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ABSTRACT

The rat HBP1 cDNA was cloned by its capacity to
suppress the potassium transport-defective phenotype
of mutant Saccharomyces cerevisiae cells. HBP1 cDNA
encodes a 513 amino acids protein which, unex-
pectedly, does not share any homology with K+
transporters or K+ channels. However, a search in
protein databases reveals that HBP1 contains a putative
DNA-binding domain called HMG-box. Northern blot
analysis shows that HBP1 is expressed in a variety of
tissues and that in adipocyte and myogenic cell lines,
its expression is directly related to differentiation.
Taken together, the results suggest that the rat HBP1
is a new member of the HMG class of transcriptional
regulators involved in cell differentiation pathways.

INTRODUCTION

The yeast Saccharomyces cerevisiae takes up K+ by using high
affinity (TRKI) and low affinity (TRK2) transporters as well as

other unidentified transporter(s) (1). Cells bearing null mutation(s)
in the TRK1 gene (trk- cells) are unable to grow on low-[K+]
medium. Recently, two plant K+ channel cDNAs from
Arabidopsis thaliana were cloned by complementation of these
mutant yeast strains (2,3). The two cDNAs corresponding to the
two K+ channels called AKT1 and KATI restored the growth
of trk- cells on low-[K+] medium. We have attempted to use
this complementation system to isolate new mammalian K+
channel genes. This report describes the cloning and the
characterization of a rat cDNA which, similarly to AKT1 and
KATI, is able to suppress the trk- phenotype of mutant cells.
This cDNA did not encode a transmembrane protein as would
be expected for a K+ channel. Instead, it encodes a protein
which bears a 70 amino acid domain similar to the basic DNA-
binding domain (the HMG-box) of HMG-box transcription
factors (for review see 4,5). This protein was called HBP1 for
HMG-Box containing Protein 1. HBP1 expression was studied
in rat tissues and in adipocytes and myogenic cell lines.

MATERIALS AND METHODS
Preparation of the cDNA library
An oligo d(T) primed cDNA derived from poly(A)+ RNA
isolated from adult rat brain was constructed in the
yeastlEscherichia coli shuttle vector pFL61 (6). Double-stranded
cDNAs were synthetized and ligated to DNA adaptators
(Invitrogen) with CACA cohesive ends compatible with the
GTGT ends of BstXI digested vector. The cDNAs were passed
through a Sephacryl S-1000 column (Pharmacia) and fractions
corresponding to cDNAs longer than 1.5 kb were pooled and
ligated to BstXI digested pFL61. After transformation of SURE
E. coli (Stratagene) by electroporation, 8. 105 clones were
obtained. The clones were pooled, an aliquot was frozen at
-80°C, and the remainder was used to prepare DNA.

Cloning and sequencing of pHBP1
The Ura-Trkl- yeast strain (3) was grown at 30°C in YPB
medium supplemented with 50 mM KCl. The library was

introduced into trk- cells by spheroblast transformation (7). The
Ura+ transformants were grown on a solid arginine-phosphate
synthetic medium (minimal medium) containing 0.3 mM KCl.
After 10 days at 30°C, a positive clone containing the pHBP1
plasmid was isolated. Subsequent transformations of mutant yeast
strain by plasmids were performed by electroporation (8).

After subcloning into pBluescriptII SK- (Stratagene), the 2.7
kb HBP1 cDNA was sequenced in both strands by dideoxy
sequencing using an automatic sequencer (Applied Byosystems
model 373A).

Growth tests and potassium influx assays

Transfected cells were grown to early stationary phase in liquid
minimal medium supplemented with 50 mM KCI. Yeasts were

then harvested and washed twice with distilled water by
centrifugation. For the growth assay, cells were resuspended in
water at 3.105 cells per ml. A 10 tdl aliquot was dropped on

solid medium and plates were placed for 2 days at 30°C before
they were photographed. For Rb+ influx experiments, cells
were resuspended in a 20 mM HEPES buffer at pH 7.4 containing
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100 mM MgCl2 and 2% glucose and were incubated 3 h at
28°C. Cells were centrifuged and resuspended in the same
medium at 109 cells per ml. A 50 ,ul aliquot of the suspension
was mixed with 150 dl of medium containing 100 /tM KCl and
86Rb+ (5 kBq/ml). After 15 min, the uptake was stopped by
addition of a solution of 10 ml of ice-cold CaSO4 and assayed
for radioactivity.

Cell culture
Obl771 preadipose (9) and C2C12 myogenic (10) cells were
plated at a density of 2 x 103 per cm2 and grown in Dulbecco's
modified Eagle's medium supplemented with 8% fetal bovine
serum, 200 units/ml of penicillin, and 50 /Ag/ml of streptomycin.
Media were changed every other day. Confluence was reached
within 5 days. Differentiation of Ob1771 cells was obtained by
chronic addition, after confluence, of 17 nM insulin and 2 nM
T3. Differentiation of C2C12 cells was induced by shifting the
cells at confluence to a medium containing 4% fetal calf serum.

RNA isolation and analysis
Total RNAs were extracted (11) and resolved by electrophoresis
through a 1 M formaldehyde, 1.1% agarose gel and blotted on
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Figure 1. Heterologous expression of the rat HBPl cDNA in K+ transport
deficient S.cerevisiae cells. (A) Growth test of trk- cells transfected with pF161,
pHBPl or pAKTl. Cells were plated on to minimal medium supplemented with
50 mM or 300 /M KCI and grown 2 days at 300C. (B) 86Rb+ influx (J) of
pFL61, pHBP1 and pAKT1 transformed cells. Medium contained 100 IAM K+
and 86Rb+. After 15 min, uptake was determined by radioactivity counting of
washed cells. Rb+ influx is expressed as the mean SEM of five independent
experiments.
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to Hybond-N membranes (Amersham Corp.) in 20xSSC (3 M
sodium chloride, 0.3 M sodium citrate, pH 7.0). Blots were
probed with a random primer-labeled 1230 bp EcoRI fragment
of pBluescript-HBPI in 50% formamide, 5xSSPE (0.9 M
sodium chloride, 50 mM sodium phosphate (pH 7.4), 5 mM
EDTA), 0.1 % SDS, 5 x Denhardt's solution, 20 mM potassium
phosphate (pH 6.5) and 250 itg/ml denatured salmon sperm DNA
at 55 °C for 18 h and washed to a final stringency of 0.1 x SSC,
0.1 SDS at 55°C.

RESULTS
Isolation of HBP1 cDNA
In order to isolate new mammalian K+ channels, an adult rat
brain library was constructed in a yeast/bacteria shuttle vector.
The library was transfected into mutant yeast trk- and revertant
cells trk+ were selected on solid K+-limiting medium (300 /AM
K+). From 8.105 transformants, a single clone was obtained
which allowed the growth of trk- cells on 300 /M K+ medium.
The cloned plasmid pHBP1 was recovered by transfer from yeast
to bacteria, amplified and reintroduced into trk- cells. All
transformants containing pHBP1 were able to grow on 300 JtM
K+ thus demonstrating that complementation is due to the
transfected cDNA.

Phenotype of pHBP1 transformed mutant yeasts
Figure 1A shows that pHBP1 transformed cells (pHBPl cells)
grow faster than pFL61 cells (negative control) on 300 ,tM KCI.
Moreover, growth of pHBP1 cells was indistinguishable from
that of pAKT1 cells (K+ channel cDNA-containing pFL61,
positive control) thus indicating that HBP1 completely reverted
the mutant phenotype of trk- cells. 86Rb+ flux experiments
indicated that the K+ transport ability of pHBP1 cells was lower
than that of pAKT1 cells (Fig. iB) or wild-type yests (data not
shown). However, Rb+ influx into pHBPI cells was signifi-
candy higher (twofold) than Rb+ influx into control pFL61 cells
(Fig. 1B). This influx into HBP1 cells was inhibited by Ba2+,
which is well-known for its K+ channel blocking activity (1
mM; Fig. 1B). Taken together, these results clearly indicated
that HBP1 complements the mutants cells via a partial restoration
of a K+ selective transport.

HBP1 sequence analysis
The 2666 nucleotides HBP1 cDNA contains only one reading
frame encoding a protein of 513 amino acids (GenBank accession
number U09551). The hydropathicity profile of HBP1 protein
does not predict any membrane-spanning domain and computer
analysis does not show any sequence similarity between HBP1
and plant K+ channels able to complement the trk- cells or

Figure 2. HBP1 homologies with HMG-boxes. The displayed region of HBP1 (nt 1287-1497; aa 429-499) was identified as a putative HMG-box by comparison
with the transcription factors SRY, Matal, TCF1, McI and IRE ABP. Identical or conservatively changed residues conserved in the six sequences are indicated by stars.
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between HBP1 and any known K+ channels, K+ channel
regulator, K+ transporters or ionic channel with another
selectivity. However, homology search in GenBank, EMBL and
Swiss-Prot databases reveals a significant homology between the
C-terminal part of HBPl and the DNA-binding domain of
proteins belonging to the HMG-box containing transciption factor
family. Figure 2 shows the alignment of the HBPl C-terminal
sequence (aa 469 to aa 499) with the HMG-boxes of the
mammalian testis-determining factor SRY (12), the two fungal
mating type proteins Mc of Saccharomycespombe (13) and Matal
of Neurospora crassa (14), the T-cell specific factor TCF 1 (15)
and the mouse insulin responsive element binding protein IRE
ABP (16). Residue identity and residue homology between HBP1
and these proteins varied from 23 to 31 % and from 38 to 44%,
respectively. All residues (identical or conservatively changed)
conserved along the aligned transcription factors are present in
HBP1 at the same positions except at residue 29, which is in
the HBP1 sequence (Fig. 2).
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Figure 3. Tissue distribution of HBP1 mRNA. Total RNA (30 jig per lane) was
isolated from adult rat tissues, blotted and hybridized as described in Materials
and Methods. Lanes: 1, liver; 2, adipose tissue; 3, lung; 4, brain; 5, spleen;
6, kidney; 7, skeletal muscle; 8, heart.
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Tissue distribution of HBP1 mRNA and activation of
expression during cell differentiation
The HBP1 mRNA distribution was analyzed by Northern blot
analysis in various rat tissues. A 2.7 kb transcript was detected
in all examined tissues. It was abundant in white adipose tissue
and lung. Lower signals were obtained in liver, kidney, skeletal
muscle, heart and spleen (Fig. 3) as well as in uterus, intestine
and salivary glands (data not shown). Despite the high stringency
used in the hybridization experiments and the finding of only one
band in all tissues examined, we cannot completely exclude that
the probe could also detect closely related members (which
remain to be discovered) of a putative HBP family.
The HBP1 mRNA expression was next investigated as a

function of cellular differentiation of preadipose and myogenic
cells, using Obl771 (preadipocytes) (9) and C2C12 (muscle) (10)
cell lines as cellular models, respectively. The differentiation was
monitored by measuring the accumulation of RNAs encoding
specific proteins for each tissue, i.e. adipocyte lipid binding
protein (ALBP) in adipose cells (Fig. 4A) and myogenin in
muscle cells (Fig. 4B). In both cell lines, HBP1 mRNA was
undetectable in undifferentiated cells (lanes 1) and accumulated
during the terminal differentiation process (lanes 2). Interestingly,
the relationship between the adipocytic phenotype and HBP1
expression was reinforced by the observation that HBP1 mRNA
expression was strongly decreased in differentiated Ob1771 cells
exposed to agents known to promote adipocyte dedifferentiation
(17). As illustrated in Fig. 4A, exposure of differentiated Ob1771
cells to 60 nM okadaic acid (lane 4) or to 0.5 nM tumor necrosis
factor a (TNFa) (lane 5) led to a strong decrease of ALBP
mRNA signal and in parallel, to a deinduction of HBP1 mRNA
which became undetectable after 24 h of treatment. Conversely,
a factor which is a positive effector of adipose cell differentiation,
such as insulin, increased HBP1 mRNA expression. Figure 5
illustrates this regulation by insulin in differentiated Ob1771 cells
maintained for 24 h in a medium containing concentrations of
insulin ranging from 0 to 30 nM. This treatment resulted in a
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Figure 4. Expression of HBP1 mRNA during C2C12 (A) and Obl771
(B) differentiation processes. Cells were maintained as described in Materials
and Methods and RNA was isolated at the indicated days relative to confluence
and analyzed by Northern-blot (20 ytg per lane). (A) RNA from Ob1771 cells,
lanes: 1, undifferentiated cells (day 1); 2, differentiated cells (day 11); 3,
differentiated cells in control medium; 4, differentiated cells exposed to 60 nM
okadaic acid for 24 h; 5, differentiated cells exposed to 0.5 nM TNFa for 24
h. (B) RNA from C2C12 cells, lanes: 1, undifferentiated cells (day 1); 2,
differentiated cells (day 5).

Figure 5. Effect of insulin on HBP1 mRNA expression in differentiated Ob1771
cells. Cells were differentiated for 11 days post-confluence in medium without
insulin, and exposed for 24 h to medium containing increasing concentrations
of jisulin. Lanes: 1, no insulin; 2, 1 nM; 3, 3 nM; 4, 10 nM; 5, 30 nM insulin.
RNA was analyzed as in Fig. 5.
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dose-dependent accumulation of HBP1 mRNA which paralleled
ALBP mRNA accumulation.

DISCUSSION
We have cloned a rat brain cDNA encoding a protein called HBP1
which is able to suppress the growth-deficiency phenotype of
trk- mutant cells. Despite the fact that HBP1 expression in
mutant yeasts induces a Ba2+-sensitive K+ uptake as
demonstrated by Rb+ flux experiments, sequence analysis failed
to detect any homology between HBP1 and previously cloned
proteins involved in K+ transport in plant and mammalian cell
(2,3,18-21). The hydropathicity profile of HBP1 does not
predict the usual membrane-spanning domains expected for ion
channel and other ion transport systems. Moreover,
electrophysiological analysis of Xenopus oocytes injected with
HBP1 cRNA failed to demonstrate channel activity (data not
shown). All these observations taken together supported the idea
that HBP1 was not a channel but more probably an indirect
regulator of the K+ transport activity in transformed yeasts.
That conclusion led to a search of a possible mechanism of

action for HBP1. Comparisons in protein databases revealed a
significant sequence homology between a C-terminal sequence
of HBP1 (aa 429-499) and the basic DNA-binding domains (the
HMG-box) of a large family of transcription factors (for review
see refs 4, 5). Among the transcription factors, the more
homologs to HBP1 are the testis-determining factor SRY (12)
and the related SOX proteins (for review see ref.22), the insulin
responsive element binding protein IRE ABP (16), the T-cell
specific factor TCF 1 (15) and the mating type proteins Matal
(14) and Mcl (13). The HMG proteins are widely distributed
among eukaryotic cells in which they have diverse functions (for
reviews see refs 4, 5). These factors regulate differentiation and
mating type in fungi (Matal, 14; and McI, 13) and tissue-specific
gene expression in mammals (SRY, IRE ABP (23) and TCF1
(15)) via a specific interaction of HMG-box with DNA. The
homology of HBP1 with HMG proteins strongly suggests that
it belongs to this family of transcriptional regulators. The finding
that HBP1 might function as transcriptional regulator in yeast
provides the potential basis of future work on mechanisms of
regulation of fungal genes involved in K+ transport. HBP1
could complement trk- yeasts by a direct upregulation of the
expression of K+ transporters such as TRK2 (1) or endogenous
K+ channels (24). Alternatively, HBP1 could act on the
expression of yeast factor(s) that are in charge of controlling the
activity of otherwise 'silent' K+ transporter(s) or channel(s).
The ubiquitous distribution of HBP1 mRNA in excitable and

non-excitable rat tissues does not provide much information on
the possible physiological role of this HMG-like protein in
mammals. However, it is worthwhile to observe that HBP1 is
homolog to SRY, IRE ABP and TCF1, three factors that regulate
expression of genes that initiate and maintain the differentiated
phenotype (23). To elucidate whether there is a relation between
HBP1 and cell differentiation, we have examined the expression
of the HBP1 message in two cellular models which can undergo
a spectacular differentiation in vitro. One is the preadipocytic
cell line Ob1771 and the other one the myogenic cell line C2C 12.
It was found that in both models there is a large increase of HBP1
mRNA production during terminal differentiation. It was shown
with adipocyte cells that HBP1 expression is directly related to
the differentiation because factors that promote adipocyte
differentiation as insulin provoked a potent accumulation of HBP1

mRNA and inversely, factors that promote dedifferentiation such
as okaidic acid and TNFct induced a strong decrease of HBP1
expression.

In conclusion, we have cloned a new protein and presented
evidence that this protein is related to the HMG protein family
as well as results that suggest that it might play a role in the
control of gene expression. Clearly, more work is necessary to
confirm the status of HBP1 as a transcriptional regulator.
Identification of its specific binding DNA motif could next lead
to the identification of target genes and allow to define the role
played by HBP1 during differentiation.
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