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Multiple Genes Encoding the Conserved CCAAT-Box
Transcription Factor Complex Are Expressed in Arabidopsis
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The CCAAT motif is found in the promoters of many eukaryotic
genes. In yeast a single complex of three proteins, termed HAP2,
HAP3, and HAPS5, binds to this sequence, and in mammals the three
components of the equivalent complex (called variously NF-Y, CBF,
or CP1) are also represented by single genes. Here we report the
presence of multiple genes for each of the components of the
CCAAT-binding complex, HAP2,3,5, from Arabidopsis. Three inde-
pendent Arabidopsis HAP subunit 2 (AtHAP2) cDNAs were cloned
by functional complementation of a yeast hap2 mutant, and two
independent forms each of AtHAP3 and AtHAP5 cDNAs were de-
tected in the expressed sequence tag database. Additional homologs
(two of AtHAP3 and one of AtHAP5) have been identified from
available Arabidopsis genomic sequences. Northern-blot analysis
indicated ubiquitous expression for each AtHAP2 and AtHAP5
c¢DNA in a range of tissues, whereas expression of each AtHAP3
c¢DNA was under developmental and/or environmental regulation.
The unexpected presence of multiple forms of each HAP homolog in
Arabidopsis, compared with the single genes in yeast and verte-
brates, suggests that the HAP2,3,5 complex may play diverse roles
in gene transcription in higher plants.

The regulation of transcription of most eukaryotic genes
is coordinated through sequence-specific binding of pro-
teins to the promoter region located upstream of the gene.
Many of these protein-binding sequences have been con-
served during evolution and are found in a wide variety of
organisms. One such feature is the CCAAT-box element
(Gelinas et al., 1985). This motif is found between 80 and
300 bp 5" from the transcription start site and may operate
in either orientation, with possible cooperative interactions
with multiple boxes (Tasanen et al., 1992) or other con-
served motifs (Muro et al., 1992; Rieping and Schoffl, 1992).

Proteins that bind to the CCAAT motif were first char-
acterized in the yeast Saccharomyces cerevisiae through anal-
ysis of mutants with reduced levels of expression of the
CYC1 gene (encoding iso-1-Cyt c¢) (Guarente et al., 1984;
Hahn et al., 1988). The CYC1 promoter comprises two UAS,
one of which (UAS2) contains an inverted CCAAT motif
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that is required for UAS2-directed transcription. Activation
of transcription from UAS2 requires HAP2, HAP3, and
HAP5 (Pinkham and Guarente, 1985; Pinkham et al., 1987;
Hahn et al., 1988, McNabb et al., 1995), which form a
heterotrimeric CCAAT-box-binding complex. The yeast
HAP complex recruits a fourth polypeptide, HAP4 (Fors-
burg and Guarente, 1989), which does not bind to DNA but
associates with the HAP2,3,5 complex and activates tran-
scription through an acidic domain. The HAP complex
appears to control expression of genes important for mito-
chondrial biogenesis (de Winde and Grivell, 1993), demon-
strated by the fact that yeast hap mutants show identical
pleiotropic phenotypes, with a general reduction in cyto-
chromes and reduced growth on nonfermentable carbon
sources.

CCAAT-box-related motifs have also been identified in
the promoters of a variety of vertebrate genes. A range of
transcription factors has been shown to bind to different
CCAAT boxes, with varying levels of specificity (Dorn et
al., 1987; Raymondjean et al., 1988), and each is thought to
play a distinct role in gene expression or DNA replication
(Santoro et al., 1988). Direct homologs of the yeast HAP
complex (called NF-Y, CP1, or CBF) have been identified in
vertebrates (Maity et al., 1990; Becker et al., 1991; Li et al.,
1992; Sinha et al., 1995). The individual vertebrate HAP
subunits showed a remarkable similarity to the yeast ho-
mologs over short domains (Maity et al., 1990; Vuorio et al.,
1990), which is sufficient to enable formation of a func-
tional heterologous complex between the human HAP2
homolog and yeast HAP3 and HAP5 (Becker et al., 1991).
However, outside of the highly conserved core protein
motifs associated with DNA binding and subunit interac-
tions, there is considerable divergence. Furthermore, there
is no HAP4 homolog. Instead, the vertebrate HAP complex
probably interacts with other classes of transcription fac-
tors to influence the level of transcription (Bellorini et al.,
1997).

Based on their presence in other eukaryotes and se-
quence conservation between related plant gene promot-
ers, putative CCAAT-box motifs have been identified for
several plant genes (Rieping and Schoffl, 1992; Kehoe et al.,
1994; Tto et al., 1995). As with vertebrates, there is no

Abbreviations: AtHAP, Arabidopsis HAP subunit; EST, ex-
pressed sequence tag; nt, nucleotide; UAS, upstream activating
sequence(s).
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unifying expression pattern for plant genes containing pu-
tative CCAAT-promoter elements, indicating that they
may play a complex role in regulating plant gene transcrip-
tion, with greater similarity to the vertebrate model than to
the yeast system. A homolog with sequence similarity to
HAP3 has been isolated from maize (Li et al., 1992), and
recently, a HAP2 homolog was characterized from Brassica
napus (Albani and Robert, 1995).

To characterize the role of the CCAAT motif in plants,
we have isolated and characterized plant homologs of the
HAP/CBF/NF-Y class of CCAAT-binding transcription
factors from Arabidopsis. In contrast to the situation in
yeast and in animals, in which single representations of
each subunit are present, we show that multiple genes exist
for each of the HAP2,3,5 subunits in Arabidopsis, provid-
ing the potential for multiple alternative forms of HAP
complexes in plants.

MATERIALS AND METHODS

Arabidopsis ecotype Columbia seeds were grown in
compost, Murashige and Skoog solution (0.46% Murashige
and Skoog mixture, 2% Suc, pH 5.9), or solid agar (Mu-
rashige and Skoog solution, 0.8% agarose) at 25°C with a
16-h photoperiod.

Yeast Growth and Transformation

The Saccharomyces cerevisiae strains used were gifts from
L. Guarente (Massachusetts Institute of Technology, Cam-
bridge). The strains were BWG 1-7a (MATa leu2-3, 112
his4-519 adel-100 ura3-52; Olesen and Guarente, 1990),
which has a wild-type HAP complex, or isogenic deriva-
tives in which the individual HAP genes had been dis-
rupted: JOl-la (Ahap2; Pinkham and Guarente, 1985),
SHY40 (Ahap3; Hahn et al., 1988), SLF401 (Ahap4; Forsburg
and Guarente, 1989), DMY110 (Ahap5; McNabb et al., 1995),
and JO2-1 (Ahap2 Ahap3; Olesen and Guarente, 1990). All
strains were grown at 30°C on yeast peptone dextrose
medium (1% yeast extract, 1% peptone, and 2% Glc, pH
6.5). Primary transformants were selected on minimal me-
dium without uracil (0.76% yeast nitrogen base, 2% Glc,
His and Trp at 0.01 mg/mL, Leu at 0.12 mg/mL, pH 6.0).
Functional complementation was selected for by growth on
lactate medium (1% yeast extract, 1% peptone, and 2%
lactate, pH 4.8). Solid medium contained 2% bactoagar.
Yeast transformation was done with lithium acetate ac-
cording to the method of Schiestl and Gietz (1989) and
Gietz et al. (1992).

DNA- and RNA-Blot Analysis

Genomic DNA was extracted from soil-grown Arabidop-
sis leaves (Dellaporta et al., 1983). RNA was extracted from
various Arabidopsis tissues using the acid-phenol method
(Chomczynski and Sacchi, 1987). Genomic DNA was di-
gested with different restriction enzymes, fractionated on
gels of 0.8% agarose in Tris-acetate-EDTA buffer (Sam-
brook et al., 1989), transferred onto GeneScreen Plus (New
England Nuclear) filters, and hybridized with **P-labeled
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DNA probes, as described previously (Church and Gilbert,
1984). The filters were then washed in 40 mm sodium
phosphate buffer, pH 7.2, 1% SDS for 30 min at 65°C,
followed by several 5-min washes in the same buffer until
the background radioactivity was undetectable. Total RNA
was fractionated in formaldehyde denaturing agarose gels,
transferred onto GeneScreen Plus filters, and hybridized
with **P-labeled DNA probes (Sambrook et al., 1989). The
filters were then washed in 2X SSC, 1% SDS for 30 min at
70°C, followed by several 5-min washes in 1X SSC, 1% SDS
until the background radioactivity was undetectable.

DNA Sequencing and Analysis

DNA sequencing was carried out using a dideoxy termi-
nation kit and an ABI 373A sequencer (Applied Biosys-
tems) at the Protein and Nucleic Acid Chemistry Facility
(Department of Biochemistry, University of Cambridge,
UK). DNA-sequence analysis and comparisons of DNA
and protein sequences were made using ClustalW and
Genetics Computer Group facilities (Madison, WI) (De-
vereux et al., 1984).

RESULTS

Cloning of Arabidopsis HAP2 Homologs by
Functional Complementation

Functional complementation has been used previously to
identify a human HAP2 homolog. We therefore used het-
erologous functional complementation of a yeast hap2 mu-
tant to isolate cDNAs encoding Arabidopsis HAP2 ho-
mologs. The hap2 yeast mutant JP1-1C (Pinkham and
Guarente, 1985), which is unable to grow on nonferment-
able carbon sources such as lactate, was transformed with
an Arabidopsis cDNA library in the yeast expression vector
pFL61 (Minet et al., 1992). Five-hundred-thousand primary
transformants were selected by growth on minimal me-
dium containing Glc but no uracil to select for uptake of
library plasmids. Colonies were replica plated to rich me-
dium with lactate as the sole carbon source. After 5 to 14 d
of growth at 30°C, six independent colonies (P1-P6) were
observed growing on the lactate medium, suggesting that
the plasmids they contained were able to rescue the growth
defect. The extent of growth varied between rescued colo-
nies on both lactate and glycerol media, suggesting that
they might not all contain identical plasmids. Plasmids
were transformed into an Escherichia coli host by electropor-
ation and classified into three groups, with four of the six
plasmids (P1, P2, P4, and P6) having an identical restriction
pattern. The growth phenotypes on lactate of the yeast hap2
mutant rescued with each of the three types of cDNA are
shown in Figure 1. It is clear that none of them grows as
well as the parental strain with the wild-type HAP2 gene
(MY68), and also that P3 is less effective at rescue than
either P1 or P5.

The three classes of clones were used to transform yeast
hap2, hap3, hap4, and hap5 mutants in turn, along with the
double-mutant hap2,3, followed by selection for comple-
mentation on lactate medium. All three clones were capa-



Multiple HAP2,3,5 Homologs in Arabidopsis

\Growth on lactate

MY69

P3

Figure 1. Complementation of yeast hap2 with AtHAP2 cDNAs.
S. cerevisiae strain JO1-Ta (MY69) was transformed with three inde-
pendent Arabidopsis HAP2 ¢cDNAs (P1, P3, and P5 for AtHAP2a,
AtHAP2b, and AtHAP2c, respectively) in the yeast expression vector
pFL61. After primary selection on medium without uracil, two dif-
ferent dilutions of transformants were plated onto lactate medium
along with Ahap2 itself (MY69) and the parental strain with a wild-
type HAP2 gene (MY68). A reduced level of complementation was
observed for AtHAP2b (P3).

ble of recomplementing the hap2 mutant, although trans-
formants from each clone showed different extents of
growth on lactate medium, as observed previously. In con-
trast, as expected, the three clones were unable to rescue
any of the other yeast mutants, indicating that they were
not general transcriptional activators, which are able to act
downstream of the HAP complex. Consequently, the clones
P1, P3, and P5 were termed AtHAP2a, AtHAP2b, and
AtHAP2c, respectively.
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Arabidopsis Contains Multiple, Distinct HAP2 Genes

The sequence of each of the three characterized cDNA
clones was determined on both strands; the EMBL acces-
sion numbers for the sequences are Y13720, Y13721, and
Y13722 for AtHAP2a, AtHAP2b, and AtHAP2c, respec-
tively. AtHAP2a is 1388 bp long and encodes a single open
reading frame of 271 amino acids; AtHAP2b (1385 bp)
encodes a protein of 295 amino acids; and AtHAP2c (1516
bp) encodes a protein of 340 amino acids. Both AtHAP2a
and AtHAP2c cDNAs possesses unusually long 5" untrans-
lated sequences (279 and 255 bp, respectively) before the
first ATG codon, whereas AtHAP2b had multiple ATG
start codons 5’ of the predicted coding region, followed by
in-frame stop codons.

Comparisons between the predicted AtHAP2 protein se-
quences and those from other organisms identified conser-
vation of two domains within each of the sequences (Fig. 2)
that have been shown to be HAP2 specific and required for
HAP2 function (Olesen and Guarente, 1990). However,
outside of these regions, as has been observed for HAP2
homologs from other organisms, the three Arabidopsis
proteins were quite distinct both in sequence and in length
(data not shown). Furthermore, the spacing between the
subunit-association and DNA-binding domains was four
amino acids longer in AtHAP2b than in AtHAP2a or
AtHAP2c. This is unusual because the length of the spacer
region has been conserved between HAP2 homologs from
different organisms, except for Schizosaccharomyces pombe,
which has an additional amino acid. This increased spacer
length correlates with the reduced ability of AtHAP2b (P3)
to rescue the yeast hap2 mutant (Fig. 1).

Identification of Arabidopsis HAP3 and HAP5 Homologs
by Sequence Similarity

Screening of the EMBL nucleotide sequence database led
to the identification of Arabidopsis ESTs, which showed
considerable sequence similarity to HAP3 (ESTs T45165
and H76589) and HAP5 (ESTs T44300 and T43909) from
other organisms. All cDNAs were obtained and sequenced
on both strands.

Organism EMBL Ref
136 199
At2a EPVYVNAKQYEGILRRRKARAKAELERK....VIRDRKPYLHESRHKHAMRRARASGGRFAKKS Y13720
At2b STI---8---H--I---QS----AAVLDQKKLSS-C----M-H---L--L--P-G-----LNTK Y13721
At2c D--F------ HA-M---QQ-~-L-AQN-... . L--A----—mm-—— V--LK-P-G---~-~LNTK Y13722
Bn2 ---------- QA-M---Q--~——--- K-....L-KS--R--—---~ Q----- P-GT-~~---- T U33884
8c2 Q-F------- YR--K--Y----L-EKLR....IS~B------=cmcooo—-= P-GE----LTAA M15243
K12 Q-F---—--- YR--K--Y----L-ENL-.., ,IS-E-R-----—-————nc" P-GQ----LTAA U09272
Sp2 -GL------- HR--K--E----L-ERLRG. .. ~QTTK-~—--—-~—~-m— P-GP----LTAD M63639
Hm2 --L------- HR--K--Q----L~-A-G-....IPKE-RK-------R---A-K-GE-~--FSPK X59711
M2 -~-L------- HR--K--Q----L-A-G-....IPKE-RK-----~-R---A-K-GE----FSPK M86215
RE2 =~~L------- HR--K--Q----L-A-G-....IPKE-RK-------R---A-K-GE----FSPK M34238
Sm2 --L------- HR--K--Q---~-L-AQGR....IPKE-RK-~-----—-—— N-I-S----- FSVP L37100
Su2 --L------- HR--K--Q----L~A-GR....IPKE-RK---~~~-N---N-V-GE----NSGE L19224

Subunit association domain

DNA binding domain

Figure 2. Protein sequence alignment of the subunit association and DNA-binding domains of HAP2 from a range of
organisms. Numbering relates to AtHAP2b. Sequences were identified in the EMBL database (accession numbers are given
in the right column) and were aligned using the Lineup program (Genetics Computer Group). Dots indicate gaps in the
sequence; dashes indicate identity with AtHAP2a. At, Arabidopsis; Bn, B. napus; Sc, S. cerevisiae; Kl, Kluyveromyces lactis;
Sp, S. pombe; Hm, human; Ms, mouse; Rt, rat; Sm, Schistosoma mansoni; and Su, sea urchin.
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Comparisons of predicted protein sequences with HAP3
and HAP5 homologs from other organisms identified ex-
tensive homology in domains that have been shown to be
specific and required for HAP function (Fig. 3). The cDNAs
identified here were given the names AtHAP3a, AtHAP3b,
AtHAP5a, and AtHAP5D; their EMBL accession numbers
are Y13723, Y13724, Y13726, and Y13725, respectively. In
addition, distinct HAP3 and HAP5 genes were recently
identified in the Arabidopsis genome sequence and are
referred to as AtHAP3c (accession no. Z97336), AtHAP3d,
and AtHAP5c (both on bacterial artificial chromosome
F7G19). AtHAP3a (832 bp) and AtHAP3b (874 bp) encode
open reading frames of 141 and 187 amino acids, whereas
AtHAP5a (716 bp) and AtHAPS5b (584 bp) encode open
reading frames of 155 and 135 amino acids, respectively.
The open reading frame in AtHAP3a is the only one that
starts with a Met, suggesting that the ESTs encoding
AtHAP3b, AtHAP5a, and AtHAP5b are truncated clones.

Comparison between the Arabidopsis HAP3 or HAP5
homologs showed a high degree of sequence identity, with
the level of sequence similarity being greatest within a
central core domain. Sequences that encode HAP3 and
HAP5 homologs from other organisms were retrieved from
the EMBL database and aligned with their respective ho-
mologs. This confirmed the presence of highly conserved
core domains within HAP3 and HAP5 (Fig. 3), flanked by
sequences with a lower level of sequence identity and
variable length, as was found for HAP2. The conserved
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domain lies within the predicted histone fold motif, a
structural triple helix important for dimerization (Arents
and Moudrianakis, 1995; Baxevanis et al., 1995).

Expression of Arabidopsis HAP Homologs

Northern-blot analysis was carried out on RNA from
different Arabidopsis tissues using each AtHAP ¢cDNA as a
probe, under conditions in which the homologs do not
cross-hybridize (Fig. 4). Five different tissue samples were
chosen to identify potential tissue-specific or environmen-
tal regulation of gene expression. RNA was extracted from
leaves (lane 1), from a mixture of flowers and siliques (lane
2), from roots (lane 3), from whole seedlings grown under
a regular 16-h day (lane 4), and from whole seedlings
grown for 48 h in the dark (lane 5). For each of the cDNAs
analyzed, it was necessary to expose the autoradiographs
for several days before a signal was detectable, indicating
that the HAP genes are expressed at low levels.

All three AtHAP2 genes appeared to be expressed ubiq-
uitously in each of the tissues analyzed (Fig. 4). The sizes of
the transcripts detected were comparable to those of the
isolated cDNAs, suggesting that the clones are full length
or nearly full length.

In contrast, a differential expression pattern was de-
tected for both AtHAP3a and AtHAP3b (Fig. 4). AtHAP3a
was predominantly expressed in the flower/silique sample
(lane 2), with an estimated transcript size of approximately

a
26 92 EMBL
//////////// (22T XIS 222 22222 R 22222l \\\\\\\\\\
At3a LPIANISRIMKKALPPNGKIGKDAKDTVQECVSEFISFITSEASDKCQKEKRKTVNGDDLLWAMATL  ¥13723
At3b ----- Vommmm oo A-A--§----E-M----=-==~= V-Grmmmmmmmmmmm R T--  Y13724
At3c ----- Vemmmmmmm o A-A--8--~-B------———— - R R----~- T--mmmmm oo T--  Z97336
At3d ----- VG-L-~QI--S-A--§-B--Q-----AT-----V-C---E--HR-N--~----- IN--LS-- AC000106
Mz3 —---—---emm-- I-A----A-==-B---—— oo R----- I-mmmmmmmmmm- X59714
S¢3 ---N-VA-L--NT---SA-VS----ECM------ L---V---nn- R-AAD----I--E-I-ISLHA- M20318
K13 ---N-VA-L--NT--ATT-VS----ECM---------— V----C-R-TSG----I--E-I-LSLHA-  X76025
Sp3  ----- VA----S---E-A--S-E~~-C--D-=-===-~V-G---EQ-TQ--~-- IT-E-V-L-LN--  X75072
En3 ----- VA----L---E-A--A-E--ECM-------—==---——= E---Q---—--—- E-I-F--TS- U35341
Hm3 ----- VA----N-I-QP---A-==-EC-====-=-mooo-——- ER-HQ-----I--E-I-F--S--  X59710
Ms3 ----- VA--~-N-I-QT---A~~--EC----—--—=mommmmmm ER-HQ-----I--E-I-F--S--  X55316
Rt3 -w--- VA--—-N-I-QT---A-=-=-BEC-~=--==-————mmmn ER-HQ-----I--E-I-F--S-~ M55045
TA3  veeeeececccracescatonnenaa e mmmmmm ER-HQ-----1--E-I-F--S--  X59709
Ch3 --=-- VA----N-I-QD---A--=-ECm=mmmmmmmmmm oo ER-HQ-----I--E-I-F--S--  X59713
ILm3 ----- VA----PSI-§---A-===ECmmmmmmmmmm—mm——= ER-HQ-----I--E-I-F--S--  X59712
b
134 199 EMBL
//////////// X222 22222222 2222l dd \\\\\\\\\\\
Sc5 LPFARIRKVMKTDEDVKMISAEAPIIFAKACEIFITELTMRAWCVAERNKRRTLOKADIAEALQKS 019932
BESA +everoconncnns --R---—--—-L=====-L=-L---I-S-LH--E--~~---- N---A-ITRT Y13726
At5b --L---K-I--A----R----==-V-======M--L-=-L---IHT-E----=---- N---A-ISRT ¥13725
At5¢ --L---K-I--A-=---R-------VV--R---M--L---L-§-NHT-E-------- N---A-VTRT AC000106
Hm5 --L---K-I--Li-=-==--==—- VL----AQ----~-~ L---IHT-D------- RN---M-IT-F $74703
M85 --L---K-I--L--=-=--=~=-==- VL---GAQ------- L---IRT-D----P--RN---M-IT-F U62297
Rt5 ~-L---K-I--L-~------——-- VL----AQ----~--- L---IHT-D------- RN---M-IT-F U17607
An5 --L---K----A-PE---------- L---G-DV---=mm - TH--D------~ RS---A--S-- U96847

Figure 3. Alignment of HAP3 and HAP5 core sequences from different organisms. Sequences were identified in the EMBL
database (accession numbers are given in the right column). The symbols in the top line (////// /*******\\\\\\\) denote
the position of the predicted histone fold triple helix. Numbering refers to the position within AtHAP3a or S. cerevisiae
HAPS5. a, Alignment of HAP3 sequences. b, Alignment of HAP5 sequences. It is clear that AtHAP5a is incomplete because
it is missing the first of the conserved helices. Dots indicate gaps in the sequence; dashes indicate sequence identity. At,
Arabidopsis; Mz, maize; Sc, S. cerevisiae; Kl, K. lactis; Sp, S. pombe; En, Emericella nidulans; Hm, human; Ms, mouse; Rt,
rat; Td, toad; Ch, chicken; Lm, lamprey; and An, Aspergillus nidulans.
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700 nt, indicating that the cDNA encodes the full-length
transcript and that its expression is developmentally regu-
lated. Significant levels of AtHAP3b expression were de-
tected in both leaf and flower/silique samples of soil-
grown plants (lanes 1 and 2), with low levels of expression
detected in the remaining samples. The whole seedlings
(grown in liquid culture) contained a large proportion of
leaf material, so the absence of expression in this sample
(lane 4) may be contrasted to its presence in the leaves of
soil-grown plants (lane 1).

AtHAP5a expression was detected at an equal level in all
samples, with a transcript size of approximately 1400 nt,
confirming that this cDNA clone does not encode the full-
length transcript. Two transcripts, approximately 1400 and
600 nt long, were detected in each sample after hybridiza-
tion with AtHAP5b cDNA (Fig. 4). The larger transcript
was expressed equally in each sample, whereas the smaller
transcript was more abundant in leaf and reproductive
tissue. The presence of two transcripts was unexpected
because each of the other HAP ¢cDNAs detected only a
single mRNA species. This correlates with the results
found when genomic Southern blots were probed with
AtHAPS5b: a complex pattern was observed (Fig. 5, right),
suggesting that more than one gene encodes this isoform.
In contrast, each of the other HAP ¢cDNAs appeared to be
single-copy genes, as illustrated by AtHAP5a (Fig. 5, left).

From this analysis it can be concluded that the HAP2 and
HAPS genes are not expressed differently in different tis-
sues, in contrast to both HAP3 isoforms. Furthermore,
there is no effect of light on the expression of any of the
HAP genes.

AtHAP2a

AtHAP2b

AtHAP2c

AtHAP3a

Figure 4. Expression of AtHAP cDNAs in vari-
ous tissues from Arabidopsis. RNA was ex-
tracted from leaves (lane 1), flowers and siliques
(lane 2), roots (lane 3), whole seedlings grown
under a 16-h day/8-h night (lane 4), and whole
seedlings grown in the dark for 48 h (lane 5).
Ten micrograms of total RNA was loaded onto
each lane, separated by electrophoresis, and
blotted onto a nylon membrane. Membranes
were probed with each radiolabeled AtHAP
cDNA, followed by autoradiography. The bands
were quantified by densitometry and normal-
ized against the hybridization of an rDNA probe
to the same filter. The relative values are shown
in the histograms to the right of the autoradio-
graphs. The sizes of the transcripts in kilobase
pairs are indicated on the left.

AtHAP3b

AtHAPSa

AtHAPSb

DISCUSSION

CCAAT boxes are a feature of gene promoters in many
eukaryotes, and analysis of several plant gene promoters
has indicated the presence of CCAAT-box motifs, which
contribute to gene expression (Rieping and Schoffl, 1992;
Kehoe et al., 1994; Ito et al., 1995). A protein complex
conserved in both yeast and vertebrates has been shown to
bind to the CCAAT motif. In yeast the complex is com-
posed of the three proteins HAP2, HAP3, and HAP5, and
the mammalian complex NF-Y (also known as CBF or CP1)

1 2 3
. kbp

-k

1 2 3
- kbp
<9.4

- <23 o <6.6
<2.0 -~
<2.3

st .,-<2.0

AtHAPSa AtHAPSb

Figure 5. Southern-blot analysis of Arabidopsis genomic DNA. Ten
micrograms of DNA was digested with EcoRlI (lane 1), BamHI (lane 2),
or Hindlll (lane 3), separated by gel electrophoresis, and blotted onto
a nylon membrane. This was probed with radiolabeled AtHAP5a or
AtHAP5b cDNAs, followed by autoradiography. The sizes of the bands
in kilobase pairs are indicated to the right of each blot.
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has equivalent subunits sharing conserved domains with
the yeast proteins. A homolog of yeast HAP2 has been
reported from B. napus (Albani and Robert, 1995), as has a
protein with similarity to HAP3 from maize (Li et al., 1992).
However, there has been no systematic examination of
HAP-related proteins in plants; in particular, plant HAP5
homologs have not been identified, nor have the three
necessary components for HAP complex function been
isolated from a single plant species. We have used both
complementation and computational approaches to exam-
ine the presence and diversity of these genes in Arabidop-
sis, and show that Arabidopsis contains at least three iso-
forms of each of the HAP complex components.

Multiple Members of the HAP Family Are Present
in Arabidopsis

Functional complementation of a yeast hap2 mutant with
an Arabidopsis cDNA library led to the isolation of three
independent AtHAP2 cDNAs. This method has the advan-
tage of isolating only functional, usually full-length
cDNAs, as well as the ability to isolate clones that have
sequence divergence but maintain the same function (Mur-
ray and Smith, 1996). Sequencing, northern-blot analysis,
and the presence of putative initiation ATG codons suggest
that these are independent, full-length, functional Arabi-
dopsis HAP2 homologs. A search of the EMBL nucleotide
database led to the identification of seven more indepen-
dent and distinct Arabidopsis HAP homologs, four as
ESTs (AtHAP3a, AtHAP3b, AtHAP5a, and AtHAP5b) and
three as genomic sequences (AtHAP3c, AtHAP3d, and
AtHAP5c). The identification of multiple and distinct genes
for each HAP homolog contrasts with the situation in yeast
and vertebrates, in which only one form of each homolog
has been identified. This raises the possibility that these
factors adopt more complex roles in plants and suggests
that this transcription-factor family may have particular
significance for the regulation of plant gene expression.

Sequence Relationships of the Plant HAP Homologs

Comparative alignment of the conserved domains from a
range of HAP2s identified residues that have previously
been shown to be functionally important by mutational
analysis. Although many of the residues for subunit asso-
ciation characterized in yeast mutation studies (Xing et al.,
1994) have been conserved, there is a greater variation
between the Arabidopsis homologs than between animal
and yeast HAP2 (Fig. 6). This is exemplified by the various
residues equivalent to position 147 in AtHAP2Db (Fig. 2). In
organisms other than plants, this relative position is occu-
pied by an Arg residue. Mutation of this residue in the
yeast HAP2 protein to Pro, Leu, or Gly leads to a greatly
reduced ability to associate with the HAP3,5 dimer and to
form a functional complex (Xing et al., 1994). Each AtHAP2
contains a short aliphatic residue at this position, either Gly
or Ala, which by comparison with the mutated yeast pro-
tein should inhibit their ability to form a functional HAP
complex and complement the yeast hap2 mutant. The abil-
ity of these AtHAP2s to complement the yeast hap2 mutant
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Figure 6. Unrooted phylogenetic tree relating HAP2 homologs from
different organisms. Multiple sequence alignment and generation of
the tree was the program ClustalW (Genetics Computer Group),
excluding gap positions and with correction for multiple substitu-
tions. Bootstrap values are for 1000 replicates. Abbreviations are as
in Figure 2.

means that the inhibitory aspect of this amino acid change
must presumably be compensated for by other changes in
the sequence.

The variation within the subunit-association domains of
each AtHAP2 may allow specific recognition between each
AtHAP2 and AtHAP3,5 dimer, although there is currently
no evidence for such discrimination. Based on their func-
tional complementation of the yeast hap2 mutant, each
AtHAP?2 is capable of forming a functional complex with
the yeast HAP3,5 dimer, indicating that any such specific-
ity must be subtle.

The predicted structures for AtHAP3 and AtHAP5 indi-
cate the presence of putative TATA-box-binding protein
association domains (Bellorini et al., 1997) and the histone
fold motif (Arents and Moudrianakis, 1995; Baxevanis et al.,
1995). The positions of residues within the histone fold motif
can be directly compared with their homologous residues
within the crystal structure of core histone proteins. The
conservation of dimerization residues between species indi-
cates that each AtHAP3 or AtHAPS5 should recognize either
of its respective partners and would be likely to interact with
a dimerization partner from another species. This, and the
ability of each AtHAP2 to rescue the hap2 yeast mutant,
indicates that complex formation may occur through any
combination of each subunit. However, the specificity of the
subunit combinations may be determined by more subtle
mechanisms, such as further protein-protein interactions or
the availability of each of the components.

Although the core structure of the HAP complex has
been highly conserved throughout evolution, the exact
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mechanism for transcriptional activation and the role of
this complex in gene regulation seems to have evolved to
suit the specific regulatory requirements of particular
groups of organisms, with a greater complexity of HAP use
and interactions in multicellular organisms than in yeast.

Expression and Potential Role of the HAP Complex
in Plants

The expression patterns of the characterized AtHAP3
clones suggests a complex role in both the developmental
and the environmental regulation of gene expression. In
the absence of AtHAP3a or AtHAP3b, presumably, either
another form such as AtHAP3c or AtHAP3d associates to
produce a heterotrimer or no complex is formed. The ex-
pression of AtHAP3D in leaves from plants grown in soil
but not in those from liquid culture may suggest environ-
mental regulation of this gene (Fig. 4, compare lanes 1 and
4), perhaps in relation to osmotic stress. Northern-blot
analysis of plants grown in tissue culture on different
carbon sources (data not shown) indicates that there is no
Glc repression of transcription, as observed for yeast HAP2
(de Winde and Grivell, 1993). Currently, the exact nature of
this regulation remains elusive, and further research is
required to understand the regulation of these factors and
their role in developmental and environmental responses.

The differential expression observed for AtHAP3a and
AtHAP3b is in contrast to that for each AtHAP2 and
AtHAP5 cDNA, in which there appears to be little varia-
tion in all of the RNA samples analyzed. The ubiquitous
expression of AtHAP2 and AtHAP5 cDNAs in a wide
range of tissues suggests either a general role for these
forms or regulation at the posttranscriptional level. Fur-
thermore, no evidence for differential splicing for the
AtHAP?2 was obtained, in contrast to that seen for B. napus
HAP2 (Albani and Robert, 1995).

The presence of multiple forms of each AtHAP indicates
that gene duplication followed by divergence may have
increased the CCAAT-box-binding transcription factor rep-
ertoire in plants. The various combinations of subunits
could, in principle, allow the combinatorial modulation of
transcription. The lack of protein sequence similarity out-
side of the conserved HAP domains required for subunit
association indicates that each homolog may interact with
its own set of associating factors, leading to a specific,
modulated response. This possibility is currently the focus
of further analysis.
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