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Apart from serving as a prosthetic group in globins and enzymes, heme is a key regulator controlling a wide
range of molecular and cellular processes involved in oxygen sensing and utilization. To gain insights into
molecular mechanisms of heme signaling and oxygen sensing in eukaryotes, we investigated the yeast heme-
responsive transcriptional activator HAP1. HAP1 activity is regulated precisely and tightly by heme. Here we
show that in the absence of heme, HAP1 forms a biochemically distinctive higher-order complex. Our data
suggest that this complex contains HAP1 and four other cellular proteins including Hsp82 and Ydj1. The
formation of this complex is directly correlated with HAP1 repression in the absence of heme, and mutational
or heme disruption of the complex correlates with HAP1 activation, suggesting that this complex is responsible
for heme regulation of HAP1 activity. Further, we determined HAP1 domains required for heme regulation:
three domains—the dimerization domain, the heme domain, and the HRM7 (heme-responsive motif 7)
domain—cooperate to form the higher-order complex and mediate heme regulation. Strikingly, we uncovered
a novel function for the HAP1 dimerization domain: it not only allows dimerization but also provides critical
functions in heme regulation and transcriptional activation. Our studies provide significant insights into the
molecular events leading to heme activation of HAP1 and may shed light on molecular mechanisms of various
heme-controlled biological processes in diverse organisms.

Heme plays key roles in oxygen sensing and utilization in all
living organisms ranging from bacteria to humans. In mam-
mals, recent experiments suggest that hemoproteins are the
oxygen sensors in the induction of the synthesis of erythropoi-
etin and vascular endothelial cell growth factor in response to
hypoxia (13, 22, 25). Heme also directly regulates various mo-
lecular and cellular processes for systems that use or sense
oxygen. For example, heme stimulates the expression of globin
chains in erythroid cells and cytochrome P-450 in hepatic cells
(6, 9, 36), activates protein synthesis through the heme-regu-
lated inhibitor kinase (7), and regulates the transport of nu-
merous enzymes and the assembly of hemoglobin and cyto-
chrome complexes (24, 31). The roles of heme are largely
conserved from yeast to humans, and recent evidence indicates
that heme might regulate diverse processes through similar
mechanisms (24, 48). For example, recent experiments (32, 37)
suggest that heme regulation of gene transcription in mamma-
lian cells is mediated by heme-responsive transcription factors
like the yeast transcriptional activator HAP1 (8, 34). However,
no mammalian heme-responsive transcriptional regulator has
been identified to date. Nonetheless, the yeast HAP1-heme
regulatory system provides an excellent model for studying
heme signaling in eukaryotic cells.

In the yeast Saccharomyces cerevisiae, heme functions as the
internal barometer of oxygen tension; heme synthesis in mito-
chondria is directly correlated with oxygen levels in the extra-
cellular environment (23, 29). Heme induces the expression of
many genes encoding respiratory functions and functions in-
volved in controlling oxidative damage (15, 19, 50). The effect
of heme on gene expression is mediated by the transcriptional

activator HAP1 (8, 34), which is the only known eukaryotic
heme-responsive transcriptional regulator. HAP1 activity is
precisely controlled by heme concentrations: HAP1 activity
gradually increases as the heme concentration increases and
reaches the limit at micromolar heme concentrations (46).
Presumably, heme binds to HAP1 and activates HAP1, which
in turn promotes transcription from many promoters (8, 34).
At low levels of HAP1 expression (as occurs naturally from its
own promoter), HAP1 activity can be induced 1,000-fold by
heme, while at high levels of expression (from the inducible
GAL1-10 promoter), HAP1 activity is induced approximately
50-fold by heme (15, 46, 47).

HAP1 contains five functional domains (33, 44, 48, 49): the
C6 zinc cluster, the dimerization domain, the heme domain,
the heme-responsive motif 7 (HRM7) domain, and the activa-
tion domain. The heme domain and the HRM7 domain con-
tain six HRMs and one HRM, respectively; both domains have
been shown to be involved in heme regulation of HAP1 (8, 33,
48). HAP1 DNA binding requires the C6 zinc cluster and the
dimerization domain. The C6 zinc cluster is a highly conserved
DNA recognition motif found in at least 40 yeast transcrip-
tional activators including GAL4 and PPR1 (12, 27, 28, 38, 39).
The HAP1 dimerization domain also contains a coiled-coil
dimerization element homologous to that within the dimeriza-
tion domain of GAL4 or PPR1 (27, 38, 44). HAP1, however, is
a unique member of the C6 zinc cluster family: it recognizes
asymmetric DNA sites and binds to DNA asymmetrically,
whereas GAL4 and PPR1 recognize symmetric DNA sites and
bind to DNA symmetrically (27, 28, 39, 49).

More intriguingly, how does heme regulate HAP1 activity?
Previous results suggest that heme stimulates HAP1 DNA-
binding and transcriptional activity through both the heme
domain and the HRM7 domain (33, 48). In addition, it has
been shown that in the absence of heme, HAP1 appears as a
slowly migrating band when analyzed by DNA mobility shift
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assays (11, 47). This band was designated a high-molecular-
weight complex (HMC) (47). Heme disrupts this putative
HMC and permits HAP1 to bind with high affinity to DNA as
a dimer (47). This observation raises many questions. For
example, is the HMC really a large and biochemically distinc-
tive complex containing multiple proteins? Or is it an artifact
of DNA mobility shift assays? Or is it just an aggregate of
HAP1 formed in the absence of heme? Further, if the HMC is
indeed a biochemically distinctive complex, what is its func-
tional role in mediating heme regulation of HAP1? What
HAP1 elements are required for the formation of the HMC
and for mediating heme regulation?

To answer these questions and to test the hypothesis that the
HMC represses HAP1 activity in the absence of heme, we
carried out a series of experiments. Using sucrose gradient
centrifugation and affinity and gel filtration chromatography,
we show here that the HMC is a biochemically distinctive
complex and contains HAP1 and four other cellular proteins
including heat shock proteins Hsp82 and Ydj1. We further
show that the formation of the HMC is directly correlated with
HAP1 heme responsiveness. Our data strongly suggest that the
HMC is responsible for heme regulation. We also explored the
possibility that the HAP1 dimerization domain is important for
heme regulation and transcriptional activation. Strikingly, do-
main-swapping experiments show that the HAP1 dimerization
domain is critical for heme regulation and transcriptional ac-
tivation. We demonstrate that three domains—the heme do-
main, the HRM7 domain, and the dimerization domain—are
all required for the formation of intact HMC and heme regu-
lation of HAP1 activity.

MATERIALS AND METHODS

Yeast strains and reporters. Yeast strains used were MHY200 (MATa ura3-52
leu2-3,112 his4-519 ade1-100 hem1-D100 hap1::LEU2) (16), L51 (MATa ura3-52
leu2-3,112 his4-519 ade1-100 hap1::LEU2 trp1::hisG) (46), JEL1 (MATa leu2 trp1
ura3-52nprb1-1122 pep4-3 Dhis3::pGAL10-GAL4) (provided by B. Pina), W303
(ade2-1 can1-100 his3-12 leu2-3,112 trp1-1 ura3-1), and GRS4 (derived from
W303 with LEU2 marked disruption mutations at the HSP82 and HSC82 genes,
and bearing a vector carrying the TRP1 gene and the GAL1 HSP82 fusion gene,
which expresses the wild-type level of Hsp82 in galactose medium and 5% of the
wild-type level in glucose medium) (35). Yeast cells were grown in YPD or
synthetic complete medium. The UAS1/CYC1 (upstream activation sequence 1
[UAS1] of the CYC1 promoter)-lacZ and UAS/CYC7 (UAS of the CYC7 pro-
moter)-lacZ reporter plasmids have been described elsewhere (42). The HAP1-
driven UAS1/CYC1-lacZ reporter (15), the HAP2/3/4/5-driven UAS2UP1/
CYC1-lacZ reporter (10), and the GCN4 and BAS1/2-driven HIS4-lacZ reporter
(18) plasmids are as described elsewhere. The radiolabeled UAS1/CYC1 and
UAS/CYC7 were described previously (49).

Construction of expression plasmids. To construct the expression plasmid for
the HAP1-PPR1 hybrid protein, the DNA-binding sequence was first generated
by overlapping PCR with appropriate primers (49). The DNA was then cut with
SmaI and BstEII and inserted into a HAP1 expression vector (SD5-HAP1) (42)
cut with SmaI and BstEII. The sequence of the fused region was confirmed by
sequencing.

To construct the expression plasmid for the HAP1 mutant with the heme
domain deleted (HAP1Dheme), plasmid pHAP1(D247-447) (33) was cut with
BstEII and KpnI. The fragment containing HAP1 sequences was then inserted
into SD5-HAP1 cut with BstEII and KpnI.

To construct the expression plasmids for His6-HAP1 and His6-HAP1DKpn, a
DNA fragment encoding Met-Arg-Gly-Ser-His-His-His-His-His-His [MRGS(H)6]
was synthesized and inserted into the HAP1 and HAP1DKpn expression plas-
mids, SD5HAP1 and SD5HAP1DKpn, cut with SmaI. The corrected clones were
identified by colony hybridization and verified by DNA sequencing. The resulting
plasmids express HAP1 and HAP1DKpn with the MRGS(H)6 tag at their N
termini.

Preparation of yeast extracts and DNA mobility shift assays. Yeast JEL1 cells
bearing expression plasmids were grown to an optical density (OD) of 0.5 and
induced with 2% galactose for 6 h. Cells were harvested and resuspended in 3
packed cell volumes of buffer (20 mM Tris, 10 mM MgCl2, 1 mM EDTA, 10%
glycerol, 1 mM dithiothreitol [DTT], 0.3 M NaCl, 1 mM phenylmethylsulfonyl
fluoride [PMSF], 1 mg of pepstatin per ml, 1 mg of leupeptin per ml). Cells were
then permeabilized by agitation with 4 packed cell volumes of glass beads, and
extracts were collected as described previously (34). This method consistently
yielded extracts with protein concentrations at approximately 10 mg/ml.

DNA-binding reactions were carried out in a 20-ml volume with 5% glycerol,
4 mM Tris (pH 8), 40 mM NaCl, 4 mM MgCl2, 10 mM DTT, 3 mg of salmon
sperm DNA, 10 mM zinc acetate, and 300 mg of bovine serum albumin per ml as
described previously (47). Approximately 0.01 pmol of labeled UAS1/CYC1 or
UAS/CYC7 and 20 mg of protein extracts were used in each reaction. The
reaction mixtures were incubated at room temperature for 1 h and then loaded
onto 4% polyacrylamide gels in 0.53 Tris-borate-EDTA for polyacrylamide gel
electrophoresis (PAGE) at 4°C.

Generation of HAP1 antibody and Western blotting. HAP1 antiserum was
generated by injecting purified glutathione S-transferase (GST)–HAP1-171 (con-
taining HAP1 residues 1-171) from bacteria into rabbits according to established
protocols (17). To purify HAP1 antibody, purified GST–HAP1-171 was conju-
gated to CNBr-activated agarose beads. Then, HAP1 antiserum was loaded onto
the GST–HAP1-171 column and washed extensively. Purified HAP1 antibody
was eluted as described previously (17).

For Western blotting, approximately 150 mg of whole-cell extracts was first
separated on sodium dodecyl sulfate (SDS)–7% polyacrylamide gels and then
transferred to polyvinylidene difluoride or nitrocellulose membranes. HAP1 was
visualized by using a purified antibody against GST-HAP1 1-171 and a chemi-
luminescence Western blotting kit (Boehringer Mannheim). Antisera specific to
Hsp82, Ydj1, and Ssn6 were provided by S. Lindquist (5, 35), A. J. Caplan (3, 4),
and R. Trumbly (43), respectively. Antibody specific to MRGS(H)6 was pur-
chased from Qiagen.

Sucrose gradient centrifugation. Extracts (150 ml) containing HAP1 or its
derivatives were loaded directly onto an approximately 11-ml 10 to 45% sucrose
gradient in 25 mM Tris-HCl (pH 8)–50 mM NaCl–6 mM MgCl2–1 mM
EDTA–10 mM zinc acetate–1 mM PMSF–10 mM DTT. Centrifugation was for
15 h at 32,000 rpm in a Beckman SW50.1 rotor at 5°C; 500-ml fractions were
collected, and HAP1 or its derivatives were analyzed in the presence of heme by
DNA mobility shift assays. The amounts of HAP1 and its derivatives in the
fractions were detected by measuring the amounts of radioactivity in the bands
containing HAP1-DNA complexes with a PhosphorImager (Molecular Dynamics).

Purification of the HMC. Yeast JEL1 cells bearing plasmids expressing
MRGS(H)6-HAP1 or MRGS(H)6-HAP1DKpn were grown in raffinose complete
selective medium to an OD of 0.5 and then induced with 2% galactose for 5 to
6 h. Ten-liter volumes of cells were routinely collected, and extracts were pre-
pared as described above or by using a Mini-Bead Beater (Biospec). We often
obtained 50 to 100 ml of extracts with a protein concentration of 10 mg/ml.

To purify the HMC, 2 to 3 ml of Ni-nitrilotriacetic acid (NTA) superflow beads
(Qiagen) was packed in a column and equilibrated with buffer containing 25 mM
Tris-HCl (pH 8), 100 mM NaCl, 6 mM MgCl2, 0.5 mM EDTA, 1 mM PMSF, and
10 mM DTT. Then, extracts were loaded into the column at the rate of approx-
imately 15 ml/h. Columns were subsequently washed with 150 to 200 column
volumes of the equilibration buffer with 20 mM imidazole. The HMCs were
eluted with buffer containing 250 mM imidazole, and four 2- to 3-ml fractions
were collected. The fractions were further concentrated on Centricon 10 (Ami-
con) and analyzed by SDS-PAGE and DNA mobility shift assays. The HMC was
subjected to sucrose gradient centrifugation, but no significant improvement was
observed, presumably because the HMC eluted from Ni-NTA was of high purity
already. When analyzed on SDS-PAGE, the components of the HMC are
identical whether the extracts contain MRGS(H)6-HAP1 or MRGS(H)6-
HAP1DKpn.

To further fractionate the eluate from the Ni-NTA column, 500 ml of eluate
was loaded onto an FPLC Superose 6 HR10/30 column (Pharmacia). Proteins
were eluted with buffer containing 20 mM Tris, 10 mM MgCl2, 1 mM EDTA,
10% glycerol, 1 mM DTT, 0.3 M NaCl, 1 mM PMSF, 1 mg of pepstatin per ml,
and 1 mg of leupeptin per ml. Fractions of 400 ml were collected, trichloroacetic
acid precipitated, and analyzed by SDS-PAGE.

b-Galactosidase assays. To determine b-galactosidase levels from reporter
genes in cells containing wild-type HAP1, the HAP1-PPR1 hybrid protein, and
other mutants in the presence and absence of heme, yeast high-copy-number
2mm replicating plasmids expressing HAP1 and mutants from the GAL1-10
promoter were transformed into the strain MHY200 (16) also bearing the UAS1/
CYC1-lacZ reporter. Cells were grown in synthetic complete medium containing
2% raffinose with limiting amounts of the heme precursor d-aminolevulinate (2
mg/ml) or high amounts of d-aminolevulinate (250 mg/ml) to an OD of approx-
imately 0.5. Cells were then induced with 2% galactose for 7 h and harvested for
determination of b-galactosidase as described previously (47).

To determine b-galactosidase levels from reporter genes in cells containing
HAP1, HAP1-18, and the HAP1-PPR1 hybrid protein at UAS1/CYC1 or UAS/
CYC7, 2mm plasmids expressing wild-type HAP1, HAP1-18, and HAP1-PPR1
from the GAL1-10 promoter were transformed into the strain L51 also bearing
the UAS1/CYC1-lacZ or UAS/CYC7-lacZ reporter. Cells were grown in 2%
raffinose to an OD of 0.3 and then induced with 2% galactose prior to b-galac-
tosidase assays as described previously (46). b-Galactosidase levels from various
reporter genes in GRS4 and W303 cells were detected as described previously (35).

RESULTS

The HMC is a biochemically distinctive complex. Previous
studies have shown that in the absence of heme, HAP1 appears
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on nondenaturing polyacrylamide gels as a slowly migrating
but distinctive band, designated an HMC (11, 47). Based on
indirect evidence from titration experiments, it was hypothe-
sized that in the absence of heme, HAP1 is bound by a cellular
factor in the HMC (11, 47). Because the evidence for the HMC
came only from DNA mobility shift assays, the hypothesis that
the HMC is a distinctive biochemical entity and contains mul-
tiple cellular factors must be further tested. To demonstrate
that the HMC indeed represents a biochemically distinctive
complex containing multiple proteins, we carried out gel filtra-
tion and gradient sedimentation analyses of HAP1 complexes
and the eventual purification of the HMC (described below).
Sucrose gradient centrifugation (Fig. 1A to C) showed that
HAP1 is indeed in distinctive forms with or without heme (we
also attempted to separate the HMC and HAP1 complexes
formed with heme on Superose 6 and Sepharose CL-4B col-

umns, but the two complexes had very similar elution vol-
umes).

Whole-cell extracts containing HAP1 were subjected to cen-
trifugation in a 10 to 45% linear sucrose gradient in the pres-
ence or absence of heme. We then analyzed the amounts of
HAP1 in the fractions by DNA mobility shift assays in the
presence of heme. When centrifugation was carried out in the
presence of heme, the majority (82% of total HAP1 in all
fractions) of HAP1 was found in fractions 1 to 3 (Fig. 1C).
However, in the absence of heme (Fig. 1B), we detected a high
level of HAP1 in fractions 17 to 21 (60%) and a low level of
HAP1 in fractions 1 to 3 (25%; the same results were obtained
by Western blotting). When heme was not included in the
DNA-binding reactions, as shown by DNA mobility shift as-
says, HAP1 in fractions 17 to 21 was in the form of the HMC
while HAP1 in fractions 1 to 3 was in the form of dimeric
complexes (data not shown). The low level of dimeric com-
plexes formed in the absence of heme is due to HAP1 over-
expression and/or disruption of the HMC (when HAP1 is ex-
pressed at a lower level, all HAP1 forms the HMC [47]). These
results show that HAP1 is in distinctive forms with different
sedimentation properties, depending on whether heme is
present or absent. In the absence of heme, HAP1 is in the form
of HMC, and so it sediments faster. In the presence of heme,
the majority of HAP1 is monomeric (in the absence of DNA
[45]), so it sediments at a lower rate. In other words, heme
induces a drastic redistribution of HAP1 in the fractions (the
distributions of total proteins in fractions with and without
heme are identical [not shown]). Based on the distribution of
the HMC and molecular markers on the sucrose gradient, we
estimate the apparent molecular mass of the HMC at approx-
imately 1,000 kDa. Collectively, these results show that the
HMC is not an artifact but a biochemically distinctive complex
that can be detected by DNA mobility shift assays and sucrose
gradient centrifugation.

Purification of the HMC shows that the HMC contains four
other cellular proteins in addition to HAP1. To further test the
idea that the HMC is a distinctive biochemical entity and
contains proteins other than HAP1, we purified the complex
and analyzed its components. We found that the fusion of the
His6 tag to the N terminus of HAP1 has no effect on the for-
mation of the HMC and HAP1 activity. We transformed His6-
HAP1 and HAP1 with the UAS1/CYC1-lacZ or UAS/CYC7-
lacZ reporter into yeast cells, detected the b-galactosidase
activity in the absence and presence of heme, and found that
His6-HAP1 and HAP1 behaved identically. Therefore, we used
His6-HAP1 or His6-HAP1DKpn in our experiments. Large
quantities of cells expressing His6-HAP1 or His6-HAP1DKpn
were collected, and extracts were prepared as described in
Materials and Methods. His6-HAP1DKpn lacks the HAP1 ac-
tivation domain encompassing residues 1309 to 1483. We often
expressed His6-HAP1DKpn instead of His6-HAP1 because the
former is less toxic than the latter when overexpressed, and
because it also forms the HMC. To purify the HMC, we used
Ni-NTA columns. The HMC was eluted from the columns by
imidazole, and the fractions were further concentrated and
analyzed by SDS-PAGE and DNA mobility shift assays. Su-
crose gradient centrifugation was used to further purify the
complex, but it did not significantly improve the purification
(not shown), presumably because the complex was quite pure
already (Fig. 2A).

Figure 2A shows a typical result from the purification: four
cellular proteins appear to bind to HAP1 in the absence of
heme. We estimated that the apparent molecular masses of
these four proteins are 79, 73, 60, and 42 kDa (Fig. 2A). The
same results were obtained whether His6-HAP1 or His6-

FIG. 1. Analysis of HAP1 complexes by sucrose gradient centrifugation. (A)
Analysis of HAP1 complexes in fractions from a 10 to 45% sucrose gradient in
the absence of heme. The fraction numbers were counted from top to bottom
(i.e., fraction 1 corresponds to 10% sucrose, while fraction 21 corresponds to
45% sucrose). The amounts of HAP1 in fractions were detected in the presence
of heme by DNA mobility shift assays. The low level of dimeric complexes in
fractions 1 to 3 is due to HAP1 overexpression or disruption of the HMC (47).
(B) Distribution profile of HAP1 in the sucrose gradient in the absence of heme.
The fractions are the same as those shown in panel A, but HAP1 amounts were
calculated and plotted as percentages of the total HAP1 amount in all fractions.
(C) Distribution profile of HAP1 in the sucrose gradient in the presence of heme.
(D) Distribution profile of HAP1Dheme in the sucrose gradient. (E) Distribution
profile of HAP1-132 in the sucrose gradient. (F) Distribution profile of HAP1-
PPR1 in the sucrose gradient. No heme was included in the extracts loaded onto
gradients shown in panels D to F. Note that different scales, especially in panels
B and C, are used in the graphs in order to make them identical in size. The same
HAP1 distribution profiles were obtained when Western blotting instead of
DNA mobility shift assay was used to quantify HAP1 amounts. All extracts used
here were prepared from JEL1 cells under previously established conditions (11,
47).
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HAP1DKpn was expressed, consistent with previous results
showing that HAP1DKpn also forms the HMC. When analyzed
by DNA mobility shift assays, as expected, the purified complex
migrated very slowly and bound to DNA with low affinity, while

in the presence of heme, HAP1 dimeric complexes were
formed and bound to DNA with high affinity (Fig. 2B).

To further ascertain that four proteins are bound to HAP1
and form one complex, we fractionated the eluate from Ni-
NTA columns by gel filtration chromatography. We took a
peak fraction containing His6-HAP1 from a Ni-NTA column
(Fig. 2C, load) and loaded it onto an FPLC Superose 6 column.
The loaded fraction is less pure than the one shown in Fig. 2A
because less stringent washing conditions (no imidazole in-
cluded) were used during this purification. Nonetheless, the
four proteins shown in Fig. 2A clearly coeluted with HAP1
from the Superose 6 column (Fig. 2C). The elution volume for
the complex containing HAP1 and four other proteins was
slightly smaller than that of thyroglobulin (670 kDa). This
elution volume is consistent with the estimated molecular mass
(1,000 kDa) of the HMC based on sucrose gradient centrifu-
gation. Other proteins were eluted out at higher elution vol-
umes. Further, these four proteins were selectively cross-linked
to HAP1 by glutaraldehyde (not shown). Collectively, these
results strongly support the conclusion that these four proteins
are bound to HAP1 and form a distinctive complex, HMC.

Hsp82 associates with HAP1 and affects HAP1 transcrip-
tional activity. Heme regulation of HAP1 may resemble the
regulation of steroid hormone receptors by steroids (33, 47,
48). In the absence of ligands, steroid hormone receptors are
bound to heat shock proteins such as Hsp90 (Hsp82 in yeast)
and Ydj1, so that the receptors are repressed and are main-
tained in an activatable state (2, 3, 21, 35, 40). Heat shock
proteins are also required in the subsequent ligand-dependent
activation of the receptors. In a strain that expresses a low level
of Hsp82, steroid hormone receptors are activated much less
efficiently by hormonal ligands (35). Likewise, similar proteins
might bind to and repress HAP1 in the absence of heme and
facilitate HAP1 activation in the presence of heme.

To test the idea that heat shock proteins are components of
the HMC, we used antiserum specific to Hsp82 or Ydj1 to
probe whether they are present in the purified HMC. We took
two purified fractions (the peak fraction and the subse-
quent fraction) containing His6-HAP1DKpn (Fig. 2A) from the
Ni-NTA column and probed with antiserum specific to His6-
HAP1DKpn, Hsp82 (35), Ydj1 (3), or Ssn6 (43) (these anti-
bodies exhibited similar sensitivities in detecting correspond-
ing proteins in crude extracts). As shown in Fig. 3A, Hsp82
(lanes 3 and 4) and Ydj1 (lanes 5 and 6) were indeed present
in the fractions at significant levels similar to the level of
His6-HAP1DKpn (lanes 1 and 2). The levels of Hsp82 and Ydj1
decreased as the level of His6-HAP1DKpn decreased, and no
signal was detected in fractions containing no HMC or HAP1
(Fig. 3A [compare lanes 2 and 1, 4 and 3, and 6 and 5] and data
not shown). When extracts containing wild-type HAP1 (with-
out the His tag) were loaded onto the Ni-NTA column and
washed, no Hsp82 or Ydj1 was detected in the eluted fractions,
suggesting that Hsp82 and Ydj1 specifically interact with His6-
HAP1 and do not bind to the Ni-NTA column nonspecifically.
As a further control, lanes 7 and 8 in Fig. 3A show that no
significant level of Ssn6 (perhaps a trace amount is present due
to contamination [lane 7]), a protein previously shown to be
absent in the HMC (46), is detected in the fractions. The
specificity of these antibodies has been demonstrated in pre-
vious experiments (4, 5, 43). In our experiments, we also de-
tected only a strong single band at the expected position in the
fractions and extracts when using antiserum specific to Hsp82,
Ydj1, or Ssn6. Together, these lines of evidence strongly sug-
gest that Hsp82 and Ydj1 specifically associate with HAP1.
Based on approximate positions and molecular masses of the

FIG. 2. Purification of the HMC indicates that HAP1 is bound to multiple
cellular proteins in the absence of heme. (A) Purification of the HMC on
Ni-NTA columns. JEL1 cells bearing a plasmid expressing His6-HAP1DKpn
under the control of the GAL1-10 promoter were induced by 2% galactose for
5 h (47), and whole-cell extracts were prepared as described in Materials and
Methods. The extracts were purified on Ni-NTA columns, and the eluted frac-
tions were analyzed by SDS-PAGE (10% gels) and visualized by Coomassie blue
staining. Shown are the eluted peak fraction (Elu) and unpurified whole-cell
extracts (Ext). Four proteins (shown by arrows) are bound to HAP1 in the
absence of heme. Based on the positions of molecular weight standards, we
estimate that the sizes of these proteins are 79, 73, 60, and 42 kDa. The identity
of the His6-HAP1DKpn band was verified by Western blotting using antibodies
against MRGS(H)6 (Qiagen) and GST-HAP1 (see Materials and Methods). (B)
DNA-binding complexes formed by the purified HMC in the presence and
absence of heme. Approximately 0.2 mg (total protein amount in the fraction) of
purified HMC was incubated with radiolabeled DNA in the absence and pres-
ence of heme (5 ng/ml) and then analyzed on a 3.5% polyacrylamide gel. DC,
dimeric complex. (C) The four proteins coelute with HAP1 during chromatog-
raphy on an FPLC Superose 6 column. A 500-ml fraction eluted from a Ni-NTA
column bound with extracts containing His6-HAP1 was loaded onto an FPLC
Superose 6 HR10/30 column (Pharmacia). The loaded fraction is less pure than
the one shown in panel A because no imidazole was included for washing the
Ni-NTA column during this preparation. Fractions of 400 ml were collected from
the Superose column, trichloroacetic acid precipitated, and analyzed by SDS-
PAGE (12% gel). Shown are the loaded fraction from the Ni-NTA column
(load) and the peak fraction (sup6) from the Superose 6 column containing the
highest amount of His6-HAP1. The elution volume of the peak fraction was
between that (void volume) of dextran (2,000 kDa) and that of thyroglobulin
(670 kDa; Bio-Rad). The four proteins shown in panel A are also marked here
by arrows. The minor band above the 60-kDa protein is due to HAP1 degrada-
tion. Note that the 79/73-kDa bands are closer together here than in panel A,
very likely because this gel contains a higher percentage of acrylamide.
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proteins, we infer that Hsp82 corresponds to the 79-kDa band
whereas Ydj1 corresponds to the 42-kDa band in Fig. 2.

To further explore the idea that Hsp82 is important for
heme regulation of HAP1, we took advantage of the previously
generated GRS4 strain (35), which produces 5% of the wild-
type level of Hsp82/Hsc82 in glucose medium and the wild-type
level in galactose medium but is sufficient in heme synthesis.
We detected b-galactosidase activities of three reporters—the
HAP1-driven UAS1/CYC1-lacZ reporter (15), the HAP2/3/4/
5-driven UAS2UP1/CYC1-lacZ reporter (10), and the GCN4
and BAS1/2-driven HIS4-lacZ reporter (18)—in glucose me-
dium in the GRS4 strain and the wild-type W303 strain. We
found that the activity of HAP1-driven UAS1/CYC1-lacZ re-
porter was reduced approximately 30-fold in the GRS4 strain
compared to the wild-type W303 strain, while the activities of
the UAS2UP1/CYC1-lacZ reporter and the HIS4-lacZ re-
porter were generally reduced only 2- to 3-fold (Fig. 3B). As a
control, Fig. 3C shows that all three reporters exhibited similar
levels of activity in both strains in galactose medium, in which
GRS4 produces the wild-type level of Hsp82 (35). The result
suggests that a reduced level of Hsp82 has a strong and selec-
tive effect on HAP1 activity in heme-sufficient cells.

To rule out the possibility that the effect of Hsp82 on HAP1
activity is due to its effect on HAP1 expression level or stability,
we detected HAP1 levels in extracts prepared from cells pro-
ducing the wild-type level of Hsp82 and 5% of the wild-type
level by DNA mobility shift assays. We found that extracts
prepared from cells expressing the wild-type level of Hsp82
(GRS4 in galactose [Fig. 3D, lane 1]) and 5% of the wild-type
level (GRS4 in glucose [Fig. 3D, lane 2]) exhibited the same
level of DNA-binding activity in vitro in the presence of heme,
suggesting that the reduced level of Hsp82 did not affect HAP1
expression levels or stability. Because of the difficulty in ex-
pressing sufficient levels of HAP1 transiently in GRS4 in glu-
cose medium and in growing the GRS4 cells in glucose me-
dium under heme-deficient conditions, we could not examine
the effect of the reduced level of Hsp82 on the HMC and
HAP1 activity in the absence of heme. However, we suspect
that the HMC can form at the reduced level of Hsp82 because
the HAP1 level is also low when expressed from its own pro-
moter on the chromosome (47). Very likely, HAP1 is inactive
in the absence of heme at the reduced level of Hsp82, because
HAP1 is largely inactive even in heme-sufficient cells—the
activity of the UAS1/CYC1-lacZ reporter in GRS4 in glucose
medium (Fig. 3B) is at the same level as the basal transcrip-
tional activity of the reporter detected in cells lacking HAP1
(46). In any case, the data in Fig. 3 suggest that Hsp82 asso-
ciates with HAP1 and that the level of Hsp82 strongly affects
HAP1 activity. The result that Hsp82 has a positive effect on
HAP1 activity might seem to be puzzling and contradictory to
the role of the HMC in HAP1 repression. However, this is not
entirely inconceivable because HAP1, like steroid hormone
receptors (2, 3, 21, 35, 40), might require Hsp82 and other heat
shock proteins for repression in the absence of the ligand, and
for subsequent activation by the ligand (see also Discussion).

The HMC is functionally linked to heme regulation. Bio-
chemical data described above have established the fact that
the HMC is a biochemically distinctive complex containing
HAP1 and four other proteins including Hsp82 and Ydj1, not
an artifact or an aggregate of HAP1. The next important task
is to demonstrate its functional significance in heme regulation
of HAP1. We asked whether the HMC is critical for heme
regulation of HAP1 activity and how the heme domain and the
HRM7 domain may affect the HMC and heme regulation. To
answer these questions, we took advantage of HAP1 mutants:
we examined the effects of mutations in the heme and HRM7

FIG. 3. Hsp82 is present in the HMC and greatly affects HAP1 transcrip-
tional activity. (A) Hsp82 and Ydj1 are found in the purified HMC. Two purified
HMC fractions from a Ni-NTA column (Fig. 2A), the peak fraction (lanes 1, 3,
5, and 7) and the subsequent fraction (lanes 2, 4, 6, and 8), were electrophoresed
on 6% (lanes 1 and 2), 7% (lanes 3 and 4), 10% (lanes 5 and 6), and 7% (lanes
7 and 8) SDS-polyacrylamide gels. Then, proteins on these gels were transferred
to polyvinylidene difluoride membranes and probed with antibodies specific for
MRGS(H)6 (lanes 1 and 2), Hsp82 (lanes 3 and 4), Ydj1 (lanes 5 and 6), and
Ssn6 (lanes 7 and 8) by Western blotting. These detected bands were all at the
expected positions according their molecular weights. No significant signals were
detected in lanes 7 and 8 even after extended exposure. These antibodies exhib-
ited similar sensitivity (at the nanogram level) when used to probe proteins in
crude extracts. (B) Hsp82 greatly affects HAP1 activity selectively. Yeast wild-
type W303 and Hsp82/Hsc82-deficient GRS4 cells (35) bearing the HAP1-driven
UAS1/CYC1-lacZ reporter (15), the HAP2/3/4/5-driven UAS2UP1/CYC1-lacZ
reporter (10), or the GCN4 and BAS1/2-driven HIS4-lacZ reporter (18) were
grown in glucose medium at ambient temperature, and b-galactosidase activities
were detected as described previously (35). The b-galactosidase activity detected
from cells bearing a reporter plasmid is plotted. (C) HAP1 activity is not affected
in the GRS4 strain (35) when the wild-type level of Hsp82 is expressed. b-Ga-
lactosidase activities were detected in the same way as for panel B except that
cells were grown in galactose medium. (D) The reduced level of Hsp82 does not
affect HAP1 DNA-binding activity. Extracts were prepared from GRS4 cells
grown in galactose medium (lane 1) and glucose medium (lane 2) as described
previously (34). DNA-binding reactions were carried out in the presence of heme
as described in Materials and Methods. The position of the HAP1-DNA complex
is marked by an arrow. The bottom band is due to DNA binding by an unchar-
acterized protein (34).
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domains on heme regulation and on the formation of the HMC
and determined whether there is a direct correlation between
the formation of the HMC and HAP1 heme responsiveness.

We characterized a HAP1 derivative with the heme domain
deleted (HAP1Dheme; residues 245 to 444 are deleted) and a
HAP1 mutant (HAP1-132) with a mutation at amino acid
position 1048 (Cys to Tyr) (16) in the HRM7 domain (Fig. 4).
Although the HAP1Dheme mutant has previously been shown
to bind to DNA constitutively as a dimer in the absence of
heme (11, 47), it has not been shown that it causes constitutive
transcriptional activity due to its toxicity under heme-deficient
conditions. We overcame this problem by expressing the pro-
tein from the inducible GAL1-10 promoter. We placed HAP1,
HAP1Dheme, and HAP1-132 under the control of the induc-
ible GAL1-10 promoter, so that we could analyze their tran-
scriptional and DNA-binding activities in parallel. We detected
the activities of wild-type HAP1 and mutants in heme-deficient
(2 mg of the heme precursor d-aminolevulinate per ml) and
heme-sufficient (250 mg of d-aminolevulinate per ml) cells. We
analyzed the HMC formed in the absence of heme and HAP1
dimeric complexes formed in the presence of heme by wild-
type HAP1 and mutants.

As shown in Fig. 4A and B, we found that HAP1 forms a
high level of HMC (Fig. 4B, lane 1), and its transcription-
activating activity is induced at least 30-fold by heme (Fig. 4A);
HAP1Dheme does not form the HMC (Fig. 4B, lane 3) and is
constitutively active regardless of heme concentrations (Fig.
4A); and the HAP1-132 mutant forms a very low level of HMC
(Fig. 4B, lane 5) and causes constitutivity in the absence of
heme and 2-fold hyperinduction by heme (Fig. 4A). Western
blotting shows that all three proteins were expressed at the
same level (Fig. 4C; the same conclusion can be made based on
the dimeric complexes formed in the presence of heme [Fig.
4B]). The low level of the HMC formed by the mutants is
therefore not due to differences in protein levels. These results
show that the disappearance of the HMC coincides with the
disappearance of HAP1 heme responsiveness. The dimeric
complex formed by wild-type HAP1 in the absence of heme is
due to HAP1 overexpression (46). The overexpression of wild-
type HAP1 and formation of dimeric complexes allow HAP1
to gain higher than basal but low levels of activity in the
absence of heme (46), indicating that wild-type HAP1 dimeric
complexes are largely inactive, very likely because dimeric
complexes in vivo can rapidly reassociate with other cellular
proteins to form the HMC, and remain inactive (see Discus-

sion). Note that the shape and the mobility of the dimeric
complex band (Fig. 4B) appear to be different in the absence
and presence of heme, very likely because of conformational
changes induced by heme binding (the mutants can still bind to
heme through HRMs, although the binding is not important
for activity).

To confirm the effects of HAP1Dheme and the HAP1-132
mutant on the HMC, we examined the distribution of mu-
tant complexes in the sucrose gradient. As shown in Fig. 1D,
HAP1Dheme, like wild-type HAP1 in the presence of heme, is
present predominantly in fractions 1 to 3. Figure 1E shows that
the majority of HAP1-132 is in fractions 1 to 3, while a small
portion is also found in fractions 17 to 21. These results pro-
vide another line of strong evidence supporting the conclusion
that HAP1Dheme cannot form the HMC whereas HAP1-132
forms a low level of the HMC. Together, the data strongly
suggest that the HMC plays a critical role in heme regulation
and that the heme and HRM7 domains effect heme regulation
by allowing the formation of the HMC.

The HAP1 dimerization domain is critical for heme regula-
tion and the formation of intact HMC. The HAP1 dimeriza-
tion domain is adjacent to the heme domain, and it has been
suggested that dimerization is a determining step in heme
activation of HAP1 (44). Therefore, we speculated that the
HAP1 dimerization domain may play regulatory roles in heme
regulation in addition to allowing dimerization. Perhaps the
HAP1 dimerization domain is also involved in the formation
of the HMC and participates in interactions critical for
heme regulation. To explore this possibility, we substituted
the HAP1 dimerization domain with that of PPR1. Both HAP1
and PPR1 contain a C6 zinc cluster and a coiled-coil dimeriza-
tion element in their DNA-binding sequences (28, 44, 49).
Previously, we showed that replacing the HAP1 dimerization
domain with that of PPR1 has no effect on HAP1 dimeric
binding to its cognate DNA sites including UAS1/CYC1 and
UAS/CYC7 (45). Therefore, we infer that this substitution
should have no effect on HAP1 DNA binding in the presence
of heme.

We made a HAP1-PPR1 hybrid protein with the HAP1
dimerization domain (residues 117 to 244) (44, 49) replaced by
the PPR1 dimerization domain (PPR1 residues 81 to 123) (Fig.
5A) (28). Strikingly, as shown in Fig. 5B, this hybrid protein
causes constitutivity in the absence of heme. Its activity is
further induced by heme by only 2- to 3-fold, while HAP1
activity is induced more than 30-fold by heme. This result

FIG. 4. Formation of the HMC is critical for HAP1 repression in the absence of heme. (A) b-Galactosidase activities of HAP1, HAP1Dheme (Dheme, the derivative
lacking the heme domain), and HAP1-132 in heme-deficient cells (open bars) and heme-sufficient cells (shaded bars). 2mm plasmids expressing wild-type HAP1 and
mutants from the GAL1-10 promoter were transformed into strain MHY200 bearing the UAS1/CYC1-lacZ reporter. b-Galactosidase assays were carried out as
described in Materials and Methods. (B) DNA-binding complexes formed by HAP1 and mutants in the presence or absence of heme. Extracts containing HAP1 (lanes
1 and 2), HAP1Dheme (lanes 3 and 4), and HAP1-132 (lanes 5 and 6) were incubated with radiolabeled DNA in the absence (lanes 1, 3, and 5) and presence (lanes
2, 4, and 6) of heme (5 ng/ml). The reaction mixtures were analyzed on a 4% polyacrylamide gel. A low level of wild-type HAP1 forms dimeric complexes (DC) in the
absence of heme due to the titration of other cellular proteins in the HMC. All extracts used here were prepared from JEL1 cells under previously established conditions
(11, 47). (C) Western blot showing that virtually identical amounts of HAP1 and mutant proteins are expressed in vivo.
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shows that the HAP1 dimerization domain is indeed critical for
heme regulation. Further, we found that the chimeric protein,
unlike HAP1, can no longer form the HMC (Fig. 5C, lane 1).
Rather, in the absence of heme, it forms a complex interme-
diate in mobility between the HMC and the dimeric complex
(compare lanes 1 and 2 in Fig. 4B with those in Fig. 5C).
Although the level of the chimeric protein in extracts is less
than half of that of wild-type HAP1 (Fig. 5D), we reason that
the low protein level per se should not affect the formation of
the HMC, because our previous experiments show that HAP1
forms the HMC well even when HAP1 is expressed at a low
level from its own promoter (47). In other words, any change
in the HMC formed by the chimeric protein is not attributable
to the lower amount of the chimeric protein in the extracts. We
suspect that this complex with an intermediate mobility is part
of a disassembled HMC, since evidence presented above sug-
gests that multiple proteins are associated with HAP1 in the
absence of heme. Note that in the presence of heme, the hybrid
protein forms a dimeric complex (Fig. 5C, lane 2) like that
formed by HAP1 (Fig. 4B, lane 2).

Data from sucrose gradient centrifugation further support
the conclusion that HAP1-PPR1 forms a complex smaller than
the HMC. As shown in Fig. 1F, approximately half of the
HAP1-PPR1 protein is present in fractions 4 to 9, suggesting
the presence of a complex that is smaller than the HMC (in
fractions 17 to 21 [Fig. 1A and B]) but larger than the HAP1
complex formed in the presence of heme (in fractions 1 to 3
[Fig. 1C]). A significant portion of HAP1-PPR1 is present in
fractions 1 to 3, very likely because this complex is labile and
easily disrupted. These results again show a strong correlation
between the disappearance of the HMC and the disappearance
of heme regulation, indicating the importance of the HMC in

heme regulation of HAP1. Taken together, the data show that
the HAP1 dimerization domain is critical for heme regulation
of HAP1 and for formation of the HMC.

The HAP1 dimerization domain is also critical for differen-
tial transcriptional activation. HAP1 activates transcription at
two distinctive UASs, UAS/CYC7 and UAS1/CYC1 (34). Pre-
vious experiments have suggested that the HAP1 DNA-bind-
ing domain has an impact on transcriptional activation (20, 42).
For example, a previously identified mutant, HAP1-18, with a
mutation in the zinc cluster (Ser-63 to Arg) binds to UAS/
CYC7 with the same affinity as HAP1 but activates transcrip-
tion at a much higher level than HAP1 (Fig. 6A) (20). It was
hypothesized that the HAP1 DNA-binding domain contacts a
coactivator or a general transcription factor at UAS/CYC7 (20,
42).

The crystal structures of DNA complexes formed by C6 zinc
cluster proteins including GAL4 and PPR1 show that the res-
idues in the dimerization domains of these proteins are largely
exposed (27, 28). Therefore, we speculated that the residues in
the HAP1 dimerization domain might be exposed and could
participate in protein-protein interactions that are important
for transcriptional activation. To test this possibility, we deter-
mined the ability of the HAP1-PPR1 hybrid protein to activate
transcription at UAS/CYC7 and UAS1/CYC1. We found that
the HAP1-PPR1 chimera cannot activate transcription at
UAS/CYC7 but retains a high level of activity at UAS1/CYC1
(Fig. 6A). Figure 6B further shows that the hybrid protein, like
HAP1, binds to UAS/CYC7 with the same or even higher
affinity than to UAS1/CYC1 (Fig. 6B; compare lanes 8 to 10
with lanes 5 to 7). The position of the HAP1- and HAP1-
PPR1-DNA complexes is marked by an arrow in Fig. 6B. Note
that the HAP1- and HAP1-PPR1-DNA complexes were not
present when extracts containing no HAP1 or HAP1-PPR1
were used (Fig. 6B, lanes 1 and 2). The same result is obtained
when the corresponding purified proteins containing only the
DNA-binding sequences are used (45). Therefore, the differ-
ential transcriptional activity of the hybrid protein at UAS/
CYC7 and UAS1/CYC1 is not due to the lack of HAP1 binding
at UAS/CYC7. These results show that the HAP1 dimerization
domain is indeed critical for transcriptional activation at UAS/
CYC7 and may participate in interactions critical for transcrip-
tional activation at the site.

DISCUSSION

Multiple domains cooperate to form the HMC and mediate
heme regulation. Here we show, by combining biochemical and
genetic analyses, that heme regulation of HAP1 is mediated by
a higher-order complex, termed HMC. Our biochemical data
from DNA mobility shift assays, sucrose gradient centrifuga-
tion, and affinity and gel filtration chromatography convinc-
ingly show that the HMC is indeed a biochemically distinctive
complex containing multiple cellular proteins including Hsp82
and Ydj1, not just an aggregate of HAP1 or an artifact of DNA
mobility shift assays. Further biochemical and functional anal-
yses of HAP1 mutants provide compelling evidence for the
conclusion that the HMC is critical for heme regulation of
HAP1. We have shown that the formation of the HMC is
closely linked to HAP1 heme responsiveness; the amount of
intact HMC formed by HAP1 and mutants is proportional to
the degree of HAP1 heme responsiveness (Fig. 1 and 4). Our
data provide a direct functional link between the HMC and
heme regulation of HAP1 activity.

Further, our data show that three distinct domains—the
heme domain, the HRM7 domain, and the dimerization do-
main—are all required for the formation of an intact HMC and

FIG. 5. The HAP1 dimerization domain is critical for heme regulation. (A)
Domain structures of HAP1 and the HAP1-PPR1 chimeric protein. Shown are
the C6 zinc cluster (Zn, residues 55 to 95), the dimerization domain (DD,
residues 117 to 244), the heme domain (HEME, residues 245 to 444), the HRM7
domain (HRM7, encompassing the sequence surrounding residue 1192), and the
activation domain (ACT, residues 1309 to 1483). The HAP1-PPR1 chimera
contains all domains of HAP1 except that the HAP1 dimerization domain (res-
idues 117 to 244) is replaced by that of PPR1 (residues 81 to 123). (B) b-Ga-
lactosidase activities of HAP1 and the HAP1-PPR1 hybrid protein in heme-
sufficient (shaded bars) and heme-deficient (open bars) cells. 2mm plasmids
expressing HAP1 and the HAP1-PPR1 hybrid protein from the GAL1-10 pro-
moter were transformed into strain MHY200 bearing the UAS1/CYC1-lacZ
reporter. (C) Complexes formed by the HAP1-PPR1 hybrid protein. The hybrid
protein forms dimeric complexes (DC) (lane 2) in the presence of heme, while
in the absence of heme it forms a complex (shown by an arrow in lane 1) that
migrates much faster than the HMC (Fig. 4B) but slower than the dimeric
complex. (D) Expression levels of the HAP1-PPR1 hybrid protein and wild-type
HAP1 detected by Western blotting. All extracts used were prepared from JEL1
cells under previously established conditions (11, 47).
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for heme regulation. Mutation or deletion of any one of these
domains abrogates the formation of the HMC and abolishes
heme regulation of HAP1 activity (Fig. 1, 4, and 5). The effect
of the heme domain on the HMC and HAP1 heme respon-
siveness is the most drastic (Fig. 4), suggesting that it plays a
major role in heme regulation and perhaps provides a strong
interaction between HAP1 and other components of the
HMC.

How is the precise regulation of HAP1 activity by heme
accomplished? Our data provide significant insights into the
mechanism by which HAP1 is repressed in the absence of
heme and subsequently activated by heme. The formation of
the HMC involving multiple domains very likely plays a key
role in regulating HAP1 activity. Three domains—the dimer-
ization domain, the heme domain, and the HRM7 domain—
are all required for heme regulation. A high magnitude of
heme regulation is observed only if all three domains are intact
and a high level of HMC is formed (Fig. 1, 4, and 5). Neither
the heme domain nor the HRM7 domain alone confers signif-
icant activity increases in response to heme (48). We postulate
that a dynamic equilibrium exists between the transcriptionally
inactive HMC and the active dimeric HAP1 complex. At low
heme concentrations, the majority of HAP1 is in the form of
the HMC and is transcriptionally inactive, whereas at high
heme concentrations, the majority is in the form of dimeric
complexes and is transcriptionally active. When the heme con-
centration changes, a redistribution of the HMC and the
dimeric complex ensues, causing a change in HAP1 activity. All
three heme regulatory domains—the dimerization domain, the
heme domain, and the HRM7 domain—may help bind or bind
directly to heme, sense heme concentrations, and mediate
HAP1 conformational changes. Therefore, the formation of

the HMC and the equilibrium between the HMC and the
dimeric complex can be highly sensitive to changes of heme
concentration. Consequently, cooperation of multiple domains
and formation of a dynamic complex highly sensitive to heme
allow the precise and tight regulation of HAP1 activity.

This model explains why overexpression of wild-type HAP1
in vivo in the absence of heme causes only a low level of HAP1
activation (Fig. 4 and reference 47), even though considerable
amounts of dimeric complexes are observed. Because in vivo,
in the absence of heme, the equilibrium is predominantly to-
ward the formation of the HMC, any transiently formed
dimeric complexes would be rapidly rebound by other cellular
proteins and thus inactivated (considerable amounts of dimeric
complexes were observed by in vitro assays because dimeric
complexes cannot reassociate with other cellular proteins once
separated by force). The mutants, HAP1Dheme, HAP1-132,
and HAP1-PPR1, however, have little or no potential to form
the HMC even in the absence of heme (Fig. 1, 4, and 5). These
mutants are therefore poorly repressed and gain high levels of
activity in the absence of heme. The wild-type HAP1 appears
to be partially repressed in vivo even at high heme concentra-
tions (Fig. 4A; the activity of wild-type HAP1 at the high heme
concentration is still lower than that of HAP1Dheme), very
likely because wild-type HAP1 still possesses the potential to
form the HMC even at high levels of heme. Our proposed
model is consistent with all the existing data and should pro-
vide valuable guidance in future studies, even though many
questions about heme regulation of HAP1 remain to be an-
swered. Interestingly, although the HMC allows HAP1 to be
repressed in the absence of heme, our data also indicate that it
might play a positive role in transcriptional activation by
HAP1, as discussed below.

FIG. 6. The HAP1 dimerization domain plays an important role in transcriptional activation. (A) b-Galactosidase activities of HAP1, HAP1-18, and HAP1-PPR1
at UAS1/CYC1 (open bars) and UAS/CYC7 (shaded bars). HAP1-18 is shown as a control; it has a much higher activity at UAS/CYC7 than HAP1 but is inactive at
UAS1/CYC1 (42). In contrast, the HAP1-PPR1 hybrid protein is active at UAS1/CYC1 but not at UAS/CYC7. (B) Binding of the HAP1-PPR1 hybrid protein to
UAS1/CYC1 and UAS/CYC7. Approximately 300,000 cpm of radiolabeled UAS1/CYC1 (UAS1; lanes 1, 3, 5, 6, and 7) and UAS/CYC7 (CYC7; lanes 2, 4, 8, 9, and 10)
was incubated with 20 mg of protein extracts prepared from cells expressing no HAP1 or HAP1-PPR1 (lanes 1 and 2), with 10 mg of extracts containing HAP1 (lanes
3 and 4) or the HAP1-PPR1 hybrid protein (lanes 5 and 8), with 20 mg of extracts containing the HAP1-PPR1 hybrid protein (lanes 6 and 9), or with 40 mg of extracts
containing the HAP1-PPR1 hybrid protein (lanes 7 and 10). Shown by arrows are the positions of HAP1/HAP1-PPR1-DNA complexes (HAP1) and unbound DNA
(Free). In the presence of heme, the HAP1-PPR1 hybrid protein binds to the UAS/CYC7 with the same affinity or higher affinity than to UAS/CYC1, although the hybrid
protein is inactive at UAS/CYC7. Note that the HAP1-PPR1 fusion protein is very unstable in extracts, and significant degradation often occurs during DNA-binding
reactions and electrophoresis.
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Roles of Hsp82 in heme regulation of HAP1. Our data sug-
gest that Hsp82 is a component of the HMC that allows HAP1
to be repressed in the absence of heme (Fig. 3A), and we have
further shown that a reduced level of Hsp82 causes a drastic
and selective decrease in HAP1 transcriptional activity (Fig.
3B). These results might seem to be contradictory to each
other. However, this effect of Hsp82 is analogous to the effect
of Hsp90 on steroid hormone receptors. Hsp90 is bound to and
reversibly inactivates steroid hormone receptors in the absence
of hormone, and it maintains them in an activatable confor-
mation (2, 35). Hsp90 is essential for ligand binding and re-
sponse; the activity of steroid hormone receptors under the
reduced level of Hsp90 is greatly diminished (2, 35). We sus-
pect that Hsp82 might affect HAP1 in a similar manner. As a
component of the HMC, Hsp82 should contribute to HAP1
repression in the absence of heme, but it might also be re-
quired for HAP1 activation by heme. Thus, a reduced level of
Hsp82 diminishes HAP1 activity in heme-sufficient cells. HAP1
constitutive mutants also behave in a manner similar to con-
stitutive steroid hormone receptors. Constitutive steroid hor-
mone receptors do not bind to and do not require Hsp82 for
activity (35). Likewise, HAP1 constitutive mutants (Fig. 4 and
5) do not form intact HMC and thus very likely do not require
Hsp82 for transcriptional activity. The analogy between the
HAP1-heme signaling pathway and the steroid hormone sig-
naling pathway has long been suspected (33, 47, 48). The data
in Fig. 3 provide the preliminary biochemical and genetic ev-
idence supporting the analogy of these pathways. However,
whether Hsp82 affects HAP1 through the same mechanism as
that by which Hsp90 affects steroid hormone receptors is not
yet clear. Further investigations must be carried out in order to
understand exactly how Hsp82 affects HAP1 repression in the
absence of heme and subsequent activation by heme.

The involvement of heat shock proteins in heme regulation
of HAP1 may explain why the steroid hormone receptor reg-
ulatory system is so highly conserved in mammals and yeast (2,
35), although steroid hormone receptors do not exist naturally
in yeast. The heat shock regulatory system in yeast may serve
to control HAP1 activity, and steroid hormone receptors may
be analogs of HAP1 in yeast. Therefore, this system can serve
to regulate steroid hormone receptors when expressed artifi-
cially in yeast. This regulatory system may also act to control
the activity of other yeast transcriptional activators, such as
LEU3 (41) and PPR1 (26).

A versatile dimerization domain. Dimerization is critical for
the functions of a wide array of regulatory proteins, particu-
larly transcription factors. The dimerization domains of nu-
merous transcription factors promote the formation of homo-
or heterodimers that are able to bind to DNA with high affin-
ity. Likewise, the HAP1 dimerization domain is required for
HAP1 to bind to DNA with high affinity (44). Remarkably, we
uncovered a novel function for the HAP1 dimerization do-
main: it is not only required for HAP1 dimerization and high-
affinity DNA binding but also essential for heme regulation
and transcriptional activation at certain DNA sites.

How does the HAP1 dimerization domain affect heme reg-
ulation and transcriptional activation? Based on the crystal
structures of the related PPR1-DNA and GAL4-DNA com-
plexes (27, 28), we suspect that the residues in the HAP1
dimerization domain are exposed and could readily participate
in protein-protein interactions that are important for heme
regulation and/or transcriptional activation. As shown in Fig.
1F and 5C, the HAP1-PPR1 hybrid protein cannot form an
intact HMC. This suggests that the HAP1 dimerization domain
may participate in interactions critical for the formation of the
HMC, thereby affecting heme regulation. Similarly, the HAP1

dimerization domain may affect transcriptional activation at
UAS/CYC7 by contacting a coactivator required for activation
at this site. Perhaps even HAP1-18 and other HAP1 activation
mutants (42) with mutations located in the DNA-binding se-
quence affect transcriptional activation through the dimeriza-
tion domain. Further, the effects of positive control mutants in
the DNA-binding domains of other transcriptional activators
might also be attributable to the role of dimerization domains
on transcriptional activation (1, 14, 30).

Our studies provide an example of how heme controls the
activity of a transcriptional activator, how multiple domains act
together to confer precise and tight regulation by a signaling
molecule, and how a regulatory system may be conserved from
mammals to yeast to control the activity of transcriptional
activators responsive to signaling molecules. Regulation
through the formation of a higher-order complex involving
multiple domains may be another general mechanism by which
the activity of numerous regulatory proteins can be precisely
regulated by small signaling molecules such as heme or oxygen.
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