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ABSTRACT We constructed a comprehensive cDNA li-
brary from HeLa cell mRNA in a vector that directs expression
of the cDNA in Saccharomyces cerevisiae. We used this library
to clone the human counterpart of the Sa. cerevisiae CCAAT-
binding transcription factor, Hap2, by functional complemen-
tation of a hap2 mutation. The cDNA encoding the human
Hap2 homolog encodes a protein of 257 amino acids that has a
62-amino acid carboxyl-terminal region 73% identical to the
essential core region of Hap2. The amino terminus of the
protein is highly enriched in glutamine residues, reminiscent of
transcriptional activation domains of several other mammalian
transcription factors. Analysis of human Hap2 expression
reveals three major transcripts: a 4.1-kilobase species found in
all cell types examined, a 7.0-kilobase species specific to B
lymphocytes, and a 1.6-kilobase species that is expressed
preferentially in HeLa cells and that likely corresponds to our
cDNA clone. Thus, the human Hap2 homolog and related
factors may play both a constitutive and cell type-specific role
in gene expression. The general approach of cloning by com-
plementation should allow the isolation of many human genes
for which corresponding yeast mutations exist.

The machinery governing the regulation of transcription has
been remarkably well conserved through the evolution of
eukaryotes. One example is provided by studies of the
CCAAT-binding complex, Hap2/3/4, of the budding yeast
Saccharomyces cerevisiae. The genes encoding Hap2, Hap3,
and Hap4 were identified as genetic loci required for the
expression of respiratory competence in Sa. cerevisiae-in
particular, for expression of the principal isoform of cy-
tochrome c (CYCJ; for review, see ref. 1). The three proteins
associate into a heteromeric complex that binds to an up-
stream activation sequence in the CYCI promoter (2, 3). The
consensus sequence recognized by the Hap2/3/4 complex,
CCAAT, is found in slightly varying forms in the promoters
of other yeast genes that are required for respiration, per-
mitting coordinate regulation (4).
CCAAT is an upstream sequence element that is also found

in a multitude of higher eukaryotic promoters (5); it serves as
the recognition sequence for a variety of mammalian tran-
scription factors (6, 7). There are at least three such chro-
matographically separable CCAAT-binding factors in HeLa
cells: CP1, CP2, and CTF/NF-1. These factors recognize
overlapping, but distinct, subsets of known CCAAT-
containing promoters and make distinguishable patterns of
contacts with DNA in and around the CCAAT motif (8).
Of these three factors, CP1 bears the greatest resemblance

to the yeast Hap complex. Its promoter preference in vitro
and its contacts with DNA are identical to those ofHap2/3/4.
Like Hap2/3/4, CP1 consists of a heteromeric association of
at least two components, CP1A and CP1B, both of which are

required for binding. Most strikingly, the subunits of CP1 and
Hap2/3/4 can be interchanged in vitro. Yeast cell extracts
from a strain bearing a hap3 deletion will bind DNA in
association with components provided by the CP1A chro-
matographic fraction; conversely, extracts from a strain
lacking Hap2 expression can be complemented by compo-
nents within the CP1B fraction (9). Thus, CP1 likely repre-
sents the human homolog of the yeast Hap complex, with the
CP1B fraction containing the Hap2 homolog and the CP1A
fraction containing a Hap3 equivalent.
The ability to substitute the human CP1 subunits for their

yeast counterparts in vitro suggested that expression of the
human proteins in vivo might well yield functional hybrid
complexes in yeast strains bearing individual hap mutations.
We report here the isolation of a HeLa cDNA whose expres-
sion in Sa. cerevisiae corrects the respiratory defect in a
strain bearing a hap2 deletion.* The general approach of
cloning genes from heterologous species by complementation
of yeast mutations has been previously reported (10-13).

MATERIALS AND METHODS
cDNA Synthesis. cDNA was synthesized from mRNA

isolated from HeLa cells or from Schizosaccharomyces
pombe cells by using RNase H- Moloney murine leukemia
virus reverse transcriptase (Superscript RT; Life Technolo-
gies/BRL) as described by the manufacturer.

Library Construction. (i) We constructed two Sa. cerevi-
siae expression plasmids, pDB10 and pDB20 (Fig. 1), by
standard techniques. pDB10 contains the CYCI promoter,
which directs low-level expression of the cloned cDNA, and
pDB20 carries the ADCI (ADHJ) promoter, which drives
high levels of expression (14). Both vectors incorporate the
high-efficiency inverted BstXI cloning strategy of Aruffo and
Seed (15). pDB20 plasmid was prepared for cDNA insertion
by BstXI digestion (New England Biolabs) followed by four
rounds of spin dialysis in a Centricon-100 (Amicon) concen-
trator to remove quantitatively the 26-base-pair (bp) stuffer
liberated by BstXI digestion. (ii) cDNA was prepared for
insertion into vector by ligation to phosphorylated, partially
double-stranded adaptors (InVitrogen, San Diego). Excess
adaptors and short cDNA products were removed after
ligation by Sephacryl S-300 spin column chromatography
(Pharmacia). (iii) Linkered cDNA was ligated to pDB20 at
16°C overnight. Ligation reactions were extracted with phe-
nol/chloroform, precipitated, and resuspended in H20. A
fraction of this ligation was transformed into Escherichia coli
XL-1 Blue (Stratagene) by electroporation (16), and trans-
formants were plated at a density of 0.5-1.5 x 106 colonies
per 150-mm plate. Colonies were scraped from the surface of
the plates and plasmid was recovered directly from the
pooled bacteria, without additional amplification, by alkaline
lysis followed by CsCl gradient centrifugation. The percent-
age and size distribution of inserts was determined for each

*The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M59079).
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FIG. 1. cDNA expression vec-
tors. Plasmids pDB10 and pDB20
are drawn approximately to scale.
Yeast elements are drawn as
thicker segments and include the
origin of replication from the 2-/im
circle for high-copy episomal
maintenance in yeast, the URA3
selectable marker, and one of two
yeast promoters: CYCI or ADCI
(ADHI). Direction of transcrip-
tion from the yeast promoters is
indicated. The pUC18 plasmid
backbone is drawn as a single line.
The cDNA insertion site of each
vector consists of two identical,
nonpalindromic BstXI restriction
sites in inverted orientation, sep-
arated by a 26-bp stuffer segment.
Not I sites flank the cloning site to
permit excision of the insert with
an enzyme likely not to cut within
the cDNA.

library by plasmid isolation from 12 colonies selected at
random.

Yeast Strains and Media. Sa. cerevisiae strain JO1-la
(MATa leu2-3,112 ura3-52 his4-519 adel-100 Ahap2; ref. 17)
was transformed (18) with plasmids from either the Sc.
pombe or the HeLa cDNA libraries. Transformants were
selected in 3% minimal top agar (0.67% yeast nitrogen base
lacking amino acids/leucine, histidine, and adenine each at 40
mg per liter/0.1% Casamino acids/2% glucose/1 M sorbi-
tol/3% agar) that was solidified on a bed of 2% agar of
otherwise identical composition. After visible colony growth,
transformants were recovered from the top agar and spread
on rich medium (1% yeast extract/2% peptone/2% agar)
containing 2% lactate (pH 6).
DNA Sequencing. Clones isolated from the HeLa cDNA

library by complementation were subcloned into pBluescript
SK(+) (Stratagene) and sequenced (Sequenase version 2,
United States Biochemical) on both strands.
Northern (RNA) Analysis. RNA was resolved by electro-

phoresis through a 1% agarose gel containing 1.5% formalde-
hyde and blotted onto GeneScreenPlus membranes (DuPont/
NEN) according to the manufacturer's instructions. Mem-
branes were probed with a 600-bp coding region fragment
isolated from clone HuHAP2.2. Transcript sizes were calcu-
lated from the migration in parallel of synthetic RNA species
[0.24- to 9.5-kilobase (kb) RNA ladder, BRL] visualized by
staining with ethidium bromide.

RESULTS
Cloning of Hap2 Homologs. cDNA libraries were con-

structed in the Sa. cerevisiae expression plasmid pDB20 (Fig.
1) from mRNA isolated from HeLa cells or the fission yeast
Sc. pombe. For each library we were able to obtain >2 x 107
primary E. coli transformants per ,ug of input mRNA, with
>80o of the clones containing inserts.
To identify human and fission yeast homologs of Hap2, we

used Sa. cerevisiae strain JO1-la. Deletion in this strain of
the gene encoding Hap2 disrupts expression of several genes
required for respiratory competence; complementation re-
stores the ability of the strain to grow on nonfermentable
carbon sources such as lactate. Recent deletion analysis of
the Sa. cerevisiae Hap2 protein demonstrates that only a
portion of the yeast Hap2 protein is required to complement
the chromosomal deletion in JO1-la. This 65-amino acid

region, termed the essential core, encodes both the DNA-
binding activity and the subunit-interaction surfaces of the
protein (17).
We transformed 12 ug of each of the cDNA libraries in

parallel into JO1-la. Yeast transformants were selected first
for uracil prototrophy in the presence of glucose and then
replated as a pool on rich medium containing lactate as the
sole carbon source. Transformation with 12 jig of library
yielded >1 x 106 primary yeast transformants, and numerous
colonies were obtained in each case after selection on lactate.
The replating of transformants precludes an accurate calcu-
lation of the frequency with which independent complement-
ing cDNAs occur in each library, but several clearly inde-
pendent clones were examined in detail (see Fig. 2).
Two isolates of the human Hap2 homolog were character-

ized. The 1.64-kb HuHAP2.1 cDNA clone matches in size the
principal message seen in HeLa cells by Northern analysis (see
below). The second, HuHAP2.2, is truncated on both 5' and
3' ends. Sequencing the clones, as detailed in the following
section, revealed a region within the human gene homologous
to the Hap2 core; this region is indicated by denser shading in
Fig. 2. HuHAP2.2, while truncated, retains this essential core.
In addition, the lactate+ phenotype it confers is indistinguish-
able from that ofHuHAP2.1, evidence that a region ofno more
than 157 amino acids, encompassing the human Hap2 core, is
sufficient for full complementation in yeast.
Three distinguishable classes ofSc. pombe Hap2 clones were

characterized. SpHAP2.1 is a full-length 2.2-kb cDNA contain-
ing the entire 334 amino acid open reading frame also identified
within a genomic clone (19). The position of its conserved core
is indicated. SpHAP2.2 is also full length but is inverted relative
to the ADH promoter of the vector. Yeast carrying this clone
grew less well on lactate than colonies containing SpHAP2.1.
This and additional experiments (data not shown) demonstrate
that the vector contains within theADH terminator a low-level
cryptic promoter in opposing direction.
The third type of Sc. pombe clone confers a phenotype on

lactate identical to that of SpHAP2.1 and is transcribed
correctly from the ADH promoter. Like the human Hu-
HAP2.2 clone, it contains a truncation of a substantial
portion ofthe coding region while retaining the essential core.
Surprisingly, there is a poly(A) tract at the apparent 5' end of
the clone. Fig. 2 Lower depicts the likely origin of this clone
as a cDNA copy of an overlapping antisense transcript. The
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FIG. 2. Human and Sc. pombe Hap2 homologs. Twelve micrograms of each cDNA expression library was introduced in parallel into yeast
strain J01-la (MATa leu2-3,112 ura3-52 his4-519 adel-100) hap2). Yeast transformants were selected first for uracil prototrophy in the presence

of glucose and then replated on rich medium containing 2% lactate (pH 6). Plasmids conferring respiratory competence were transformed into
E. coli and characterized by restriction mapping and sequencing. (Upper) Two isolates of the human Hap2 homolog (clones HuHAP2.1 and
HuHAP2.2) and three isolates of the Sc. pombe Hap2 homolog (SpHAP2.1, SpHAP2.2, SpHAP2.3). Inserts are drawn to scale, and their
orientation relative to theADH promoter of the vector is shown. Coding regions are indicated as rectangles; the conserved core region is more
heavily shaded. Location ofATG codons presumed to direct translation initiation is marked. (Lower) Genomic organization of the Sc. pombe
HAP2 gene. The separate transcripts that probably give rise to the various Sc. pombe cDNA clones are shown.

presence of such a transcript is not unprecedented: the Sa.
cerevisiae HAP3 gene is coincident with an overlapping
antisense transcription unit of unknown function (20).

Structure ofthe Human Hap2 Homolog. We sequenced 1347
nucleotides from the 5' end of clone HuHAP2.1 (Fig. 3). A
single open reading frame of 257 amino acids was found,
predicting a protein of 27.7 kDa, consistent with the 25-kDa
molecular mass measured by sedimentation of partially pu-
rified CP1B activity (8). Two major features of the predicted
structure are noteworthy.
The amino terminus of the protein contains a marked

concentration ofglutamine residues: glutamine constitutes 32
of the first 100 residues and fully 40% of the residues from
amino acids 10 to 70. Clustering of the glutamine residues
suggests that this amino-terminal region represents a discrete
functional domain. Glutamine-rich regions in a number of
mammalian transcription factors are potent activators of
transcription in higher eukaryotic cells (21-23). Whatever the
function of this domain in mammalian cells, however, it is
dispensable in yeast; clone HuHAP2.2 lacks this region but
fully complements the hap2 null mutation. In yeast, there-
fore, the principal activation function of the hybrid complex
is probably contributed by the acidic Sa. cerevisiae Hap4
subunit, as in the native Hap heteromer (24).
Near the carboxyl terminus is a region bearing striking

similarity to the essential core of Hap2. In this basic region

there is 73% amino acid identity between human and Sa.
cerevisiae proteins (Fig. 4). Of note is a short region within
this domain at which the evolutionary constraints appear less
stringent-amino acids 197-207 of the human protein. The
divergence here highlights the border previously mapped
within the Sa. cerevisiae Hap2 core between the DNA
recognition and the subunit association surfaces (17).
A search of the GenBank (version 64.0) and European

Molecular Biology Laboratory (version 23.0) databases re-
veals no significant sequence relationship of the human
homolog to proteins other than Hap2. Direct comparison with
the CCAAT-binding factors CTF/NF1 (25) and C/EBP (26)
identifies no significant similarity.

Expression of the Human Hap2 Homolog. We used the
coding region of clone HuHAP2.2 to probe a variety of
primate tissues and several human cell lines for expression of
the human Hap2 homolog. The Northern blot shown in Fig.
5 demonstrates constitutive expression of a 4.1-kb mRNA.
This is the predominant transcript in heart, brain, small
bowel, kidney, liver, and spleen, as well as in the T-lympho-
blastoid Jurkat cell line and the Raji B-lymphoma cell line.
The 4.1-kb transcript is not, however, the principal tran-

script in HeLa cells. Lane 1 reveals the overwhelming
preponderance in HeLa cells of a 1.6-kb species, which in
other cells represents a minor species relative to the 4.1-kb
mRNA. Although the 1.64-kb HeLa HuHAP2.1 cDNA clone
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CCCCACGCCATGTGATGGAGCTGATCAAGGTCA
TGTTTCTCACTGrTCCAGGAAATTGATCAACTCTTCCAATGGGACATTGATGATCACATT
CTGCCCTTTACTACAGGACAGAAACCACTTAGTTTTTAATAAGTGGCTCAGTATTACAAT
TGCAGCGATGCCTGGCAAATTGAAGTTGCAAGCCTTTGTCTTACTCTTTCAGTCAGGACC
TATTTCAGACTGTTGATGACATG.GACATTTCATGGATTCGGATGATGCAAGGAGACACAT
GCCACCCCAGCAGTACACAAAGCACTTACCTTGACTGGTGkAGTCAGCCAGCCATCTCAG
CAGGGAAGAACAACCTTCTCAACCAAAACTGCAATCAGGAAAGCAGCAGCCCACTCCTTC
CCATGGAATCTAGATAGCATTTATCCCTCTGGTGGGGGAATCTCACACTGACTAACTGAA
TGGACGCTTTGTATTCAGAGAIZ3CTTCCAGGCAAGGAAGTTCTATCTTGTGATACGGAA
ACAATAAATTCCTGAGATACATTCTTC

FIG. 3. Nucleotide sequence and predicted amino acid sequence
of the cDNA encoding the human Hap2 homolog. The nucleotide
sequence of the 5' end of clone HuHAP2.1 was determined on both
strands. The deduced amino acid sequence of a 257-amino acid open
reading frame is shown with translation beginning at the first me-
thionine residue. Glutamine residues are boxed, and the region of
similarity to the Sa. cerevisiae Hap2 protein is underlined.

appears likely to correspond to this predominant 1.6-kb
transcript, we cannot rule out the possibility that it represents
a truncated copy of the 4.1-kb message. There are several
additional discrete transcripts between 1.6 and 4.1 kb in
HeLa cells, but these are expressed at levels even lower than
that of the 4.1-kb message.
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FIG. 5. The human Hap2 homolog has a complex pattern of
expression. Tissues and cell lines were assayed for expression of the
human Hap2 homolog by Northern analysis; the coding region of
clone HuHAP2.2 was used as probe. Lane 1 contains 10 ,ug of
poly(A)+ RNA obtained from HeLa cells after two rounds of
selection over oligo(dT)-cellulose. Lanes 2-8 each contain 10 ,ug of
total RNA isolated from baboon tissues. Lanes: 2, heart; 3, brain; 4,
ileum; 5, jejunum; 6, kidney; 7, liver; 8, spleen. Lane 9 contains 10
Ag of total RNA from the human Jurkat T-cell line. Lane 10 contains
10 jig of once-selected poly(A)+ RNA from the human Raji B-cell
line. Sizes of the principal transcripts are indicated at right. Note that
the disproportionately large signal in the HeLa lane (lane 1) and the
Raji lane (lane 10) reflects enrichment of mRNA in these lanes due
to oligo(dT) selection. The autoradiogram was exposed for 36 hr at
-80°C with two intensifying screens.

The Raji B-lymphoma line expresses, in addition, a 7-kb
transcript that appears to be B-cell specific (lane 10). Serial
dilution (data not shown) of Raji RNA to normalize the signal
from the 4.1-kb species does not extinguish this band; con-
versely, the substantial 4.1-kb signal in the HeLa lane (lane
1) is not accompanied by evidence of a larger transcript. The
7-kb transcript is not visible in a T-lymphocyte line (Jurkat,
lane 7) but is visible on the original exposure in normal spleen
RNA (lane 8).

DISCUSSION
The human CCAAT-binding complex CP1 contains subunits
functionally related to the yeast Hap2 and Hap3 CCAAT-
binding proteins. We report here the cloning of a cDNA that
encodes a subunit of a human CCAAT-binding complex that
is probably identical to CP1B. Our approach was to construct
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homologs from Sc. pombe (19) and HeLa cells are shown schematically above and in detail below. Only identities are boxed.
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a comprehensive cDNA library from HeLa cell mRNA in a
vector that directs expression in Sa. cerevisiae and to identify
clones that complement in vivo a deletion of the Sa. cerevi-
siae homolog Hap2.
We obtained several cDNA isolates of a single human gene

that complements the yeast mutation. The cDNA predicts a
protein of 27 kDa, in agreement with the measured size of
partially purified CP1B activity. The 257-amino acid open
reading frame contains a 62-amino acid carboxyl-terminal
domain that is 73% identical to the essential core of the yeast
Hap2 protein; the rest of the protein bears no resemblance to
Hap2. The amino terminus of the protein contains a domain
highly enriched in glutamine residues.
The Hap activation complex in yeast orchestrates the

expression of nuclear genes required for mitochondrial oxi-
dative function. The range of promoters containing the
CCAAT recognition site in mammalian cells (5), however,
suggests that the human Hap homolog normally functions in
a role far more general than that of the yeast complex. There
are two precedents of other yeast transcription factors with
homologs in mammalian cells that serve regulatory roles
different from that of the cognate yeast protein. The yeast
activator GCN4 is related to the mammalian cJUN transcrip-
tion factor, and both bind to the same DNA sequence (27, 28).
In yeast, GCN4 regulates transcription of amino acid bio-
synthetic genes in response to starvation; the mammalian
cJUN mediates cell proliferation in response to extracellular
growth factors. The yeast Mcml protein regulates genes
specifying the mating type of cells, whereas the homologous
serum response factor regulates the immediate response of
mammalian cells to serum stimulation (29-32). A divergence
in the cellular role of conserved transcription factors may
prove commonplace, facilitated by the modular nature of
these proteins.

Dissociation of CPI from carbon control may have been
achieved by elimination, through evolution, of the Hap4
subunit. Hap4 confers on the yeast complex its responsive-
ness to the cell's catabolic state (P. Sugiono and L.G.,
unpublished data), and carries the acidic transcription acti-
vation domain of the heteromer (24). The requirement for
Hap4 in the yeast complex can be partially bypassed by
fusion of an acidic activation domain directly to Hap2 (17).
The glutamine-rich amino terminus of the human Hap2 may
represent the evolutionary equivalent of such a fusion; glu-
tamine-rich regions of the mammalian transcription factors
Spl and OTF-2 (Oct-2) have been shown to be potent
activators of transcription (21-23). This stoichiometry would
be consistent with chromatographic evidence suggesting that
HeLa CP1 consists of two, not three, components (8).

Analysis of human Hap2 expression reveals the presence
of several highly regulated transcripts in addition to a con-
stitutive 4.1-kb mRNA. HeLa cells express predominantly a
1.6-kb mRNA that is present as only a minor species in other
cell types. This 1.6-kb mRNA probably corresponds to our
HuHAP2.1 cDNA clone. The Raji B-cell lymphoma line
expresses a 7-kb transcript that is absent from other major
cell types.
We do not yet understand the structural relationships

among the different RNA species or their significance to the
regulation of gene expression. They may serve, however, in
lieu of a separable Hap4 component to couple CP1 to
different cell type-specific regulatory programs. For exam-
ple, expression in B lymphocytes of the genes encoding class
II major histocompatibility antigens depends, in part, on a
CCAAT box and a Hap2/3/4-like complex, termed NF-Y.
Data suggest that the CCAAT-binding complex is larger in
class II-positive cells than in related cells that lack class II
expression (33). This increase in size might well reflect the
increased contribution of a Hap2 subunit that is encoded in

the class II-positive cells by the larger, B cell-specific 7-kb
transcript.
As this work was prepared for publication, Maity et al. (34)

and Hooft van Huijsduijnen et al. (35) reported the cloning by
standard techniques of the genes encoding the 40-kDa subunit
of the corresponding CCAAT-binding complex from the rat
and mouse. These clones differ in two respects from the
human Hap2 clone reported here. (i) Both rat and mouse
clones extend the reading frame 90 residues further to the
amino terminus. This extension probably represents protein
sequence encoded in the 4.1-kb transcript (Fig. 5) that is
absent from the 1.6-kb HeLa mRNA that we cloned. (ii) The
rat clone is missing a 6-amino acid sequence found in both
human and mouse clones, Val-Thr-Val-Pro-Val-Ser (Hu-
HAP2 residues 93-98), a difference that may result from
different mRNA splicing.
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