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ABSTRACT

Three distinct hepatocyte nuclear factor 3 (HNF-3)
proteins (a, , and y) regulate transcription of the
transthyretin (TTR) and numerous other liver-specific
genes. The HNF-3 proteins bind DNA via a homologous
winged helix motif common to a number of develop-
mental regulatory proteins including the Drosophila
homeotic fork head (fkh) protein. The mammalian
HNF-3lfkh family consists of at least thirty distinct
members and is expressed in a variety of different
cellular lineages. In addition to the winged helix motif,
several HNF-3lfkh family members also share homo-
logy within transcriptional activation region 11 and Ill
sequences. In the present study we further define the
sequence boundaries of the HNF-3[ N-terminal trans-
criptional activation domain to extend from amino
acids 14 to 93 and include conserved region IV and V
sequences. We also demonstrate that activity of the
HNF-3 N-terminal domain was diminished by muta-
tions which altered a putative a-helical structure
located between amino acid residues 14 and 19.
However, transcriptional activity was not affected by
mutations which eliminated two conserved casein
kinase I sites or increased the number of acidic amino
acid residues in the N-terminal domain. Furthermore,
we determined that the nuclear localization signal
overlaps with the winged helix DNA-binding motif.
These results suggest that conserved sequences
within the winged helix motif of the HNF-3/fkh family
may be involved not only in DNA recognition, but also
in nuclear targeting.

INTRODUCTION

Cellular differentiation results in transcriptional induction of
distinct sets of tissue-specific genes whose expression is critical
for organ function. Deciphering transcriptional control mechan-
isms is thus essential to understanding differentiation and

development. Toward this goal, functional dissection of numer-
ous hepatocyte-specific promoter and enhancer regions has
revealed that they are structurally complex, consisting of multiple
DNA binding sites recognized by distinct families of liver-
enriched transcription factors (1). The combinatorial action of
these factors on multiple DNA sites is required for the activation
of transcription and plays a role in maintaining hepatocyte-spe-
cific gene expression. Structural similarities in the DNA-binding
and/or dimerization domains define five distinct families of
liver-enriched factors: the hepatocyte nuclear factor 3 (HNF-3a,
[ and y) proteins (2,3) that use the winged helix DNA-binding
motif (4), the steroid hormone receptor family members HNF-4
(5) and ApoAI regulatory protein-I (ARP-1; 6) that use the zinc
finger motif; the POU-homeodomain containing HNF-la and [
(7,8); the basic leucine zipper (bZIP) family members C/EBPa
(9), C/EBP[ and C/EBP8 (10-15) and the PAR bZip subfamily
DBP (16), VBP/TEF (17,18) and HLF (19,20).
The HNF-3 proteins were originally identified as factors

mediating liver-specific transcription of the transthyretin [TTR;
(21,22)] gene and were later shown to control the expression of
numerous hepatocyte-specific genes (1,23). They bind to the
consensus DNA binding site A(A/T)TRTT(G/T)RYTY as mono-
mers through a 100 amino acid winged helix DNA-binding
domain (4,24). In situ hybridization studies of stage-speciflc
embryos suggest that the HNF-3 proteins function in endodermal
determination as well as in the formation of the neural tube and
notochordal mesoderm (25-28). In support of the importance of
HNF-3 expression in these developing structures, HNF-3[
mutant embryos lack properly formed node and notochord,
leading to defects in neurotube and somite organization (29,30).
Although these mutants are not disrupted in definitive endoderm,
they fail to form gut endoderm which give rise to organs such as
the liver, lung, pancreas and intestine. HNF-3 also participates
with HNF-4 in the hierarchical transcriptional activation of
HNF- 1 in the hepatocyte, verifying its role in cellular differenti-
ation (31). Furthermore, HNF-3a induction is critical for
differentiation of H2.35 hepatocyte cells (25,32,33) as well as
retinoic acid mediated differentiation ofF9 embryonic carcinoma
cells (34). Clearly, decipheringthe mechanism by which HNF-3
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proteins activate transcription is important for understanding their
role in differentiation.
Mammalian HNF-3 (2,3) and the Drosophila homeotic genefork

head ((kh) (35) are prototypes of a family of tanscription factors
sharing homology in their winged helix DNA-binding domain
(4,23). Currently, the HNF-3/fld family consists of more than 30
distinct genes that are expressed in a diverse group of mammalian
cell lineages and possess distinct DNA binding specificities
(23-25,28,36-45). Furthermore, we previously defined an
HNF-3 transcriptional activation domain at the C-terminus (amino
acids 361-458) containing the conserved region II and II sequences
as well as a second activation domain at the HNF-3P N-terminus
which includes conserved region IV sequences (46).

In this study we precisely define the N-terminal and C-terminal
sequence boundaries of the HNF-3P N-terminal transcriptional
activation domain. Analysis of site-directed mutants demon-
strates that activity of the HNF-3, N-terminal domain is not
influenced by increasing the number of acidic residues, but may
depend on maintenance of a putative a-helical protein structure.
We also show that the nuclear localization signal overlaps with
the winged helix DNA-binding domain, suggesting a dual role for
this protein motif. We propose that sequence constraints of the
winged helix motif may be required to preserve both DNA
binding activity and nuclear targeting function during the
evolution of the HNF-3/Jkh family.

MATERIALS AND METHODS

Transfections, gel mobility shift and CAT assays, and
construction of HNF-3p mutants

Human hepatoma HepG2 cells (47) were grown and transfected
by calcium phosphate precipitation as described previously (46).
Cytoplasmic extracts were assayed for chloramphenicol acetyl-
transferase (CAT) enzyme levels 48 h after HepG2 transfection
ofHNF-3P expression plasmids (4 jg; described below) with the
4X HNF-3-TATA-CAT reporter plasmid (40 jg; 46). CAT
enzyme levels were determined in cytoplasmic extracts using
[14C]chloramphenicol (ICN) and n-butyryl coenzyme A (Phar-
macia), followed by xylene extraction of n-butyryl chloram-
phenicol and determination of product formation via liquid
scintillation counting (Promega Technical Bulletin, 1994). The
CMV driven f-galactosidase plasmid (1 jig) was included in each
transfection to normalize extracts for differences in transfection
efficiency as described previously (46).

Site-directed mutations of the N-terminal transactivation
domain of HNF-3[B protein were created from theCMV HNF-3,B
expression plasmid (46) using polymerase chain reaction
(PCR)-mediated mutagenesis (PCR; 48). This method involves
two sequential PCR reactions: the first generates two PCR
products which completely overlap on one end and defines the
site of mutagenesis; in the second reaction, the ends of the PCR
products will hybridize and prime synthesis of the intact product
which is amplified by the outside primers. Our first PCR
employed combinations of either CMV 5' sense and HNF-3P
antisense mutant primers or HNF-3P sense mutant primer and the
HNF'-3p3.86-81 antisense primer, and our second PCR amplified
the final product with the CMV 5' sense and HNF-3p.86-81
antisense outside primers. The resulting mutant HNF-3P PCR
product was digested with EcoRI and SstH (amino acids 1-45)
and ligated to EcoRIISstII digested CMV plasmid containing

mutants were made using the HNF-3p mutant 16-17AA as a
template for PCR mutagenesis. All site-directed mutations were
verified by dideoxy DNA sequencing using Sequenase DNA
polymerase (US Biochemicals). The following mutagenesis
oligonucleotides were used:
MUT.16-17 Sense:5'-GAGCCTGAGGGCTACG(AC)TG(AC)CGTGAGCAA-
CATGAAC; (CKI) Antisense: 5'-GTTCATGTTGCTCACG(GT)CA(GT)CGTAG-
CCCTCAGGCTC; MUT.26-27 Sense: 5'-GAGCCATCCGACTGGG(AC)CG-
(AC)CTACTACGCGGAGCCT; (CKI) Antisense: 5'-AGGCrCCGCGTAGTAG-
(GT)CG(GT)CCCAGTCGGATGGCTC; MUT.18-19 Sense: 5'-TCCGACTGGA-
GCAGC(CG)CC(CG)CCGCGGAGCCTGAGGGC; (YY) Antisense: 5'-GCCC-
TCAGGCTCCGCGG(GC)GG(GC)GCTGCTCCAGTCGGA; HNF-3i.86-81
antsense: 5'-GGCGCCCGCGCCCGGGGA

Construction of N-terminal HNF-3I deletions was performed
using PCR and specific sense primers which introduced a 5'
BamHI site (see below) and the antisense HNF-30.257-252
primer. The resulting PCR product was joined with the entire
cDNA at a unique BglII site and cloned into the CMV AUG+1
expression vector (46). Two BamHI containing N-terminal
fragments were made by PCR amplification using the CMV
primer and an antisense primer spanning HNF-3p amino acids
48-55 or 86-93. Internal deletions were made by fusing the two
N-terminal fragments to the HNF-3[ 153-458 sequences em-
ploying acommon BamHI site. The following primers were used:

HNF-3j.BamHI.20-25: 5'-CGCGGATCCGCGGAGCCTGAGGGCTAC
HNF-3p.BamHI.28-33: 5'-CTCGGATCCGTGAGCAACATGAACGCC
HNF-3,.BamHI.54-59: 5'-CGCGGATCCAGTGGT[CCGGCAACATG
HNF-3j.BamHI.153-158: 5'-CGCGGATCCCGCAGCTACACTCACGCC
HNF-3p.BamHI.93-86: 5'-CGCGGATCCGCTCATGCCCGCCATGGC
HNF-3,.BamHI.55-48: 5'-CGCGGATCCACTGCCCATTGCAGCCGC
HNF-33.257-252: 5'-CTCACAC1TGAAGCGCTT

Indirect immunofluorescence and P-galactosidase
staining

HepG2 cells grown on glass coverslips were transfected with
expression plasmids containing N-terminal and C-terminal
HNF-3 deletions (46) and immunofluorescence microscopy
was performed as described (49). The CMV promoter driven
,B-galactosidase-HNF-33 plasmids were constructed from the
HNF-3, 153-458 N-terminal deletion using CMV sense primer
and the antisense primers HNF-3p.SalI.257-252 and
HNF-3P.SalI. 169-164. These PCR products created a unique Sall
site which was used to make an in frame fusion with the
N-terminal sequences of the 0-galactosidase gene. The SV40
T-antigen nuclear localization signal fused to the ,-galactosidase
gene was a generous gift from Terry Van Dyke, University of
Pittsburgh. HepG2 Cells were transfected with P-galactosidase-
HNF-30 fusion protein and fr.galactosidase activity was detected
on fixed cells as described (50). The sequences of the HNF-3p
primers are:

HNF-3i.SalI.257-252: 5'-CTCGTCGACTCACACTrGAAGCGCiTC
HNF-3(.Sal.169-164: 5'-CTCGTCGACGTGATGAGCGAGATG

Two dimensional NEPHGE/SDS-PAGE electrophoresis
separation of proteins

Nuclear proteins from rat liver were analyzed by 2-D non-
equilibrium pH gradient gel electrophoresis (NEPHGE)/SDS-
PAGE as described by O'Farrell et al. (51). After 2-D electro-

HNF-33 cDNA (coding amino acids 45-458). Double CKI phoresis, proteins were electrotransferred to nitrocellulose,
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FIge 1. HNF-33 deletion mutants define the N-terminal activation domain. Summary of transcriptional activities produced by various HNF-3p deletions tested in
HepG2 cell cotransfection assay (46). Schematically shown are wild-type and deleted HNF-33 proteins as well as conserved sequences which include: region I (winged
helix DNA-binding domain) and region II, Ell (transcriptional activation domain) and regions IV and V whose involvement in transcriptional activation is demonstrated
in this figure. The caret indicates two internal deletions ofthe N-terminus (HNF-31 A56/152 and A94/152). The bar-graph shows the transcriptional activity ofHNF-35
deletion mutants determined by nonralized CAT assays derived from the average of at least three independent cotransfection experiments and expressed as percent
of HNF-3p wild-type transcriptional activity.

incubated with 1:500 dilution of HNF-30 antisera (34) and then
visualized with an aLkaline phosphatase (AP)-conjugated second-
ary antibody (1:8000 dilution) and stained for enzymatic activity
as described by the manufacturer (Boehringer Mannheim).

Metabolic labeling of celis, immunoprecipitation and
phosphoamino acid analysis

HepG2 cells were transfected with 20 ig of CMV HNF-3a or
HNF-3[0 expression plasmids and 40 h later, biosynthetic labeling
of cellular protein was performed. For 35S-metabolic labeling,
cells were washed twice with Tris-buffered saline, placed in
methionine-free DMEM containing 7% fetal calf serum for 1 h,
and then labeled for 4 h in methionine-free medium containing
100 iCi/ml [35S]methionine (trans 35S-label; ICN). For 32P-la-
beling, cells were incubated in MEM lacking sodium phosphate
(GICO) for 1 h and then cultured in fresh phosphate-freeMEM
containing 500,pCi/ml [32P]orthophosphate (ICN) for 4 h.

Cells were rinsed twice with ice-cold PBS and lysed in 1 ml of
RIPA buffer which consists of 150mM NaCl, 50mM Tris-HCl,
pH 8.0, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 1 mM
DTT, protease inhibitor cocktail (1 ig/ml leupeptin and pepstatin
A, and 0.5 mM phenylmethylsulfonyl fluoride) and phosphatase
inhibitor cocktail (100 mM sodium fluoride, 2 mM sodium
vanadate and 20 mM sodium pyrophosphate). HNF-3a or
HNF-33 proteins were immunoprecipitated using 50 pl ofProtein
A-agarose beads (Bethesda Research Labs) and 5 p1 of affinity-
purified antibodies specific to HNF-3a or HNF-3f, and then
resolved by electrophoresis on 9% SDS-PAGE gels, followed by
autoradiography. The immune precipitated phosphorylated
HNF-3 protein was fractionated by SDS-PAGE and electrotrans-
ferred onto PVDF membrane and then excised after visualization
by autoradiography. Phosphoamino acid analysis was performed
as described (52).

In vitro kinas assays

Glutathione-S-transferase (GST) fusion proteins containing either
wild-type (7-86) or CKI mutant HNF-3[ sequences (see above)
were indued for synthesis in E.coli DH5a cells with 1 mM

isopropyl- VD-thiogalactopyranoside (IIITG) for 3-5 h from the
pGEX2T expression vector (Phanmacia). GST fusion proteins were
affinity purified from extracts via glutathione agarose chroinatogra-
phy as described previously (24). Purified casein kinase I (CKI; gift
from M. Tao and T. Wei) was used to phosphorylate 50 pmol ofGST
fusion proteins containing amino acids 7-86 of HNF-3 3 (wild-type
or CKI mutants) as described (53).

RESULTS

lhanscriptional activity of the HNF-33 N-terminus
requires conserved sequences in regions IV and V

Although we had extensively analyzed the HNF-3, C-terminal
transcriptional activation domain (46), the sequence requirement
for activity of the HNF-3I N-terminal domain warranted further
investigation. We prepared HNF-3p expression constructs for
synthesis of polypeptides truncated at the N-terminus and
examined their transcriptional activity using an HNF-3 dependent
transactivation assay in HepG2 cells (46). Normalized mutant
activation levels presented in Figure 1 were determined from the
average of three separate experiments. Consistent with previous
studies (46), deletion of the first 14 N-terminal amino acids had
no effect on activity and elicited 15-fold activation of the HNF-3
reporter construct (Fig. 1). However, removal of an additional six
N-terminus amino acids caused a 54% reduction in transactiva-
tion, and removal of all region IV sequences resulted in a further
10% decrease (Fig. 1, HNF-3,3 20-458, 54-458). No further
decreases were observed with HNF-33 constructs containing
more extensive N-terminal deletions that retained the winged
helix DNA-binding domain (Fig. 1, HNF-3B 153-458). In order
to define C-terminal boundaries of this domain, we constructed
two internal deletions based on the HNF-3 homology searches:
the first HNF-3Ii mutant construct removed sequences 56-152
and the second HNF-3, mutant deleted residues 94-152.
Surprisingly, addition of conserved region IV sequences (amino
acids 1-55) to the HNF-3, 153-458 deletion did not enhance its
activity (Fig. 1, HNF-3p A56/152). In contrast, replacement of
sequences (amino acids 1-93) encompassing both region IV and
a second conserved region V restored wild-type activity to the
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Figure 3. Site-directed mutations abolish CKI phosphorylation of the
N-terminus of HNF-31P. (A) Shown are wild type and the alanine substituted,
CKI mutant (A4) sequences of amino acids 10-30 of HNF-3,B with two
potential CKI sites underlined. (B) CKI phosphorylates wild-type but not
mutant HNF-3P N-tenrninus sequences in vitro. Affinity purified GST fusion
proteins containing CKI mutated (A4) or wild-type (W.T.) HNF-3,B N-terminus
sequences were used for in vitro kinase assays with purified CKI protein (see
Materials and Methods).

p1H3.5

Figure 2. HNF-3 proteins are phosphorylated in hepatocytes and in HepG2
cells. (A) Rat liver nuclear extract was fractionated by 2D NEPHGE/SDS-
PAGE in the directions indicated by arrows and visualized by anti-HNF-3p
immunoblotting (see Materials and Methods). Note that the acidic HNF-3,B
isoforms migrate more slowly on the gel, which is suggestive of protein
phosphorylation. (B) HNF-3a and HNF-31 proteins are phosphorylated in
HepG2 cells. Biosynthetic labelling ofHepG2 cells was carried out with either
[35S]methionine or [32P]orthophosphate for4 h, followed by inimunoprecipita-
tion of the cell lysate and analysis by SDS-PAGE along with protein molecular
weight size markers (see Materials and Methods). The location of the labelled
HNF-3 bands are indicated by the arrow. (C) The HNF-3a and HNF-3,B
proteins are phosphorylated on serine residues. Phosphoamino acid analysis
was performed on purified [32P]-labelled HNF-3a and -3f protein. Dotted
circles represent migration positions of standards: S, phosphoserine; T,
phosphothreonine; Y, phophotyrosine.

HNF-3, 153-458 deletion mutant (Fig. 1, HNF-30 A94/152).
Taken together, these studies establish that the HNF-30 N-
terminal activation domain extends from amino acid residues
14-93 and includes conserved region IV and V sequences.

Conserved casein kinase I phosphorylation sites in the
HNF-3I N-terminal activation domain are dispensable
for function

Because the removal of a potential casein kinase I (CKI; see below)
site resulted in reduced activation (Fig. 1, HNF-3[8 20-458) and the

fact that phosphorylation has been shown to regulate activity of
transcription factors (54), we investigated whether the HNF-3[3
protein is phosphorylated. Liver nuclear extacts were separated by
2D NEPHGE/SDS-PAGE and HNF-3I protein was detected by

immunoblotting (51). Several slowly migrating acidic HNF-35
isoforms were apparent, thus exhibiting features consistent with
protein phosphorylation (Fig. 2A). These differently migrating
HNF-3 protein bands are not due to protein degradation as assessed
by Western blots and gel shift assays using HNF3-specific antisera
(34). To examine HNF-3 phosphorylation, HepG2 cells were

metabolically labeled with either 35S-methionine or 32P-orthophos-
phate, and HNF-3 immune precipitates from labeled nuclear extracts
were then analyzed by SDS-PAGE (34). Indeed, both HNF-3a and
HNF-3[ proteins exhibited abundant 32P-labeling, confiming that
they are phosphorylated in HepG2 cells (Fig. 2B). Phosphoamino
acid analysis of the 32P-labeled HNF-3 proteins determined that
phosphorylation was found only on serine residues (Fig. 2C).
Having established that the HNF-33 protein is phosphorylated

in HepG2 cells, we sought to test the authenticity of the
N-terminal CKI sites. In vitro kinase assays were carried out with
affinity purified GST-HNF-3,3 fusion protein (amino acids
14-86) and purified CKI enzyme [Fig. 3A; DWSS and EGYSS,
(55)]. Analysis of the kinased wild-type fusion protein (W.T.) by
SDS-PAGE revealed that GST-HNF-3p fusion protein was

efficiently phosphorylated by CKI protein while no visible
phosphorylation of the GST protein was apparent (Fig. 3B).
Furthermore, disruption of the CKI sites by replacing critical
serine residues with alanine (positions 16, 17, 26 and 27)
abolished CKI phosphorylation (Fig. 3B, A4).
To examine the role of the N-terminal CKI sites in HNF-3,

transactivation, we created pair-wise substitutions of the serine
residues with alanine to disrupt the CKI phosphorylation sites
(Fig. 4A). We also replaced the CKI sites with aspartate (D)
residues to determine the effect ofincreasing the number of acidic
residues with the HNF-3, N-terminal domain (Fig. 4B). Surpris-
ingly, N-terminal mutations which eliminated CKI sites or

increased the number of acidic amino acids did not influence
HNF-3, transcriptional activity (Fig. 4B).

Proline substitutions in the HNF-3[p N-terminus result
in dqcreased transcriptional activation

We next prepared site directed mutations which replaced two
tyrosine (Y) residues which are conserved in several HNF-3

10 30
HEPSDWSSYYAEPEGYSSVSN

HEPSDWAAYYAEPEGYAAVSN
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Figure 4. Transcriptional activity of site-directed mutants in the HNF-33
N-terminal activation domain. (A) Amino acid sequences of the N-terminal
region targeted by site-directed mutagenesis (amino acids 10-30 of HNF-3p).
Two casein kinase I phosphorylation sites are underlined and two conserved
tyrosine residues are in outline letters. Numbers indicate the positions ofamino
acid residues. (B) Activity of the HNF-3p N-terminal domain does not require
phosphorylation or acidic residues but relies on the maintenance of a-helical
structure. Transcriptional activities of HNF-31 N-terminal site-directed
mutants averaged from at least three independent cotransfection experiments
are summarized in bar-graph as a percentage of wild-type HNF-3,B. The
substitutions are indicated by the amino acid letters (A for alanine, D for
aspartate and P for proline) and the numbers correspond to the amino acid
position as indicated in panel A.

family members (positions 18 and 19) with either alanine or
proline residues (Fig. 4). Proline substitutions are predicted to
disrupt the formation of any a-helical protein structure, while
alanine substitutions will enable us to examine whether the
tyrosine residue is required for transcriptional activation. Interest-
ingly, alanine substitutions did not reduce HNF-3, transactiva-
tion, suggesting that tyrosine residues in positions 18 and 19 are
not critical for N-terminal activity (Fig. 4, AA18 and 19). In
contrast, replacement of tyrosine residues with proline residues
resulted in 60% reduction in HNF-30 transcriptional activity,
which is similar to decreases observed when the N-terminal
domain is removed (Fig. 4B, PA18-19 and PP18-19). Because
comparable nuclear expression levels were exhibited by mutant
and wild-type HNF-3 proteins (data not shown), the differences
in transactivation are the result of the N-terminal proline
substitutions. These results suggest that transcriptional activity of
the HNF-30 N-tenninal domain requires maintenance of a
putative a-helical structure (see Discussion section).

The nuclear localization signal overlaps with the
HNF-30 winged helix DNA-binding domain

During functional analysis of HNF-3[1 we observed that deletion
mutants which retained the winged helix DNA-binding domain
were localized to the nucleus. To further defme the nuclear
localization signals, we examined the subcellular localization of
various HNF-3[3 deletion mutants via indirect immunofluores-
cence microscopy (Fig. 5). As expected, deletion of the amino
acid sequences outside of the DNA-binding domain had little
effect on the nuclear localization ofthe HNF-31 protein (Fig. 5A,
B, E and H). However, removal of 12 N-terminal residues from
the HNF-30 DNA-binding domain (153-166) partially impaired
nuclear targeting (compare Fig. 5B and C) and further deletions

B. HNF-35 (153-458)

C. HNF-3p (166-458)

D. HNF-3[i (197-458)

F. HNF-35 (1-233)

G. HNF-30 (1-222)

H. HNF-3p (122-272)

Figure 5. The HNF-33 nuclear localization signal requires sequences on both
ends of the winged helix DNA-binding motif. HNF-3 specific antibodies were
used for indirect immunofluorescence assay to detect cellular localization of
wild-type (A) or N- or C-terminal deleted HNF-3, proteins expressed in
HepG2 cells (B-H, numbers represent amino acid residues encoded by the
expression constructs). Similar results were also observed in HeLa cells (data
not shown). Affinity-purified HNF-3P antibodies specific to the N-terminus
(1:100 diluted) were used to detect full-length and C-terminus deleted HNF-3-
protein by indirect immunofluorescence (see Materials and Methods). Anti-
bodies made against the DNA-binding domain of HNF-3a and HNF-3P were
used to detect N-tenninal deleted HNF-30 proteins. Note that the expression of
the HNF-3 mutants in transfected HepG2 cells overwhelns staining obtained
from endogenous protein.

completely eliminated nuclear Tocalization (Fig. SD, HNF-30
197-458). Disruption of the C-terminus of the HNF-31 DNA-
binding domain also altered the nuclear staining pattern (Fig. SF,
HNF-3[B 1-233) and further deletions completely eliminated
nuclear targeting (Fig. SG, HNF-3[8 1-222). These data provide
compelling evidence that the HNF-3,B nuclear localization signal

. I., __#- I
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Figure 6. Summary of studies defining the nuclear localization signal (NLS) of
HNF-3,. Schematically shown is HNF-3 protein as a rectangular box from the
N- to C-terminus with shaded areas representing functional domains ofHNF-3
(see Fig. 4). HNF-3P deletions used in the NLS study are represented by lines
spanning amino acid sequences contained in each mutant. The HNF-33 mutant
DNA-binding activity and their localization in the cells are also shown. The
symbols indicated the following: N, nuclear localized; C, cytoplasmic
localized; N > C, greater staining in the nucleus; N < C, greater staining in the
cytoplasm; #, perinuclear staining pattem; @, punctate staining pattern. The
HNF-3,B 144 458, 171-458 and 181-458 N-terminal mutants were analyzed
but not shown in Figure 5.

(NLS) requires sequences from both ends of the winged helix
DNA-binding domain (see summary Fig. 6).
Because removal of sequences from the HNF-3f winged helix

motif also inhibited DNA recognition, we sought to determine
whether nuclear localization required DNA-binding activity. We
therefore examined nuclear targeting of site-directed mutations
within the HNF-3y winged helix motif (95% amino acid
homology) which were impaired in DNA-binding activity (37).
In support of the fact that DNA binding activity was not a

requisite for nuclear localization, all of the HNF-3ymutants were

efficiently targeted to the nucleus and exhibited properties similar
to the wild-type protein (Fig. 7).

The HNF-31 winged helix DNA-binding motif is sufficient
for nuclear targeting of the [B-galactosidase enzyme

In order to determine whether the HNF-3[ DNA-binding domain
is sufficient for nuclear targeting, we made expression constructs
which synthesized different [-galactosidase-HNF-3[3 fusion pro-
teins. These expression constructs were transfected into HepG2
cells, and the cellular distribution of the fusion proteins was
examined by histochemical staining of [B-galactosidase enzymatic
activity. Consistent with the analysis above, the 153-169 N-
terminal sequences of the HNF-3[3 DNA-binding domain did not
elicit nuclear targeting of the cytoplasmic [B-galactosidase protein
(Fig. 8A and B). However, the entire DNA-binding domain of
HNF-3[ (153-257) was sufficient to direct the [-galactosidase
protein to the nucleus (Fig. 8C) and elicited nuclear staining
comparable to that of the SV40 T antigen NLS (Fig. 8D). Taken
together, these data establish that the HNF-3 NLS resides within
the winged helix DNA-binding domain.

Figure 7. Nuclear localization does not require DNA binding activity. Mutated
HNF-3,y winged helix motif proteins which are impaired for DNA binding
activity (37) were expressed in HepG2 and detected by immunofluorescence
microscopy using HNF-3 DNA-binding domain antisera (see Fig. 8 legend).
All mutants (B, C and D) exhibited nuclear staining patterns identical to
wild-type protein (A).

DISCUSSION

Analysis of the conserved HNF-3[ N-terminal
transcriptional activation domain

Because of the importance of HNF-3[ in hepatocyte-specific
gene expression, it is critical to decipher mechanisms of HNF-3
mediated transcriptional activation. Previous functional studies
of the HNF-3[ protein identified a 100 amino acid C-terminal
domain which required conserved region II and III sequences for
transcriptional activation (46). In the current study we continued
this analysis by precisely defining N-terminal residues required
for HNF-3[ transcriptional activation. We found that HNF-3[
activation required sequences between amino acid residues 14
and 93 and comprised of region IV and V sequences which
displayed homology with closely related HNF-3/fkh family
members (Fig. 9). This included mammalian HNF-3ax and
HNF-3[3 (3), Xenopus HNF-3 [, pintallavis (27,56), XFKHJ (57)
and Zebrafish Axial (58) proteins. Furthermore, the N-terminal
sequence contains an abundance of hydrophobic amino acids, a
feature found in the transcriptional activation domain of the
Drosophila NTF-1 protein (59). HNF-3/Jkh sequence compari-
sons reveal that both methionine and hydrophobic residues
exhibit precise alignment throughout this N-terminal domain
(Fig. 9). The conservation of these residues may provide a

sequence motif mediating association with components of the
basal transcriptional machinery. Previous studies demonstrated
that activity ofthe N-terminal domain required the presence ofthe
C-terminal region II and III motif, thus suggesting that these
HNF-3 domains interact and cooperate to activate transcription
(46). It is interesting to note that the HNF-3/Jkh proteins aligned
in Figure 9 also possess strong homology within the region II and
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C.

B.

Flgure 8. The winged helix DNA-binding domain of HNF-31 is sufficient for
nuclear targeting of the ,B-galactosidase enzyme. CMV expression plasmids
synthesizing HNF-3,B fusion proteins linked to the N-terminus of P-galactosi-
dase gene were transfected into HepG2 cells and localized by histochemical
staining (see Materials and Methods). Shown are the cellular localization
patterns of (A) 0-galactosidase, (B) f,Bgalactosidase fusion protein containing
amino acid residues 153-169 of HNF-313, (C) ,B-galactosidase fusion protein
containing the DNA-binding domain (amino acid residues 153-257) of
HNF-3p and (D) The nuclear localization signal of SV40 T antigen linked to
the N-terminus of P-galactosidase protein.

Ill motif and conservation of sequences in both domains may be
required to maintain protein association.

Protein phosphorylation constitutes one mechanism for
modulation of transcriptional activation via creation of a region
of acidic residues (54). The HNF-3 N-terminal domain contains
several conserved serine residues that are potential CKI protein
phosphorylation sites, which can be used to regulate its activity.
In order to test this hypothesis, we demonstrated that retention of
the N-terminal CKI phosphorylation sites was not required for
HNF-3p transactivation (Figs 2-4). However, these CKI sites
may play a role in other biological responses not yet examined.
Furthermore, mutations which increased the number of acidic
residues within the N-terminal activation domain did not
influence transactivation by HNF-31 protein.
Use of a secondary structure computer program (60) enabled

us to predict the formation of an a-helix within N-terminal
residues 14-19 (DWSSYY), which are conserved in several
HNF-3 family members (Fig. 9). To examine whether mainten-

Region IV

HNF-3Beta
Axial
XD--3feta
NF-3Alpha
Pintallavia
X:7W1

COSESU

14

ance of this putative a-helical structure was important for
function, we used site-directed mutagenesis to replace two
conserved tyrosine residues with proline residues. Consistent
with the role of the a-helical structure in N-terminal activity,
disruption of this putative a-helix with either proline substitutions
or deletions resulted in significant decreases in HNF-33 trans-
activation. Taken together, these mutagenesis studies suggest that
an a-helical structure may be involved in the activity of the
N-tenminal domain and provide a framework in which to further
examine this hypothesis.

ENF-3 nuclear targeting is mediated by the winged
helix DNA-binding domain

It has been shown that nuclear localization sequences (NLS) do
not conform to any one consensus sequence (61,62), but are
typically short, usually rich in lysine and arginine residues, and
often contain proline. Our data clearly show that nuclear targeting
of the HNF-3[B protein requires sequences at both ends of the
winged helix domain, yet nuclear localization does not need to
retain DNA binding activity (Figs 5-8). Examples of complex
nuclear localization signals have been observed in a number of
nuclear proteins as well (63). Furthermore, we show that the
HNF-3, winged helix DNA-binding domain is sufficient for
nuclear targeting of cytoplasmic ,-galactosidase protein (Fig. 8).
This is consistent with other examples ofNLSs which colocalize
with the DNA-binding domains of bZip proteins (64) and the
homeodomain of MATa2 (65). In the case ofGATA-3 transcrip-
tion factor, the NLS resides in an N-terminal zinc finger motif
which is situated in close proximity to a second zinc finger motif
that mediates specific DNA recognition (66).
The existence of the NLS in the winged helix motif suggests

that other members ofthe HNF-3/Jkh family may conserve certain
residues in their DNA-binding domains for nuclear translocation.
The HNF-3 C-terminal region ofthe winged helix motifconsists
of basic amino acid residues (LRRQKRFKC), a feature in
common with other NLS (61,64). Although the LRR residues are
involved in a base-specific contact in the minor groove (4), the
other basic amino acid residues are also conserved throughout the
HNF-3/fkh family. Furthermore, the NLS found at the N-terminus
of the winged helix motif (KPPYSYISLITMAIQQ) comprises
one of the most conserved regions of this motif and constitutes an
a-helix that precedes the DNA recognition helix-turn-helix
portion of this domain. Conservation of sequences at both ends of
the DNA-binding domain may function to provide specific
interaction with proteins involved in nuclear translocation (67).
These studies therefore suggest that evolution of the winged helix

Region V
52 93

100%
79%
75%
60%
41%
41%

Figure 9. Sequence alignment of HNF-3/lfk N-terminal domains. Comparison of the N-terminal amino acid sequence from mammalian HNF-3, and HNF-3a (2,3),
Xenopus HNF-30 (27), Pintallavis (56) and XFKH1 (57) and Zebrafish Axial (58) proteins. Shown below is an N-tenrninal consensus sequence in which the alignment
of conserved residues is highlighted in bold letters.

DIBllYA5P-5GT5- -VWUNNAsIM- YiSAAAMGSGSNGSAGS-KN SSYVGA PASP5AcIAMWISG
DWSTYYGZP-ZCYTSP- -VSrGLG-NNSITYumISG--- -MSSTATAANtTAN -YVNTc PSMTGNSPGTQAXGKGA
DWSSYYGZA-EAYSS--VGNDLGLS-MPIE S---KMSTSAWKTASS-MfS-YVNTTA SPSLTGMSPGTQAMTGIGT
DWNSYYADTQZAYSSVPVSUSGLGSIWS3WISm[T ---NTTSQKTPAS-FNMS-YANPGLGGRLSP----- &VAGIPG

N5TMYQZN-ZMYSG--IHNNVLPS-----NSFLPND-----VST--- -VTT----SMP-YNSNGLPGPVTSIQGNIGSLGSMPQ
DWNTKYQZN-ZIYSG- -IYH NGLPS--- -NSFLPTD ----VPT--- VTS ---- SKT-YNSNGLPGPVASIQGNLGSLGSNTQ
DKSSYYAZ- -Z-YSS- -VS -GLG-fN-I MS- -----STSGOTA-S-UMMS-YVNTGSPSLAGSPG-QAaM--
NTM GD TG IH T P SFLT N VTSTA VS N FS T MSN LPGPVSSIQGN SLGS

T
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motifmay involve sequence constraints required to maintain both
nuclear targeting and DNA binding function.
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