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ABSTRACT: DrosophilaE75 is a member of the nuclear receptor superfamily. These eukaryotic transcription
factors are involved in almost all physiological processes. They regulate transcription in response to binding
of rigid hydrophobic hormone ligands. As it is the case for many nuclear receptors, the E75 hormone
ligand was originally unknown. Recently, however, it was shown that the ligand binding domain (LBD)
of E75 contains a tightly bound heme prosthetic group and is gas responsive. Here we have used site-
directed mutagenesis along with UV-visible and electron paramagnetic resonance (EPR) spectroscopies
to characterize and assign the heme iron axial ligands in E75. The F370Y mutation and addition of hemin
to the growth medium during expression of the protein inEscherichia coliwere necessary to produce
good yields of heme-enriched E75 LBD. EPR studies revealed the presence of several species containing
a strongly iron bound thiolate. The involvement of cysteines 396 and 468 in heme binding was subsequently
shown by single and double mutations. Using a similar approach, we have also established that the sixth
iron ligand of a well-defined coordination conformation, which accounts for approximately half of the
total species, is histidine 574. The other iron coordination pairs are discussed. We conclude that E75 is
a new example of a thiolate hemoprotein and that it may be involved in hormone synthesis regulation.

Nuclear receptors, the largest superfamily of eukaryotic
transcription factors, are involved in almost all physiological
processes. They regulate transcription in response to binding
of lipophilic hormone ligands such as steroids, thyroid
hormones, retinoic acid in mammalian cells, and ecdysone
in insect cells. They contain three main functional domains:
(i) N-terminal domain A/B, which is highly variable in length
and sequence and which has a constitutively active transac-
tivation function, (ii) the DNA binding domain (DBD)1

specific to DNA nucleotide motifs, and (iii) the ligand
binding domain (LBD), which is involved not only in binding
of the hormone ligand but also in dimerization and binding

to coregulator proteins (corepressors and coactivators). It has
been proposed that binding of the hormone ligand to the LBD
induces conformational changes mainly affecting the orienta-
tions of three helices (H3, H11, and H12) of the LBD. These
conformational changes trigger the displacement of a core-
pressor protein and the recruitment of a coactivator protein,
resulting in transcription activation (1). However, other
mechanisms are probably involved because many hormone
ligands function as agonists in certain tissues and antagonists
in others. Moreover, it has been shown that transcription can
be regulated by heterodimerization. For example, theDroso-
phila E75B isoform, which does not contain a DBD, can
heterodimerize with DHR3 and thereby block the ability of
DHR3 to induce the expression of nuclear receptorâFTZ-
F1 (2). The crystal structures of approximately 15 different
LBDs have been determined, most of them in complex with
either natural or synthetic hormone ligands. Only three of
these are fromDrosophilaor other insect nuclear receptors.
The LBD structure is highly conserved with a fold containing
11-12 helices and oneâ-hairpin (1) and contains a topologi-
cally conserved ligand binding pocket (LBP). Indeed,
residues found in the LBP occupy conserved positions in
the homology sequence alignments and, by extension, in the
three-dimensional structures. It is the nature of these residues
that determines both LBP size and hormone ligand specificity
(1).

All known nuclear receptor hormone ligands are small,
fairly rigid, and very hydrophobic (3) and display high
affinities for their cognate nuclear receptor withKd values
usually in the nanomolar range (3-5). However, the majority
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of nuclear receptors are orphan, meaning that their natural
hormone ligand, if it exists, has not been identified. The
identification of new ligands has major implications in our
understanding of biological mechanisms such as develop-
ment, reproduction, and cell functions. It can also lead to
the discovery of both new drugs for the treatment of human
diseases and novel specific and environment-friendly insec-
ticides.

E75 was thought originally to be an orphan nuclear
receptor. Very recently, however, Reinking and collaborators
(6) showed that E75 contains a heme prosthetic group that
binds NO and CO. On the basis of this result, they proposed
that E75 may be a gas sensor. E75 is the first nuclear receptor
found to belong to the hemoprotein class. Hemoproteins are
involved in numerous fundamental biological processes such
as the transport and storage of oxygen, redox reactions,
electron transfer, and nitric oxide transport. More recently,
it has been shown that heme can also act as a biosensor for
gaseous ligands such as NO, CO, and O2, in enzymes, and
in transcription factors containing PAS domains (7). These
members of the PAS family share a predictableR/â three-
dimensional fold of∼130 residues (8) not found in nuclear
receptor structures. In most of the gas sensor hemoproteins,
the proximal axial amino acid residue is a histidine but two
non-PAS thiolate hemoproteins, HRI (Cys/His coordination)

(9) and CooA (Cys/Pro coordination) (10), have also recently
been found. The few other known heme-thiolate proteins
are enzymes such as P450, chloroperoxidase, cystathionine-
â-synthase (CBS), and nitric oxide synthase (eNOS) that
catalyze various reactions, including oxygenations, oxida-
tions, reductions, isomerizations, and dehydrations (11). In
addition to its role as a prosthetic group, heme can be itself
a signaling molecule. Notably, it regulates the activity of
yeast transcription factor HAP (12) and mammalian tran-
scription factor Bach1 (13). These proteins, which are directly
regulated via heme binding, contain several conserved heme
responsive motifs (HRMs). HRMs consist of two or more
invariable Cys-Pro sequences surrounded by four or five
fewer conserved residues (12, 14, 15). They bind heme
reversibly with affinities in the micromolar range. Interest-
ingly, E75 contains two Cys-Pro motifs (Figure 1), suggest-
ing that heme may be a signaling molecule like all other
described nuclear receptor hormone ligands. To date, the
heme iron coordination of E75 has not been clearly eluci-
dated. Reinking and collaborators (6) proposed that either
H364 or H574 is an axial ligand to iron, but no substantial
evidence was provided because they did not succeed in
expressing the corresponding mutated proteins. Determina-
tion of which E75 residues are involved in iron binding is
still needed, as it will help in our understanding of the

FIGURE 1: Sequence alignment of E75, E78, hRev-erbAR (REV), and hRARγ (RAR) ligand binding domains. The REV and RAR alignment
is from ref32. E75 and E78 alignments with REV were created using the MultAlign sequence alignment server. Numbers in italics above
E75 cysteines and histidines are based on theDrosophilaE75A sequence. The ligand binding pocket (LBP) residues of the crystallized
RAR (PDB entry 2LBD) and their putative counterparts in E75, E78, and REV are shaded. Double slashes represent sequence interruptions
in long REV unconserved domains. Thin lines represent E75 secondary structures found by the structure homology server Swiss-model;
helix (H) numbering is based on the RAR structure. sx labels indicateâ-strands. Asterisks denote the position of the F370 mutated to a
tyrosine in sE75.
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function of the heme, whether heme itself or a gas ligand to
heme triggers the regulation of transcription by this nuclear
receptor.

In this work, we report UV-visible and EPR spectroscopic
and site-directed mutagenesis studies aimed at determining
which LBD residues are involved in heme iron coordination.
Our data show that the heme is of theb type with a low-
spin hexacoordinated ferric iron. In addition, several iron
trans coordination pairs, all containing a strongly bound
cysteine, were identified. Cysteines 396 and 468 and histidine
574 were shown to be involved in these iron coordinations.
We conclude that E75, along with CBS (16), SoxAX (17),
and HRI (9), is a new addition to the few examples of Cys/
His hemoproteins.

MATERIALS AND METHODS

Cloning and Site-Directed Mutagenesis.The DNA encod-
ing the E75 LBD was amplified using poly(A+) RNA
extracted fromDrosophilaembryos (12-16 h) as a template.
An oligonucleotide (5′-CGGGATCCTTACGACTTGTTCT-
GCTGGC, BamHI site underlined) representing the QQNKS
sequence (amino acids 605-609) was used for RT-PCR
according to the Superscript II (Life technologies) protocol.
The reverse transcriptase was inactivated by heating at 70
°C for 15 min, prior to addition of the oligonucleotide (5′-
GGAATTCCATATGACCGAGCTGGATGACCA, NdeI site
underlined) representing the TELDD sequence (amino acids
348-352). PCR was performed usingPfu polymerase. The
purified PCR product was first cloned in a TOPO TA cloning
vector (Invitrogen) and then in pSKB3 (gift from J. P.
Renaud, Strasbourg, France) using the NdeI and BamHI
restriction sites. Plasmid pSKB3 is a pET28 derivative
allowing expression of proteins with an N-terminal His tag
that can be removed by TEV protease. Site-directed mu-
tageneses were performed following the QuikChange pro-
tocol (Stratagene). The F370 codon was changed for tat (Tyr).
H364, H574, H585, and C385 codons were changed for gcc
(Ala). The H416 codon was changed for gca (Ala). C368,
C396, and C468 codons were changed for gct (Ala). All
constructs were confirmed by DNA sequencing and intro-
duced into theEscherichia coliBL21(DE3) strain.

Expression and Purification.Cells were grown in LB
medium, in the presence or absence of 5µM hemin, to an
absorbance (A600) of 0.8-1 prior to induction for 15 h at 16
°C by the addition of 0.5 mM IPTG. After centrifugation,
the cell pellet was resuspended in 50 mM Tris-HCl (pH 8),
300 mM NaCl, and 15 mM imidazole plus Complete EDTA-
free antiprotease (Roche Applied Sciences) and lysed in a
French press. All the E75 mutants were purified by cobalt
affinity column chromatography (Clontech) using a 15 to
300 mM imidazole gradient, and the E75 proteins were eluted
at 150 mM imidazole. The next step was gel filtration on a
High Load 16/60 Superdex 75 prep grade column (Amer-
sham Biosciences) equilibrated and eluted with 50 mM Tris-
HCl (pH 8) and 300 mM NaCl. The apparent molecular
weight of the F370Y mutant protein (hereafter called sE75)
was evaluated using BSA and DNase I from bovine pancreas
(Roche Applied Sciences) as standards.

Determination of Extinction Coefficients and Percentages
of Heme-Bound Proteins.A heme-saturated sample of sE75
was divided into two parts. One part was used for the

determination of protein concentrations by quantitative amino
acid analysis and the other for the determination of heme
content. Amino acid analysis was performed, in triplicate,
on samples dried and hydrolyzed at 110°C in constantly
boiling HCl containing 1% (v/v) phenol, for 24 h under
reduced pressure and in the absence of oxygen. Amino acids
were analyzed on a model 7300 Beckman amino acid
analyzer, with the standard sodium citrate eluting buffer
system. Calibrations were carried out with aliquots of four
standard solutions, each of which contained all the amino
acids except tryptophan. Heme content was determined by
the pyridine hemochromogen assay, using the difference in
absorbance at 556 and 580 nm, measured on the redox
difference spectrum using a∆(∆εred/ox)556-580 of 29 mM-1

cm-1 (18). After determination of the extinction coefficient
(see Results), the percentages of heme-bound (holoprotein)
versus the total amount of sE75 (apoprotein+ holoprotein)
were calculated on the basis of the following equations:

The H574A mutant, in the absence of imidazole, exhibited
a UV-visible spectrum different from that of sE75 but
exhibited similar absorption properties upon addition of 300
mM imidazole in 50 mM Tris-HCl (pH 8), 300 mM NaCl
buffer. Consequently, the concentration of the holo H574A
mutant was measured in the presence of imidazole using
sE75 extinction coefficients. The mean value was calculated
from four different H574A purified mutant protein samples.

Optical Absorption Spectra, Mass Spectrometry, and EPR
Spectra.Optical spectra were recorded at room temperature,
or at a regulated temperature when mentioned, in a Beckman
DU 640 UV-visible spectrophotometer equipped with a
cryostat. Continuous-wave (CW) EPR spectra were recorded
at a low temperature (10 K) with an X-band EMX Bruker
spectrometer equipped with an Oxford Instruments ESR 900
helium flow cryostat. Before being frozen, 8% (v/v) glycerol
as a cryoprotectant was added to all the samples.

RESULTS

OVerexpression of a Soluble E75 LBD.The E75 LBD
constructs (amino acids 348-609, Figure 1) fused with either
His6, Trx, MBP, or GST tags were initially overexpressed
in E. coli as inclusion bodies, and therefore, a mutagenesis
strategy was used to increase their solubility. F370 was
mutated to a tyrosine, as found in the aligned sequences of
E75 homologues hRev-erbAR (REV) and E78 (Figure 1).
This hydrophobic residue was selected because it was at the
surface in a three-dimensional model of the E75 LBD
generated by the protein structure homology modeling server
Swiss-model (19). The F370Y LBD mutant protein was
soluble in the cell lysate and could be easily purified by two
chromatography steps (IMAC and gel filtration). The gel
filtration chromatogram of sE75 (for the soluble E75 LBD),
overexpressed with 5µM hemin in the LB growth medium,
displayed one major peak corresponding to an apparent mass
of approximately 33 000 Da that contained pure sE75 as
shown by SDS-PAGE (Figure 2). These data indicate that
sE75 is expressed as a monomer. The expected mass of

Cholo ) A424/εholo424

Capo) [A280 - (εholo280A424)/εholo424]/εapo280
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32 818 Da calculated from the amino acid sequence was
checked by electrospray mass spectroscopy (data not shown).

Stoichiometry of Binding of Heme to sE75.The UV-
visible spectrum of monomeric sE75 revealed a peak at 276
nm, aδ-peak at 359 nm, a Soret band at 424 nm, anR-peak
at 575 nm, and aâ-peak at 542 nm (Figure 3, gray line),
suggesting a hexacoordinated ferric heme iron. The Rein-
heitszahl (Rz) (ASoret/A280) was 0.7 (Figure 3, gray line; Table
1). Addition of an excess of synthetic hemin (5µM) to the
purified protein did not modify the heme incorporation. By

contrast, its addition upon cell lysis increased the Rz value
3-fold. Finally, when hemin (5µM) was added to the LB
medium during overexpression, the Rz reached its maximum
value of 2.4 (Figure 3, black line; Table 1). Consequently,
the sE75/heme stoichiometry was determined for monomeric
sE75 overexpressed in the presence of hemin. The protoheme
concentration of 24( 2 µM, determined by the pyridine
hemochromogen assay, was found to be close to the sE75
concentration of 21( 1 µM, determined by quantitative
amino acid analysis. This agrees well with the expected 1:1
stoichiometry (6) and indicates that the hemin-enriched
sample is quantitatively a holoprotein. Consequently, these
heme and sE75 concentrations were directly used to calculate
the molar extinction coefficients of holo-sE75:ε424 )
105 000 M-1 cm-1 and ε280 ) 44 000 M-1 cm-1. A
theoreticalε280 of 14 815 M-1 cm-1, corresponding to the
apo form, was calculated from the sE75 amino acid sequence
(ProtParam, ExPASy server). These molar extinction coef-
ficients were then used to calculate the percentage of heme-
bound protein (Table 1).

EPR Spectroscopy of sE75.The EPR spectrum of the
monomeric sE75 reflected heterogeneity in iron coordination.
Indeed, this spectrum contained at least three overlapping
sets of rhombic signals associated withg values correspond-
ing to a low-spin ferric iron (Figure 4A and Table 2). No
high-spin EPR signals were detected. Two components, here
called E1 and E3, displayed well-defined lines. The third
component displayed broad line widths with averageg values
of 2.45, 2.26, and 1.90, probably reflecting a distribution of

FIGURE 2: Purification of sE75. The sE75 protein was overex-
pressed inE. coli with hemin added to the LB growth medium.
Gel filtration of sE75 after elution from a cobalt affinity column;
a High Load 16/60 Superdex 75 prep grade column (Amersham
Biosciences) equilibrated with 50 mM Tris-HCl (pH 8) and 300
mM NaCl; flow rate of 1 mL/min;λ ) 280 nm (s) andλ ) 424
nm (‚‚‚). The mw lane contained molecular weight markers.

FIGURE 3: UV-visible absorption spectra of sE75. The sE75
protein was purified fromE. coli grown in LB medium with (black
line) or without (gray line) 5µM hemin. Absorption was measured
at room temperature in 50 mM Tris-HCl buffer and 300 mM NaCl
(pH 8.0). The two spectra were normalized to the Soret band of
the nonenriched sE75 with the same absolute heme concentration
(5.8 ( 0.4 µM).

Table 1: Spectral Properties and Heme Content of E75 LBD
Mutants

LBDa mutation heminb
Soret band

(nm) Rzc % holoproteind

wt F370Y - 424 0.7 11
wt F370Y + 424 2.4 99
s H574A + 419 0.6 11
s C368A + 422 1.6 39
s C385A + 424 1.5 37
s C396A + 422 2.3 89
s C468A + 424 1.0 20
s C396A/C468A + 414 0.1 nde

s C385A/C396A + 422 1.2 24
a s stands for the soluble E75 LBD (F370Y).b Hemin (5µM) added

to the LB growth medium before cell induction.c Rz ) ASoret/A280.
d Percentages of holo forms, calculated from the absorbance at the Soret
band and at 280 nm according to Experimental Procedures.e Not
determined.

FIGURE 4: X-Band EPR spectra of heme-saturated sE75, wild type
and mutants.(A) Spectrum in theg ∼ 2 region of wild-type heme-
saturated sE75. The apparentg values of the two major components
(E1 and E2) are labeled, as well as the two extremeg values of the
third component (E3). (B) Comparison of wild-type and mutant
spectra in the 2.7> g > 2.3 region. The apparentg values of
features are labeled. The asterisk indicates the disappearance of
the g ) 2.39 component in the C468A spectrum. Experimental
conditions: buffer of 50 mM Tris-HCl, 300 mM NaCl, and 8%
(v/v) glycerol (pH 8.0), modulation frequency of 100 kHz,
modulation amplitude of 1 mT, microwave power of 1 mW, and
temperature of 13 K.
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conformations that will be described collectively as E2. The
absence (or very low content) of one of the sE75 EPR
components in each mutant allowedg value identification.
Deconvolution of the sE75 EPR spectrum was based on the
relative intensities of E1-E3 in the H574A and C396A
mutants (see below). The estimated contribution of each
component to each spectrum is shown in Table 2. Allg
values are within the range found for thiolate hemoproteins
(20-23) in which the cysteine ligand determines the EPR
properties of the heme iron (17). In addition, the tetragonal
field (∆/λ) and rhombicity (V/∆) parameters associated with
E1-E3 depicted in Table 2 fit well in the “p-zone” of the
Blumberg-Peisach diagram of CPO, P450, or eNOS proteins
(Figure 7 of ref24). Multiple EPR low-spin signals have
already been reported for several thiolate-ligated heme
proteins (20). The EPR spectrum of sE75 also contains
information about the nature of the sixth ligand, as previously
demonstrated with P450 and CPO by a systematic study of
the influence of the distal ligand (22). More precisely, the
comparison of theg values depicted in Table 2 with
published data (22) indicates that E1 probably corresponds
to an N-donor iron ligand such as histidine (or imidazole).
E2 is compatible with O-, N-, or S-donors (25-27).
However, as shown below, the absorption spectrum data
obtained from relevant mutants suggest that the hypothesis
of an S-donor is unlikely. Because theg values of the E3, at
the border limits of O- or S-donors (22), are inconclusive,
further studies will be necessary to determine unambiguously
the nature of this ligand.

Spectral Properties of Different Cysteine-to-Alanine Mu-
tants.To better characterize the iron thiolate ligation (sug-
gested by the EPR spectra), we mutated cysteines 368, 385,
396, and 468 (Figure 1) to alanine and studied their spectral
properties. C385 and C396 were chosen because they are
part of a Cys-Pro sequence known to be involved in heme
responsive motifs (HRMs) (15). C468 and C368 were
selected because they correspond to putative LBP residues
(Figure 1). Two additional double mutants, C385A/C396A
and C396A/C468A, were also made. All mutant proteins
were overexpressed in the presence of hemin and subse-
quently purified. The UV-visible and EPR spectra of the
C385A mutant were similar to those of wild-type sE75,
although the former incorporated less heme (Table 1). This
result indicates that C385 is not a ligand to the iron but is
probably involved in stabilizing heme-protein interactions
instead. EPR data from the C368A mutant were similar to

sE75 except for a larger contribution of E2 at the expense
of E1. This suggests that the C368 mutation destabilizes
N-donor coordination and is consistent with the small blue
shift of the Soret band from 424 to 422 nm (Table 1). The
C396A mutant Soret band also shifted to 422 nm (Figure 5
and Table 1), but in contrast to that of the C368A mutant,
its EPR spectrum was drastically modified with the disap-
pearance of E1 and an increase in the level of E3 (Figure
4B and Table 2). The E2 signal was still present. Surpris-
ingly, theg values of the C396A mutant were still charac-
teristic of a thiolate iron ligand. This strongly suggests that
C396 can be replaced with another cysteine. The C385A/
C396A double mutation resulted in EPR and UV-visible
spectra similar to those of the C396A mutant, confirming
that C385 is not involved in heme iron binding, despite being
part of a Cys-Pro sequence. On the other hand, C468 may
contribute the alternative thiolate iron ligand. Although its
Soret band at 424 nm is similar to that from sE75 (Figure 5
and Table 1), the EPR spectrum of the C468A mutant does
not display E3 (Figure 4B and Table 2), a component that
was predominant in the C396A mutant. We conclude from
these results that (1) E3 reflects C468 coordination to the
heme iron, which increases in the C396A mutant, and (2)
E1 arises from C396/N-donor coordination, as this compo-
nent was not observed in the C396A mutant EPR spectrum.
The involvement of both C396 and C468 in iron coordination
was confirmed by the C396A/C468A double mutation. Its
UV-visible spectrum revealed a striking decrease in the
magnitude of the Soret band combined with a significant
shift to 414 nm (Figure 5 and Table 1). The limited solubility
and the low heme iron content of this double mutant
precluded further EPR studies.

Spectral Characterization of Histidine Mutants.Because
E1 appears to be associated with a nitrogen-donor ligand to
the iron, the four natural histidine residues of sE75 were
successively mutated to alanine and all the proteins were
overexpressed in the presence of hemin. The H364A mutant
protein expression yield was too low to go beyond the IMAC
column purification step and therefore to produce a protein
solution devoid of free imidazole. Among the other three
histidine mutants, only the H574A mutant displayed a UV-
visible optical spectrum radically different from the one from
sE75 (Figure 6A, gray line). The differences were (1) a strong
decrease in the magnitude of the Soret band (Rz) 0.6 (

Table 2: EPR Parameters of sE75 and Mutants

sample spin compa % g1 g2 g3 V/∆b ∆/λc

sE75 1/2 E1 35-50d 2.54 2.26 1.87 0.59 5.36
1/2 E2 35-50d 2.45 2.27 1.90 0.46 5.85
1/2 E3 ∼5 2.39 2.26 1.92 0.35 6.33

H574A (pH 8) 1/2 E2 ∼70 2.45 2.27 1.90 0.46 5.85
5/2 ∼30

7.97 3.59 ∼2.0
5/2 6.90 5.13 ∼2.0

H574A (pH 9) 1/2 E2 >90
5/2 <10

C396A 1/2 E2 <50 2.45 2.27 1.90 0.46 5.85
1/2 E3 >50 2.39 2.26 1.92 0.35 6.33

C468A 1/2 E1 ∼50 2.54 2.26 1.87 0.59 5.36
1/2 E2 ∼50 2.45 2.27 1.90 0.46 5.85

a Component of the EPR signal.b Rhombicity.c Tetragonal field.
d Sample-dependent.

FIGURE 5: UV-visible spectra of cysteine mutants of sE75. The
UV-visible spectra of cysteine mutants were recorded at room
temperature in 50 mM Tris-HCl and 300 mM NaCl (pH 8.0): 5.3
µM C396A (black line), 10µM C468A (dotted line), and 15µM
C396A/C468A (gray line).
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0.2) with a small blue shift of the peak (from 424 to 419
nm), (2) a red shift of theδ-band from 359 to 373 nm, (3)
a decrease in the magnitude of theR/â-bands (572 and 545
nm), and (4) the appearance of a CT1 band at 645 nm. Such
an appearance of a CT1 band is indicative of the presence
of high-spin Fe3+ (28). The H574A mutant has a heme
content of only 11% (Table 1). Addition of imidazole to this
protein resulted in an optical spectrum similar to that of sE75,
differing only by the slight blue shift of several peaks (356,
420, 540, and 570 nm) (Figure 6A, black line). The EPR
spectrum of the H574A mutant in theg ∼ 2 region was
characterized by the disappearance of E1, but an asymmetric
absorption derivative signal with ag1 ) 2.45 maximum
(Figure 4B) which corresponds to E2 was still observed. In
addition, the EPR spectra revealed signals at low magnetic
fields which confirm the presence of pentacoordinated high-
spin Fe3+ (Figure 6B). The plurality of the high-spin
components with two well-defined peaks atg values of 7.97
and 6.91, and other associated signals atg values of 3.59,
5.12, and∼2, probably reflects a diversity of iron ligands
that are found for the low-spin components (see above). All
g values, in the high and low magnetic fields, are in the range
expected for Fe3+ with a thiolate ligand (23). Increasing the
pH from 8 to 9 induced a shift of the high-spin states toward
low-spin states (Table 2). This reduction of the high-spin
signal from 30 to 10% reflects the binding of a sixth ligand.
The UV-visible spectrum was also affected by the pH. It
concerned mainly theδ-band whose magnitude was strongly
decreased and shifted from 373 to 359 nm and the Soret
band that was strongly increased in magnitude (Figure 6A).
The absence of significant pH-dependent shift of the Soret
band indicates that E2 very unlikely reflects a Cys/S-donor
iron coordination. Indeed, it was shown that the 1-pro-
panethiol complex of Fe3+ P450 displayed a pH-dependent
absorption spectrum with an important red shift from 417
to 465 nm from pH 6.7 to 9, respectively (29). Because the
spectrum of the H574A mutant at pH 9 is comparable to the
absorption spectrum of the mutant in complex with imidazole
(Figure 6A), the sixth ligand of E2 may be unprotonated
imidazole coming from the IMAC chromatography purifica-

tion step. Furthermore, as found with the N-donor complexes
of P450 (25), the H574A mutant spectrum exhibited a
strongerâ-band than anR-band. However, the presence of
an O-donor ligand, most probably derived from H2O
(although it can also be a tyrosine), cannot be ruled out even
though in the O-donor complexes of P450 theR- andâ-bands
exhibited the same intensity (25).

DISCUSSION

Very recently, a heme prosthetic group was reported to
be strongly bound to E75 with a 1:1 stoichiometry (6), but
the heme iron coordination was not clearly elucidated.
Mutation of surface residue F370 to tyrosine and addition
of hemin to the growth medium before cell induction have
allowed us to obtain a good yield of heme-enriched sE75
and to carry out EPR spectroscopy experiments. Three EPR
conformations, E1-E3, were assigned to Cys/His, Cys/N(or
O)-donor, and minor Cys/(non-N-donor) iron trans coordina-
tion, respectively. We conclude that E75 is a new member
of the small Cys/His hemoprotein group. We have further
studied heme iron coordination in E75 through site directed
mutagenesis associated with EPR and UV-visible spec-
troscopies.

Heme Coordination.In this study, we have shown that
H574 is the distal ligand in E1, confirming what was only
suggested by a previous study (6). Rather surprisingly, we
also found that the four cysteine-to-alanine mutants prepared
in this study were capable of binding heme. The C396A
mutant exhibited the most different EPR spectra compared
to that of sE75, although it was still characteristic of a
cysteine ligand and the heme content remained very high
(Table 1). This indicates that another cysteine, identified as
C468, on the basis of the C468A mutant EPR data, is also
a ligand to the iron. The C396A/C468A double mutant,
which did not significantly bind any hemin, confirmed that
both residues can be involved in iron ligation. In contrast
with preALAS-E (15), the second Cys-Pro sequence of E75
is not involved in heme binding as shown by the EPR data
and UV-visible spectra of C368A and C368A/C396A
mutants.

FIGURE 6: UV-visible absorption and X-band EPR spectra of the heme-saturated H574A mutant. (A) Effect of imidazole and pH on the
UV-visible spectrum of the H574A mutant purified from a hemin (5µM)-enrichedE. coli culture: (gray line) 6.7µM H574A in 50 mM
Tris-HCl and 300 mM NaCl (pH 8.0), (black line) 6.7µM H574A in 50 mM Tris-HCl, 300 mM NaCl (pH 8.0), and 300 mM imidazole,
and (dotted line) 6.7µM H574A in 50 mM Tris-HCl and 300 mM NaCl (pH 8.0, then adjusted to pH 9.0 by addition of small amounts of
a 3.5 M Tris base solution). On the right side of the spectra is a 5-fold expanded absorbance scale for the 500-800 nm region. (B) EPR
spectrum showing the low-field region (g ∼ 6) of H574A. The asterisk indicates the nonspecific Fe3+ signal. Experimental conditions:
buffer of 50 mM Tris-HCl, 300 mM NaCl, and 8% (v/v) glycerol (pH 8.0), modulation frequency of 100 kHz, modulation amplitude of 1
mT, microwave power of 1 mW, and temperature of 4 K.
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Multiple low-spin EPR signals have already been reported
for several thiolate-ligated heme proteins (20). Here, we have
used site-directed mutagenesis to assign E1-E3 to specific
pairs of heme iron ligands. Thus, E1 corresponds to C396/
H574 coordination. The average E2g value is indicative of
a distal N-donor (however, an O-donor ligand cannot be ruled
out) and may reflect a mixture of C396/N-donor and C468/
N-donor coordination. The E3 component, absent from the
C468A mutant, is associated with C468/X coordination. The
nature of X could not be asserted because E3 was present in
all the other mutants and itsg value is borderline for both
O- and S-donors. Theses results indicate that the distal His
coordination (E1) is probably labile and can be replaced by
the N or O-donor (E2 and E3) or S-donors (E3). The involve-
ment of two cysteine thiolates in mutually exclusive iron
coordination is surprising. It may result from the absence of
the DBD, which renders the LBD more flexible than in the
full-length protein. We believe that C396 is the natural cys-
teine iron ligand because its mutant exhibited the most strik-
ing modification of the EPR spectrum. However, the level
of heme incorporation in the C396A mutant was unexpect-
edly high (Table 1), and consequently, our assignment can
be only tentative. E78, aDrosophilanuclear receptor homol-
ogous to sE75 that contains a histidine at the position
corresponding to H574, but no cysteines corresponding to
either C396 or C468 (Figure 1), did not bind heme (data not
shown). This observation underlies the predominant role of
the two E75 LBD cysteine thiolates in the heme binding
process. The three-dimensional helical structure and the posi-
tions of the residues involved in ligand binding are highly
conserved in nuclear receptors. Consequently, we examined
the putative positions of the E75 residues involved in heme
iron coordination in the consensus structure. Figure 7 shows
that H574 is in conserved helix H11, close to the LBP where
the heme group should bind. In the consensus nuclear recep-
tor model, C396 and C468 are far from the heme group
(Figure 7). However, C396 is found in loop regions (Figure
7) with poorly conserved amino acid sequences (Figure 1)
whose conformations are not likely to be conserved in the
E75 structure.

Effect of Mutations on Heme Incorporation and Protein
Stability.All mutations of residues not directly involved in
heme iron binding reduced the level of heme incorporation

(Table 1). For instance, only 41% of the C368A mutant mole-
cules incorporated heme (Table 1). This residue probably
belongs to the LBP, and the EPR data show that its mutation
to alanine destabilizes the interaction between the heme iron
and H574. The 23% level of heme incorporation in the
C368A/C396A double mutant is likely to reflect the addition
of the unfavorable effects of each single mutation. H364
belongs to the AHXXT motif responsible for the attachment
of the H1 helix to the LBD core in many nuclear receptors
(30). Consequently, the low yield of the H364A mutant is
probably due to a destabilization of the E75 fold. In addition
to its effect on heme iron coordination, the H574A mutation
also destabilized the sE75 conformation. This is indicated
by the fact that only 11% of the mutant molecules incorpo-
rated heme. This is much lower than the 40-55% level of
heme incorporation that should result from the loss of
histidine/iron coordination, as expected from the addition of
E1 and E3 (Table 2).

E75 Is a New Cys/His Heme-Coordinated Protein.Only
few natural Cys/His-coordinated heme proteins such as CBS
(16), SoxAX (17), and HRI (9) have been characterized so
far. As we have determined to be the case for sE75, the HRI
Fe3+ tightly bound heme is coordinated to a cysteine thiolate
on one side and to either a histidine or water trans to it.
However, and in contrast to E75, a pentacoordinated iron
was also detected in HRI. Although not generally accepted,
the role of the heme in HRI may be that of a nitric oxide
sensor (9). In their recent publication, Reinking and collabora-
tors (6) showed that both NO and CO bind to E75 heme
and that in vivo NO prevents the interaction of the nuclear
receptor with DHR3. Consequently, they proposed that E75
may be a gas regulator of DHR3 transcriptional activation.
Their published UV-visible spectral data show that, as found
for HRI (9), binding of NO to the E75 LBD dissociates both
heme Cys/His iron ligands, resulting in a Soret band at 391
nm. In contrast, when CO binds, the Soret band at 420 nm,
characteristic of CO/His coordination, indicates that only the
cysteine is dissociated. Assuming that NO is the natural heme
gas ligand, it is conceivable that it induces the release of
heme and consequently the E75 nuclear receptor conforma-
tional changes important for its regulatory role. However,
heme could also be a hormone ligand to E75 in a more clas-
sical way without the need for NO binding. Our own results
show that in E75 the heme iron is bound to C396, a residue
that belongs to one of its two Cys-Pro sequences (12, 14). It
is well established that CP-containing HRMs regulate func-
tions by simply binding heme as found, for instance, in the
yeast HAP and the mammalian Bach1 transcription factors
(13). In our hands, heme was incorporated at the cell lysis
step, indicating that it can bind to newly synthesized apo-
E75. This, in turn, may suggest that heme is not a structural
or constitutive group as it would be required for a gas sensor,
yet the two hypotheses are not conflicting since heme could
regulate transcription by simply binding to apoE75 and
subsequently be released from holoE75 when NO binds.

As reported for other nuclear receptors, E75 was very
unstable in the absence of ligand. This instability was further
demonstrated in the case of the H574A and C368A/C396A
mutants that incorporated heme poorly and precipitated very
shortly after purification. Because once purified, sE75 did
not incorporate heme, it has not been possible to measure
the dissociation constant and determine if it corresponds to

FIGURE 7: Positions of the E75 residues involved in heme iron
coordination, in the canonical nuclear receptor structure. The
hRARγ X-ray structure was used as a template. Heme was manually
placed at the position corresponding to the RAR natural ligand using
DeepView/Swiss-PDB Viewer.
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values typical of HMRs (micromolar) or to those of nuclear
receptors (nanomolar). In any case, the affinity is probably
very high because it is not possible to remove the heme by
either heating or adding a denaturing agent (6). Drosophila
E75 has been proposed to regulate expression of genes
encoding enzymes involved in the ecdysteroid hormone
biosynthetic pathway (31). In arthropods, ecdysteroids are
generally synthesized by enzymes belonging to the cyto-
chrome P450 family. One possible physiological role for E75
may be to regulate expression of one of these hemoprotein
genes in response to variation in heme concentrations.
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