is
not phosphorylated. To examine this possibility, we
expressed 6His-Ainp2CTG in Sf9 and MCF7 cells. The
expressed protein appears to be post-translationally
modiWed; however, the modiWed 6His-Ainp2CTG and
Jurkat Ainp2 are distinctly diVerent in size (Fig. 10). It is
important to note that the modiWed baculovirus 6His-
Ainp2CTG is larger than the Jurkat Ainp2. Hence, it is
possible that Ainp2CTG is the full-length protein and
variation in protein sizes is caused by cell-speciWc post-
translational modiWcation.

From searching the GenBank database, we were
unable to Wnd the identity of Ainp2, suggesting that
Ainp2 is a novel protein that has not been characterized.
Nonetheless, there is much evidence supporting that
Ainp2 is an endogenous protein: (1) Jurkat cells contain
the Ainp2 mRNA and protein (Fig. 7); (2) results from
the Northern blot analysis revealed that the Ainp2
mRNA is expressed and is predominantly found in
human liver (Fig. 6); (3) since the Ambion cDNA library
is generated primarily from mRNAs that contain the 5�
cap and the poly(A) tail, the Ainp2 mRNA must be pres-
ent since we were able to obtain sequence information of
Ainp2 from 3� and 5� RACE using this cDNA library;
and (4) eight EST clones are found to contain the whole
open reading frame of Ainp2.

The Ainp2 sequence contains neither the PAS nor the
coiled coil sequences that are known to interact with
Arnt. Although there is no known signature motif found
on Ainp2, interestingly its sequence is serine/threonine-
rich. Twenty-Wve percent of the Ainp2 sequence is serine
or threonine and eleven potential phosphorylation sites
are found on Ainp2 using the GeneTool software. Since
there has been some evidence supporting that protein
phosphorylation is involved in the signaling pathways of
AhR [37,38], HIF-2� [39] and Arnt homodimer [40], it
would be conceivable that protein phosphorylation or
dephosphorylation of Ainp2 may be involved in the
Arnt-dependent function. In addition, protein kinase C
has been implicated to play a role in the AhR signaling
pathway [41] and perhaps phosphorylation of Ainp2 by

Fig. 10. Expression of 6His-Ainp2CTG in Sf9 and MCF7 cells. 6His-
Ainp2CTG is expressed in Sf9 cells using a baculovirus system and in
MCF7 cells by transient transfection. Lanes 1 and 4, Jurkat soluble
extract (12.5 �L); lanes 2 and 5, bacterially expressed 6His-Ainp2CTG
(0.4 �L); lane 3, baculovirus 6His-Ainp2CTG (10 �L); lane 6, MCF7
soluble extract transfected with pCMV-6His-Ainp2CTG (150 �g); and
lane 7, wild type MCF7 soluble extract (150 �g). Arrow at lane 1 indi-
cates Jurkat Ainp2. Arrows at lane 3 indicate 6His-Ainp2CTG with
(upper) and without (lower) post-translational modiWcation. Arrows
at lane 6 indicate 6His-Ainp2CTG with (upper) and without (lower)
post-translational modiWcation. Proteins were resolved by a 15% tri-
cine SDS–PAGE gel, followed by Western blot analysis using anti-
Ainp2 antibodies C634FB (1:500).



Y. Li et al. / Archives of Biochemistry and Biophysics 441 (2005) 84–95 95

protein kinase C is involved. Interestingly, a signiWcant
part of the cDNA sequence (77.6%) is the reverse com-
plement to the haptoglobin cDNA, which is localized in
human chromosome 16. We are currently investigating
whether Ainp2 plays a role in regulating the haptoglobin
message.
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