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The p33ING1 protein is a regulator of cell cycle, senescence, and
apoptosis. Three alternatively spliced transcripts of p33ING1 en-
code p47ING1a, p33ING1b, and p24ING1c. We cloned an additional
ING family member, p33ING2/ING1L. Unlike p33ING1b, p33ING2 is
induced by the DNA-damaging agents etoposide and neocarzino-
statin. p33ING1b and p33ING2 negatively regulate cell growth
and survival in a p53-dependent manner through induction of
Gi-phase cell-cycle arrest and apoptosis. p33ING2 strongly en-
hances the transcriptional-transactivation activity of p53. Further-
more, p33ING2 expression increases the acetylation of p53 at
Lys-382. Taken together, p33ING2 is a DNA damage-inducible gene
that negatively regulates cell proliferation through activation of
p53 by enhancing its acetylation.

p33ING1 | PHD-finger | apoptosis | cell cycle

he p33INGI gene was identified by using a strategy for

tumor-suppressor gene isolation (1). p33INGI encodes a
nuclear protein and is located on chromosome 13q33-34 (2). The
properties of p33ING1 suggest its involvement in the regulation
of cell proliferation, senescence, and apoptosis (3, 4). Recently,
three alternatively spliced transcripts of p33INGI were reported
(5-7). The three transcripts encode p47INGla, p33ING1b, and
p24INGlc, which share the C-terminal region. The sequence of
P33INGI originally reported is incorrect because of a cloning
error; it is a partial sequence that is frame-shifted and truncated
at the 5" end of p47INGIa (5).

The tumor-suppressor gene product p53 maintains genomic
integrity (8). p5S3 can negatively regulate cell growth through
induction of cell-cycle arrest, senescence, and apoptosis after
cellular stresses, including DNA damage, hypoxia, and nucleo-
tide deprivation (9-13). p53 also plays a critical role in other
cellular functions such as nucleotide-excision repair and base-
excision repair (14-18). p53 is a transcriptional activator and
repressor (19-22). Wild-type p53 transactivates genes (e.g.,
p21/wafl and bax) through its binding to specific DNA se-
quences in the promoter regions of the genes (23-26). p53
down-regulates another set of genes (e.g., Map4 and stathmin)
during apoptosis and growth arrest (27, 28). Activation of
sequence-specific DNA-binding by p53 in response to these
stresses is mediated through posttranslational modifications,
such as phosphorylation, dephosphorylation, acetylation, and
sumolation (27, 29-34).

p33INGT1 has been reported to interact physically with p53,
and both act to exert growth-inhibitory effects (35). Interpreta-
tion of the data in reports on p33INGI is quite complicated
because of the inadvertent use of an incorrect construct (1, 3, 4,
35). Thus, the true functions of p33INGI1b are unclear. Both
others and we have recently cloned an additional ING family
member, p33ING2/INGIL, by homology search (36). Here, we
report the differing biological mechanisms of authentic
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p33ING1b and p33ING2 mediated through their physical and
functional interactions with p53.

Materials and Methods

cDNA Cloning of p33ING2 Gene. We cloned the p33ING2 gene by
a homology search with the p33ING1b cDNA sequence and the
BLAST program (National Center for Biotechnology Informa-
tion). We isolated the coding regions of the p33ING1b and
Pp33ING?2 genes from human placenta Marathon-Ready cDNA
(CLONTECH) by reverse transcription-PCR and ligated them
into the pcDNA3.1 expression vector (Invitrogen), producing
pcDNA3.1-ING1b, pcDNA3.1-ING2, and pcDNA3.1-Anti-
ING2, respectively.

Generation of p33ING1b and p33ING2 Antibodies. Rabbit polyclonal
antibodies for p33ING1b (Pingl) and p33ING2 (Ping2) were
raised against chemically synthesized, keyhole limpet hemocya-
nin-conjugated peptides: p33ING1b sequence MLSPAN-
GEQLHLVNYVE (amino acids 1-17) and p33ING2 sequence
QQLYSSAALLTGERSRLLTC (amino acid 8-27). The anti-
sera from immunized rabbits were affinity-purified with the
respective peptide coupled to SulfoLink (Pierce). The specific-
ities of Pingl and Ping2 were determined by Western blot
analysis with p33ING1b and p33ING2 proteins that were pro-
duced by an in vitro transcription /translation system (Promega).

Preparation of Cell Lysates and Western Blot Analysis. Human cell
lines (n = 13) were grown in the recommended media. Cell lines
used were as follows: one normal lymphoblastoid (C3ABR), one
ataxia-telangiectasia mutated (ATM)-null lymphoblastoid (L3),
one hepatoblastoma (Hep G2), two osteosarcomas (OsA-CL,
Saos-2), three colorectal carcinomas (HCT 116, RKO, RKO
E6), one hepatocellular carcinoma (Hep 3B), one prostate
cancer (PC-3), two non-small cell lung cancers (Calu-6, NCI-
H157), and one pancreatic cancer (AsPC-1). Cell lines (n = 12)
were used to screen protein expression of p33INGlb or
p33ING2. C3ABR cells were treated with y-irradiation (10 Gy),
doxorubicin (0.2 pg/ml), etoposide (30 ug/ml), bleomycin (0.03
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units/ml), neocarzinostatin (0.3 pg/ml), or cis-platinum (2
png/ml) to analyze the response of p53, p33ING1b, p33ING2, or
p53 acetylated at Lys-382. L3 or Calu-6 cells were treated with
etoposide (30 pg/ml) to analyze the response of p33ING2.
Subconfluent cultures of cells were harvested and lysed in buffer
of 10 mM Tris*HCI, pH 7.5/1 mM EDTA /400 mM NaCl/10%
(volfvol) glycerol/0.5% Nonidet P-40/5 mM NaF/0.5 mM
sodium orthovanadate/1 mM DTT and protease inhibitor mix-
ture (Roche Molecular Biochemicals). Equal amounts of cell
lysates (20 ng) were resuspended in 2X Tris-glycine SDS sample
buffer, electrophoresed on SDS/10% polyacrylamide gels, and
electrophoretically transferred to Immobilon-P membrane (Mil-
lipore). Detection of proteins was done with anti-p53 Ab-6
antibody (1:1,000, Calbiochem), anti-p33ING1b Pingl antibody
(1:200), anti-p33ING2 Ping2 antibody (1:200), acetylated p53
Ab-1 (1:100, Oncogene Research Products), or anti-actin Ab-1
antibody (1:5,000, Oncogene Research Products), followed by
enhanced chemiluminescence (Amersham Pharmacia).

Colony Formation Assay. Cells were plated into 6-cm dishes at 2 X
10* cells per cm? and cultured for 24 hr at 37°C. Cells were
transfected with 2 ug of pcDNA3.1-ING1b, pcDNA3.1-ING2, or
pcDNA3.1 (empty vector control) with Lipofectamine Plus
reagent (Life Technologies, Rockville, MD), as recommended
by the manufacturer. After 2 weeks of G418 selection (1 mg/ml),
colonies were fixed, stained with crystal violet, and counted.

Detection of Apoptosis. Cells were plated into eight-well chamber
slides at 1 X 10 cells per cm? and cultured for 24 hr at 37°C. Cells
were transfected with 50 ng of pcDNA3.1-ING1b, pcDNA3.1-
ING?2, or pcDNA3.1 (empty vector control) with Lipofectamine
Plus reagent. Cells were cotransfected with 5 ng of pEGFP-F
Amp as a transfection marker. Cells were fixed with 4%
(vol/vol) paraformaldehyde in Dulbecco’s PBS 24 hr after
transfection. Fragmented DNA was labeled by terminal trans-
ferase (Oncogene Research Products) with tetramethylrhodam-
ine 5-2'-deoxy-uridine 5'-triphosphate (Roche Molecular Bio-
chemicals) by terminal deoxynucleotidyltransferase-mediated
dUTP nick end labeling (TUNEL) assay. Nuclear DNA was
stained with 4',6-diamidino-2-phenylindole (DAPI; Vector Lab-
oratories). Apoptosis was analyzed with fluorescence micros-
copy. Cells with a green fluorescent signal were considered to be
transfection-positive. Apoptotic cells were scored by both
TUNEL and DAPI staining.

Cell-Cycle Analysis. Cells were plated into 10-cm dishes at 2 X 10*
cells per cm? and cultured for 24 hr at 37°C. Cells were
transfected with 4 ug of pcDNA3.1-ING1b, pcDNA3.1-ING2, or
pcDNA3.1 (empty vector control) with Lipofectamine Plus.
Cells were cotransfected with 0.4 ug of pEGFP-F Amp as a
transfection marker. At 48 hr after transfection, cells were
harvested, fixed with 70% (vol /vol) ethanol, and then suspended
in Dulbecco’s PBS containing 20 pg/ml propidium iodide and
100 pg/ml RNaseA. The propidium iodide signal was used as a
measure for DNA content to determine cell-cycle profiles on a
FACSCalibur flow cytometer (Becton-Dickinson). The percent-
ages of the cells in each cell-cycle phase (Go/ Gy, S, and G,/M)
were calculated by the MODFIT LT program (Verity Software
House, Topsham, ME). Cells with a green fluorescent signal at
least two times stronger than that in the negative cells were
considered to be transfection-positive cells. The cell-cycle pro-
files of green fluorescent protein (GFP)-positive populations
were compared. Each analysis contains data from at least 10,000
GFP-positive cells.

Reporter Gene Assay. Cells were plated into six-well plates at 2 X

10* cells per cm? and cultured for 24 hr at 37°C. Cells were
transfected with 500 ng of pcDNA3.1-ING1b, pcDNA3.1-ING2,
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Fig. 1. p33ING1b and p33ING2 protein expression. Expression of p33ING1b,
p33ING2, and actin was analyzed in 12 human cell lines by Western blotting.
The steady-state levels of p33ING1b and p33ING2 were quantified by densi-
tometry and normalized with actin.
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or pcDNA3.1 (empty vector control) with Lipofectamine Plus
reagent. The transcriptional-transactivation activities of p53
were examined with the Luciferase Reporter system (Promega)
by cotransfection with 100 ng of p53-responsive reporter con-
structs WWP-Luc-p21 or PGL3-Luc-Bax. The cells were lysed,
and the lysates were collected to measure the promoter activities
24 hr after transfection. The activities of luciferase were quan-
tified with a Monolight 2010 luminometer (Analytical Lumines-
cence Laboratory, San Diego).

Interaction and Posttranslational Modification. RKO cells were
plated into 10-cm dishes at 2 X 10* cells per cm? and cultured for
24 hr at 37°C. Cells were transfected with 4 ug of pcDNA3.1-
ING1b, pcDNA3.1-ING2, or pcDNA3.1 (empty vector control)
with Lipofectamine Plus. Cells were treated with 5 uM tricho-
statin A (Wako Biochemicals, Osaka) for 3 hr to aid in the
detection of p53 acetylation. Cells were then harvested and lysed
in a buffer of 20 mM Tris-HCl, pH 7.5/150 mM NaCl/2 mM
EDTA /0.2% Triton X-100 with protease inhibitor mixture. Two
mg of each cell lysate was immunoprecipitated with agarose-
linked anti-p53 Ab-6 (Calbiochem) and Pab 240 (Santa Cruz
Biotechnology) or anti-p33ING1b Pingl with Protein G
Plus/Protein A Agarose (Calbiochem). Agarose-linked normal
mouse IgG or agarose-linked rabbit IgG (both from Santa Cruz
Biotechnology) was used as a negative control. Each immuno-
precipitation was washed four times in the same lysis buffer and
was analyzed on SDS/10% polyacrylamide gel. p33INGlb,
p33ING2, or acetylation of p53 at Lys-382 in the p53-
immunoprecipitated complex was detected by Pingl, Ping2, or
acetylated p53 Ab-1 antibody, respectively. p53 in the
p33ING1b-immunoprecipitated complex was detected by anti-
p53 Ab-6. Phosphorylation of p53 at Ser-15 or Ser-392 was
analyzed by Phospho-p53 or Phospho-p53 antibody (Cell Sig-
naling Technology, Beverly, MA), respectively. C3ABR cells
treated with doxorubicin (0.2 ug/ml) were used as positive
controls for posttranslational modifications of p53. OsA-CL cells
were transfected with pcDNA3.1-ING2, pcDNA3.1-Anti-ING2,
or pcDNA3.1 (empty vector control). Cells were treated with
etoposide (30 pg/ml) for 8 hr and trichostatin A for 3 hr to
analyze p53 acetylation at Lys-382.

Nagashima et al.
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Fig.2. p53, p33ING1b, and p33ING2 protein expression, and p53 acetylation after DNA damage (A-E). After cells were treated with 10 Gy of y-irradiation (IR),

0.2 ng/ml doxorubicin (DOX), 30 ug/ml etoposide (ETO), 0.3 ug/ml neocarzinostatin (NCS), 0.03 units/ml bleomycin (BLEO), or 2 ug/ml cis-platinum (CDDP),
protein expression of p53, p33ING1b, p33ING2, and actin and p53 acetylation at Lys-382 at each time point were analyzed by Western blotting. (F) The
steady-state level of each protein was quantified by densitometry and normalized with actin. p53, p33ING1b, p33ING2, and p53 acetylation at Lys-382 after

exposure to ETO.

Results

cDNA Cloning of the p33ING2 Gene. We cloned an additional human
ING family member, p33ING2, by conducting a BLAST search with
the human p33INGI cDNA sequence. The entire cDNA sequence
of p33ING2 and the coding region of p33ING1/p33INGIb were
determined from human placenta cDNA. The sequence data were
reported to GenBank (accession nos. AF078835 and AF053537).

Protein Expression of p33ING1b and p33ING2. Specific rabbit poly-
clonal antibodies against p33ING1b and p33ING2 were pro-
duced—Pingl and Ping2, respectively. Cell lines (n = 12) were
screened for expression of p33ING1b or p33ING2 by Western blot
analysis. All cell lines examined showed some level of p33ING1b
expression. In contrast, the level of p33ING2 was highly variable
between the cell lines with no visible expression in 5 of the 12.
Although the expression profile of p33ING2 did not correlate with
the mutational status of the p53 protein as reported for p33ING1,
the three cell lines with the most abundant p33ING2 contained
either null or mutant p53 (Fig. 1; ref. 37).

DNA Damage and Protein Accumulation. We then determined
whether p53, p33ING1b, p33ING2, or p53 acetylation is induced
by DNA damage in the normal lymphoblastoid cell line C3ABR,
the ATM-null lymphoblastoid cell line L3, and the p53-null lung
cancer cell line Calu-6. In C3ABR cells, p5S3 accumulated after
exposure to each of the DNA-damaging agents examined, but
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p33ING1b levels did not change. However, p33ING2 protein was
specifically induced by etoposide or neocarzinostatin, but not by
y-irradiation, doxorubicin, bleomycin, or cis-platinum. Etopo-
side treatment of L3 cells or Calu-6 cells also led to induction of
p33ING2. p53 was acetylated at Lys-382 after exposure to the
DNA-damaging agents etoposide, neocarzinostatin, or doxoru-
bicin (Fig. 2).

Regulation of Cell Proliferation. The effects of p33ING1b and
p33ING?2 on cell growth, apoptosis, and cell cycle were investi-
gated in two isogenic cell lines: RKO (with wild-type p53) and
RKO E6 (with p53 inactivated by the HPV E6 protein; refs. 38
and 39). Transfection of p33ING1b or p33ING?2 strongly inhib-
ited colony formation in RKO cells but not as completely as in
RKO E6 cells (Fig. 34). Expression of p33ING1b or p33ING2
also induced apoptosis within 24 hr of transfection in RKO cells,
but apoptosis was minimal in RKO E6 cells (Fig. 3B). In
addition, expression of p33ING1b or p33ING2 induced Gl-
phase cell-cycle arrest in RKO cells within 48 hr of transfection
but not in RKO EG6 cells (Fig. 3C).

Effects on Transcriptional-Transactivation Activity of p53. To test the
effect of p33ING1b and p33ING2 on the transcriptional-
transactivation activity of p53, the p53-regulated p21 /wafl and bax
promoter activities were examined. The activities of the p21 /wafI
and bax promoters were enhanced by p33INGI1b or p33ING2 in
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Fig.3. Negative regulation of cell proliferation by p33ING1b or p33ING2.

RKO or RKO E6 cells were transfected with empty control, p33ING1b, or
p33ING2 expression vector. (A) Colony-formation assay. After 2 weeks of
G418 selection, colonies were fixed, stained with crystal violet, and
counted. Datarepresentthe means = SD. Statistical analysis was carried out
with the Student’s t test. (B) Induction of apoptosis by p33ING1b or
p33ING2 was analyzed. Data represent the means = SD of three indepen-
dent experiments. Statistical analysis was carried out with the Student’s t
test. (C) Cell-cycle regulation by p33ING1b or p33ING2 was analyzed by flow
cytometry. Cell-cycle profiles (Go/G1, S, and G,/M) were calculated with
the MODFIT program.

RKO cells. p33ING2 was significantly more effective in enhancing
p53 transcriptional-transactivation activity than was p33INGl1b.
p33INGI1b or p33ING2 did not have any enhancing effect on the
promoter activities in RKO E6 cells (Fig. 4).
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Fig.4. Sequence-specific transcriptional-transactivation activity of p53. Pro-
moter activities of p27/waf1 and bax were detected after cotransfection of
p53-responsive reporter constructs with empty control, p33ING1b, or p33ING2
expression vectors in RKO or RKO E6 cells. The luciferase activities from the
reporter constructs were measured with a luminometer. Relative luciferase
activities (RLAs) were calculated by dividing the luciferase activity by the
protein concentration. Results represent the means =+ SD of six independent
experiments. Differences in the relative luciferase activities were analyzed by
using the Student’s t test.

Interaction Between p53 and ING Proteins and Posttranslational
Modification of p53. We next analyzed the physical interactions
between p53 and the ING proteins by coimmunoprecipitation in
RKO cells after transfection of p33ING1b or p33ING?2. Expres-
sion of p53, p33ING1b, and p33ING2 was detected by Western
blot analysis (Fig. 54). p33ING1b was detected in p53 immu-
noprecipitates (Fig. 5B Left), but p33ING2 was not detected
(data not shown). p53 was also detected in p33ING1b immuno-
precipitates in RKO cells after transfection of p33ING1b (Fig.
5B Right). To help elucidate the mechanism by which the ING
proteins might activate p53, we investigated the posttranslational
modifications of p53 induced by p33ING1b or p33ING2 expres-
sion. Although p33ING1b did not increase the acetylation of
p53, p33ING2 expression led to acetylation of p53 at Lys-382
(Fig. 5C). The expression of p33ING1b or p33ING?2 did not alter
the phosphorylation of p53 at either Ser-15 or Ser-392 (Fig. 5D).
Expression of antisense-p33ING2 led to a proportional decrease
in both p33ING2 and p53 at Lys-382 in OsA-CL cells after
exposure to etoposide (Fig. 5E).

Discussion

The human p33ING2 gene was identified by a homology search
with human p33INGI. Sequences of the p33ING1 gene originally
reported (accession nos. AF001954 and AF044076) were incor-
rect because of cloning errors and the presence of multiple-
splicing isoforms. The amino acid sequence of p33ING2 has 70%
homology with the authentic p33ING1/p33ING1b sequence
(36). The chromosomal location of INGI is 13q33-34, and
p33ING?2 is located on chromosome 4q35. Loss of heterozygosity
(LOH) at chromosome 13q33-34 was reported in head and neck
squamous cell carcinoma, and LOH at chromosome 4q35 was
reported in hepatocellular carcinoma (6, 40-43). A low rate of
p33ING1b mutation in head and neck squamous cell carcinoma
has been shown (refs. 6 and 44 and K.R., unpublished data).
Further mutational analysis of p33ING1b and p33ING?2 in these
cancer types will be of interest.

Nagashima et al.
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Fig. 5. Interaction of p53 with p33ING1b- and p33ING2-mediated acetylation of p53. Immunoprecipitation (IP)-Western analyses were performed with RKO
or OsA-CL cell extracts after transfection with empty control, p33ING1b, p33ING2, or anti-p33ING2 expression vector. (A) Expression of p53, p33ING1b, p33ING2,
and actin in RKO cells after transfection was detected by Western blot analysis. (B) Anti-p53 (Ab-6 and Pab 240), anti-p33ING1b (Ping1), normal mouse IgG
(negative control), or normal rabbit IgG (negative control) were used for immunoprecipitation to analyze the interaction of p53 with p33ING1b in RKO cells.
(C) Acetylation of p53 at Lys-382 was detected in anti-p53 (Ab-6 and Pab 240) immunoprecipitates from RKO cells. (D) Phosphorylation of p53 at either Ser-15
or Ser-392 was investigated in RKO cells by Western blot analysis. C3ABR cells were treated with doxorubicin for 8 hr and were used as positive controls for
acetylated and phosphorylated p53. (E) Acetylation of p53 at Lys-382 in OsA-CL cells treated for 8 hr with ETO 24 hr after transfection with empty control or

anti-p33ING2 expression vector.

Northern blot analysis has revealed ubiquitous expression of
P33ING1b and p33ING2 mRNAs in all normal tissues examined
(36). Although p33ING1b protein was detected in all cell lines
examined by Western blot analysis, the steady-state expression
levels of p33ING2 protein in the cancer cell lines were quite
variable; expression was very low or absent in several of the cell
lines. Analysis of the mechanism of inactivation of p33ING2
expression in cancer cells is warranted.

p33ING2 was specifically induced by the DNA double-strand
break-inducing agents etoposide and neocarzinostatin (45, 46).
This induction was shown in the ATM-null lymphoblastoid cell
line L3 and the p53-null lung cancer cell line Calu-6 (47, 48).
Thus, p33ING2 accumulation is independent of either ATM or
p53 function. Interestingly, some of the other agents that are
expected to induce double-strand breaks did not induce
p33ING2. It is possible that structural differences in the breaks
caused by these agents can differentially affect downstream
pathways.

The PHD-finger motif present in both p33INGI1b and
p33ING?2 is found in nuclear proteins thought to be involved in
chromatin-mediated transcriptional regulation, e.g., RBP2 (Rb-
binding protein), human IFN-induced nuclear phosphoprotein,
and human TIF1 (a putative transcriptional mediator for nuclear
receptors; refs. 49 and 50). Analogous to the LIM domain, the
PHD-finger motif could be involved in protein—protein interac-
tions for the assembly or activity of multicomponent complexes
involved in transcriptional activation or repression.

We have demonstrated that expression of p33INGlb or
p33ING?2 negatively regulates cell growth through induction of
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apoptosis and Gj-phase cell-cycle arrest in a p53-dependent
manner. Confirming previous results (35), p33ING1b slightly
enhances p53-dependent transcriptional activities, but it does
not enhance acetylation or alter phosphorylation of p53.
p33ING1b is reported to be functionally associated with histone
deacetylase complex (HDAC)l-dependent transcriptional re-
pression (51). p53 not only can activate gene transcription but
also can repress the expression of specific genes (19-22, 27). p53
physically associates with HDACs through the corepressor
mSin3a (28). The p53-mSin3a—~HDACI complex has a role in
transcriptional repression of gene expression in a non-sequence-
specific manner. Thus, it is possible that the modest p33ING1b-
mediated enhancement of p53 sequence-specific target promot-
ers reported both elsewhere (35) and in our report is an artifact
of transient overexpression, and that the growth inhibition is the
result of p53-dependent transcriptional repression (28).

In contrast with p33ING1b (35), p33ING2 was not detected in
a direct association with p53, but it led to an increased acety-
lation of p53 at Lys-382 in RKO cells. Expression of antisense-
p33ING?2 reduced the level of acetylated p53 in OsA-CL cells in
which p33ING2 was endogenously expressed. Compared with
p33ING1b, p33ING2 was a stronger enhancer of p53-dependent
transcriptional activities at the p2I/wafl and bax promoters.
Yeast INGI-related proteins and human ING1 proteins associ-
ate with histone acetyltransferase, and acetylation of lysine
residues in histones has been implicated in the regulation of
transcriptional activities (ref. 52 and K.R., unpublished data). In
addition to a general role in acetylating histones, CAMP response
element binding protein (CBP)/p300 and p33/CBP associated
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factor (PCAF) have been shown to acetylate lysine residues
within the C terminus of p53 (53, 54). Sequence-specific tran-
scriptional activation by p53 correlates with its biological func-
tion to suppress cell proliferation. Posttranslational modifica-
tions such as phosphorylation and acetylation within the
C-terminal region of p53 stimulate p53 sequence-specific DNA-
binding activity as a result of converting p53 from an inert to an
active form (31, 32, 55). We propose that p33ING1b functions in
a transcriptional-repression pathway mediated by HDAC activ-
ity (28, 51), and that p33ING2 acts in a p53-dependent tran-
scriptional-activation pathway mediated by histone acetyltrans-
ferase activity.

DNA damage-induced acetylation of p53 strongly enhances its
site-specific DNA-binding and transcriptional-activation func-
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