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Abstract By using the C-terminal 112-residue of band 3 to
screen the K562 cDNA library, we find that the p16 interacts
with band 3, which was confirmed both in yeast and in mamma-
lian cells. Functional experiments show that p16 facilitates the
movement of band 3 to plasma membrane with increased anion
transport activity in 293t cells. Moreover, expression of endoge-
nous p16 in 293t cells was increased at 24 and 36 h after trans-
fection with band 3. Our findings provide a novel regulation
pathway for both band 3 and p16.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Band 3, also known as anion exchanger1 (AE1) belongs to a

family of AE proteins that mediates the exchange of Cl� and

HCO�
3 across the plasma membrane. It is also involved in reg-

ulation of cellular pH, cell volume and cellular metabolism

[1,2] as well as the generation of senescent antigens [3]. AE1

is expressed in erythrocyte and kidney, AE2 is expressed exten-

sively in tissues, and AE3 is found in the brain, retina and

heart [4].

Band 3 is a 95-kDa integral membrane glycoprotein com-

posed of three structural domains that mediate its distinct

biological functions. The 55-kDa membrane domain, that is
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predicted to span the membrane up to 14 times and to termi-

nate in 40 residues of an acidic cytoplasmic C-terminal

domain, carries out exchange of Cl� and HCO�
3 independently

of the N-terminal cytoplasmic domain [5,6]. The membrane

and C-terminal domain are highly conserved in all members

of AE family (70% identity).

There is some uncertainly about the structure and function

of the C-terminal portion of the band 3. Two band 3 inhibi-

tors, pyridoxal phosphate (PLP) and DIDS, react with

Lys851 in the C-terminal region [7]. The Asp821–His834

region is involved in the adhesion of malaria-infected erythro-

cytes to endothelial cells [8]. Some reports have documented

that the C-terminal 40-residue domain of band 3 possesses a

carbonic anhydrase II binding site in the region of

D887ADD [9] and the deletion of the 11 C-terminal amino

acids of AE1 protein is shown to be associated with dominant

distal renal tubular acidosis [10]. Our previous work also

found that the C-terminal tail directly interacts with glycoph-

orin A C-terminus and cleaves it at the Leu118–Ser119 bond

[11].

In this work, we employ a yeast two-hybrid screen to iden-

tify band 3 C-terminus-interacting proteins. We show for the

first time that band 3 interacts with and regulates the function

of p16, a key negative regulating protein for the cell cycle,

which provides a novel regulation pathway for both band 3

and p16.
2. Materials and methods

2.1. Yeast two-hybrid screen
Construction of plasmid pGBKT7-AE1-c-end: The fragment encod-

ing the AE1 C-terminal 112 residues was amplified by PCR and the
products were cloned into pGBKT7 vector. Construct of pGBKT7-
AE1-c-end was identified by DNA sequencing.
Screening assay: pGBKT7-AE1-c-end construct was used to screen a

human erythroleukemia K562 cDNA library cloned into the pACT2
vector that was fused to the Gal4 activating domain. After excluding
the activating ability of the pGBKT7-AE1-c-end, the bait and the li-
brary plasmids were sequentially transformed into the yeast strain
AH109 according to transformation procedure (Clontech Matchmaker
protocol manual). An estimated 105 yeast transformants were
screened. Yeasts containing interacting proteins were identified by
growth on selective media lacking His, Ade, and lacZ and confirmed
by b-galactosidase activity. Plasmids isolated from the positive clones
were sequenced and the DNA sequences were submitted for BLAST
analysis at NCBI on the web.
blished by Elsevier B.V. All rights reserved.

mailto:guohuifu@shsmu.edu.cn 


2106 G.-H. Fu et al. / FEBS Letters 579 (2005) 2105–2110
2.2. Yeast two-hybrid assay
To further verify protein–protein interaction, the cDNA fragment

isolated from a positive clone was fused in frame to the Gal4 DNA
binding domain (in the pGADT7 vector). The construct was re-trans-
formed into AH109 yeast cells with an AE1 C-terminal bait pGBKT7-
AE1-c-end vector. Then the nutritional-deficiency selection and
b-galactosidase activity detection tests were preformed on the yeast
cells. The interaction between AE1 C-terminal 112 residues and the
protein produced from the genes screened from library was confirmed
by the above inverse transformation experiment.

2.3. Mammalian two-hybrid assay
The EcoRI/PstI fragment encoding the band 3 C-terminal 112 resi-

dues was cloned into the pVP16 vector. The full length of p16
(screened from cDNA library) was also cloned into the vector pM with
the restriction enzyme NcoI/EcoRI. The two vectors constructed above
and a chloramphenicol acetyltransferase (CAT) reporter vector
pG5CAT were co-transfected into HeLa cells. The HeLa cells transfec-
ted with the three vectors were tested for CAT activity using a kit
(Roche Molecular Biochemicals).

2.4. Expression and purification of GST-p16 fusion protein
The p16 cDNA was amplified by PCR from a pM-p16 vector and

the PCR products were cloned into the vector pGEX-6P-1 encoding
for glutathione S-transferase (GST) to allow it to express GST-p16 fu-
sion proteins. After verification by sequencing, the two constructs of
pGEX-6P-1-p16 and pGEX-6P-1 were transformed into separate cul-
tures of E. coli BL21, respectively. The expressed GST and GST-p16
were purified using glutathione-sepharose 4B according to manufac-
ture�s protocols.

2.5. Expression of AE1-c-end
The construct of pGBKT7-AE1-c-end encoding fusion protein of c-

myc-AE1-c-end (the C-terminal 112 residues of band 3) was con-
structed and the translation procedure was described in the Technical
Bulletin (Reticulocyte Lysate System, Promega). Briefly, final reactions
of 50 ll were performed which contained 25 ll Rabbit Reticulocyte
Lysate, 2 ll reaction buffer, 1 ll RNA polymerase, 0.5 ll amino acid
mixture minus leucine, 0.5 ll amino acid mixture minus methionine,
1 ll ribonuclease inhibitor, 2 ll DNA template. The reaction mixture
was incubated at 30 �C for 90 min. The translation products produced
were identified and used for binding assay.

2.6. In vitro binding assay and coimmunoprecipitation

(full length band 3)
Two fusion proteins, GST-p16 and c-myc-AE1-c-end, were used for

in vitro binding assay. Briefly, 10 ll pEGX-6P-1-GST-p16 and 10 ll
pGBKT7 products, 10 ll pEGX-6P-1-GST-p16 and 10 ll c-myc-
AE1-c-end products were added to separate tubes, incubated and
rotated at room temperature for 1 h. Then anti-c-myc antibody was
added to the mixtures. After incubation at room temperature for
1 h, 3 ll of protein A beads were added and the tubes were rotated
at room temperature for 1 h. The samples were centrifuged at
7000 · g for 30 s, and the supernatants were removed. The beads were
washed five times with wash buffer 1 and two times with wash buffer 2
and the samples were eluted by boiling for 5 min in SDS–PAGE load-
ing buffer. Lysates were separated by SDS–PAGE on 15% acrylamide
gels and transferred to a PVDF (Millipore) membrane by electropho-
resis for 1 h at 50 V. The membranes were blocked in TTBS (Tris-buf-
fer saline with 0.05% Tween 20) containing 1% BSA for 1 h at room
temperature. Primary antibody incubations were performed in TTBS
overnight at 4 �C. After washing, the membranes were incubated with
the appropriate secondarily conjugated antibodies for 1 h in TTBS.
In coimmunoprecipitation experiment, HEK293t (293t) cells were

transiently transfected with pRBG4-band 3 vectors (gift from Dr.
Joseph R. Casey) as described by the manufacturer (Qiagen, Hilden,
Germany). 48 h later, whole-cell extracts were prepared in 300 ll of
lysis buffer (50 mM HEPES, 50 mM NaCl, 0.1% Tween 20, 10% glyc-
erol, 20 mM sodium pyrophosphate, 1 mMdithiothreitol, plus protease
inhibitors) and were incubated with anti-band 3 or anti-p16 antibody
and protein A beads overnight at 4 �C. Preimmune mouse IgG (Santa
Cruz, CA) were used as negative controls. The beads were intensively
washed and precipitated materials were used for Western blotting.
2.7. Western blotting
Proteins were visualized by primary anti-band 3 antibody (gift from

Dr. Michael L. Jennings), anti-GFP antibody or anti-p16 antibodies
(Santa Cruz, CA) and secondary anti-mouse IgG (Santa Cruz, CA)
conjugated to horseradish peroxidase.

2.8. Immunocytochemistry
The hemagglutinin (HA) tag was inserted into the third extracellular

loop (position 557) of band 3 which has been previously used to eval-
uate the protein present at the plasma membrane by immunofluores-
cence [12]. The insertion was confirmed by sequencing. Forced
expression of band 3 protein on plasma membrane were probed by
anti-HA tag antibodies. Briefly, transiently transfected 293t cells with
cDNA encoding proteins carrying a HA tag were grown on glass cov-
erslips. Samples were fixed with 4% formaldehyde, blocked with 3%
BSA and incubated for 30 min with mouse monoclonal anti-HA anti-
body (Sigma). After several washes, anti-mouse antibody coupled to
Texas red was added to samples for 30 min. Coverslips were finally
mounted on slides and observed using a Zeiss laser fluorescence confo-
cal microscope LSM 510. GFP or GFP-p16 was visualized directly by
fluorescence.

2.9. SPQ assay of Cl� transport
Cl� fluxes were assessed using the chloride-sensitive fluorescent

probe 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ, Sigma) that
was extensively used to assess the anion transport activity [13]. Trans-
fected 293t cells (48-h-old) were washed with PBS twice and suspended
in Cl� containing solution (101 mM Na+, 114 mM Cl�, 5 mM K+,
2 mM Ca2+, 2 mM Mg2+, 50 mM mannitol, 5 mM glucose, and
5 mM HEPES-Tris, pH 7.4). After incubation for 30 min at 37 �C,
the cells were loaded with 5 mM SPQ by a transient permeation proce-
dure protected from light (30 min, 37 �C). They were then washed rap-
idly with the Cl� free solution containing 101 mM Na+, 106 mM
gluconate, 14 mM acetate, 5 mM K+, 2 mM Ca2+, 2 mM Mg2+,
50 mM mannitol, 5 mM glucose, and 5 mM HEPES-Tris (pH 7.4).
The cells were added to a spectrophotometer cuvette contains solution
(101 mM Na+, 120 mM NO�

3 , 5 mM K+, 2 mM Ca2+, 2 mM Mg2+,
50 mM mannitol, 5 mM glucose, and 5 mM HEPES-Tris, pH 7.4)
and mixed well. SPQ fluorescence was measured at an excitation wave-
length of 320 nm and at emission wavelength of 445 nm with RF-540
spectrofluorophotometer (Shimadzu, Japan).
3. Results and discussion

3.1. Identification of p16 as a binding protein for band 3

The C-terminal 112-residue of band 3 is very complex and its

topology structure remains unclear. Alignment and some rec-

ognition for this fragment are shown in Fig. 1. Three peptides,

respectively called as KS1 (Tyr818–Lys826), C1 (Ala893–

Val911) and C2 (Asn880–Lys892) within this region could be

purified from human white ghost after treatment of 100 mM

NaOH [11,14] that are suggested to be cytoplasmically dis-

posed. The C-terminus of band 3 could also be part of a poten-

tial adaptor protein (AP) and class-2 PDZ-containing proteins

binding site [12]. To obtain the best information about the band

3 C-terminus, the 112-residue sequence was used as bait.

BLAST analysis revealed 7 positive clone plasmids that were

identified in the correct open reading frame corresponding to

p16. Yeast two hybrid assay inversely proved that only a trans-

formant that was infected with pGADT7-p16 and pGBKT7-

AE1-c-end could grow on the trp-/leu-/his-/ade-plate and

possessed b-galactosidase activity (Fig. 2A). As depicted in

Fig. 2B, the CAT activity in pM-p16 and pVP16-AE1-c-end-

transfected cell extract was significantly higher than the nega-

tive control (P < 0.01). Physical interaction between p16 and

C-terminal 112 residues of band 3 could be strongly supported

by in vitro binding assay and co-immunoprecipitation with



Fig. 3. In vitro binding assay and immunoprecipitation. (A) The SDS–
PAGE of purified GST and GST-p16. (B) Purified GST-p16 were
mixed with cell lysates of reticulocytes which were transfected with
pGBKT7-AE1-c-end (Line 2) or sham transfected with pGBKT7 empty
vector along (Line 1). After add the anti-c-myc antibody to the
mixture, the samples were applied to the beads and incubated and
washed. Proteins eluted with SDS–PAGE sample buffer were resolved
by SDS–PAGE. (C) The proteins resolved were transferred to a PVDF
membrane and the GST-p16 was detected in Line 2 (compare Line 2 to
Line 1). (D) Physical interaction of p16 with full length band 3 protein
in 293t cells. Cells were transfected with pRBG4-band 3 for 48 h and
the extraction was subject to immunoprecipitation with a mouse anti-
human p16 antibody or mouse anti-human band 3 antibody and the
mouse preimmune serum was used as negative control. The whole cell
lysate and immunoprecipitates were then immunoblotted with anti-
band 3 antibody. Line 1, whole cell lysate; Line 2, immunoprecipitate
with mouse preimmune serum; Line 3, immunoprecipitate with anti-
p16 antibody; Line 4, immunoprecipitate with anti-band 3 antibody.

Fig. 2. Two hybrid assay. (A) The screen was performed as described
in Section 2. The p16 cDNA was isolated from positive clones and was
fused in frame to the Gal4 DNA activating domain. b-Galactosidase
activities of yeast two hybrid assay were shown as the average of five
independent transformants (±S.D.). Cells were transformed with the
different plasmids as remarked. pLAM50 represent the hybridization of
the Gal4 DNA-binding domain and the unrelated protein, laminin. (B)
Mammalian two hybrid assay. The average absorbance data are
calculated from three separate experiments (±S.D.). The CAT activity
of the cell extracts which were transfected with pM-p16 and pVP16-
AE1-c-end was significantly higher than the negative control
(P < 0.01).

Fig. 1. The sequence and functions of band 3 C-terminal 112 residues. Two band 3 inhibitors, pyridoxal phosphate (PLP) and DIDS, both react with
Lys851. The Asp821–His834 region is involved in the adhesion of malaria-infected erythrocytes to endothelial cells. Three sites represent CA II, AP
and potential PDZ interaction sites. BRIC132 antibody bound to the region of Phe813–Tyr824. Three peptides of C1, C2 and KS1 were released
from erythrocyte membrane after treated with 15 lg/ml trypsin and 100 mM NaOH. The ‘‘T’’ represents the cleavage site of trypsin.
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C-terminus and full length of band 3 (Fig. 3). Also, immunolo-

calization data clearly showed that the band 3 and p16 were co-

localized at the plasma membrane (Fig. 5B).
It is well known that p16 protein acts as a cell cycle inhibitor

in the nucleus [15,16]. Therefore, cytoplasmic localization of

p16 usually is disregarded by investigators as non-specific.
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However, in addition to cell cycle regulation, other functions

are supported by some biochemical features of p16 [17–19].

Evidence indicated that p16 plays a role in maintaining

homeostasis during erythroid differentiation [20]. A cytoplas-

mic accumulation of the p16 protein was seen in tumours

and tumour cell lines [21]. Especially, the recent observation

under electron microscopy supported specific cytoplasmic

localization of p16 protein in tumor cells [22]. Our data possi-

bly suggested that p16 protein in cytosol interacted with band

3 protein.

3.2. Band 3 upregulates the expression of endogenous p16

We also investigated the functional impact of interaction be-

tween p16 and band 3 on each other. Constructs encoding full

length band 3 and GFP-p16 were transiently co-transfected

into 293t cells, that did not express major endogenous band

3 (Fig. 4B and 4C), but did express visible p16 (Fig. 4C). Band

3 did not impact the expression of GFP-p16 or GFP suggest

that the band 3 did not affect the region in the artificial con-

struct that regulates the expression of GFP-p16 or GFP. But

the GFP-p16 markedly increased the dimer of band 3 (Fig.

4B, compare the GFP-p16 + band 3 with the GFP + band 3).

Considering that the predominant form of band 3 isolated

from human erythrocyte membrane is a dimer [23], our results

might be indicating that p16 accelerated the movement of band

3 to plasma membrane. Time course of endogenous p16 in 293t

cells with transfection of band 3 showed that forced expression

of band 3 protein increased endogenous p16 at 24 and 36 h,

but decreased it at 48 and 72 h (Fig. 4C, compare with empty
Fig. 4. Western blotting of band 3 and p16 expressed in 293t cells. (A) 293t c
with control and Western blotting was performed using anti-GFP antibody.
plasmid DNA) or co-transfected with pEGFP-C1-p16 (1 lg of pRBG4-ban
detected with anti-band 3 antibody. (C) Time course of endogenous p16
expression of band 3 was synchronously detected with anti-band 3 antibody
analyzed. At the time indicated, the values were determined in triplicate sam
vector). We quantitatively analyzed the intensity of p16 at each

time point by Quantity one-4.4.0 software(BIO-RAD) and the

results are shown in Fig. 4D. Although many reports indicated

the frequent abnormity of p16 protein and its down-stream

events in tumor tissues and tumor cell lines, the regulation

for p16 is unclear. Our results presented here first report that

the functional band 3 protein is a regulation factor for p16

protein.

3.3. Positive effects of p16 on membrane movement and anion

transport activity of band 3 protein

In order to further understand the role of p16 in movement

of band 3 to plasma membrane, the movement efficiency and

anion transport activity of band 3 in 293t cells were investi-

gated after cotransfection of pRBG4-band 3 and pEGX-6P-

1-p16. Experiments were performed using band 3 carrying a

HA tag in the third extracellular loop. This HA tag allowed

us to identify the band 3 protein present at the plasma mem-

brane. Observation of fluorescence microscopy showed that

p16 accelerated the membrane movements of band 3 (Fig.

5B, left) compare with control (Fig. 5A, left) and this result

is consistent with Fig. 4B. The red color represents the mem-

brane expression of band 3 and the green color represents

the GFP-p16 (Fig. 5B, middle) or GFP (Fig. 5A, middle) in

the same cells. Moreover, forced expression of p16 markedly

facilitated the anion transport activity of band 3 (Fig. 6A,

compare band 3 + p16 to other groups). These results demon-

strated that the p16 protein not only bound to the band 3 pro-

tein but also accelerates the movement of band 3 into cell
ells were transiently co-transfected pRBG4-band 3 and pEGFP-C1-p16
(B) 293t cells were transiently transfected with pRBG4-band 3 (2 lg of
d 3 and 1 lg of pEGFP-C1-p16) and the expression of band 3 was
in 293t cells was performed using anti-p16 antibody and the forced
. (D) The expression intensity of endogenous p16 were quantitatively
ples and expressed as the means ± S.D.



Fig. 6. Anion transport activity assay. The Cl� transport activity of
293t cells were measured by fluorescence probe SPQ. 293t cells were
transiently transfected with pRBG4-band 3 with co-transfection of
pEGFP-C1-p16 or different control vectors. The Cl� and SPQ were
preincubated into 293t cells. Cl� out-flow which results in increased
fluorescence intensity of SPQ in cytosol. Anion exchange activity was
measured and rates expressed relative to the rate for band 3. Error bars
represent the means ± S.D. (n = 3).

Fig. 5. Immunolocalization of band 3 GFP-p16 and GFP. Transiently transfected or co-transfected 293t cells with constructs encoding band 3
(carrying a HA tag in the third extracellular loop at position 557), GFP-p16 and GFP, respectively, were grown on glass coverslips. Samples were
fixed with 4% formaldehyde, blocked with 3% BSA and incubated for 30 min with mouse monoclonal anti-HA antibody. After several washes, anti-
mouse antibody coupled to Texas red was added to samples for 30 min. Coverslips were finally mounted on slides and observed using a Zeiss laser
fluorescence confocal microscope LSM 510. GFP or GFP-p16 was visualized directly by fluorescence. (A) Band 3 (left); GFP (middle); merge (right).
(B) Band 3 (left); GFP-p16 (middle); merge (right). (C) Single transfection: band 3 (left); GFP-p16 (middle); GFP (right). The red represent the band
3 and the green represent the GFP-p16 and GFP, respectively.
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membrane, and hereby, the anion transport activity of band 3

could be increased. Band 3 mediates the Cl� influx and HCO�
3

outflow and induces intracellular acidification. Also, expres-

sion of band 3 protein in cells facilitates Cl� influx in 293t cells

and decreases the intracellular pH (pHi) [24]. pHi has been

shown to be alkaline in human colon cancer cells, and to be

an important trigger for cell proliferation [25]. Lower pHi

tends to inhibit cell proliferation and changes in the pHi of tu-

mor cells have important effects on their transmembranous dif-

fusion and cellular retention properties, and lead the tumor

cells to be more sensitive to anti-tumor drug [26].
4. Conclusion

Our findings presented here provided direct evidence of the

interrelationship of p16 and band 3 describing a novel function

for both p16 and band 3 protein that is consistent with their

well-recognized biological functions. We hypothesis that the

p16 accelerates band 3 move to plasma membrane and that

is related with regulation of cell proliferation, senescence and

homeostasis.
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