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DHRS51, the Drosophila melanogaster Homologue of the Human Photoreceptor
Cell-Specific Nuclear Receptor, Is a Thiolate Heme-Binding Protein”
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ABSTRACT: Heme has been recently described as a regulating ligand for the activity of the human nuclear
receptors (NR) REV-ERBa and REV-ERBS and their Drosophila homologue E75. Here, we report the
cloning, expression in Escherichia coli, purification, and screening for the heme-binding ability of 11 NR
ligand-binding domains of Drosophila melanogaster (DHR3, DHR4, DHR39, DHR51, DHR78, DHRS3,
HNF4, TLL, ERR, FTZ-F1, and E78), of unknown structure. One of these NRs, DHR51, homologous to
the human photoreceptor cell-specific nuclear receptor (PNR), specifically binds heme and exhibits a
UV—visible spectrum identical to that of heme-bound E75-LBD. EPR and UV—visible absorption
spectroscopy indicates that, like in E75, the heme contains a hexa-coordinated low spin ferric iron. One
of its axial ligands is a tightly bound cysteine, while the other one is a histidine. A dissociation constant
of 0.5 uM for the heme was measured by isothermal titration calorimetry. We show that DHRS51 binds
NO and CO and discuss the possibility that DHR51 may be either a gas or a heme sensor.

Nuclear receptors (NR'), the largest superfamily of
transcriptional regulators in metazoans, regulate transcription
through the binding of small hydrophobic hormones. They
are involved in critical physiological processes such as
homeostatic control of energy and glucose levels, lipid
metabolism, detoxification, cellular differentiation, circadian
clock, and embryonic development. Mutations in NR genes
or chronic ligand excess are associated with human disorders
such as cancer, diabetes, or heart diseases (/). NRs contain
a highly conserved DNA binding domain (DBD) and a less
conserved ligand-binding domain (LBD) connected by a
flexible hinge. Typically, binding of the ligand to LBD
induces conformational changes that both trigger release of
a corepressor protein and promote binding of a coactivator
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protein to initiate transcription. However, other regulating
mechanisms have been observed. The C-terminal AF-2
activation domain, which is involved in the binding of the
coactivator and the corepressor, also forms a major interface
for dimerization of the NRs (2, 3).

NRs are classified according to their DBD sequence into
six phylogenic subfamilies. The Drosophila melanogaster
genome encodes 18 NRs distributed into the 6 subfamilies
(4), but only the LBD crystal structures of USP, EcR,
DHR38, and FTZ-F1 have been reported for this insect (5—7).
Most of D. melanogaster NRs are considered to be orphan,
meaning that their natural ligand, if it indeed exists, has not
been identified. Nevertheless, three ligands have been identi-
fied so far: the key hormone 20-hydroxyecdysone, which
binds to EcR and forms the active ecdysone/EcR/USP
complex that directs the expression or repression of E75,
E78, DHR3, FTZ-F1, DHR39, and DHR4 involved in
embryonic development; the juvenile hormone, which has
been proposed to bind USP, but the biological relevance of
the resulting complex was not clearly established; and heme,
which we and others have shown to bind to E75 (8, 9) and
that plays a role in transcription regulation.

In vivo, E75 binds to DHR3 and inhibits its activating
function on the FTZF-1 promoter (10). E75 is very likely a
gas sensor because CO prevents its binding to a DHR3-
derived peptide corresponding to the AF-2 activation domain
and in vitro transcription experiments showed that NO blocks
E75repressoractivity (8). Inaddition, tworecent publications (1 1, 12)
showed that heme is required for the repressor activity of
the human E75 homologues REV-ERBa. and REV-ERBS.
Recently, the crystal structure of REV-ERBgS in a complex
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with heme has been deposited in the Protein Data Bank (PDB
ID: 3CQV). In that high-resolution structure, the heme iron
is coordinated, in the ligand-binding pocket, by a histidine
and a cysteine. The same coordination takes place in
E75 (8, 9).

In this article, we have explored the heme binding ability
of several D. melanogaster nuclear receptors and demonstrate
that DHR51-LBD, whose gene (cg/6801) was annotated in
the D. melanogaster genome as coding for a NR (/3), binds
heme in the same way E75 does. Also, the reduced heme
iron binds NO and CO. DHRS51 is the homologue of the
orphan human photoreceptor cell-specific nuclear receptor
(PNR) that controls neuronal differentiation in the developing
retina (/4).

MATERIAL AND METHODS

Cloning, Protein Expression, and Purification. pSKB3
clones encoding the LBDs from DHR3, DHR39, and FTZ-
F1 were gifts from J. P. Renaud and Claude Dauer (Stras-
bourg, France). They were generated as previously mentioned
(9). The other LBD clones, namely, DHR4, DHR51, DHR7S,
DHR83, DHR96, HNF4, TLL, ERR, SVP-1, DSF, and E78,
were obtained as follows. RNAs from third instar larva,
prepupae, and pupae were isolated using the RNeasy Mini
Kit (Qiagen). Twenty-five insects per Eppendorf tube were
frozen and stored at —80 °C prior to RNA isolation. They
were subsequently disrupted using a pestle for Eppendorf
tubes, followed by homogenization of the lysate using a QIA
shredder. The LBD-encoding cDNA for each NR was
obtained by RT-PCR using the Superscript One-Step RT-
PCR with Platinum Tagq system (Invitrogen), oligonucleotides
specific for each NR (Supporting Information, Figure S1),
and 1 ug of total RNA per reaction. cDNA fragments were
cloned in a pCR2.1-TOPO vector (Invitrogen) and verified
by sequencing; cg7404 (encoding ERR) was then cloned in
pET 28a, whereas all of the other LBDs were cloned in
pSKB3 (a gift from J. P. Renaud, Strasbourg, France), using
the appropriate restriction sites. Expression and purification
of the His6-tagged NRs were performed as previously
described (9, 15). Hemin was purchased from Sigma-Aldrich.

Heme Binding to Human Serum Albumin (HSA) As a
Scaffold Protein. The experiment was performed in 50 mM
Tris-HCI buffer and 300 mM NaCl at pH 8. Hemin was
added to HSA (purchased from Sigma-Aldrich) at substo-
ichiometric concentrations (1:3 molar ratios) to avoid the
presence of free hemin in the solution. The resulting
UV —visible spectrum, with a peak at 402 nm, was typical
of the reported heme—HSA complex (/6). NRs and HSA
were incubated 10 min before purification on a cobalt column
(Talon, Clontech). The HSA was eluted with 50 mM Tris-
HCI (pH 8.5) and 300 mM NaCl; the NR was eluted with
50 mM Tris-HCI (pH 8.5), 300 mM NacCl, and 300 mM
imidazole.

Cleavage of the His6-Tag. The His6-tag of DHR51-LBD
was cleaved by adding 3 uL of His6-Tev protease (acTEV,
Invitrogen) to 800 uL of 15 uM DHRS51-LBD in 50 mM
Tris and 300 mM NaCl (pH 8.5). The cleaved solution was
then purified by batch chromatography. This procedure was
used because column purification resulted in an unstable form
of the protein. Cleavage and purification of untagged protein
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was confirmed by SDS—PAGE and Western blotting with
anti*His-HRP conjugates (Sigma-Aldrich).

Isothermal Titration Calorimetry (ITC). The ITC experi-
ments were carried out using a MicroCal VP-ITC titration
microcalorimeter (Northampton, MA). The titration was
performed in 50 mM Tris-HCI buffer, 25 mM NaOH, and
25 mM NaCl at a final pH of 8.0. The reaction cell (V =
1.4478 mL) contained a solution of 0.031 mM DHR51-LBD.
Thirty 10 uL-aliquots of 0.294 mM hemin were successively
injected to the protein solution at 4-min intervals using a
computer-controlled 300 L. microsyringe. The solution was
stirred at 300 rpm while kept at 25 °C. Both DHR51-LBD
and hemin solutions were thoroughly degassed by stirring
under vacuum before titration. Because of hemin adsorption,
the calorimetric cell and the microsyringe used for injections
were extensively washed after each experiment. The amount
of heat produced per injection was calculated by integrating
the area under the individual peaks with the instrument
software. The enthalpy change (H), the association constant
(K,), and the stoichiometry of the interaction (i.e., number
of binding sites per receptor) were calculated by fitting the
experimental data to a theoretical titration curve using the
ORIGIN software (MicroCal)) and the one set of binding
sites model. The dissolution heat of the ligand was measured
by injecting hemin into the buffer alone and was subsequently
subtracted from the reaction heat in order to obtain the
effective heat produced upon complex formation. Standard
deviations were calculated by averaging two independent
experiments.

Competition Assay with HasA. The HasA protein was a
gift from Nadia Izadi-Pruneyre (Unité des Membranes
Bactériennes, CNRS URA 1300, Institut Pasteur, Paris,
France). Both heme-bound DHR51-LBD and E75-LBD were
incubated at room temperature, in 50 mM Tris buffer and
300 mM NaCl at pH 8.0, with a slight molar excess of apo-
HasA.

Optical Absorption Spectra and EPR. The optical spectra
were routinely recorded at room temperature under air with
a Carry 50 UV —visible spectrophotometer and in a glovebox
with a PC-2000 spectrophotometer/DH-2000-BAL light
source (Ocean Optics). The concentration of the His6-tagged
apo-DHRS51-LBD was calculated using the extinction molar
coefficient e,5p = 27.305 M~! cm™!, at 280 nm, obtained
from the amino acid sequence. Continuous-wave (CW)
X-band EPR spectra were recorded on a Bruker EMX
spectrometer equipped with an Oxford Instruments ESR 900
helium flow cryostat and an ER-4116 DM Bruker cavity.
Samples were introduced in a synthetic Suprasil quartz EPR
tube under argon. For the oxidized form of DHRS51, 8% (v/
v) glycerol was added to the sample, as a cryoprotectant.
For the NO-bound, reduced form of DHR51, the simulation
was performed with the EPR program (F. Neese, Germany)
using the spin Hamiltonian (eq 1) considering collinear g
and A tensors.

H=u,B-g-S+S-A-1 (1)
with B being the magnetic field, S = 1/2, and I = 1. Because
of the lack of resolution, A; and A, were fixed at 0.

Modification of DHR51 Histidines with Diethylpyrocar-
bonate. Diethylpyrocarbonate (DEPC) (Sigma-Aldrich) was
prepared by fresh dilution of the reagent in ethanol. DEPC
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reacted with apo- and heme-bound DHR51-LBD. In the first
case, purified DHR51-LBD in 50 mM Tris (pH 8.5) and 300
mM NacCl was diluted in 50 mM phosphate (pH 6.5) prior
to the addition of DEPC at 200-fold molar excess. Unbound
reagent was removed by gel-filtration chromatography on a
micro-biospin6é column (Biorad), equilibrated with potas-
sium-phosphate (pH 8.0). The concentration of the eluted
protein was calculated from its absorbance at 280 nm before
the addition of a stoichiometric concentration of heme. In
the second experiment, hemin was added to concentrated
DHR51-LBD in 50 mM Tris (pH 8.5) and 300 mM NaCl at
a 1:1 molar ratio. Heme-bound DHR51-LBD was diluted
in 50 mM potassium-phosphate (pH 6.5) before the addition
of the DEPC reagent at 200-fold molar excess. The reaction
product was then gel-filtered on a micro-biospin6 column
equilibrated with 50 mM potassium phosphate (pH 8.0).

Reduction of the Heme Iron and Binding of NO and CO.
The heme iron was reduced by the addition of dithionite (100
mM in 0.1 M NaOH) to the heme-bound DHR51-LBD
solution (in 50 mM Tris (pH 8.0) and 300 mM NaCl), at
room temperature in an anaerobic chamber. The NO gas was
generated by a 100-fold dilution of diethyamine NONOate
purchased from Cayman (100 mM in 10 mM NaOH) in 50
mM Bis-Tris (pH 6.5). This NONOate preparation was
gradually added to the Fe(II)-heme containing DHR51-LBD
in solution. The saturation of the heme by NO was followed
by absorption spectroscopy. Fe(I[)-CO was generated by a
2-fold dilution of the Fe(Il) DHR51-LBD solution with 50
mM Tris (pH 8.0) and 300 mM NaCl previously bubbled
with pure CO.

RESULTS

Nuclear Receptor Cloning and Expression. The cDNAs
encoding the hinge region and the LBD (DE domain) of
DHR4, DHR51, DHR78, DHR83, DHR96, HNF4, TLL,
ERR, SVP-1, DSF, and E78 were cloned as described in
Materials and Methods. Their translated sequences were
identical to the corresponding D. melanogaster gene se-
quences in databases, except for DHR51 and DHRS83. The
cloned DHR51 sequence, especially the hinge region, more
closely resembles the predicted amino acid sequence of
GA14159 from Drosophila pseudoobscura than the reported
sequence of the D. melanogaster NR (CG16801-PB;
A1ZA01_DROME) (Supporting Information, Figure S2).
Likewise, our cloned DHR83 sequence contained two
residues that are different from those reported for the D.
melanogaster protein (CG10296-PA; Q9VI12_DROME) but
are conserved in related NR sequences and in the D.
pseudoobscura homologue (Supporting Information, Figure
S3). The discrepancies between our sequences and the ones
predicted for D. melanogaster might result from errors in
fruit fly genome sequencing or variations from strain to strain.
It is noteworthy that two slightly different sequences of
DHR4 were present in databanks; our cloned sequence
corresponds to the AL035245 DNA accession number. The
NR LBDs from DHR4, DHR51, DHR78, DHR96, E78,
HNF4, SVP1, and DSF were also cloned without the hinge
region (E domain) and expressed in E. coli (Supporting
Information, Figure S4). Ten of the NR LBDs were soluble
and could be purified, whereas DHR96, SVP-1, DHR4, and
DSF were expressed as inclusion bodies. In a previous work,

de Rosny et al.

Absorbance

==

300 400 500 600 700 800

Wavelength (nm)

FiGURE 1: Effect of heme binding on the UV—visible spectra of
DHRS1. Thirteen micromolar of apo-DHRS1 (gray line) was
incubated with a 1:1 molar ratio of hemin (black line). Heme bound
DHRS51 was also generated by mixing of apo-DHRS1 (68 M) with
heme bound HSA (226 uM); the nuclear receptor was subsequently
separated from HSA on a cobalt column, which resulted in its
dilution (broken line). Experimental conditions: 50 mM Tris, pH
8.0, and 300 mM NaCl. The spectra were recorded at room
temperature.

Table 1: Position of the Electronic Absorption Peaks (nm) of Heme
Bound DHR51-LBD

DHR51 o Soret visible
Fe*"(hemin) 362 424 542, 575
Fe?"(heme) 424 531, 560
Fe? *(heme)-NO 391 536, 566
Fe? *(heme)-CO 420 521, 566

we mutated a putative Phe surface residue of E75-LBD to
Tyr in order to obtain soluble protein (9).

Heme Incorporation to the Drosophila Nuclear Receptors.
To test their ability to bind heme, D. melanogaster NR LBDs
were expressed in E. coli, in the presence of added hemin,
as previously described (9). The absence of a peak in the
visible range of the absorption spectra after purification on
a cobalt column showed that the LBD of DHR3, DHR39,
DHR78, ERR, FTZ-F1, E78, and TLL did not bind heme
under our experimental conditions. However, DHR83, HNF4,
and DHR51 LBDs exhibited peaks at 418 nm, 415, and 424
nm, respectively, with Agee/Asgo ratios less or equal to 0.3
(data not shown), indicating that although they can bind
heme, the binding is much weaker than E75, which displays
a Asore/Ango ratio of 2.4 (9) under the same conditions.

When expressed in the absence of hemin, purified DHRS51-
LBD did not exhibit the Soret band (Figure 1, gray line).
Addition of a stoichiometric concentration of hemin to apo-
DHR51-LBD produced a spectrum with four new peaks: a
O-peak at 362 nm, a y-peak at 424 nm, a -peak at 542 nm,
and an o-peak at 575 nm (Figure 1, black line and Table 1).
This spectrum, which exhibits a Agoe/Asgo ratio of 1.6, is
typical of hemoproteins and indicates that heme was
incorporated to the DHR51-LBD. Furthermore, the spectrum
is identical to that of the E75-LBD (9), which, in turn,
strongly suggests a similar coordination of the heme iron in
the two NRs. The absence of vitamin B12 and protoporphyrin
IX binding to the purified DHRS51-LBD confirmed the
specificity of heme binding (data not shown). Depending on
the sample, the presence of a small CT-1 band at 645 nm
was sometimes detected. This band indicated the presence
of a high spin species, as confirmed by EPR, and probably
reflects the instability of heme iron binding to one of its axial
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ligands (data not shown). However, the addition of a 0.5
mol equiv of hemin to apo-DHR83 and HNF4 LBDs resulted
in poorly resolved spectra, probably reflecting the presence
of both bound heme and free hemin and therefore a weaker
affinity of these NRs when compared to the one for DHRS51
under the same experimental conditions (Supporting Infor-
mation, Figure S5A).

To test whether the NRs affinity for heme was higher when
supplied from a scaffold protein, the heme—HSA complex
was added to the NR LBDs at a 3:1 molar ratio. Subse-
quently, the NRs were separated from HSA on a cobalt
column prior to measuring the UV —visible spectra. DHR83-
LBD and HNF4-LBD exhibited Soret bands at 410 nm with
Asoret/Aago Tatios of 0.46 and 0.47, respectively (Supporting
Information, Figure S5B). DHR51-LBD exhibited its char-
acteristic Soret band at 425 nm with an Agg./Asgo ratio of
0.65 (Figure 1B, broken lines). Addition of stoichiometric
concentrations of heme-HSA to the NRs resulted in Aggei/
Ajgp ratios of 0.18, 0.13, and 0.52 for DHR83, HNF4, and
DHRS51 LBDs, respectively (data not shown). These binding
experiments with HSA-bound hemin confirmed that DHR83
and HNF4 LBDs bind heme (but with a significantly lower
affinity than DHRS51) and show that the affinity did not
increase when heme was delivered by a carrier protein.

The His6-tag of DHR51-LBD was cleaved by His6-Tev
protease (acTEV, Invitrogen) and purified by cobalt batch
chromatography (see Materials and Methods). We verified,
using circular dichroism, that the His6-tag neither signifi-
cantly modified the ellipticity content of the protein, nor did
it change its thermal shift transition (Supporting Information,
Figure S6A and B). When 0.3 mol equiv of hemin was added
to the cleaved protein, the resulting UV —visible spectrum
exhibited a Soret band at 421 nm corresponding to a 3 nm
blue shift relative to the uncleaved protein. However, the
Asore/Azgo ratio was not modified (Supporting Information,
Figure S6C). However, cleavage of the His6-tag on heme-
enriched DHRS51-LBD did not change the Soret band
position, which remained at 424 nm (data not shown). In
both cases, the absence of a CT-1 band at 645 nm indicates
that there is no significant modification of the iron coordina-
tion that could generate high-spin species. Taken together,
these results show that the His6-tag is not directly involved
in heme iron coordination. However, the tag may slightly
modify the orientation of the amino acids involved in iron
coordination, leading to a shift of the Soret band.

Thermodynamic Profile of Heme Binding. The thermody-
namic parameters of heme binding were determined using
ITC (Figure 2). Apo-DHR51-LBD bound hemin with a K,
of 2.3(+0.3) uM ™! (K4 = 0.43 uM). The process is clearly
enthalpy driven since the corresponding free energy AG =
—36 kJ/mol has an enthalpy contribution AH = —31 £ 1
kJ/mol. The entropy contribution is favorable but very
limited, with TAS = 5 kJ/mol. The stoichiometry of 0.75 +
0.03 is consistent with the UV —visible absorption data of
heme binding and is the signature of one binding site per
DHR51-LBD molecule.

Comparison of Heme Affinity and Heme Accessibility in
E75 and DHRS51. Because apo-E75-LBD was not able to
incorporate heme after purification (9), its affinity for heme
could not be determined by microcalorimetry. Thus, in order
to compare E75-LBD and DHRS51-LBD affinity for this
ligand, the stability of heme binding was tested using the
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FIGURE 2: Isothermal titration of DHRS1 with hemin. The ITC
experiment was carried out at 25 °C in 50 mM Tris-HCl, 25 mM
NaOH, and 25 mM NaCl at pH 8.0 using 0.031 mM apo-DHRS51-
LBD. (A) Isothermal traces for a series of 10 4L injections of 0.294
mM hemin. (B) Integrated heat signals (squares) after subtracting
the heat of hemin dilution into the buffer in the absence of protein.
Heat signals (integrated values in microcalories per second per
injection) are fitted to a single-binding model.
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FIGURE 3: Effect of apo-HasA on the UV—visible spectrum of
DHRS51. Heme-bound DHRS51-LBD (6.5 uM) was rapidly mixed
with 18 uM apo-HasA and incubated about 5 min at room
temperature before recording the UV—visible spectrum (black line).
Reference spectra of separated proteins before mixing: 6.5 uM
heme-containing DHRS51-LBD (broken line) and 18 uM apo-HasA
(gray line).

bacterial hemophore HasA. This protein takes up heme from
hemoproteins such as hemoglobin with a Ky = 2.0 x 107!
M and shuttles it to specific receptors (/7). After incubation
of the apo form of HasA with heme-containing His6-tagged
DHRS51 or E75 LBDs, the UV—visible spectra of the two
LBDs were dramatically changed. The resulting spectra were
characteristic of the HasA holo-form (/8) with a Soret band
at 407 nm and four other peaks at 492, 538, 568, and 617
nm (Figure 3; Supporting Information, Figure S7). These
results show that HasA took up the heme from both NR
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FIGURE 4: X-Band EPR spectra. (A) Heme-saturated DHR51-LBD
(120 uM) in the g~2 region at 13 K. Experimental conditions: 50
mM Tris-HCI, 300 mM NaCl, and 8% (v/v) glycerol (pH 8.0);
modulation frequency, 100 kHz; modulation amplitude, 1 mT;
microwave power, 1 mW. (B) DHR51-LBD (50 uM) in the
presence of 95 uM NONOate at 50 K, with simulation depicted as
a dotted line; microwave frequency, 9.655 GHz; microwave power,
12.6 mW; modulation frequency, 100 kHz; modulation amplitude,
0.3 mT; time constant, 41 ms using 21 scans (1 h). Simulation
obtained with g; = 2.160 (5), g» = 2.053 (2), g; =2.012 (1); A; =
A;=0,A; =50 (3) MHz; W, = 10 (2) mT, W, = 3.0 (5) mT, W;
= 0.60 (2) mT; inset, absorption spectra of the sample. Buffer
conditions: 50 mM Tris-HCI (pH 8.5) and 300 mM NaCl.

LBDs. The rate of heme dissociation was much higher
for DHRS51-LBD than for E75-LBD. Heme extraction was
completed in less than 5 min for DHR51-LBD, whereas
it took more than 10 h for E75-LBD (Supporting Informa-
tion, Figure S7C). However, apo-HasA could not extract
the completely buried heme from Proteus mirabilis
catalase ((/9), data not shown), suggesting that despite
its high stability (&) the heme in E75-LBD and DHR51-
LBD is, at least partially, accessible to solvent. The slow
rate of heme displacement also indicates that E75 and
HasA have relatively similar affinities for heme. Conse-
quently, the Ky value of the former can be estimated to
be in the nanomolar range. The high rate of heme
extraction observed with DHR51-LBD is consistent with
the affinity in the micromolar range measured by ITC.
Iron Ligand Characterization. As in the case of E75-LBD,
the EPR spectrum of DHRS51-LBD exhibited broad line
widths, reflecting heterogeneity in iron coordination. The
average g values of 2.41, 2.27, and 1.91 (Figure 4A)
correspond to a low-spin ferric iron. Theses g values are in
the range found for thiolate hemoproteins (20). However,
because the EPR spectrum in Figure 4A is compatible with
either O-, N-, or S- donor atoms trans to the cysteine iron
ligand (2/—23), it is not possible to establish the nature of
the second axial ligand. The participation of a cysteine
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FIGURE 5: Spectral analysis of DHRS51 modified by DEPC. (A)
DHRS51-LBD (30 uM) was incubated with 6.0 mM DEPC in 50
mM potassium-phosphate (pH 6.5), then filtrated on a desalting
gel column equilibrated with potassium-phosphate (pH 8.0) buffer
(gray line) before the addition of a 1:1 molar ratio of hemin to the
resulting protein solution (10 #M, black line); free hemin (1.6 uM,
broken line). (B) DHR51-LBD (30 uM) was incubated with a
stoichiometric concentration of hemin at pH 8.0 then diluted 10
times in 50 mM potassium-phosphate at pH 6.5 (gray line); 0.6
mM DEPC was added before gel filtration (broken line) and the
addition of 10 mM imidazole (black line); spectra are normalized
relative to the 280 nm absorption peak. The reactions were carried
out at room temperature.

thiolate iron ligand was confirmed by the treatment of
DHRS51-LBD with either IAM or NEM. Modification of the
cysteine thiolates prior to hemin addition prevented heme
incorporation, whereas modification of the cysteine thiolates
after hemin addition did not result in heme release (data not
shown). These results indicate that the axial cysteine thiolate
is strongly coordinated to the Fe(IIT) heme iron and cannot
be displaced by a thiol-specific reagent.

On the basis of the very similar UV —visible absorption
spectra of DHRS51-LBD and E75, we investigated the
possibility of a histidine ligand trans to the cysteine in the
former. The apo and heme-bound forms of DHR51-LBD
were treated with diethylpyrocarbonate (DEPC). Chemical
modification by DEPC was shown to induce heme release
in histidine-coordinated hemoproteins (24, 25). Modification
of the DHR51-LBD histidine side chains was followed by
measuring the increase in absorbance at 240 nm (26), and it
was achieved for a DHR51-LBD/DEPC molar ratio of 1:200.
Addition of DEPC to apo DHR51-LBD prevented heme
binding as shown by the poorly resolved spectra, which
resemble that of free heme (Figure 5A). However, addition
of DEPC to heme-bound DHR51-LBD did not result in heme
release, as indicated by the spectrum shown in Figure 5B
(broken line), which is characteristic of a hemoprotein.
However, there were significant spectral changes upon
modification of the histidines: the Soret band was slightly
blue-shifted to 421 nm with a 22% decrease in intensity;
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position of the amino acid residues of E75 involved in the heme iron coordination, C368, C396, and H574 (9). Residues conserved in

nuclear receptors are highlighted in red (100%), yellow (>80%), and gray (>60%) according to Brelivet et al. (49).

the 0 band was red-shifted from 362 to 366 nm, and its
intensity increased, and the CT-1 band at 645 nm also
increased, reflecting the conversion of a low spin to a high
spin heme species. Addition of imidazole to this modified
heme-bound DHRS51-LBD resulted in a spectrum very similar
to that of the native protein (Figure 5B black and gray lines).
The main differences with the former were a Soret band at
421 nm; a 12.5% reduction of the Soret band intensity; a
less pronounced valley at 380 nm; and the remaining of a
higher CT-1 band, as compared to unmodified DHR51-LBD.
These observations suggest that imidazole binds, at least
partially, to the heme iron at the axial site, which became
accessible after chemical modification of the histidine side
chains. These data also reveal that modification by DEPC
precluded the binding of a histidine iron ligand trans to the
cysteine ligand. This interpretation is strengthened by the
shape of the absorption spectrum of DEPC-modified heme-
bound DHRS51-LBD that has an absorbance spectrum very
similar to the one of the E75 H74A mutant (9).

The amino acid sequence alignment between the DHRS51
and E75 LBDs (Figure 6) indicates that there is one histidine
located one position ahead of H574 that in E75-LBD was
shown to be an axial ligand of the heme iron (9). However
mutation of the corresponding DHRS51 histidine residue to
alanine did not modify heme binding (data not shown), which
indicates that this histidine is unlikely involved in heme
binding.

Spectral Analysis of DHR51 Reduced and in Complex with
NO and CO. The Soret band position (424 nm) was not
modified by the addition of dithionite even though the two
new peaks, a at 531 nm and S at 560 nm, confirm that the
reduction took place (Figure 7, gray line and Table 1).
Comparison of these peak positions with those of other heme-
thiolate proteins strongly suggests that, in this hexa-
coordinated reduced form, the cysteine ligand is replaced

120

€ (M'cm™)

350 400 450 500 550 600 650
Wavelength (nm)

700

FIGURE 7: Spectral analysis of DHRS1, oxidized, reduced and in
complex with NO and CO. UV —visible spectra at room temperature
of DHR51-LBD containing Fe(III) (12 uM, black line), Fe(Il) (11
uM of Fe(Ill) DHR51-LBD and 10 mM dithionite, gray line),
Fe(II)-NO (11 uM Fe(Il) and 125 uM NONOate, dotted line), or
Fe(II)-CO (7 uM Fe(II) and dissolved CO gas, broken line). &, molar
absorption. From 500 to 700 nm, the ordinate axis is increased
3-fold.

by a neutral residue. Proteins undergoing such redox-
mediated ligand switching exhibit, in their reduced form,
Soret bands around 420 nm (27). On the contrary, hCBS at
pH 9 or P450-CAM, which keeps its cysteine bound to iron,
exhibits Soret bands around 450 nm (28, 29).

Addition of CO shifted the Soret band of Fe(II)-DHR51
from 424 to 420 nm (Figure 7, broken line and Table 1).
The position of the Soret band, far from 450 nm, indicates
that DHRS51-LBD is not a cytochrome P450-like hemoprotein
and does not have a cysteinate trans to the CO. It belongs to
the other heme-thiolate class, in which the peak around 420
nm was shown to reflect the presence of a neutral amino
acid trans to the CO. This neutral residue, presumably a
histidine like in CooA, HRI, and NPAS2 (30—32), may also
be a methionine, a proline, or even a neutral thiol as proposed
by Perera et al. (33).

Addition of NO shifted the Soret band to 391 nm (Figure
7, dotted line and Table 1), indicating the presence of a five-
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coordinated NO-heme. The loss of two protein axial ligands
was confirmed by EPR spectroscopy. NO was generated
using a NONOate compound at a concentration leading to
half-saturation of the axial binding site of the heme iron
(Figure 4B, inset). An EPR signal was observed close to g
= 2 (Figure 4B). It was under saturation at 50 K and 12.6
mW. No other signal was detected from 5 to 900 mT (data
not shown). The signal shape indicates the binding of NO
to the low-spin Fe(Il) heme (34, 35). The three resolved
hyperfine lines centered at g = 2.012 are due to the nitrogen
nuclear-spin / = 1 of NO. Super hyperfine lines, expected if
the N-donor histidine were still bound as a sixth ligand trans
to the NO, were not observed. The simulation gave additional
evidence of a five-coordinated heme iron. The values of g,
(2.160), g (2.053), g5 (2.012), and A; (50 MHz) reveal that
82> 2.005, g3 > 1.979, gaverage > 2.019, and A3 < 56 MHz,
characteristic of a five-coordinated nitrosyl heme (34, 36).

The O, complex could not be detected by UV —visible
spectral analysis because of the very high auto-oxidation rate
of the heme iron.

DISCUSSION

Nuclear receptors are involved in almost all physiological
processes, typically modulated by their binding to small
hydrophobic molecules. However, the majority of nuclear
receptor ligands have not been identified. Discovery of new
NR ligands has therefore profound implications for our
understanding of biological mechanisms. Heme, along with
its many other functions, is a regulator of protein expression.
It plays the role of the signaling ligand in proteins such as
Hapl, Bachl, and HRI (37), or it binds diatomic gas
molecules in gas-sensor proteins such as CooA (38).
Recently, heme was found to bind and to regulate the activity
of the Drosophila nuclear receptor E75. It was therefore
logical to investigate the heme as the ligand of the other
Drosophila nuclear receptors.

Our systematic study reported here showed that three of
the 10 NRs that were successfully expressed and purified
from Escherichia coli incorporated heme. The weak affinity
of HNF-4 and DHR&3 for heme (both free and bound to a
scaffold protein), when compared to the uM—nM range
typically found with other nuclear receptors for their cognate
ligand, suggests that heme is not their natural ligand.
However, we cannot rule out that their affinity for heme is
higher in the full-length protein and in the cell. The natural
ligand of HNF-4 of Drosophila has not been characterized,
but many data suggest that, like its mammalian homologues
HNF-40. and HNF-4y, it is involved in lipid metabolism and
in vivo probably binds lipids (39). DHRS3, like its closest
homologue DHR51, was only recently discovered, and its
function remains unknown. Nevertheless, because of their
poor binding affinity to heme, we did not investigate the
heme iron coordination of these two nuclear receptors any
further.

However, DHR51-LBD binds heme with a K, of 0.43 uM.
Most NR-ligand K values fall in the nanomolar range (as is
the case for E75), but micromolar range values have also
been reported for NRs such as PPAR (40), LXR (41), or
REV-ERBa and REV-ERBf (11, 12). This suggests that the
micromolar affinity of DHR51-LBD for heme is compatible
with heme being its natural ligand.

de Rosny et al.

Our UV—visible and EPR spectroscopy data, as well as
the chemical modification experiments, establish that the
heme bound to DHRS51 contains a hexacoordinated low-spin
ferric heme iron with axial cysteine and histidine ligands.
The unchanged position of the Soret band (424 nm, Table
1) after reduction of the heme iron suggests that DHR51-
LBD undergoes a redox-mediated ligand switch (27). The
UV —visible spectrum of the CO and NO complexes reveals
that the DHR51 heme-binding pocket is accessible to gas
molecules. Similar to the other described Cys/His hemopro-
teins, such as HRI, CBS, NPAS2, Bachl, or E75, in the CO
complex the thiolate ligand is replaced by a neutral amino
acid, presumably a histidine (42). This is reflected by the
position of the Soret band at 420 nm (Table 1). Dissociation
of both heme iron protein ligands by NO was also observed
with these proteins (there are no available data for Bachl).

In spite of the fact that the sequence homology between
DHRS51 and E75 LBDs is very low, except at positions
conserved in all nuclear receptors (Figure 6), the metal
coordination in these two NRs is very similar. This similarity
is revealed by the spectra of the Fe(Ill), Fe(II), Fe(II)-NO,
and Fe(IT)-CO forms, which are identical for both nuclear
receptors (8). This is in contrast with the data published on
REV-ERBf. The high resolution structure of this nuclear
receptor (PDB ID 3CQV) present a His/Cys iron coordina-
tion, but it exhibits a Soret band around 415 nm for the
oxidized form (11, 12).

Although DHR51 and E75 LBDs have a similar metal
coordination, the binding mode of the heme is likely to be
different in the two NRs. This is suggested by the following
divergences. The affinities of DHR51 and E75 LBDs for the
heme differ by several orders of magnitude («M versus nM).
Apo-DHRS51-LBD seems more stable than apo-E75-LBD;
the former was able to incorporate heme even after purifica-
tion, whereas the latter could only bind heme either during
protein expression or very shortly after cell lysis (9). The
DHRS51 histidine residue, corresponding to a position close
to the heme iron ligand H574 of E75 (Figure 6), is not
involved in heme binding, as indicated by site directed
mutagenesis experiment.

Among the two types of nuclear receptors previously
known to bind heme, E75 was proposed to be a gas sensor
(8), and the REV-ERBs were shown not to be gas sensors
(11). The characterization of the iron coordination presented
here cannot be used to decide whether DHRS1 is a gas or a
heme sensor. Like DHR51-LBD, most of the heme-sensor
proteins undergo redox-mediated ligand switch. However,
the switch is unlikely to function as a signal because the
resulting Fe(Il) complex has been proposed to bind in a
nonspecific manner to the protein (43). The replacement of
the heme thiolate ligand by a neutral residue in the CO-
complex and the absence of a sixth ligand in the NO-
complex, observed with DHR51-LBD, have been described
for both kinds of sensor proteins.

In terms of affinity, a gas sensor would be expected to
exhibit high affinity for heme in order to keep it tightly
bound. The micromolar affinity of DHRS51 for heme suggests
that it is more likely a heme sensor. As a matter of
comparison, the heme responsive transcription factor Bachl
and the NRs REV-ERBa and REV-ERBg display K, values
of 0.1 uM and 2—3 uM, respectively (11, 12, 44). There are
exceptions to this concept as the two heme sensors, HRI and
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the isolated PAS-A domain of NPAS2, have low K, values
of about 1071 M (45, 46).

Considering that nothing is known about the gene target
of DHRS51, the data reported here should provide a starting
point for new investigations. Like its human and C. elegans
orphan homologues PNR and FAX-1 (/4, 47), DHRS1 is
proposed to be involved in the regulation of neuron identity.
Along these lines, heme deficiency has been reported to
suppress the expression of key neuronal genes, causing an
alteration of the proper functioning of neuronal cells (48).
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