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Rev-erb� is a heme-binding nuclear hormone receptor that
represses a broad spectrum of target genes involved in regulat-
ing metabolism, the circadian cycle, and proinflammatory re-
sponses. Here, we demonstrate that a thiol-disulfide redox
switch controls the interaction between heme and the ligand-
binding domain of Rev-erb�. The reduced dithiol state of
Rev-erb� binds heme 5-fold more tightly than the oxidized
disulfide state. By means of site-directed mutagenesis and by
UV-visible and EPR spectroscopy, we also show that the ferric
heme of reduced (dithiol) Rev-erb� can undergo a redox-trig-
gered switch from imidazole/thiol ligation (via His-568 and
Cys-384, based on a prior crystal structure) to His/neutral resi-
due ligation upon oxidation to the disulfide form. On the other
hand, we find that change in the redox state of iron has no ef-
fect on heme binding to the ligand-binding domain of the pro-
tein. The low dissociation constant for the complex between
Fe3�- or Fe2�-heme and the reduced dithiol state of the pro-
tein (Kd � �20 nM) is in the range of the intracellular free
heme concentration. We also determined that the Fe2�-heme
bound to the ligand-binding domain of Rev-erb� has high af-
finity for CO (Kd � 60 nM), which replaces one of the internal
ligands when bound. We suggest that this thiol-disulfide redox
switch is one mechanism by which oxidative stress is linked to
circadian and/or metabolic imbalance. Heme dissociation
from Rev-erb� has been shown to derepress the expression of
target genes in response to changes in intracellular redox con-
ditions. We propose that oxidative stress leads to oxidation of
cysteine(s), thus releasing heme from Rev-erb� and altering its
transcriptional activity.

Nuclear receptors regulate gene expression in response to
small molecules, controlling key eukaryotic events such as
development, differentiation, reproduction, and metabolic
homeostasis (1). All nuclear receptors possess a highly con-
served N-terminal DNA-binding domain and a less conserved
C-terminal ligand-binding domain (LBD),2 which recognizes
small molecules (2). The LBD in nuclear receptors is typically

coupled to transcriptional activation through an activation
function-2 domain, which promotes recruitment of a coacti-
vator (1). Rev-erb� (also known as RVR and BD73) and Rev-
erb� are unique members of the superfamily of nuclear recep-
tors because they lack an activation function-2 domain (3, 4).
Rev-erbs are transcriptional repressors that are present in

the nucleus and bind as a monomer to the Rev responsive
element or as a dimer to a Rev-RE direct repeat, RevDR-2 (5,
6). Rev-erbs had been considered to be an orphan nuclear
receptor until the Drosophila ortholog of human Rev-erb
(E75) (7) and then Rev-erb � (8, 9) and Rev-erb� (8) were re-
cently demonstrated to bind heme at their LBDs. Heme bind-
ing promotes recruitment of nuclear corepressor and histone
deacetylase (HDAC) (8, 10, 11). Rev-erb� recruits HDAC3,
whereas Rev-erb� recruits HDAC1 (3, 8, 9). In turn, the Rev-
erb-nuclear corepressor-HDAC complex facilitates the re-
pression of target genes involved in glucose, lipid, and bile
acid metabolism, as well as in regulating the circadian cycle
and the proinflammatory response (3, 4, 10). Therefore, Rev-
erb� and Rev-erb� have been proposed to link metabolism
and inflammation to the circadian clock (5, 12–14). Because
heme controls the activity of Rev-erb, understanding the reg-
ulation of heme binding is of special significance.
Tip60 and ZNHIT-1 are involved in derepression of Rev-

erb�-regulated genes (e.g. apoCIII) (15, 16); however, what
facilitates the derepression of Rev-erb� regulated genes is not
known. In addition to its activity as a repressor, Rev-erb� can
also act as a transcriptional activator (17).
Several recent studies have focused on the relationship be-

tween heme and Rev-erbs. Heme has long been implicated to
play a key role in maintaining the circadian rhythm via bind-
ing to different circadian proteins such as NPAS2 and mPer2
(18, 19). Correspondingly, heme shows a circadian pattern of
expression (20). Rev-erb� also has been recently shown to
bind heme, and the x-ray crystal structure reveals Cys-384
and His-568 as axial ligands for the ferric heme (11), similar to
the Drosophila homolog, E75 (21). A ligand switch appears to
occur upon reduction of the Fe3�-heme to Fe2� with His-568
proposed to remain as one of the Fe2� ligands (22). Raman
and magnetic CD data indicated the presence of one or two
neutral ligands in the Fe2� state (22). An important attribute
of heme-dependent proteins is their ability to bind gaseous
signaling molecules (CO, NO, etc.) (23, 24). Like some other
heme-dependent transcriptional regulators, Rev-erb� appears
to bind diatomic (CO/NO) gases (11); however, the affinity
has not been measured. Based on Raman and magnetic CD
studies, it has been proposed that NO/CO replaces Cys-384 as
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an axial ligand and that a neutral ligand serves as the sixth
ligand in the (CO/NO)-bound form of Rev-erb� (11, 22).

Here, we show that a thiol-disulfide redox switch regulates
binding of heme to the LBD of Rev-erb�. Heme binds more
tightly to the reduced dithiol state of Rev-erb�, forming a
complex with a dissociation constant that is similar to the low
nanomolar intracellular concentration of free heme. Mass
spectrometric and mutational analyses reveal that formation
of the disulfide bond between Cys-384 and Cys-374 upon oxi-
dation lowers the affinity for heme by �5-fold. UV-visible and
EPR spectroscopic studies with the purified protein and with
Escherichia coli cells expressing the Rev-erb� LBD indicate
that oxidation of Rev-erb� also triggers a ligand switch con-
verting His/Cys ligated heme to another six-coordinated
heme ligated via His and an unknown neutral residue. Based
on EPR spectra, the neutral ligand could be another His, Met,
or Lys. Increasing the pH above 10 also converts the His/neu-
tral residue ligation state of the oxidized protein to His/Cys
ligation. Our results indicate that the thiol/disulfide redox
switch (but not the ligand switch) regulates heme affinity.
Thus, the present study demonstrates a mechanism by which
the redox status of Rev-erb� can alter heme binding and may
facilitate its ability to regulate the cyclic expression of meta-
bolic and proinflammatory genes in response to changes in
intracellular redox conditions.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—In all experiments, the
LBD (residues 247–579) of human Rev-erb� was used. The
wild-type Rev-erb� LBD clone was generously provided by
Thomas P. Burris (Scripps Research Institute, Jupiter, FL).
The protein was expressed in a pET-46Ek/LIC vector as an
N-terminal His6-tagged protein. All of the cysteines were kept
intact in the protein unless otherwise specified. E. coli cells
were grown without any heme supplement, unless otherwise
stated. The protein was purified using a nickel-nitrilotriacetic
acid column (Qiagen) and was then dialyzed against a buffer
containing 20 mM Tris-HCl, 300 mM NaCl, and 10% glycerol,
pH 8.0 (Buffer A). No significant amount of heme remained
bound to the protein after overnight dialysis as was confirmed
by the pyridine hemochrome assay (25).
Site-directed Mutagenesis of Rev-erb� LBD—Site-directed

mutagenesis was performed as described previously (26), and
all of the clones were sequenced at the DNA Sequencing Core
Facility (University of Michigan, Ann Arbor, MI).
Reduction and Oxidation of Rev-erb� LBD—Throughout,

we refer to the disulfide and dithiol states of the Rev-erb�
LBD when we describe the “oxidized” and “reduced” protein;
the redox state of the heme, i.e. Fe3� or Fe2�, is stated explic-
itly. To generate the fully reduced or fully oxidized form of
the protein, the following methods were employed. To obtain
the fully reduced protein, the Rev-erb� LBD was first incu-
bated with a 30-fold molar excess of tris(2-carboxyethyl)phos-
phine (TCEP) for 30 min on ice, and then TCEP was removed
on a Bio-Gel P-6 (Bio-Rad) column. Therefore, no TECP was
present during the experiments with the reduced protein. The
number of free thiols in the reduced Rev-erb� LBD was quan-
tified by an assay as described earlier (27–29). The TCEP

treatment, incubation, chromatography, and assay were car-
ried out inside an anaerobic chamber (Vacuum Atmospheres
Co., Hawthorne, CA). Then the protein was transferred to
anaerobically closed vials/cuvettes or EPR tubes, thus main-
taining the reducing environment.
To fully oxidize the protein, the reduced Rev-erb� LBD was

treated with 400 �M diamide; alternatively, the air-oxidized
protein was used. Complete oxidation of thiols was verified by
the 5,5�-dithio-bis(2-nitrobenzoic acid) assay before perform-
ing experiments with the oxidized protein.
Heme Binding Analysis—Heme titrations were performed

by difference spectroscopy in a double beam spectrometer
using 0.2–0.5 �M protein, as described earlier (29), except
that the buffer contained Buffer B (20 mM Tris-HCl, 300 mM

NaCl, and 10% glycerol, 3% Me2SO, pH 8.0). In these titra-
tions, the blank cuvette contained buffer, the sample cuvette
had both protein and buffer, and heme from a 50 �M stock
solution was added to both cuvettes. Because heme solutions
are prone to dimerization and oligomerization, special pre-
cautions, as described earlier (29), were taken in preparation
of the stock heme solutions, e.g. by including Me2SO, which
has been shown to prevent heme aggregation (30). Briefly,
hemin (Fe3�-heme) stocks were prepared fresh for each use
by dissolving hemin (Sigma) in 0.1 M NaOH and 5% Me2SO,
filtering with a 0.2-�m syringe filter (Amicon, Beverly, MA)
and diluting to 50 �M by adding an aliquot into a solution of
20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 5% Me2SO, and 10%
glycerol. To prepare Fe2�-heme, the Fe3� in the 50 �M hemin
stock solution was reduced by adding 2.5 mM sodium dithion-
ite in the anaerobic chamber (Vacuum Atmospheres Co.,
Hawthorne, CA) and was handled anaerobically in vials and
cuvettes that were sealed with rubber serum stoppers.
To determine the binding parameters, the data obtained

from the heme (21) titrations were plotted and fit to an equa-
tion describing a single binding site (Equation 1), which is
quadratic and is used when the Kd value is similar to the con-
centration of protein, because it accounts for the amount of
bound ligand in the solution (29). Here, �A refers to the ab-
sorbance difference at 416, 424, and 428 nm between the sam-
ple (containing protein and added heme) and reference (con-
taining only protein) cuvettes; �� is defined as the difference
in extinction coefficient between free and bound heme, and
EL is the concentration of the heme-protein complex. EL was
calculated from Equation 2, where E0 refers to the total pro-
tein concentration, L0 refers to the total heme concentration,
and Kd refers to the dissociation constant. Thus, the lines
shown in the heme titrations are all theoretical fits of the data
(the symbols) to these equations.

EL � 0.5�E0 � L0 � Kd � ��E0 � L0 � Kd�
2 � 4E0*L0�

1/ 2� (Eq. 1)

�A � ��*EL (Eq. 2)

Surprisingly, for Rev-erb� LBD, the apparent Kd value
seemed to depend on the protein concentration. When the
titration was performed at increasing concentrations of the
oxidized protein (from 0.4 to 5 �M), the Kd value increased
from 0.12 to 2 �M, the latter value being similar to values re-
ported earlier (see above). Likewise, variation in concentra-
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tion of reduced protein from 0.3 to 5 �M resulted in an in-
crease in the Kd from 23 nM to 0.9 �M. It is likely that
aggregation of Rev-erb� at higher protein concentrations is
responsible for this nonideal behavior in heme-binding exper-
iments. It is also possible that this behavior results in part
from aggregation of heme (31); however, we took special pre-
cautions (preparing heme solutions and performing titrations
in the presence of Me2SO (30)) to minimize heme dimeriza-
tion and aggregation. Correspondingly, native gel electro-
phoresis experiments with the oxidized LBD show high mo-
lecular weight species that are not present with the reduced
protein or with reduced protein that has been freshly treated
with diamide. When the concentration of the Rev-erb� LBD
was kept below 1 �M, Kd values in the 0.20 �M range for the
oxidized protein and in the 23 nM range for the reduced pro-
tein were consistently observed. Thus, the high Kd values in
the 2–6 �M range are likely to be artifactual. Furthermore,
free heme concentrations in the cell are below 0.1 �M (32–
34), and free heme levels above 1 �M are toxic (34). Thus, we
continued our experiments using protein concentrations be-
low 1 �M.
EPR Spectroscopy—EPR spectra were recorded at 15 K on

an X-band Bruker EMX spectrometer (Bruker Biospin Corp.,
Billerica, MA) containing an Oxford ITC4 temperature con-
troller, a Hewlett-Packard model 5340 automatic frequency
counter, and a Bruker gaussmeter. All of the EPR samples
were prepared in Buffer A (see above). The samples were fro-
zen with liquid nitrogen before the experiment.
Whole Cell EPR Spectroscopy—For in vivo detection of the

Fe3�-heme complex with Rev-erb, whole cell EPR experi-
ments were performed. E. coli cells expressing the Rev-erb�
LBD were grown overnight at 25 °C after induction with 1 mM

isopropyl �-D-thiogalactopyranoside, and 10 ml of culture was
centrifuged at 2977 � g for 10 min. The pellet obtained was
resuspended in 100 �l of Buffer B, transferred to an EPR tube,
and frozen in liquid nitrogen before obtaining the EPR
spectrum.
Alkylation of Cysteines—Samples of oxidized and reduced

(with 10 mM TCEP) Rev-erb� LBD (2 mg/ml) were subjected
to a two-step alkylation protocol, as has been described previ-
ously (29). Briefly, samples were first treated with iodoacet-
amide in a denaturing buffer and then with 4-vinyl pyridine
after reduction with 10 mM TCEP.
Mass Spectrometric Analysis—Alkylated Rev-erb� LBD

samples were digested with trypsin and analyzed by mass
spectrometry in the Protein Structure Facility at the Univer-
sity of Michigan, Ann Arbor. LC-MS/MS was performed on a
NanoAqcuity/Qtof Premier Instrument (Waters Inc., Milford,
MA) (see supplemental methods for details).
Quantification of Redox States of the Cysteines in Rev-erb�

LBD Using the ICAT Technique—OxICAT, a novel mass spec-
trometric method that couples thiol trapping with the ICAT
technique to quantify oxidative thiol modifications, was per-
formed. For trapping the redox states of purified Rev-erb�
LBD, 100 �g of oxidized Rev-erb� LBD was applied to a two-
step alkylation procedure with light/heavy ICAT reagents as
described previously (35, 36). The alkylated protein was then
digested with trypsin, and the cysteine-containing peptides,

which are linked to biotin, were enriched on a cation ex-
change cartridge followed by an avidin affinity cartridge (Ap-
plied Biosystems, Foster City, CA). The biotin tag, which was
conjugated to the cysteine-containing peptides, was removed
afterward, and then samples were analyzed by nano-liquid
chromatography/tandem mass spectrometry at the Michigan
Proteome Consortium to quantify the amounts of reduced
(dithiol) protein containing the light ICAT and oxidized (di-
sulfide) protein containing the heavy ICAT adduct. For deter-
mining the redox state of cysteines in Rev-erb� LBD, different
peptides were analyzed containing the cysteine(s) of interest.
As expected, the high resolution mass spectra consist of enve-
lopes of multiple peaks reflecting the presence of 0.018% 2H,
1.11% 13C, 0.45% 15N, and 0.20% 18O in each peptide. Them/z
ratios for the oxidized form of these peptides are 9 (for pep-
tides containing single cysteine) and 18 (for the peptide with
two cysteines) mass units larger than those for the reduced
protein (37).
Protein Preparation for Spectroscopic Analysis at Different

pH Values—The protein was first dialyzed in 50 mM acetic
acid, 50 mM MES, and 100 mM triethanolamine, pH 8.0 buffer
(38), and then the pH was adjusted with 10 N NaOH before
performing UV-visible and EPR spectroscopy (as described
above) at the desired pH.
CO Binding Assay—Rev-erb� LBD samples were prepared

anaerobically, treated with sodium dithionite (final concen-
tration, 2.5 mM), and transferred anaerobically to the reaction
cuvette. Aliquots of CO were added to the assay mixture from
an anaerobic stock solution consisting of Buffer A that had
been bubbled with a gas mixture of N2/CO (75%/25%, provid-
ing a CO concentration of 0.25 mM). Gas cylinders (25%) were
purchased fromMetro Welding Supply Corporation (Detroit,
MI). The final concentration of CO in the CO-saturated
buffer was confirmed by titration with myoglobin, whose con-
centration was determined based on its published extinction
coefficient (121 mM�1 cm�1) (39).

RESULTS

Thiol-disulfide Redox Regulation of Heme Binding to
Rev-erb�—Heme binding studies were performed with the
oxidized and reduced forms (assessed by the 5,5�-dithio-bis(2-
nitrobenzoic acid) assay as described under “Experimental
Procedures”) of the purified LBD of Rev-erb� and were moni-
tored by difference UV-visible spectroscopy. All of the heme
titrations were performed in Buffer A (see “Experimental Pro-
cedures” for details), unless stated otherwise. When the oxi-
dized Rev-erb� LBD was titrated with Fe3�-heme, the differ-
ence spectra exhibited absorbance changes in the Soret region
at 416 nm (Fig. 1A) and in the alpha (567 nm) and beta (537
nm) bands. Titration of reduced Rev-erb� LBD (after TCEP
removal) with Fe3�-heme resulted in shifts in the Soret peak
to 424 nm, and the alpha and beta peaks were at 570 and 542
nm (Fig. 1C), respectively, which is characteristic of His/Cys
axial ligands (21, 40). The UV-visible spectra of the oxidized
and reduced protein-heme complexes are shown in supple-
mental Fig. S1 and show similar peak shifts as observed in the
difference spectra. The oxidized protein with bound Fe3�-
heme has its Soret band at 415 nm, whereas two long wave-
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length peaks are at 566 and 534 nm. However, the TCEP-re-
duced protein containing bound Fe3�-heme exhibits a Soret
peak at 424 nm and alpha and beta peaks at 571 and 541 nm,
respectively. These spectral changes between the oxidized and
reduced protein in the Fe3�-heme state indicate that a ligand
switch is associated with oxidation/reduction of the Rev-erb�
LBD (this conclusion is verified by the mutagenesis and EPR
studies described below).
By plotting the change in absorbance at 416 nm (for the

oxidized LBD) or at 424 nm (for the reduced protein) ver-
sus the concentration of added Fe3�-heme, typical hyper-
bolic profiles were obtained, indicating saturation binding.
When the data for the oxidized protein were fit to Equa-
tion 1, the Kd value was 117 nM (Fig. 1B), significantly
lower than the values of �2 �M (8) or �6 �M (11) reported
earlier. Furthermore, the reduced protein binds Fe3�-heme
even more tightly, with a Kd value of 23 nM (Fig. 1D). Be-
cause the crystal structure identified His-568 and Cys-384
as heme ligands, we performed heme titrations of the
H568R, H568A, and C384A variants. The heme binding
affinities of these variants, both in oxidized and reduced
states, were significantly lower than those of the wild-type
protein (see Table 3). The Kd for the complex between
heme and the H468R variant is �20-fold higher than that
for the H568A mutant, suggesting that this substitution
many have an effect on the active site other than simply
removal of the heme ligand.
Because the heme binding assays demonstrated that oxida-

tion of the protein weakens affinity for heme, we used LC-
MS/MS analyses (see supplemental methods) to determine
whether Cys-384 forms a disulfide bond and (if so) to which
residue it is linked, as well as to evaluate the redox status of all
seven cysteines present in the LBD. Initially, we performed
the LC-MS/MS analysis of the trypsin-digested oxidized pro-

tein and searched for the peptides carrying disulfide bonds.
The result of this analysis is described in Table 1, which com-
pares the predicted molecular mass of each peptide (based on
sequence) to the experimentally determined mass. The inten-
sity values given in the table do not measure the absolute
quantity of a peptide but quantify the relative abundance un-
der similar LC-MS/MS conditions. Intact disulfide bonds
were found between Cys-337 and Cys-343, between Cys-374
and Cys-384, and between Cys-355 and Cys-374 in their re-
spective peptides. Two other disulfides, Cys-301 and Cys-311
and Cys-355 and Cys-384 were also detected but with very
low ionization intensity. The disulfide bonds between Cys-301
and Cys-311 and Cys-337 and Cys-343 were present in single
peptides. Because there are trypsin cleavage sites between the
interlinked cysteine residues, the other three disulfide bonds
connected two peptides. Nevertheless, all of the detected dis-
ulfides appear to be intramolecular, because no dimeric form
of the protein was observed in nonreducing SDS-PAGE analy-
ses of the oxidized protein.
LC-MS/MS was also performed on tryptic-digested prod-

ucts of the oxidized and reduced Rev-erb� LBD that had been
subjected to the two-step alkylation with iodoacetamide and
vinyl pyridine, as described previously (41). This analysis fur-
ther confirmed the involvement of all of the above mentioned
cysteines in disulfide bonds, in the oxidized state of the pro-
tein (Table 2). In the reduced protein, all of the Cys residues
were modified by iodoacetamide, confirming that all Cys resi-
dues are in the thiol(ate) state in the reduced protein. In the
oxidized protein, Cys-301 and Cys-311 from peptide 290–323
and Cys-337 and Cys-343 from peptide 326–353 showed only
4-vinyl pyridine modifications, indicating that these cysteines
were involved in the disulfide bond in the oxidized protein.
However, peptides containing the other three cysteine resi-
dues (Cys-355, Cys-374, and Cys-384) were detected with

FIGURE 1. Redox-dependent binding of Fe3�-heme to Rev-erb� LBD. Difference absorption spectra and titration curves of oxidized (0. 4 �M) (A and B,
respectively) and reduced (0.3 �M) (C and D, respectively) Rev-erb� LBD are shown. The titrations were performed in Buffer B (see “Experimental Proce-
dures”). Titration of reduced Rev-erb� LBD with Fe3�-heme was performed anaerobically to avoid thiol-oxidation during the experiment. The lines in B and
D were generated from fits to Equation 1.
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both iodoacetamide and 4-vinyl pyridine modifications in
different fractions. This might result from an incomplete oxi-
dation of the cysteines. Regardless, the peptide containing
4-vinyl pyridine-modified Cys-384 (peptide 380–388) was
almost 50 times more abundant than that containing
iodoacetamide modification. Moreover, the peptides con-
taining Cys-374–Cys-384 was 1.6-fold more abundant than
the peptides containing Cys-355–Cys-384. Thus, based
on the above two mass spectrometric analyses, we hypoth-
esize that Cys-384 may form a disulfide with either Cys-
374 or Cys-355.
To test the above hypothesis about Cys-384, we used the

oxICAT method to quantify the redox state of cysteines in the
oxidized protein. As described under “Experimental Proce-
dures,” we treated Rev-erb� LBD with the light ICAT reagent,
reduced all of the existing oxidative thiol modifications, and
alkylated all newly reduced thiols with the heavy ICAT. Thus,

a peptide containing a free Cys thiol(ate) will have anm/z
value that is 9 units smaller than one containing a Cys that is
engaged in a disulfide bond (37). Mass spectral analysis of the
affinity-purified tryptic peptide harboring Cys-384
(MHLVC384PMSK) reveals peaks at 1288.69 and 1297.65
(�9), with the major peak at 1297.65, resulting from labeling
with one heavy ICAT molecule (Fig. 2). Similarly, peptides
containing Cys-374 (NSYLC374NTGGR) and Cys-355
(VC355DRVPIDGFSQNENK) showed major peaks at 1320.64
(�9) and 2057.02 (�9) from the addition of one heavy ICAT
molecule (Fig. 2). Thus, the majority of the oxidized protein
contains oxidized forms of Cys-384 (89%), Cys-374 (87%), and
Cys-355 (92%). In fact, all of the LBD peptides containing Cys
residues showed major peaks with an increase in their mass
by 9 or 18 Da, indicating that all of the cysteines in the oxi-
dized state of the LBD are in the oxidized form (data not
shown).

TABLE 1
Disulfide bond analysis after mass spectrometry of unmodified air-oxidized Rev-erb�

a Relative molecular mass based on the matched peptide sequence.
b Observedm/z factored by z.
c Counts per second.
** These peptides had very low ionization intensity.

TABLE 2
LC-MS/MS results of oxidized and reduced Rev-erb� LBD after two-step alkylation
cps, counts per second; ND, peptide not detected; IAM, idoacetamide; 4VP, 4-vinylpyridine.

Peptide Sequence

Oxidized Reduced

No.a Mr

Intensity (cps)

No.a Mr

Intensity (cps)IAM 4VP Calculatedb Observedc IAM 4VP Calculatedb Observedc

290–323 NMEQYNLNHDHCGNGLSSHFPCSESQQHLNGQFK 0 2 4322.90 4322.93 1.75e4 ND ND ND ND ND
326–353 NIMHYPNGHAICIANGHCMNFSNAYTQR 0 2 3386.55 3386.51 8.54e4 2 0 3290.44 3290.44 2.09e4
354–369 VCDRVPIDGFSQNENK 0 1 1924.91 1924.91 5.15e4 1 0 1876.86 1876.86 1.55e4

1 0 1876.87 1876.87 4.10e3
370–379 NSYLCNTGGR 0 1 1188.53 1188.54 4.69e2 1 0 1140.50 1140.50 4.07e2

1 0 1140.50 1140.50 6.46e2
380–388 MHLVCPMSK 0 1 1149.55 1149.51 1.14e5 1 0 1101.51 1101.50 8.84e5

1 0 1101.51 1101.51 2.27e3
a Number of cysteine residues modified.
b Relative molecular mass based on the matched peptide sequence.
c Observedm/z factored by z.
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To determine which disulfides are involved in regulating
heme binding, we generated C374S and C355S/C374S vari-
ants. Interestingly, mutation of Cys-374 to Ser was sufficient
for the loss of redox-dependent heme binding (Table 3). Both
C374S and C355S/C374S variants exhibited similar affinity
for heme in both oxidized and reduced states. The C374S var-
iant has binding constants of 12 and 13 nM for the oxidized
and reduced states, respectively (Fig. 3), whereas the C355S/
C374S variant has binding constants of 13 and 24 nM for the
oxidized and reduced proteins, respectively (supplemental

Fig. S2). Altogether, mass spectrometric and heme binding
analyses demonstrate that disulfide bond formation between
Cys-384 and Cys-374 is responsible for lower heme affinity of
the oxidized Rev-erb� LBD as compared with the reduced
Rev-erb� LBD.
A Ligand Switch Occurs upon Changing the Thiol Redox

State—To further examine the nature of the ligand switch in
the Rev-erb� LBD predicted by the UV-visible absorption
measurements (described above), X-band EPR experiments
were performed of the Fe3�-heme-bound oxidized and re-
duced proteins (Fig. 4). The EPR spectrum of the anaerobi-
cally prepared complex of the reduced protein and Fe3�-
heme manifests a rhombic spectrum with g values of 2.49,
2.27, and 1.86. These g values are consistent with His and Cys
axial ligation to a low spin six-coordinate heme (Fig. 4A) (22).
On the other hand, the predominant EPR spectrum of the
complex between the oxidized protein and heme has g values
(2.96, 2.27, and 1.52) that are characteristic of a low spin six-
coordinate Fe3�-heme that is ligated by His and a neutral res-
idue. The minor component (�30%) consists of His/Cys liga-
tion (g values of 2.49, 2.27, and 1.87) (Fig. 4A). The g values
(2.96, 2.27, and 1.52) of the major species are fairly close to
those assigned to a bis-His ligated heme (42); however, be-
cause the EPR spectra of His/Lys- or His/Met-coordinated
heme are similar, the possibility of His/Met or His/Lys liga-
tion cannot be excluded (43). When Cys-384 was mutated to
Ala, as expected, the EPR spectrum of the oxidized C384A-
heme complex exhibited pure His/neutral residue ligation (g
values at 2.96, 2.27, and 1.52), with no detectable g 	 2.48
peak. On the other hand, EPR experiments of the reduced
C384A-heme complex (Fig. 4C) did reveal low amounts of a
low spin EPR spectrum characteristic of His/Cys ligation
(which might be provided from another unknown Cys) along
with a g 	 2.0 species of unknown origin.

Assuming that the EPR spectrum with g values at 2.96, 2.27,
and 1.5 originates from bis/His ligation, we assessed whether
His-381, which is near Cys-384, might be the ligand that re-
places Cys-384 in this ligand switch. However, as shown in
supplemental Fig. S3, the EPR spectrum of the H381A variant
is nearly identical to that of the wild-type protein, with no
diminution in the g 	 2.96 peak. To ensure that this His/neu-
tral residue ligation is not due to an artifact resulting from the
binding of one of the His residues in the His tag, we removed
this tag by proteolytic cleavage with enterokinase and per-
formed EPR experiments on the oxidized protein. The EPR
spectrum of the oxidized tagless variant is identical to that of

FIGURE 2. Oxidation of cysteines in oxidized Rev-erb� LBD. OxICAT anal-
ysis of the redox state of purified and oxidized Rev-erb� LBD reveals incor-
poration of heavy ICAT (13C) in Cys-384 (top panel), Cys-374 (middle panel),
and Cys355 (bottom panel) in their respective peptides, which demonstrates
that these cysteines are oxidized upon oxidation of the protein.

TABLE 3
Redox-dependent heme binding properties of wild type and mutants
The peaks from optical absorption spectra are given in nm.

Oxidized protein-Fe3� heme Reduced protein-Fe3� heme Reduced protein-Fe2� heme

Soret � � Kd Soret � � Kd Soret � � Kd

nM nM nM
WT 416 567 537 117 
 29 424 570 542 23 
 3 428 560 530 16 
 4
C374S 416 567 537 12 
 4 424 570 542 13 
 6
C355S/C374S 416 567 537 17 
 5 424 570 542 24 
 4
C384A 415 567 537 1010 
 110 420 Broad peak at 550 Broad peak at 550 46 
 14 428 560 530 209 
 30
H568R 416 Broad peak at 550 Broad peak at 550 13090 
 780 424 Broad peak at 550 Broad peak at 550 175 
 44 431 563 536 1520 
 490
H568A 416 Broad peak at 550 Broad peak at 550 713 
 135 420 Broad peak at 550 Broad peak at 550 2291 
 580 427 560 530 199 
 54
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the wild-type protein (supplemental Fig. S3), demonstrating
that the His tag does not affect the ligation state of the heme.
To further examine whether the LBD binds heme in vivo

and whether the Cys-to-unknown neutral residue ligand
switch occurs in growing cells, we performed whole cell EPR
analyses on E. coli cells overexpressing the Rev-erb� LBD.
One might criticize the use of a bacterial system for these
studies; however, use of the oxICAT methodology revealed
that the redox state of human heme oxygenase-2 under nor-
moxic growth conditions, as well as the response to oxidative
and reductive conditions, was similar whether the protein was
expressed in E. coli or in the human embryonic kidney cell
line (HEK293) (44). Even though the E. coli cells were grown
without heme precursor, the cells were amber-colored (sup-
plemental Fig. S5C), indicating that overexpression of the hu-
man Rev-erb� LBD induces heightened production of heme
in E. coli. The whole cell EPR spectrum exhibited a single
rhombic species with g values (g 	 2.48, 2.27, and 1.86) identi-

cal to those obtained for the purified reduced LBD-Fe3�-
heme complex (Fig. 4B, 0 h), confirming that heme binds to
the LBD through His/Cys ligation. This spectrum is absent
when cells lacking the overexpression construct are similarly
treated. When cells were treated with 30 mM diamide, a par-
tial switch from His/Cys to His/neutral residue ligation was
observed. Initially, only the set of g values (2.48, 2.27, and
1.86) characteristic of His/Cys ligation was detected; then,
after 30 min, the spectrum of a His/neutral residue-ligated
species appeared (g 	 2.96, 2.27, and 1.52). By 8 h, there was
an equal mixture of the EPR spectra from the His/Cys- and
His/neutral residue-ligated species (Fig. 4B and supplemental
Fig. S4). The amount of Rev-erb� LBD was unchanged
throughout the experiment (Fig. 4B, inset). Thus, treatment of
the cells with oxidants caused a Cys-to-neutral residue ligand
switch, as observed for the purified protein. For control ex-
periments, when either the H568R, H568A, or C384A variants
were overexpressed, the cells did not turn red (supplemental
Fig. S5C), and the whole cell EPR spectra revealed a pro-
nounced g 	 4.3 spectrum, without detectable amounts of
low spin Fe3�-heme (supplemental Fig. S5A), even when the
growth medium was supplemented with �-amino levulinic
acid (data not shown). Control E. coli cells not expressing
Rev-erb� also had the same peak (g 	 4.3), although with
lower intensity. The g 	 4.3 EPR spectrum, which is charac-
teristic of “extraneous” iron, probably derives from other iron
proteins in the cell. Expression levels of the variants are simi-
lar to those of the wild-type Rev-erb� LBD (supplemental
Fig. S5B).
Because the mass spectrometric results (above) demon-

strated a disulfide linkage between Cys-384 and Cys-374, we
hypothesized that mutating Cys-374 would enable free Cys-

FIGURE 3. Loss of redox dependence of binding of Fe3�-heme to the
C374S variant. Fe3�-heme titration curves of oxidized (A, 0. 3 �M) and re-
duced (B, 0.2 �M) C374S variants. The titrations were performed in Buffer B
(see “Experimental Procedures”). Titration of reduced Rev-erb� LBD variant
with Fe3�-heme was performed anaerobically to avoid thiol-oxidation dur-
ing the experiment. The lines were generated from fits to Equation 1.

FIGURE 4. Ligand switching associated with a change in redox state of Rev-erb� LBD. A, EPR spectroscopic analysis of heme complexes with the re-
duced (Red) and oxidized (Ox) proteins (complexes were prepared at a ratio of 1:1.5 of Fe3�-heme:LBD). B, EPR analysis of E. coli cells overexpressing Rev-
erb� LBD (without or with oxidation by 30 mM diamide (DA) for 4 and 8 h). Inset, Western blot analysis of the EPR samples from the diamide treatment at 0,
4, and 8 h using anti-pentahistidine antibody. C, EPR analysis of C384A-heme and C374S-heme complexes as in A. Note that the in vitro experiments were
performed in Buffer B. The minor peaks at g values of 2.0 and 1.99 are from the buffer.
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384 to ligate heme in the oxidized state of the protein. Thus,
EPR experiments of the heme-bound C374S variant were per-
formed. To our surprise, the variant showed an EPR spectrum
that was similar to that of the wild-type protein, both in the
reduced and oxidized states, although the oxidized C374S
variant exhibits slightly more Cys/His ligation (43%) than in
the corresponding wild-type protein (29%) (Fig. 4C). The EPR
spectra of the C355S/C374S variant are similar to those of
C374S (data not shown).
Overall, mutation of Cys-374 resulted in the loss of the re-

dox dependence of heme binding, but not redox-dependent
ligand switching. This indicates that the oxidation of Cys-384
(resulting in a disulfide bond with Cys-374) is not solely re-
sponsible for the ligand switch. Perhaps oxidation of Cys-384
induces a conformational shift that moves Cys-384 away from
the heme. This hypothesis is supported by the electronic ab-
sorption spectra (supplemental Fig. S6) of the oxidized wild-
type, C384A, C374S, and C355S/C374S proteins. Similar ab-
sorption spectra of wild-type and cysteine variants indicate
similar heme ligation states (i.e. His/neutral residue) in the
oxidized forms of these variants and the wild-type protein
(supplemental Fig. S6).

However, unlike the wild-type protein, the oxidized and
reduced states of the C374S variant bind heme with similar
affinities. Therefore, it is the redox switch, not the ligand
switch, that alters the heme binding affinity. It is plausible
that a conformational change in the LBD, resulting from oxi-
dation of Cys-384, might block the heme-binding site, thus
decreasing affinity of the oxidized protein for heme (see
Fig. 7).
pH-dependent Ligand Switch in the Oxidized Rev-erb�

LBD—Apart from the redox-dependent ligand switch, the
oxidized protein shows a pH-dependent switch from His/
neutral residue to His/Cys ligation. At increasing pH values,
the Soret peak of the wild-type oxidized protein showed a red
shift from 416 to 424 nm along with a significant decrease in
intensity from pH 8 to 10 (supplemental Fig. S7A), and the
color of the complex changed from dark red to green over the
pH range from pH 8 to 10. The titrations could not be per-
formed at lower pH values, because the protein precipitated
below pH 7. Similar observations were made for the C374S
variant (supplemental Fig. S7C). Similarly, EPR spectroscopic
results indicate a ligand switch from His/neutral residue to
His/Cys ligation above pH 10 for wild-type LBD (supplemen-
tal Fig. S7B) and for the C374S (supplemental Fig. S7D) vari-
ant. It is plausible that a base-induced cleavage of the Cys-
374–Cys-384 disulfide bond occurs at pH 10, which releases
Cys-384 for ligation to the heme.
As the pH is increased, a minor amount of high spin heme

(g 	 �6.2) is observed, as seen earlier with cytochrome b561
(42). In addition, small amounts of a low spin species with a g
value at 2.68 appears, which could result from His/water liga-
tion (29). Furthermore, a peak at g 	 4.3 is observed that is
likely to reflect heme decomposition.
No Effect of Change in Iron Redox State on Heme Binding

Affinity—Pardee et al. (11) recently showed that Rev-erb� is
capable of binding both Fe3�- and Fe2�-heme. We performed
Fe2�-heme titrations to determine whether the reduced pro-

tein prefers Fe3�- versus Fe2�-heme. All of the titrations with
Fe2�-heme were performed in anaerobically closed vials in
the presence of 2.5 mM sodium dithionite to prevent oxida-
tion of the Fe2�-heme to Fe3�. The absorption spectrum of
Fe2�-heme-reduced Rev-erb� LBD complex is shown in sup-
plemental Fig. S1. The spectrum has a Soret band at 428 nm
and alpha and beta bands at 560 and 530 nm, respectively,
indicating that the Cys ligand is released from the Fe2�-heme
(45, 46). Similarly, the difference spectrum of the complex
between the reduced Rev-erb� LBD and Fe2�-heme exhibited
a Soret peak at 428 nm along with the alpha (560 nm) and
beta (530 nm) bands (Fig. 5A). Titration of the reduced Rev-
erb� LBD with Fe2�-heme resulted in a sharply saturating
binding isotherm (Fig. 5B), which, when fit to the quadratic
equation (Equation 1), gave a Kd value in the low nanomolar
range (Kd 	 15.8 
 4.1 nM). This Kd value is similar to that
obtained in the titration of the reduced form of the Rev-erb�
LBD with Fe3�-heme (above). Thus, the reduced protein ex-
hibits similar high affinity for Fe2�- and Fe3�-heme. Because
dithionite, which is used to reduce the heme, also reduces the
disulfide groups in the LBD, it is not possible to determine the
Kd of the oxidized protein for Fe2�-heme.

Magnetic circular dichroism and resonance Raman spec-
troscopic experiments have revealed that the Fe2�-heme
bound to Rev-erb� can exist in a five-coordinate environment
with a single neutral ligand as well as a six-coordinate state
with two neutral ligands (22). His-568 has been postulated to
remain as an axial ligand in the Fe2� state. To further exam-
ine the ligand environment of Fe2�-heme, we determined the
affinity of the H568R variant for Fe2�-heme. Substitution of
His-568 for Arg severely diminished the affinity of the Rev-
erb� LBD for Fe2� heme (Kd 	 1.52 
 0.49 �M). On the other
hand, mutation of Cys-384 to Ala had a more modest effect
on the affinity (Kd 	 210 
 30 nM) for Fe2�-heme (Table 3).
These observations lend further support for the conclusion
that in the Fe2� state, His-568 remains as an axial ligand,
whereas Cys-384 ligation might be lost. Dissociation of a thio-
late anionic ligand upon reduction of Fe3�-heme is a fairly
common phenomenon (47).
Tight CO Binding to Rev-erb� LBD—CO is an important

signaling molecule and has been shown to interact in vitro
with the Fe2� heme-Rev-erb� complex, probably by replacing
Cys as an axial ligand. However, it was stated that no signifi-
cant interaction was measured by in vivo experiments (al-

FIGURE 5. Similar affinity of reduced Rev-erb� LBD toward Fe3�- and
Fe2�-heme. The Rev-erb� LBD (0. 3 �M) was anaerobically titrated with
Fe2�-heme in Buffer B in the presence of 2.5 mM dithionite. The Soret
peak for Fe2�-heme is at 428 nm and exhibits sharp alpha and beta
peaks at 560 and 530 nm, respectively (A). The Kd values of the com-
plexes of Fe3�- and Fe2�-heme with reduced Rev-erb� LBD are 23 
 2.7
nM (Fig. 1D) and 15.8 
 4.1 nM (Fig. 5B), respectively. The line in B was
generated from fits to Equation 1.
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though details were not provided) (11). To quantify the inter-
action between CO and the LBD, we performed CO titrations.
The difference spectra are shown in Fig. 6, and the real spec-
tra are presented in supplemental Fig. S8. The addition of CO
to the Rev-erb� LBD resulted in a peak shift from 428 to 422
nm. The data obtained from the titration were subjected to
quadratic analysis (Equation 1), which showed very high affin-
ity of the LBD for CO (Kd 	 60 
 15 nM).

DISCUSSION

Rev-erb� and Rev-erb� are heme-binding nuclear recep-
tors that are highly expressed in the brain, liver, adipose tis-
sue, and skeletal muscle. The Rev-erbs exhibit circadian pat-
terns of expression and play important roles in controlling the
expression of genes constituting the primary transcriptional-
translational feedback loop that regulates the vertebrate circa-
dian clock (48, 49). This primary negative feedback loop in-
volves a highly conserved suite of proteins (CLOCK, the
CLOCK paralog NPAS2, BMAL1, Per1, Per2, Cry1, and Cry2)
that are expressed within the suprachiasmatic nucleus of the
hypothalamus, the central circadian pacemaker in humans, as
well as in peripheral tissues that are subject to circadian mod-
ulation. In this primary feedback loop, the CLOCK-BMAL1
heterodimer serves as a positive acting transcription factor
that activates expression of the Cry and Per proteins, which
feed back to repress expression of BMAL1. In a secondary
negative feedback loop, Rev-erb represses the expression of
BMAL1 by binding to two ROR response elements in the
BMAL1 promoter, yet expression of Rev-erb is activated by
the CLOCK-BMAL1 heterodimer, which binds to E-boxes
within the Rev-erb promoter (14, 50, 51). Transcriptional reg-
ulation through the primary and secondary circadian loops,
coupled to post-translational modification and degradation of
circadian clock proteins (52, 53), synchronizes to the daily
light-dark cycle a wide range of metabolic and behavioral pro-
cesses, including the sleep-wake cycle, feeding behavior, body
temperature, and blood hormone levels (49).
Heme, which has been shown to regulate processes as di-

verse as enzyme and ion channel activity, DNA binding, signal
transduction, and protein complex assembly (54), is linked to
the circadian cycle at several levels. Like Rev-erb, heme exhib-
its circadian patterns of expression, at least in part because of

circadian regulation of �-amino levulinic acid synthase, the
rate-limiting enzyme in heme synthesis (20). Heme also mod-
ulates the activity of multiple nuclear receptors such as Hap1,
HRI kinase, elF2� (54), and several key players involved in the
circadian rhythm, including Rev-erb� and Rev-erb� (8, 10, 19,
55). Heme binding to Rev-erb is required for efficient nuclear
corepressor recruitment; thus, alterations in intracellular
heme levels modulate the expression of BMAL1 in a manner
suggesting that heme stabilizes the Rev-erb-nuclear corepres-
sor complex (14).
The intracellular redox state has also been proposed to en-

train the circadian oscillator by modulating the ability of the
CLOCK-BMAL1 and NPAS-BMAL1 heterodimers to bind
DNA (48). One mechanism of redox regulation of gene ex-
pression is by thiol-based redox modification of nuclear re-
ceptors (56). For example, upon treatment with thiol-oxidiz-
ing reagents, the ligand binding activity of the glucocorticoid
receptor is severely impaired but is restored by overexpres-
sion of thioredoxin (56, 57).
One mechanism by which proteins link redox- and heme-

dependent regulation is by thiol-disulfide regulation of heme
binding. For example, human heme oxygenase-2 and the BK
channel contain redox switches that undergo reversible thiol-
disulfide interconversion, with different heme binding affini-
ties in the oxidized disulfide state and the reduced state (29,
44, 58). The heme regulatory motif consists of a conserved
Cys-Pro core sequence that is usually flanked at the N termi-
nus by basic amino acids and at the C terminus by a hydro-
phobic residue (59–61). Given that the LBD of Rev-erb� con-
tains an heme regulatory motif (HLVC384PMSK), in which
Cys-384 is a heme ligand (11), we hypothesized that Cys-384
may be involved in a ligand switch in which oxidation of this
residue would abolish (or reduce) binding of Fe3�-heme. Be-
cause heme binding to Rev-erb regulates the expression of
target genes (8, 10, 11), such a redox and/or ligand switch
could help explain how intracellular redox state and heme
metabolism can control the circadian cycle.
Our combined mutagenesis, spectroscopic (EPR and UV-

visible), and mass spectrometric experiments provide novel
insights into redox- and ligand-based changes in the LBD and
lend support to the conclusions based on previous resonance
Raman and crystallographic experiments that Cys-384 and
His-568 can serve as the axial ligands to the heme in Rev-erb�
(11, 22). Based on heme titrations, the reduced state of the
Rev-erb� LBD binds Fe3�-heme (Kd 	 23 nM) with �5-fold
greater affinity than does the oxidized protein (Kd 	 117 nM).
This change in heme affinity appears to be associated with the
reduction of the disulfide state of Cys-384 (linked to Cys-374)
to the free thiolate state. With such a redox-coupled ligand
switch, the Cys residue would only be available for heme liga-
tion under reducing conditions within the cell. Mutagenesis
studies further indicate that Cys-384 is redox active, because
the EPR spectra of the oxidized C384A variant, which has
only His/neutral residue ligation to the heme, are similar to
those of the diamide-oxidized wild-type Rev-erb � LBD. It is
likely that His-568 remains as one of the heme ligands in the
oxidized protein, because mutation of His-568 to either Ala or
Arg markedly lowered heme binding affinity (Table 3). To

FIGURE 6. High affinity of CO toward Fe2� heme- Rev-erb� LBD com-
plex. Difference spectra following the binding of CO to the Fe2�-heme
complex with the Rev-erb� LBD. Inset, fitting the binding isotherm for the
CO titration yielded a Kd value of 60 
 15 nM. The CO titration was per-
formed anaerobically in Buffer B in the presence of 2.5 mM dithionite with 2
�M Fe2�-heme-LBD complex, as described under “Experimental Proce-
dures.” The line shown in the inset was generated from a fit to Equation 1.
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attempt to identify the other neutral residue that binds heme
in the oxidized state, we performed EPR studies of the residue
that seemed most likely to be involved in the ligand switch,
e.g. His-381, based on the crystal structure of the protein (11).
However, the H381A variant exhibits an EPR spectrum that
superimposes with that of the wild-type protein. Thus, the
identity of the other neutral residue that can bind heme in the
oxidized state of the protein is unknown.
The heme titrations quantitatively demonstrate that the

reduced state of the purified LBD tightly binds heme at the
low nanomolar concentrations of free heme present within
the cell, and the in vivo EPR and mutagenesis experiments
confirm that the LBD tightly binds heme within growing
E. coli cells. We used E. coli cells for these studies because
obtaining sufficient numbers of mammalian cells for such an
experiment is prohibitive, and at least from a redox perspec-
tive, the intracellular redox potential of E. coli is approxi-
mately �250 mV (62, 63), which is within the range of the
ambient redox potential of mammalian cells, from �170 to
�325 mV (64, 65). Furthermore, the ratios of oxidized/re-
duced thiols are similar whether heme oxygenase-2 is ex-
pressed under different redox conditions in mammalian or
E. coli cells (44).
That the LBD binds heme with high affinity is also indi-

cated by observation of the amber color of E. coli cells that are
overexpressing the LBD in the absence or presence of the
heme precursor, �-amino levulinic acid. Similarly, when cyto-

chrome b and NPAS2 are overexpressed, the bacterial cells
exhibit the characteristic amber color of heme (55, 66). Earlier
studies on heme binding to the Rev-erb� LBD have yielded Kd
values of 2 and 6 �M (8, 11), which are problematic because
these values are much higher than the physiological concen-
tration of free heme (�100 nM) (67). Based on a 2 �M Kd
value, at 100 nM free heme, �95% of the Rev-erb population
would be in the apo form. However, based on the published
UV-visible spectra (including Soret peaks for the Fe3�-heme-
bound 415–420 nm) (8, 9, 11, 22), the previous studies were
performed with a mixture of oxidized and reduced LBD. Our
results also indicate that, in addition to the potential prob-
lems associated with working with mixed redox states of the
LBD, the very high Kd values reported in prior studies result
from protein aggregation at the high concentrations used in
those experiments. Here, we show heme binding to the Rev-
erb� LBD at physiologically relevant heme concentrations
and that heme affinity is redox-regulated.
The EPR spectrum of the LBD-bound heme is easily ob-

served in E. coli cells, and the g values, which are fingerprints
for the heme ligation state, can be readily assigned. Thus, the
mutagenesis and in vivo EPR experiments demonstrate that
the switch between His/neutral residue and His/Cys coordi-
nation environments observed for the purified oxidized and
reduced proteins also occurs within cells. It appears likely that
the coordination environment is governed by the ambient
intracellular redox potential.

FIGURE 7. Model for redox modulation of heme binding and heme ligand switching in Rev-erb�. Ferric heme is ligated via Cys-384 and His-568 in the
ligand-binding domain of the thiol-reduced form of Rev-erb�. Disulfides, formed after the oxidation of the protein, change the conformation of the protein,
which results in His/neutral residue ligation (His/His or His/Met or His/Lys) of the heme. Formation of the disulfide bond between Cys-374 and Cys-384 in-
terferes with heme binding. The LBD can bind ferrous heme with similar affinity to the ferric heme. In this state, Cys-384 appears to be replaced by a neutral
ligand, suggested to be Met (45, 46). CO binds tightly to the ferrous state of Rev-erb�, replacing the sulfur ligation from Cys-384.
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The studies described here also explain the discrepancy
noted by De Rosny et al. (68), i.e. that although His/Cys liga-
tion was observed in the crystal structure of Rev-erb� LBD,
the Soret peak is unexpectedly at 415 nm. Our results show
that the fully oxidized Fe3�-protein exhibits a Soret peak at
416 nm, whereas this band for the reduced ferric protein is
observed at 424 nm, which is characteristic of His/Cys liga-
tion (68, 69). Therefore, the crystal structure of the TCEP-
incubated protein seems to have trapped one of the two stable
states of the protein, i.e. the reduced state, whereas the His/
neutral residue state is responsible for the 415-nm band.
A novel aspect of the ligand switch between the His/neutral

residue and His/Cys states of the Fe3�-heme is that it is regu-
lated by the change in redox state of thiols in Rev-erb�. This
ligand switch in Rev-erb� also can be brought about by
changes in the redox state of the heme (22), a property that is
commonly observed when the iron undergoes redox changes
between the Fe3�and Fe2� states (69–72). In Rev-erb�, the
reduced LBD binds Fe2�- and Fe3�-heme with similar affinity
(16 and 23 nM, respectively). Generally the anionic thiolate
ligand is replaced upon reduction of the ferric ion (47). Based
on the earlier experiments (11), it is possible that Fe2�-heme
is ligated via His only; however, the UV-visible spectrum can-
not rule out the possibility of His/Met ligation (45, 46). Al-
though the physiological relevance of Fe2�-heme binding is
not very well established (73), it is clear that replacement of a
strong ligand (like thiolate) by a weak ligand facilitates reduc-
tion of the iron and promotes binding of extrinsic axial li-
gands, like CO or NO (Fig. 7).
We propose that CO and/or NO binding to Rev-erb may

help explain the signaling role of CO in the circadian clock
(74). Although previous studies have shown that CO can in-
teract with Rev-erb� (11, 22), the high affinity (60 nM) for CO
demonstrated here emphasizes the potential role for CO in
regulating the properties of Rev-erb�. In comparison, NPAS2
(Kd 	 1 �M) and a bacterial CO sensor (CooA) (Kd 	 11 �M)
bind CO with significantly lower affinity (55, 75).
Redox-mediated ligand switching allows adjustment of the

activity of heme proteins in response to changes in the ambi-
ent redox potential within the cell, which occur during oxida-
tive stress or conversely hypoxia. Oxidative stress, a factor in
many important diseases (76–79), is correlated with disrup-
tions in the circadian rhythm (80, 81). Oxidative stress may
also play a role in different diseases, such as shift work sleep
disorder, originating from imbalance in circadian rhythm
(81). Because Rev-erb� is considered to link the circadian cy-
cle and metabolism (12), we propose that under more reduc-
ing intracellular redox conditions, Rev-erb� (containing the
reduced thiolate form of Cys-384) is in its heme-bound state,
which is optimal for recruitment of nuclear corepressor and
repression of target genes. When subjected to oxidative stress
conditions, Cys-384 of Rev-erb� undergoes oxidation to form
a disulfide bridge with Cys-374, also triggering a ligand switch
that results in release of bound heme and derepression of tar-
get genes. Furthermore, the tight binding of CO offers yet
another possible layer of regulating Rev-erb activity. These
redox- and ligand-dependent changes could then trigger al-
terations in circadian patterns and, if not reversed, result in

circadian and/or metabolic disorders. The effects of heme,
redox, and intrinsic and extrinsic (CO and NO) ligands on
RevErb would likely be complemented by those on other
heme proteins with key roles in the circadian cycle, such as
NPAS2 and Per2 (82, 83).
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