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Heme-responsive motifs (HRMs) mediate heme regulation of diverse regulatory proteins. The heme activa-
tor protein Hapl contains seven HRMs, but only one of them, HRM?7, is essential for heme activation of Hapl.
To better understand the molecular basis underlying the biological significance of HRMs, we examined the
effects of various mutations of HRM7 on Hapl. We found that diverse mutations of HRM7 significantly
diminished the extent of Hapl activation by heme and moderately enhanced the interaction of Hapl with
Hsp90. Furthermore, deletions of nonregulatory sequences completely abolished heme activation of Hap1l and
greatly enhanced the interaction of Hap1 with Hsp90. These results show that the biological functions of HRMs
and Hsp90 are highly sensitive to structural changes. The unique role of HRM7 in heme activation stems from
its specific structural environment, not its mere presence. Likewise, the role of Hsp90 in Hapl activation is
dictated by the conformational or structural state of Hapl, not by the mere strength of Hap1-Hsp90 interac-
tion. It appears likely that HRM7 and Hsp90 act together to promote the Hap1l conformational changes that
are necessary for Hap1 activation. Such fundamental mechanisms of HRM-Hsp90 cooperation may operate in

diverse regulatory systems to mediate signal transduction.

Heme serves key roles in many fundamental biological pro-
cesses in virtually all living organisms. It is essential for the
transport and storage of oxygen, for the generation of cellular
energy by respiration, for the synthesis and degradation of
steroids, lipids and certain neurotransmitters, for the detoxifi-
cation of xenobiotics, and for controlling oxidative damage (4).
Heme not only serves as an essential prosthetic group in many
proteins and enzymes that transport or use oxygen, but it also
directly controls the levels and functional activities of such
proteins and enzymes and their upstream regulators (28, 38,
39). For example, in reticulocytes, heme controls protein syn-
thesis by directly regulating the activity of the heme-regulated
inhibitor kinase HRI, which phosphorylates the « subunit of
eukaryotic initiation factor 2 (eIF-2) at serine 51, causing the
formation of an eIF2a (phosphorylated)/eIF-2B complex and
inhibition of protein synthesis (2, 7, 8). Notably, heme directly
binds to and inhibits the mammalian transcriptional repressor
Bachl (27), a dimerization partner of the Maf family proteins,
which controls the expression of a wide array of genes, includ-
ing oxidative stress-responsive genes and globin genes (1, 18-
22, 27, 41, 46). Other heme-regulated transcription factors
include the CAAT box-binding factor NF-Y (25), the heme-
responsive Ku protein complex (36, 37), the bacterial iron
response regulator protein Irr (34), and the yeast heme acti-
vator protein Hapl (9, 29). Remarkably, recent studies have
also shown that heme is critical for the activation of the Ras-
MAPK signaling pathway and the expression of many neuron-
specific genes induced by nerve growth factor (53, 54). It is
increasingly clear that heme controls the activity of numerous
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regulatory and signaling pathways by interacting directly with
key pathway regulatory proteins.

How does heme control the activity of diverse regulatory
proteins? Heme regulation of many proteins appears to be
mediated by a short heme-binding motif, termed the heme-
responsive motif (HRM) (27, 34, 40, 49). Most, if not all,
heme-regulated proteins have been shown to contain HRMs,
which consist of two invariable CP residues and other more
variable residues, such as D and H (Fig. 1) (27, 34, 40, 49). For
example, Bachl contains four HRMs, at least one of which is
critical for heme binding and regulation (27). Irr contains one
HRM that is critical for heme binding and regulation (34).
Hapl contains seven HRMs, of which six (HRM1 to -6) are
clustered near the DNA-binding domain, and one (HRM?7) is
located near the transcription activation domain (Fig. 1) (49).
Other hemoproteins that contain HRMs include HRI, heme
oxygenase, and heme lyases (35, 49). In vitro, all these HRMs
bind heme reversibly with micromolar affinity (34, 49). How-
ever, it is unlikely that all HRMs in a protein are equally
important for biological function in vivo. If HRMs possess
different functional roles, how are their functional roles deter-
mined? Existing data in the literature provide little mechanistic
insight into how heme binding to HRMs may alter the struc-
ture of regulatory proteins and cause changes in their activity.
Thus, a more detailed analysis of the functional roles of HRMs
and their modes of action is necessary.

Hapl is a well-studied heme-regulatory protein. It contains
seven HRMs (Fig. 1) (47, 51). Thus, Hapl provides an excel-
lent model for studying the functional role of HRMs and the
molecular events underlying heme regulation. Previous studies
showed that HRM7 of Hapl, located near the activation do-
main, plays a key role in heme activation of Hapl in vivo,
whereas HRM1 to -6, which are located near the DNA-binding
domain, play only a minor, auxiliary role in heme activation
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FIG. 1. Hapl domain structure and schematic diagrams of Hap1 mutants with mutations in or near HRM7. Shown are the C6 zinc cluster motif
(Zn), the dimerization element (DE), three repression modules (RPM1 to 3), seven heme-responsive motifs (HRM1 to -6 and HRM7), and the
activation domain (ACT). Also shown are the amino acid residues of HRMI1 to -7. Mutant H7-1 contains a substitution of the Cys residues in
HRM?7 with Ala. Mutant H7-N contains a substitution of the HRM?7 residues KCPVYQ with residues SGR; mutant H7-N7 contains residues
SGRKCPVYQGGR in place of HRM7 residues KCPVYQ; mutant H7-NDH contains residues SGRKCPVDHGGR in place of HRM?7 residues
KCPVYQ; mutant H7-DH contains residues DH in place of residues YQ in HRM7; mutant H7-10A contains 10 Ala residues inserted in front
of HRM7; mutant H7-R2A contains a substitution of the Cys residue at position 1048 in RPM2 with Ala.
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(12, 15). It was further shown that the molecular chaperone
Hsp90 plays a positive role in promoting heme activation of
Hapl (24).

Hsp90 plays critical roles in the proper functioning of di-
verse signal transducers, such as steroid receptors and protein
kinases (26, 30-33). Our previous studies showed that Hsp90
plays a positive role in heme regulation of Hapl (17, 24, 52).
Hsp90 is critical for heme activation of Hapl but does not
appear to be important for Hap1 repression in the absence of
heme (17, 24, 52). Deciphering the mode of Hsp90 action in
heme activation of Hapl may help to clarify Hsp90 action in
the regulation of many other signal transducers. To understand
the determinants that underlie the functional role of HRMs,
we generated, for this report, a series of targeted mutations in
HRM?7 and its surrounding sequences. We analyzed the effects
of these mutations on heme activation of Hapl in vivo, on
Hapl DNA-binding in vitro, and on the interaction between
Hap1 and the molecular chaperone Hsp90. Our results suggest
that the structural environment of HRM7—not its mere pres-
ence—determines its functional role in heme activation. Like-
wise, a positive role of Hsp90 in Hapl activation entails the
presence of specific Hapl structural states. The mere associa-
tion of Hsp90 with Hap1l does not lead to the potentiation of
Hapl activation by heme. Together, our data suggest that
Hsp90 interacts intimately with the HRM7 region of Hapl to
promote Hapl conformational changes that are necessary for
Hapl activation, resulting in heme activation of Hapl-en-
hanced transcription of target genes.

MATERIALS AND METHODS

Yeast strains and reporters. Saccharomyces cerevisiae strains used were
MHY200 (MATa ura3-52 leu2-3,112 his4-519 adel-100 hapl::LEU2hemI-A100)
(13) and JEL1 (MAT« leu2 trpl ura3-52 nprbI1-1122 pep4-3 AHis3::;pGALI0-
GAL4) (52). The reporter used was the UAS1/CYCI-lacZ reporter described
previously (42).

Construction of expression plasmids for Hapl mutants. We used a previously
established site-directed mutagenesis method (12, 15) to construct mutants
H7-N, H7-DH, H7-10A, H7-R2A, H7-dd1, H7-dd2, H7-dd3, H7-dd4, and H7-
dd5. Briefly, the Bgl/lI-Kpnl fragment encoding Hap1 residues 746 to 1309 from
the HAPI expression vector (SD5-HAPI) (42) was inserted into a vector derived
from the Stratagene Bluescript II KS+ vector. Single-stranded uracil DNA was
then generated in the dut ung bacterial strain CJ 236 (Bio-Rad). Oligonucleo-
tides that encoded mutated amino acid residues or that lacked coding sequence
for the deleted residues and that had 16 bases complementary to the region on
both sides of the deleted or mutated sequence were annealed to the single-
stranded uracil DNA. Double-stranded DNA was synthesized and transformed
into the wild-type MV 1190 bacterial strain, and plasmid DNA was isolated from
the transformants. Mutants were verified by restriction digestion and sequencing.
Confirmed mutant constructs were cut with Bg/II and Kpnl and inserted back
into SD5-HAPI (42). Mutants H7-N7 and H7-NDH were generated by inserting
a double-stranded oligonucleotide that encoded the corresponding amino acid
residues into the NotI site generated in mutant H7-N. Mutant smHap1 was
generated by ligating a fragment that encoded residues 1000 to 1309 to the
SD5-HAP1 expression vector cut with BamHI and Kpnl. All mutants were
confirmed by sequencing. Oligonucleotide sequences are available upon request.

B-Galactosidase assays. To determine the B-galactosidase levels from the
UAS1/CYClI-lacZ reporter gene (42) in cells expressing wild-type Hapl and
various mutants, SD5-HAPI plasmids expressing wild-type Hapl and mutants
from the GALI promoter were transformed into the yeast strain MHY200 (13)
bearing the UAS1/CYCl-lacZ reporter. Cells were grown in synthetic complete
medium containing 2% raffinose, 1 pg of heme precursor per ml, and 5-amino-
levulinic acid (mixture brought to 4 5), and the cells were then induced with 1%
glucose plus 1% galactose (12) and designated concentrations of heme precur-
sor, deuteroporphyrin IX (dpIX) (15). To achieve a low-to-intermediate level of
Hap1 expression (which is comparable to the normal expression level from its
own promoter), 1% glucose plus 1% galactose were used. After 7 h of induction,
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cells were collected and subjected to B-galactosidase assays as described previ-
ously (12, 15).

Preparation of yeast extracts and Western blotting. Extracts were prepared
according to previously established protocols (12, 15, 17, 52). Briefly, yeast JEL1
cells bearing various HAPI expression plasmids were grown to 4, 3 and induced
with 2% galactose for about 6 h. Cells were harvested and resuspended in four
packed cell volumes of buffer (20 mM Tris, 10 mM MgCl,, 1 mM EDTA, 10%
glycerol, 1 mM dithiothreitol, 0.3 M NaCl, 1 mM phenylmethylsulfonyl fluoride,
1 pg of pepstatin per ml, 1 pg of leupeptin per ml). Cells were then permeabil-
ized by agitation with three packed cell volumes of glass beads. Extracts were
collected and centrifuged at 4°C at 13,000 rpm for 15 min in an Eppendorf 5417R
centrifuge and then centrifuged at 55K in a Beckman Optima TLX centrifuge for
30 min to clear large aggregates. Protein concentrations were determined by
Bradford assays (Bio-Rad).

For Western blotting, whole-cell extracts were first separated on 7.5% sodium
dodecyl sulfate (SDS)-polyacrylamide gels and then transferred to polyvinylidene
difluoride (PVDF). Hapl and Hsp90 were detected by using antibodies against
GST-Hapl (residues 1 to 171) (52) and part of Hsp90 (5, 6), respectively. The
signals were revealed by using a chemiluminescence Western blotting kit (Boehr-
inger Mannheim) as described previously (12, 15, 17, 52).

Electrophoretic mobility shift assays and DNA pull down. DNA-binding re-
actions were carried out in a 20-ul volume with 5% glycerol, 4 mM Tris (pH 8),
40 mM NaCl, 4 mM MgCl,, 2 ng of heme per ml, 10 mM dithiothreitol, 3 pg of
salmon sperm DNA, 10 uM ZnOAc,, and protease inhibitor cocktail (Boehr-
inger Mannheim) as described previously (12, 15, 17, 52). Approximately 0.03
pmol of labeled DNA and 20 pg of protein extracts were used in each reaction.
The reaction mixtures were incubated at 4°C for 1 h and then loaded onto 4%
polyacrylamide gels in 1/3X Tris-borate-EDTA for gel electrophoresis at 4°C.
The radioactive bands were visualized and quantified by using a PhosphorImager
and the accompanying software from Molecular Dynamics.

For DNA pull down (17, 24), extracts prepared from cells expressing wild-type
or mutant Hapl were incubated with streptavidin-conjugated magnetic beads
(DYNAL) prebound with the biotinylated DNA containing the high-affinity
(CGGACTTATCGG) or mutated (CGGACTCATCCG) Hap1-binding site (16)
under the conditions described above for electrophoretic mobility shift assays.
The reaction mixture contained 0.5% NP-40. The beads were extensively washed
and boiled in SDS gel loading buffer to release the bound proteins (36). Proteins
were then analyzed by SDS-polyacrylamide gel electrophoresis, which was fol-
lowed by Western blotting analysis. The intensity of proteins bands was measured
by using NIH Image software.

RESULTS

Different mutations of HRM7 diminish heme activation of
Hapl to the same extent in vivo. Previous data showed that
HRM?7 is critical for Hapl activation, whereas HRM1 to -6
play only an auxiliary role in Hapl activation (12, 15). Which
characteristic of HRM7 accounts for the critical role of
HRM7? HRM?7 is unique, perhaps because of its physical
location or because of its specific sequence (Fig. 1). The last
two residues of HRM7 are Y and Q—instead of the consensus
D and H— of HRM2 to -6 (Fig. 1). Previous in vitro studies
that used a synthetic peptide showed that mutation of the Cys
residue completely abolishes heme binding by an HRM, while
mutation of other residues has a much less severe effect on its
heme-binding affinity (49). The mutation of the Cys residue
also greatly reduces heme activation of Hap1 in vivo (see H7-1,
Fig. 1 and 2) (12, 15). This result is consistent with the idea that
the Cys residue directly chelates iron in heme (49). However,
in vivo, in the context of the whole protein and its interacting
partners, certain residues may play a much greater role than
that which can be inferred from heme-synthetic peptide inter-
actions.

To ascertain the relative importance of residues of HRM7 in
heme activation of Hapl and to pinpoint the key factor that
determines the critical role of HRM7, we generated a series of
targeted mutations in and around HRM?7 (Fig. 1). Initially, to
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FIG. 2. (A) The activities of wild-type Hap1 and various mutants at
different concentrations of the heme analogue, deuteroporphyrin IX.
Yeast cells bearing the UAS1/CYCI-lacZ reporter plasmid and the
expression plasmid for wild-type Hapl and mutants (Fig. 1) were
grown to A, s and then induced with the indicated concentrations of
dpIX for 7 h. The cells were subsequently collected, and p-galactosi-
dase assays were performed. The data plotted here are averages of
data from three experiments. The standard deviations are not shown,
for clarity, but they were within 30%. (B) Western blot showing the
protein levels of wild-type Hapl and mutants in yeast cell extracts.
Extracts were prepared from yeast cells expressing wild-type Hapl
(lane 7), H7-10A (lane 1), H7-1 (lane 2), H7-DH (lane 3), H7-NDH
(lane 4), H7-N7 (lane 5), or H7-N (lane 6). Approximately 30 pg of
total proteins from each extract was loaded onto 7.5% SDS-polyacryl-
amide gels, and the proteins were electrophoresed, transferred to
PVDF membranes, and probed with an anti-Hap1 antibody (22). Hap1
proteins were visualized by using a chemiluminescence Western blot-
ting kit (Boehringer Mannheim).

make it easy for extensive mutagenesis of HRM7, we substi-
tuted a Notl restriction site for the HRM7 coding sequence in
Hapl. As a result, we generated a mutant (H7-N, Fig. 1) in
which the HRM?7 residue KCPVYQ is replaced by residues
SGR. As expected, this mutant, like H7-1, was severely defec-
tive in heme activation (Fig. 2A). The protein level of H7-N in
extracts prepared from cells expressing H7-N was as high as
that of H7-1 and wild-type Hap1 (Fig. 2B), thus showing that
the defect in heme activation of H7-N was not caused by a
reduced protein level. Next, we inserted the HRM7 residues
KCPVYQ into the NotI site, thereby generating mutant H7-N7
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containing HRM?7 but with three additional surrounding resi-
dues on each side (Fig. 1). H7-N7 was still defective in heme
activation (Fig. 2A) and was stably expressed (Fig. 2B), al-
though it was slightly more activated than H7-N and H7-1 (Fig.
2A). These results show that insertion of HRM?7 back into
H7-N did not rescue the function of HRM7. We reasoned that
this loss of HRM7 function may be attributable to changes in
the structural environment of HRM?7 that were caused by the
introduction of the extra amino acid residues of the NotI site
(Fig. 1).

To further ascertain the role of the specific residues YQ in
HRMT function (Fig. 1), we generated two additional mutants,
H7-NDH and H7-DH, with the YQ residues replaced by the
DH residues found in HRM2 to -6 at these positions (Fig. 1).
H7-DH contains changes of YQ to DH residues, while H7-
NDH also contains three additional residues at each side of the
HRM (Fig. 1). Both mutants were defective in heme activation
(Fig. 2A), even though both were stably expressed (Fig. 2B). In
contrast, insertion of 10 Ala residues between RPM2 and
HRM?7 in mutant H7-10A and Ala substitution in mutant H7-
R2A (Fig. 1) did not greatly reduce the extent of Hapl acti-
vation by heme. H7-10A appeared to be as stable as wild-type
Hapl (Fig. 2B), while H7-R2A was more labile in extracts, as
detected by Western blotting (data not shown). These results
show that the biological function of HRM?7 is selectively hy-
persensitive to certain kinds of—but not all—structural alter-
ations.

To better understand the molecular basis underlying the
defect of HRM7 mutants in heme activation, we examined the
effects of increasing heme concentrations on the formation of
Hapl-DNA complexes by using electrophoretic mobility shift
assays (10, 12, 16, 17, 48, 52). In the absence of heme, Hapl is
bound by proteins, including Hsp90, Hsp70, and Ydj1, thereby
forming a high-molecular-weight complex (HMC) that was
detected by electrophoretic mobility shift assays and by chro-
matography (10, 16, 17, 48, 52). Heme disrupts the HMC and
allows Hapl to form a faster-migrating complex, designated
the dimeric complex (DC) (Fig. 3) (10, 12, 16, 17, 48, 52). In
response to increasing heme concentrations, the HMC gradu-
ally transforms into DC (Fig. 3) (10, 12, 16, 17, 48, 52). The
HMC is associated with low DNA-binding and transcriptional
activities, while DC is associated with high DNA-binding and
transcriptional activities (16, 48).

We therefore examined the effects of increasing heme con-
centrations on the transformation of various mutant HMCs to
DCs (Fig. 3). Figure 3 shows that the levels of heme required
to completely transform mutant HMCs to DCs were the same
or slightly higher than that required to transform wild-type
HMC to DC. The HMC formed by H7-NDH appeared to be
most resistant to heme. The heme level (2 pwg/ml) required for
the transformation of mutant H7-NDH HMC (see lane 1, Fig.
3) is twofold higher than that required for the transformation
of wild-type HMC (see lane 20, Fig. 3). These results suggest
that HRM7 mutants did not cause drastic structural changes
that broadly alter the nature of protein-protein interactions in
the HMC. However, it is conceivable that HRM7 mutants may
cause localized changes in Hapl conformation and in Hapl-
Hsp90 interaction.

Deletions of nonregulatory sequences of Hap1 render Hapl
heme inactivable. Previous studies identified two classes of
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FIG. 3. The effect of increasing heme concentrations on the transformation of mutant HMCs to DCs. Approximately 20 pg of protein extracted
from cells expressing wild-type Hap1 (lanes 19 to 24), H7-NDH (lanes 1 to 6), H7-N7 (lanes 7 to 12), H7-N (lanes 13 to 18), H7-DH (lanes 25
to 30), or H7-10A (lanes 31 to 36) was incubated with radiolabeled DNA in the presence of 0 (lanes 6, 12, 18, 24, 30, and 36), 0.1 (lanes 5, 11,
17, 23, 29, and 35), 0.2 (lanes 4, 10, 16, 22, 28, and 34), 0.5 (lanes 3, 9, 15, 21, 27, and 33), 1 (lanes 2, 8, 14, 20, 26, and 32), or 2 (lanes 1, 7, 13,
19, 25, and 31) g of heme per ml. The reaction mixtures were loaded onto 3.5% nondenaturing polyacrylamide gels and electrophoresed, and
the bands were visualized by using a Phosphorlmager. These experiments were repeated at least twice.

Hapl elements critical for heme regulation—repression mod-
ules (RPMs) (Fig. 1 and 4) and HRMs (Fig. 1 and 4) (12, 15).
To better understand how these elements work together to
promote heme regulation and how HRM7 promotes heme
activation, we examined the effects of deletions of nonregula-
tory sequences between HRM1 to -6 and RPM2 on Hapl
activation. Deletion of residues 1022 to 1061 in mutant H7-dd1
(Fig. 4), like deletion of other residues in RPM2 (12), caused
Hapl to be constitutively active, even in heme-deficient cells.
The activity of mutant H7-dd1, measured as B-galactosidase
activity expressed from the UAS1/CYClI-lacZ reporter gene
(42), was 399 = 34 (Miller units) in heme-deficient cells in the
absence of the heme analogue deuteroporphyrin IX (dpIX)
and was 330 * 20 (Miller units) in heme-sufficient cells in the
presence of 2,500 ng of dpIX per ml. In contrast, wild-type
Hapl exhibited an activity of 34 = 3 (Miller units) in heme-
deficient cells and an activity of 1,217 + 190 (Miller units) in
heme-sufficient cells. The data suggest that residues 1022 to
1061 are part of RPM2. Strikingly, deletions of residues 982 to
1021 (mutant H7-dd2), 942 to 981 (mutant H7-dd3), 902 to 941
(mutant H7-dd4), 756 to 902 (mutant H7-dd5), and 445 to 999
(smHapl) all caused Hapl to be inactivable. The UAS1/CYC1-
lacZ reporter activity in cells expressing one of these mutants
was as low as that in cells bearing the empty expression vector
and remained unchanged by the addition of increasing concen-
trations of dpIX. Notably, all these mutant proteins were ex-
pressed at levels comparable to that of wild-type Hapl, as
shown by Western blotting (Fig. 5A).

We also examined the effect of heme on the DNA-Hapl
complexes formed by these mutants, although these mutant
complexes are quite labile in cell extracts. Figure 5B shows
complexes formed by two representative mutants—smHapl
and H7-dd3. In the absence of heme, these mutants formed a
complex that is similar to the HMC (Fig. 5B, compare lanes 3

and 5 with lane 1). However, unlike wild-type HMC, this com-
plex formed by smHap1 (Fig. 5B, lanes 3 and 4) and H7-dd3
(Fig. 5B, lanes 5 to 9) was not transformed to a faster-migrat-
ing DC-like complex, even at much higher levels of heme than
that used to disrupt wild-type HMC (Fig. 3 also shows wild-
type HMC; the lower band in lanes 3, 4, and 7 to 9 is due to
smaller Hap1 fragments from degradation). Quantification of
the bands (Fig. 5B, lanes 5, 6, and 7 to 9) showed that high
levels of heme did not alter the intensity of the Hapl-DNA
complexes; the variations in the intensity of the band were less
than 10%. These results show that these mutants cannot be
activated by heme in vitro or in vivo, although their HRMs,
including the critical HRM?7, are intact, suggesting that the
biological function of HRMs is highly sensitive to their struc-
tural environment.

Hapl mutants defective in heme activation enhance Hapl-
Hsp90 association. Previously, we showed that Hsp90 plays an
indispensable role in heme activation of Hapl (24, 52). To
better understand how Hsp90 may act together with HRM7 to
promote heme activation, we examined the interactions of the
aforementioned Hapl mutants defective in heme activation.
To this end, we used a previously established DNA pull-down
technique (17, 24). Previous studies on Hsp90 mutants have
shown that DNA pull down is a more sensitive technique for
detecting changes in Hapl-Hsp90 interaction than electro-
phoretic mobility shift assays (24). Furthermore, this technique
is much more reliable and free of background than similar
techniques, such as His, pull down or antibody pull down,
when used to examine Hapl-Hsp90 interaction (17, 24).
Briefly, extracts prepared from cells expressing wild-type or
mutant Hapl were incubated with streptavidin-conjugated
magnetic beads bound by biotinylated DNA containing an
optimal, high-affinity Hap1-binding sequence (16, 17, 50) un-
der conditions that allow formation of the HMC and mainte-
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FIG. 5. (A) Western blot showing the protein levels of wild-type Hapl and Hapl mutants in yeast cell extracts. Extracts were prepared from
yeast cells expressing wild-type Hapl (lane 2), smHap1 (lane 1), H7-dd1 (lane 3), H7-dd2 (lane 4), H7-dd3 (lane 5), H7-dd4 (lane 6), or H7-dd5
(lane 7). Approximately 30 wg of total proteins from each extract was loaded onto 7.5% SDS-polyacrylamide gels, and the proteins were
electrophoresed, transferred to PVDF membranes, and probed with an anti-Hapl antibody (22). Hapl proteins were visualized by using a
chemiluminescence Western blotting kit (Boehringer Mannheim). (B) DNA-bound complexes formed by wild-type Hap1l and mutants. Approx-
imately 20 pg of protein extracted from cells expressing wild-type Hapl (lanes 1 and 2), smHap1 (lanes 3 and 4), or H7-dd3 (lanes 5 and 6) was
incubated with radiolabeled DNA in the absence (lanes 1, 3, and 5) or presence of 2 (lanes 2, 4, 6, and 7), 5 (lane 8), or 10 (lane 9) g of heme
per ml. The reaction mixtures were loaded onto 3.5% nondenaturing polyacrylamide gels and electrophoresed, and the bands were visualized by

using a PhosphorImager. These experiments were repeated at least twice.

nance of Hap1-Hsp90 interaction. Hap1l and associated Hsp90
were subsequently detected by Western blotting with antibod-
ies against Hapl and Hsp90, respectively. As a control, strepta-
vidin-conjugated magnetic beads bound with a mutated Hap1-
binding site, to which Hap1 binds with 20-fold lower affinity
(16, 17, 50), were incubated with the extracts, and bound pro-
teins were analyzed in parallel.

Figure 6 shows the results of DNA pull down when a high-
affinity Hapl-binding site was used. When a mutated Hapl-
binding site was used, Hapl and Hsp90 signals were not de-
tected under conditions in which strong signals were detected
when the high-affinity Hap1-binding sequence was used. When
the chemiluminescence signals were greatly enhanced, Hapl

OHSPI( s=am s

1 2 3 4 5

. e —

and Hsp90 signals from the mutated Hapl-binding sequence
were at least 20-fold weaker than those obtained from the
optimal, high-affinity Hap1-binding sequence, as would be pre-
dicted from the Hapl-binding affinity of the mutated site (16,
17, 50). These results show that the Hsp90 signals detected
were due to its association with Hapl.

The data show that similar levels of mutant H7-NDH (lane
1), H7-N7 (lane 2), H7-N (lane 3), and H7-DH (lane 7) pulled
down at least threefold more Hsp90 than that pulled down by
wild-type Hapl (lanes 4 and 8). This suggests that H7-NDH,
H7-N7, H7-N, and H7-DH had enhanced association with
Hsp90. For mutants H7-dd2 (lane 6) and H7-dd3 (lane 5),
although the levels of mutant proteins pulled down were at

S ¢

Q4

§ & $£F

s X v R
-.

B =
9 10

6 7 8 11 12

FIG. 6. Analysis of the interactions of Hapl mutants with Hsp90. Extracts prepared from cells expressing wild-type or the indicated Hapl

mutant were incubated with streptavidin-conjugated magnetic beads (DYNAL) prebound with the biotinylated wild-type Hap1-binding site. The
beads were extensively washed and boiled in SDS gel loading buffer to release the bound proteins (36). Hapl and Hsp90 protein levels were
detected by Western blotting. The membranes were first probed with an anti-Hap1 antibody and then stripped and probed with an anti-Hsp90
antibody. When a mutated Hap1-binding site was used in the pull-down assay, the amounts of bound Hap1 and Hsp90 proteins were undetectable
or negligible (data not shown). These experiments were repeated at least twice.
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least eightfold less than that of wild-type Hapl (lane 8), the
levels of Hsp90 pulled down were fourfold more than that
pulled down by wild-type Hapl. These results suggest that
mutants H7-dd2 and H7-dd3 enhanced their association with
Hsp90 by 30-fold. Similarly, about the same levels of Hsp90
were pulled down by 10-fold less mutant smHap] (lane 9) com-
pared to wild-type Hapl (lane 10), suggesting that the associa-
tion between smHap1l and Hsp90 was about 10-fold greater
than the association between wild-type Hap1l and Hsp90. For
comparison, we show that the previously described (52) con-
stitutively active mutant Aheme (lane 11) greatly reduced its
interaction with Hsp90 compared to wild-type Hap1 (lane 12).
These results together demonstrate that mutants defective in
heme activation, unlike Aheme, enhance their interaction with
Hsp90.

DISCUSSION

HRMs play an essential role for heme regulation of many
important proteins, including the mammalian transcriptional
regulator Bachl (27), the bacterial iron response regulator
protein Irr (34), and the mammalian 5-aminolevulinic acid
synthase (23). HRMs are short sequence motifs containing a
critical Cys residue (Fig. 1) (49). The mode of heme binding by
HRMs is simple and is well understood (34, 49). However, how
heme binding to this motif causes drastic changes in the func-
tions of various proteins is a much more complex process and
remains unknown. Our studies, presented in this report, may
provide important insights into how heme binding to HRMs
causes changes in the activity of Hap1, how Hsp90 promotes
heme activation of Hapl and, analogously, how HRMs and
Hsp90 may work to promote the functions of other signal
transducers.

First, various mutations in HRM?7, including the complete
removal of HRM7 (mutant H7-N), insertion of certain resi-
dues surrounding HRM7 (mutant H7-N7), and the replace-
ment of YQ residues with DH (mutants H7-DH and H7-
NDH), all greatly reduced the extent of Hapl activation by
heme in vivo (Fig. 1 and 2). These mutants did not significantly
affect the formation of DNA-Hapl complexes and the trans-
formation of the HMC to the DC (Fig. 3). However, DNA pull
down, a more sensitive technique for detecting changes in
Hap1-Hsp90 interaction (24), revealed that these mutants
moderately enhanced Hap1-Hsp90 interaction (Fig. 6). These
results suggest that the biological functions of HRM7 and
Hsp90 are highly sensitive to structural or conformational
states of Hapl. The mere presence of HRM7 or the mere
association of Hapl with Hsp90 does not necessarily lead to
the proper functioning of Hsp90 and HRM7 and to the acti-
vation of Hap1 by heme. These results also suggest that HRM1
to -6, in the absence of HRM7, are able to partially substitute
the role in heme binding and activation. Even when the HRM7
sequence is completely removed (H7-N), the mutant is able to
bind heme and allow the transformation of the HMC to the
DC in vitro (Fig. 3) and partial activation by heme in vivo (Fig.
2A). These results are consistent with the previous finding that
HRM1 to -6 play an auxiliary role in heme binding and heme
activation (12). In the presence of HRM7, HRM1 to -6 may
play a role in maintaining Hap1 overall structure and in main-
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taining a low level of Hapl activity, as suggested previously
(15).

Second, deletions of sequences outside HRMs and heme
regulatory regions abolished heme activation of Hapl (Fig. 4).
These deletion mutations had a much greater effect (Fig. 4) on
Hapl1 structure and function than those mutations in HRM7
(Fig. 1). These deletions likely affect the tertiary structure of
Hapl. Evidently, the biological function of HRMs is greatly
affected by changes in the tertiary structure of Hapl. Even in
vitro, heme did not cause changes in the DNA-protein com-
plexes formed by these deletion mutants (Fig. 5B). Notably,
these deletion mutants also completely lost their transcrip-
tional activity, even though they can still bind to DNA (Fig.
5B). Perhaps the altered, strong association of Hsp90 (and
possibly other proteins) with Hap1 sterically blocked the acti-
vation domain, thus causing the complete loss of transcrip-
tional activity.

The effects of Hapl mutations on Hapl-Hsp90 interaction
and on the formation of Hapl-DNA complexes are linked to
the severity of their defect in heme activation. Mutations in or
around HRM?7 (Fig. 1 and 2) did not significantly alter the
transformation of the HMC to the DC by heme in vitro (Fig.
3), moderately enhanced their interaction with Hsp90 (Fig. 6),
and are partially, not completely, defective in heme activation
(Fig. 2A). In contrast, internal deletions shown in Fig. 4 com-
pletely abolished the ability of heme to disrupt HMC-like
Hap1-DNA complexes to smaller complexes (Fig. 5), greatly
enhanced Hapl-Hsp90 interaction (Fig. 6), and rendered
Hapl completely inactivable. That HRM7 mutants (Fig. 1)
cause localized structural changes in Hap1 that lead to mod-
erately enhanced Hap1-Hsp90 interaction and partially defec-
tive heme activation is very likely, while deletion mutations
(Fig. 4) cause broad structural changes in Hapl that lead to
greatly enhanced Hapl-Hsp90 interaction (Fig. 6) and com-
plete abolition of heme activation (Fig. 5).

Notably, the strong association of Hapl mutants with Hsp90
does not cause Hsp90 to act positively to promote Hapl acti-
vation. Rather, preexisting structural changes caused by muta-
tions in Hapl mutants that enhance their association with
Hsp90 likely inhibit or prevent further conformational changes
that are necessary for Hapl activation to occur. These results
support the idea that Hapl activation and the biological func-
tions of HRM7 and Hsp90 entail a series of dynamic structural
or conformational changes prior to and/or following heme
binding. Such changes evidently occur at the levels of second-
ary, tertiary, and quaternary structure (association with
Hsp90).

Based on these and previous results (17, 24, 52), we propose
a model for how HRM7 and Hsp90 act to promote heme
activation of Hap1 (Fig. 7). We postulate that in the absence of
heme, Hsp90 binds to Hap1, thereby permitting Hap1 to adopt
a conformation that can bind readily to heme and is activable.
Upon heme binding to HRM7, Hsp90 and Hapl likely act
together to promote further conformational changes in Hapl,
thus leading to the full activation of Hapl. Under such a
model, defective heme activation by Hapl mutants may be
attributable to an inability to bind to heme or an inability to
cause further structural changes following heme binding. In
the case of HRM7 mutants (Fig. 1 and 2), it appears that these
mutants largely retain their ability to bind heme, as shown by
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FIG. 7. Model illustrating the action of HRMs and Hsp90 in heme activation of Hapl. Hsp90 associates with Hapl in the absence of heme.
Based on previous studies (24) and data presented in this report, we postulate that the interaction of Hsp90 with Hap1 causes Hapl to adopt a
conformation that can readily bind to heme and is activable. Upon heme binding, Hsp90 acts with Hapl1 to initiate further conformational or
structural changes, thereby leading to full Hap1 activation. Mutations in Hap1 may cause Hapl1 to lose its ability to adopt an activable conformation
so that it cannot bind to heme or cannot induce further conformational changes necessary for activation following heme binding. For simplicity,
other proteins, including Ssa, Ydj1, and Sro9, are omitted from this diagram.

the transformation of their HMCs to DCs by heme (Fig. 3).
This suggests that the defect of these mutants in heme activa-
tion is attributable to an inability to adopt a fully active Hapl
conformation following heme binding. This reasoning is also
consistent with our previous studies suggesting that Hsp90
promotes heme activation of Hapl by facilitating conforma-
tional changes following heme binding—not by facilitating
heme binding (24). In the case of deletion mutants (Fig. 4), it
appears that the deletions result in broad structural changes in
Hap1 that may have caused it to completely lose its ability to
bind and respond to heme. Evidently, these mutants are unable
to adopt an active conformation, even if they are able to bind
to heme.

Our results reveal two noteworthy, putative characteristics
of Hsp90 as a modulator of diverse signal transducers, includ-
ing steroid receptors, kinases, and hemoproteins. First, Hsp90
action in heme regulation of Hapl, and likely in the regulation
of other signal transducers (26, 30-33), entails much more than
simple association. The analyses of the mutants shown in Fig.
6 suggest that even a strong association of a substrate protein
with Hsp90 does not indicate an active role of Hsp90 in the
regulation of the substrate protein. Whether or not Hsp90
plays an active role in the regulation of a substrate appears to
be dependent on the structural states of the substrate, not on
the strength of the substrate-Hsp90 interaction. This idea pro-
vides an explanation for the previous finding that the proper
functioning of retinoid receptors are dependent on Hsp90,
although retinoid receptors have not been shown to interact
with Hsp90 directly in vitro (14). Retinoid receptors likely
interact loosely with Hsp90 in vivo.

Second, Hsp90 may readily switch between its role as a
positive modulator and a negative modulator of signal trans-
ducers. In the case of Hap1, Hsp90 appears to actively promote
heme activation of wild-type Hap1, while Hsp90 may actually
repress mutant proteins, particularly the deletion mutants (Fig.
4). Such alterations in the nature of Hsp90 function may also
occur when Hsp90 acts to promote the function of diverse

signal transducers (26, 30-33). This idea is consistent with
previous studies suggesting that Hsp90 plays a dual role in
repressing steroid receptors in the absence of ligand and in
promoting ligand binding and activation of the receptors (26,
30-33), while Hsp90 plays only a positive role in Hap1 activa-
tion by heme (24). Hsp90 has been shown to be critical for the
actions of other heme-responsive or hemoproteins, including
the translational regulator HRI and the endothelial and neu-
ronal nitric oxide synthases (3, 11, 43-45). Similar modes of
Hsp90 action in heme regulation of Hapl may also operate to
promote the functions of HRI, NOSs, and other signal trans-
ducers.
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