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ABSTRACT: The mammalian circadian clock synchronizes physical and metabolic activity with the diurnal
cycle through a transcriptional—posttranslational feedback loop. An additional feedback mechanism regulat-
ing clock timing has been proposed to involve oscillation in heme availability. Period 2 (PER2), an integral
component in the negative feedback loop that establishes circadian rhythms in mammals, has been identified
as a heme-binding protein. However, the majority of evidence for heme binding is based upon in vitro heme-
binding assays. We sought to ascertain if these largely spectral assays could distinguish between specific and
nonspecific heme interactions. Heme-binding properties by a number of other well-characterized proteins, all
with no known biological role involving heme interaction, corresponded to those displayed by PER2. Site-
directed mutants of putative heme-binding residues identified by MCD were unable to locate a specific heme-
binding site on PER2. Protein film electrochemistry also indicates that heme binds PER2 nonspecifically on
the protein surface. Our results establish the inability of qualitative in vitro assays to easily distinguish between
specific and nonspecific heme binding. We conclude that heme binding to PER2 is likely to be nonspecific and
does not involve the hydrophobic pocket within the PER2 PAS domains that in other PAS proteins commonly
recognizes cofactors. These findings also question the significance of in vivo studies that implicate heme
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interactions with the clock proteins PER2 and nPAS2 in biological function.

In mammals, physical and metabolic activity is synchronized
with the diurnal cycle by the circadian clock (/—4). The clock acts
as a gestalt, where the interactions of a few core clock gene
products result in a remarkably precise molecular timepiece. The
basic mechanism of the clock involves two transcriptional
activators, CLOCK and bMALI, whose activity oscillates over
a 24 h cycle. Heterodimerization of CLOCK and bMALI
initiates the transcription of various clock-controlled genes
(CCGs) as well as two sets of core clock genes: period (perl,
per2, and per3) and cryptochrome (cryl and cry2) (1—4). Time is
set by a delayed transcriptional and posttranslational feedback
loop dependent on the cellular location and levels of the Period
(PER1 and PER2) and Cryptochrome (CRY1 and CRY2)
proteins. After transcription of per and cry genes is initiated,
their corresponding proteins begin to accumulate in the cyto-
plasm and eventually translocate into the nucleus where they
inhibit transcriptional activity of the CLOCK/bMALI1 complex.
Consequently, transcription of the per and cry genes halts,
ultimately decreasing the levels of PER and CRY low enough
to restore activity to the CLOCK/bMALI complex, thereby
starting the cycle anew.

A large number of clock genes contain PAS domains that
sustain the clock through protein—protein interactions (/, 4, 5).
The PAS domain is a common protein fold present in every
division of life. They often function as sensory modules that
regulate the activity of an attached catalytic domain or an
intermolecular partner. A variety of cofactors have been identi-
fied to bind inside the hydrophobic pocket of different PAS
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domains, which thereby enables a diverse set of signals to be sensed
and relayed. For example, the bacterial protein FixL exploits a
heme functional group to respond to oxygen depletion, modulat-
ing the activity of a downstream histidine kinase domain (6).
Alternatively, the fungal photoreceptor vivid (VVD) utilizes an
FAD molecule to synchronize metabolic activity to changing levels
in blue light (7).

In addition to binding cofactors, some PAS domains participate
primarily in protein—protein interactions. The PAS domains of the
mammalian clock protein PER2 fall into this class with the recently
determined crystal structure lacking any bound cofactors (3).
Another member is the Drosophila melanogaster clock protein
Period (dPER) which contains two PAS domains, both devoid of
a cofactor. dPER’s role in signal transduction appears to involve
a change in dimerization between homodimerization and hetero-
dimerization with the Drosophila Timeless clock protein (3, §).
A further example is the aryl hydrocarbon receptor nuclear
translocator (ARNT), a basic helix—loop—helix (bHLH)/PAS
protein that forms heterodimeric transcriptional complexes with
other bHLH/PAS proteins (9). ARNT complex formation with
aryl hydrocarbon receptor (AhR) is mediated by ligand binding
by AhR. However, complex formation of ARNT with hypoxia-
inducible factor o (HIF-a) has analogy to clock protein interac-
tions, being dependent on protein localization and degradation (9).
It is unclear if these apo-PAS domains require cofactors for
function in vivo (10, 11), but their increasing representation within
the PAS family suggests signaling mechanisms independent of any
cofactor. In keeping with this, many PAS domains overexpressed in
Escherichia coli do not purify with a bound cofactor (5, 8, 11, 12).

Recent evidence has implicated that heme participates in a
feedback loop that regulates the circadian clock. Heme addition
is capable of synchronizing gene expression in NIH (3T3)
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cells (13). In turn, the clock controls transcription of d-amino-
levulinate synthase 1 (ALAS1), the rate-limiting enzyme for heme
biosynthesis (14, 15). Furthermore, core clock components have
been identified as heme-binding proteins. Neuronal PAS domain
protein 2 (nPAS2), a transcription factor homologous to
CLOCK, has been shown to bind heme through its PAS domains
and function as a gas-based sensor (/6—18). PER2 has also been
shown to bind heme through its PAS domains (/3, /9) and a
downstream region of the protein that contains a putative novel
heme-binding motif (20). Because of these interactions, heme has
been suggested to modulate the activity of nPAS2 and the
stability of PER2 (19, 20). In addition, heme is the ligand for
the nuclear steroid receptor REV-Erba, a crucial element of the
clock that regulates transcription of bMALL (27, 22). Thus
binding of heme to clock proteins could generate a feedback
mechanism where the clock controls levels of heme through
ALASI expression, and heme reciprocally regulates clock pro-
teins by directly affecting their activity and stability.

To address the role of heme in the regulation of the circadian
clock, we tested the hypothesis that the PAS domains of PER2
bind heme. In agreement with a previous study (/9) we found that
PER?2 is capable of binding heme through its PAS domains.
However, site-directed mutational analysis was unable to disrupt
binding of heme to PER2 in any significant way. Heme is a
hydrophobic molecule that is known to aggregate in aqueous
solution and require detergents to maintain monodisper-
sity (23, 24). This led us to test if heme was binding to PER2 in
a nonspecific manner due to hydrophobic and general ligand
interactions. As a control, heme binding to well-characterized
proteins, encompassing a breadth of functionalities, was assayed.
None of these proteins utilize a heme moiety in vivo, but
surprisingly all were found to bind heme in vitro in a manner
comparative to PER2 and nPAS2. Our data suggest that the
observed spectral changes reported for PER2 and nPAS2 are due
to nonspecific binding of heme to hydrophobic patches and
exposed ligands on the surface of these proteins.

MATERIALS AND METHODS

Cloning, Expression, and Purification. mPER2 DNA
fragments encoding for amino acids 1—506, 1—320, and 972—
1257 were PCR amplified and cloned into pET28 using Ndel or
Nhel and Xhol restriction sites. mPER2 mutants were generated
using the QuikChange site-directed mutagenesis kit (Stratagene).
All clones were confirmed by complete nucleotide sequencing.
For overexpression of His-tagged PER2 proteins, plasmids were
transformed into BL21(DE3) cells. An overnight culture was
used to inoculate 2 L of Luria broth (LB). Cells were grown at
37°C to an ODgyy = 0.4, and then the temperature was reduced
to 18 °C. After 1 hat 18 °C (ODggo = 0.8—1.0) protein expression
was induced with addition of 100 uM IPTG. Cells were harvested
by centrifugation 20 h after induction, and cell pellets were stored
at =80 °C. All PER2 proteins were purified using standard metal
affinity chromatography procedures. All protein buffers con-
tained either 1-2 mM DTT or 0.5—1 mM TCEP to prevent
disulfide formation. Overnight digestion with thrombin pro-
duced His-tag free protein as assessed by SDS—PAGE. To
remove soluble aggregates, all proteins were further purified by
size exclusion chromatography on a Superdex 200 26-60 Hi-Prep
column. YgeH, CheA, and YtvA were purified as previously
described (25—27). Incorporation of heme into purified protein
was accomplished by incubation of a slight molar excess of hemin
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solution to PER2 proteins. The resulting solution was desalted on
a Bio-Rad 10-DG desalting column to remove excess heme. The
heme precursor, d-levulinic acid, was also added to E. coli cells
harboring the PER2 plasmid at the time of induction but did not
result in any heme incorporation into PER2.

Cysteine Modification. A protein sample of PER2 129—506
(I mM) was incubated with 3 mM TCEP for | h to ensure
reduction of all cysteine residues. Reduced protein was incubated
with 20 mM iodoacetamide for 30 min in Tris buffer, pH 8.0, and
150 mM NaCl. The reaction was quenched with a 5-fold excess of
DTT. Protein was desalted and further purified by gel filtration.

UV—Visible Absorption Spectroscopy. Absorption spec-
tra for mPER2 (1—-506) and PAS A were recorded at 25 °C in
stoppered quartz cuvettes with an Agilent 8453 UV—visible
absorption spectrophotometer. Ferric samples were prepared in
an anaerobic glovebox by diluting concentrated protein in
previously degassed sample buffer. Subsequent treatment with
dithionite produced the ferrous species.

Magnetic Circular Dichroism Spectroscopy. MCD spec-
tra were measured with a magnetic field strength of 1.41 T by
using a JASCO J815 spectropolarimeter. This instrument was
equipped with a JASCO MCD-1B electromagnet and interfaced
with a Silicon Solutions PC through a JASCO IF-815-2 interface
unit. All spectral measurements for PAS A were carried out with
a 0.2 cm quartz cuvette at 4 °C. Ferric samples were prepared by
diluting concentrated protein into previously degassed sample
buffer. Complete reduction of the heme iron was accomplished
by adding a few microliters of concentrated sodium dithionite
solution (25 mg/mL of H,O) with a microliter syringe. Ferrous—
CO adducts were prepared by bubbling CO gas into the ferrous
PAS A samples. UV—visible absorption spectra were recorded
with a Cary 400 spectrophotometer interfaced to a Dell PC before
and after the MCD measurements to verify sample integrity.

Heme Titration Assay. Hemin-ClI (Sigma) was resuspended
in 0.01 M NaOH, filtered using a 0.1 um filter, and diluted with
100 mM Tris, pH 7.5, and 100 mM NaCl to generate a dilute
heme solution. Purified protein was titrated stepwise into heme
solution and thoroughly mixed. Spectra were recorded after each
protein addition. The heme solution was pretreated with dithio-
nite to generate ferrous heme. Titrations with ferrous heme were
carried out with degassed solutions, under anaerobic conditions,
in stoppered cuvettes. Direct calculation of binding constants was
complicated by the presence of multiple heme-binding sites that
varied depending on the protein studied. To determine a compar-
able value for binding affinity, we calculated heme absorption
50% (HAsp) values by taking the ratio of protein concentration
to heme concentration at half the maximum absorbance change.
All titrations were carried out with a similar heme concentration
ranging from 3.2 to 4.5 uM, except for PER2 (1—506), where the
titration employed 10 uM heme.

Heme Dissociation Kinetics. Hemin loss was measured
using the H64Y /V68F apomyoglobin assay described by Hargove
et al. (28). Purified proteins were preequilibrated with hemin in a
5 to 1 molar ratio. The reaction was measured as an increase in
absorbance at 410 or 600 nm (for YtvA 600 nm was chosen
because of the interfering absorption from the flavin cofactor at
410 nm) upon addition of a 6-fold molar excess of apomyoglobin
H64Y/V68F to the protein of interest. Measurements were
carried out with an Agilent 8453 UV—visible absorption spectro-
photometer at 25 °C and in 0.2 M sodium phosphate, pH 7.0, and
0.45 M sucrose buffer. Rate constants were calculated by fitting
the data to either single exponential and biexponential decay
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FiGure 1: PER2 binds heme in a manner dependent on redox state. (a) UV—visible absorption spectra of PER2 (1—506) reconstituted with heme
(5 uM, pH 7.5) before (—) and after (- - -) treatment with dithionite. (b) UV—visible absorption spectra of PAS A [PER2 (1—320)] reconstituted
with heme (4 uM, pH 7.5) before and after treatment with dithionite. (c) Titration of ferric heme (10 M) with PER2 (1-506) (1.5, 3, 5, 6.5,8,9.5,
11 uM). (d) Titration of ferrous heme (10 xM) with PER2 (1—506) (2.1, 4.2, 6.3, 8.4, 10.5, 12.6, 14.7, 16.8, 19.0, 21.1, 23.2, 25.3,27.4,29.5, 31.6,

33.7,35.8,37.9, 40.0, 43.9, 47.8, 59.5 uM).

functions with Mathematica 7.0. The reported values are the
average of three independent experiments.

Electrochemistry. Glassy carbon electrodes were polished
using 0.3 ym alumina slurry and repeatedly sonicated in water
to remove excess alumina. Protein or heme solutions were applied
to the electrode surface and incubated for 1 min to allow for
adhesion. Cyclic voltammetry was performed using a CH Instru-
ments Model 630B potentiostat, a saturated calomel reference
electrode (SCE), a platinum wire as a counter electrode, and
10 mM NaCl as a supporting electrolyte. Buffer solutions were
purged with nitrogen to remove oxygen prior to the beginning of
experiments.

RESULTS

Heme Binds to the PAS Domains of PER2. To investigate
the potential role of heme interaction with PER2 in regulating
the mammalian circadian clock, we carried out a biochemical
characterization of the PAS domains of PER2 with respect to
heme binding. A truncated fragment of PER2 (1—506), contain-
ing both PAS A and PAS B, was overexpressed in E. coli BL21-
(DE3) cells in LB media. Purified protein did not contain any
detectable amounts of heme or any other cofactors. To ensure
the availability of heme during overexpression, the heme pre-
cursor 5-aminolevulinic acid (0-ALA) was added to the growth
media; however, this also did not result in any heme incorpora-
tion into PER2.

To test whether PER2 was capable of binding heme in vitro,
protein and cofactor were incubated together and run on a
Superdex 200 (H26-60) size exclusion column. Heme coeluted
with all PER2 fragments that contained the PAS domains,
thereby confirming that PER2 has the capacity to bind heme.
Vitamin By, has been reported to compete with heme in binding
to the PAS domains of PER2 (/3). Our size exclusion assay
indicated vitamin B, does not bind to PER2 (1-506). As a
control, FAD, a common cofactor found in other PAS domains,
was tested and found also not to bind to PER2 (1—506).

Heme binding by PER2 was characterized using UV—visible
absorption spectroscopy. The PER2—heme complex displayed a
Soret peak at 424 nm with broad a/f peaks at 572 and 548 nm.
Reduction with dithionite shifted the Soret peak to 426 nm with o/f3
peaks at 560 and 530 nm (Figure la). A truncated form of PER2
(1—320) containing only the PAS A domain had a similar spectrum
to PER2 (1—506) for both ferric and ferrous states (Figure 1b).
However, PAS A had a reduced capacity for heme binding (1 to 1
molar ratio of protein to heme in Figure 1b) compared to PER2
(1=506) (1 to 2 molar ratio of protein to heme in Figure la),
demonstrating PAS A alone cannot account for all of the heme
binding in PER2 (1—506). These results indicate that heme is low-
spin hexacoordinate when bound to both PAS A (1—320) and PER2
(1—3506). All spectra were identical to those previously reported for
the PAS domains of PER2 and nPAS2, suggesting heme is bound in
a similar fashion to that observed in those studies (/16—20).
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FIGURE 2: Heme binding does not affect the oligomeric state of
PER2. The elution profiles of PER2 (1—506) with heme bound
(black) and without heme bound (gray) are identical and indicate
PER2 (1—-506) forms a dimer with an apparent MW = 150 kDa
(actual MW = 56 kDa).

Size Exclusion Chromatography. To determine the oligo-
meric state of the PAS domains of PER2, both purified PER2
(1-506) and PAS A were individually applied to a Superdex 200
column. Both PER2 (1-506) and PAS A eluted at volumes con-
sistent with the formation of a dimer, with apparent molecular
masses (MWs) of 150 kDa (actual MW = 56 kDa) and 95 kDa
(actual MW = 35 kDa). The elution volume of PER2 (1—506)
was identical in the absence and presence of heme, indicating no
change in oligomeric state upon initial heme binding (Figure 2).
Prolonged incubation of heme with PER2 formed higher order
PER?2 oligomers due to enhanced cysteine oxidation and forma-
tion of inter-PER2 disulfide bonds. Incubation in an anaerobic
environment in the presence of reducing agents prevented disul-
fide formation and did not lead to higher order oligomerization.

MCD Identification of Axial Ligands for PAS A in Ferric
and Ferrous Forms. Magnetic circular dichroism (MCD)
spectroscopy is a useful method for determining heme coordina-
tion modes as it can identify the ligands (number and type), spin
state, and oxidation state of the heme center (29). MCD spectra
can be either positive or negative, providing greater fingerprint-
ing capability in comparison to traditional absorption spectra,
which only have positive sign features. We sought to characterize
the ligand set for the isolated PAS A domain of PER2 using
MCD spectroscopy. The overall shape and peak position of ferric
PAS A was very similar to that of imidazole-bound ferric
cytochrome P450cam, which is well-known to represent hexa-
coordinate Cys/imidazole ligation (30), as well as the recently
reported MCD spectral results on butylimidazole-bound His60Cys
nitrophorin 1 (H60C_NP1) (31) (Figure 3a). This indicates that
the ligation state of the ferric heme in PAS A also features His/
Cys coordination. Reduction of PAS A with sodium dithionite to
ferrous PAS A results in formation of a six-coordinate low-spin
complex with MCD spectral characteristics very similar to those
of the deoxyferrous H93G myoglobin bis-imidazole adduct
(Figure 3b), which has nitrogenous ligation in both the proximal
and distal sites (32). Thus, unlike ferric coordination, the ferrous
ligation state of PAS A is most likely bis-His. In addition, both
ferrous PAS A and PER2 (1—506) are capable of binding carbon
monoxide. The MCD spectra of ferrous—CO PAS A were identical
to that of myoglobin with CO bound, which indicates that His and
not Cys serves as the trans ligand to carbon monoxide in ferrous
PAS A (33) (Figure 3c). We note that MCD in the wavelength range
tested does not differentiate bis-His from bis-Met coordination;
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FIGURE 3: Magnetic circular dichroism spectra of ferric PAS A,
ferrous PAS A, and ferrous—CO PAS A reveal ferric and ferrous
hemes are bound through His-Cys and bis-His ligation, respectively.
(a) MCD spectra of ferric PAS A (red) and ferric cytochrome
P450—camphor with imidazole bound (blue). (b) MCD spectra of
ferrous PAS A (red) and ferrous H93G sperm whale myoglobin with
bis-imidazole ligation (black). (c) MCD spectra of ferrous—CO PAS
A (red) and ferrous—CO wild-type horse heart myoglobin (blue).

however, analysis of the mPER?2 crystal structure (5) did not
indicate the positioning of any two Met residues capable of bis-
Met coordination in PAS A or PAS B alone. Furthermore, the
identification of His as the trans ligand for the ferrous—CO
complex also suggests Met residues are not involved in heme
coordination.

Heme Binding by PAS A and Site-Directed Mutants.
Having established the PAS A ferric and ferrous heme complexes
as His-Cys and bis-His coordinated, we sought to identify the
specific residues acting as axial ligands. PAS A contains six
histidine residues and six cysteine residues that could serve as the
axial ligands for bound heme. Alignment with FixL, a heme-
binding PAS domain of known structure, revealed H232 and



Article

BA BB oA  oA* oB

Biochemistry, Vol. 49, No. 20, 2010 4331
aC

186 KNADMFAVAVSLVSGKILYISNQVASIF@KKDAFSDAKFVEFLAPRDVSVFRESYTTPYKLPPWSV@SGLDSFTQEM@MEE mPER2 A
325 PPEKRIFTTTRETPN@ELFQAVDERAVPLLGYLPQDLIETPVLVQLEPSDRPLMLAIRKKILQAGGQP-------------- mPER2 B
235 VKEDSFCCVISMHDGIVLYTTPSITDVLGYPRDMWLGRSFIDFVHLKDRATFASQITTG-IPIAESRGSVP------ KDA dPERA
385 SQKSPKFAIRHTATGIISHVDSAAVSALGYLPQDLIGRSIMDFYHHEDLSVMKETYETVMKKGQT----------~ AGAS dPERB
90 LEALDGFVIVVTTDGSIIYVSDSITPLLGRELPADVMDQNLLNFLPEQEHSEVYKILSSHMLVTDSPSPEFLKS----DND nPAS2 A
245 DEPLEEFTSRHSLEWKFLFLDHRAPPIIGYLPFEVLGTSGYDYYHIDDLELLARCHQHLMQFGKG--------------- nPAS2 B
149 LHTIPDAMIVIDGHGIIQLFSTAAERLFGWSELEAIGQNVNILMPEPDRS}ZHDSYISRYRTTSDP ———————————— HII bjFixL
E

143 LDTVPDATVVSATDGTIVSFNAAAVRQFGYAEEEVIGQNLRILMPEPYRH
18 LEQNMMGAVLINENDEVMFFNPAAEKLWGYKREEVIGNNIDMLIPRDLRP

A

BC BD

DGYLQRYMATGEK------------ RII rmFixL
PEYIRHNREGGKA-------=---- RVE ecDosH
A

oD BE

KSFF@RVSVGKEEENEIR -~ - - - - —- YQPFRMTPYLVKVQEQQGAESQL ~— ==~ == === == ===~ @LLLAERVESGY 319 mPER2 A

PFDYSPIRFRTRNGE------------ YITLDTSWSSFINPWSRK

—————————————————————— ISFITGREKVRVG 435 mPER2B

KSTFCVMLRRYRGLKSGGFGVIGRPVSYEPFRLGLTFREAPEEARPDNYMVSNGTNM--~-~-~-~~-~~ LLVICATPIKSSY 377 dPERA

FCSKPYRFLIQNG--==-=======~- CYVLLETEWTSFVNPWSRK

---------------------- LEFVVGHHRVFQG 498 dPER B

LEFY@RLLRGSLNPKEFP-------- TYEYIKFVGNFRSYNNVPSPSCNGFDNTLSRPCHVPLGKDVCFIATVRLATPQF 237 nPAS2 A

-KSCCYRFLTKGQQ--~----------- WIWLQTHYYITYEQWNSK
GIGE&VTGKRRDG ------------- TTFPMHLSIGEMQS------

GID

A AAA AA

VSGQRKDG--—-—=—=—=—--— STFPMKLAVGEMRS------
GESRELQLEKKDG-=-======--- SKIWTRFALSKVSA------
A

______________________ PEFIVCTHSVVSY 353 nPAS2B
____________________ GGEPYFTGFVRDLT 257 bjFixL
____________________ GGERFFTGFIRDLT 251 rmFixL
____________________ EGKVYYLALVRDAS 126 ecDosH

FIGURE 4: Secondary structure alignment of the PAS domains of mPER2 (PAS A, 186—319; PAS B, 325—435), dPER (PAS A, 235—377, PAS B,
385—498), nPAS2 (PAS A, 90—237; PAS B, 245—353), bjFixL (149—257), rmFixL (143—251), and ecDOS (18—126). Secondary structure
information is derived from mPER2 (3GDI), dPER (1WAY), bjFixL (1DP9), rmFixL (1EWO0), and ecDOS (1VB6). Jpred3 (48) was used to
predict the secondary structure of nPAS2. a-Helices (red) and fS-strands (blue) are colored accordingly. All cysteine and histidine residues in
mPER?2 are highlighted. All residues implicated in heme binding are highlighted and denoted with black triangles below. Alignments were

generated with ClustalW and manually adjusted as presented.

Table 1: UV—Visible Absorption and HAs, Values Obtained from Heme Titrations”

ferric ferrous
protein Soret (nm) f, o (nm) Soret (nm) f, o (nm) ferric HA 5y ferrous HA 5
mPER2 1-506 (PAS A/B) 424 548, 572 426 530, 560 0.25 0.61
mPER2 1-320 (PAS A) 424 543, 570 426 530, 560 0.63 1.31
PAS A H214A 424 548, 572 426 530, 560 0.26 2.71
PAS A H232A 422 548, 573 426 531, 560 0.12 0.92
PAS A H238A 425 547, 572 426 529, 559 0.93 4.97
PAS A H277/278A 424 547, 572 426 530, 560 0.60 18.1
PAS A H316A 424 546, 570 426 528, 558 0.76 1.81
mPER2 972—1257 424 543, 573 426 531, 560 1.40 3.42
mPER2 129—-506 424 543, 573 426 530, 560 ND ND
mPER2 129—506 (Cys-MOD) 411 534, 567 426 529, 559 ND ND
YqeH 409 542, 570 426 531, 560 2.63 4.76
CheAA289 NA NA 426 530, 560 NA 2.72
A289 D371C 424 550,573 426 530, 560 6.84 1.80
YtvA 426 548, 572 428 532, 562 0.74 2.41

“NA =not applicable, ND = not determined.

H238 to most likely serve as the axial ligand for heme given that
they hold analogous positions in the aC helix of the PAS fold
compared to the heme-ligating histidine residue in FixL and
ecDOS (Figure 4) (34—36). Each histidine residue in PAS A was
individually mutated to an alanine in an effort to disrupt or alter
heme binding.

Titration experiments were carried out with WT and mutant
proteins by addition of purified protein to either free ferric or
ferrous heme (Figure Ic,d). Spectral changes were monitored for
a shift in Soret and o/ peaks, as well as for changes in relative
binding potency (Table 1). We developed a method to measure
the relative potency of heme binding that could account for
multiple nonspecific sites. So-called HA s, values were calculated

by taking the molar ratio of protein to heme concentration at half
the maximum absorbance change in the Soret peak. This allows
free heme to be the limiting factor and avoids the open-ended
participation of progressively weaker binding sites at high heme
concentrations. Thus HA 5, values report on the average potency
of heme binding of a specific protein and are most useful to
compare closely related proteins. Changes in HAsy can reflect
either changes in stoichiometry, binding affinity, or both. If 2 x
HAs) <1, there are multiple sites present with dissociation
constants (Kp) lower than that of the free heme concentration.
With2 x HA5, = 1, one strong binding site is most likely present.
With 2 x HA5y > 1, one or more sites with Kp greater than the
free initial heme concentration are present. Binding affinity was
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found to be redox state dependent for PAS A and PER2 (1—506),
with ferric heme having a higher affinity for both proteins in
comparison to ferrous heme (/9). Although the H277/278A
double mutant displayed a 10-fold reduction in HAs, values for
ferrous heme, spectral shapes were identical to that seen in WT.
This indicated there must be an alternative binding site involving
a nearby histidine residue capable of substituting for H277/278.
In addition, the H277/278 A mutant showed no change in affinity
for ferric heme. Thus, ferric and ferrous hemes preferentially bind
to different sites on PAS A. Furthermore, our analysis failed to
identify a specific residue responsible for heme binding.

Cysteine Modification Alters Ferric but Not Ferrous
PER?2 Spectra. To validate the identity of the ligand set for
the ferric and ferrous PER2—heme complexes, we conducted heme
titrations with PER2 protein modified with iodoacetimide. Treat-
ment with iodoacetimide irreversibly modifies solvent-exposed
cysteine residues to form a thioester (—CH,—S—C(=0)—) but
does not modify histidine residues. As expected, titration of heme
with modified PER2 resulted in altered spectral properties for
the ferric (Table 1) but not the ferrous heme—PER2 complex
(Figure 5), which confirms Cys as a ligand for ferric but not ferrous
heme. In addition, this result indicates that the cysteine residues
responsible for heme binding in PER2 are solvent accessible,
located either on the surface of PER2 or in the buried pocket
accessible through solvent channels.

A C-Terminal Domain of PER2 Also Binds Heme. As a
control, a C-terminal fragment of PER2, PER2 (972—1257), with
no known functional role for heme binding was assayed with the
above-mentioned titration method. Surprisingly, titration of free
heme with PER2 (972—1257) resulted in identical spectral shifts
as seen with the PAS domains of PER2. In addition, heme
binding occurred with approximately the same affinity as PER2
(1—-506) and PAS A with HAs, values of 1.40 and 3.42 for ferric
and ferrous heme (Table 1).

Nonspecific Binding of Heme to Other Proteins. To test if
these spectral changes were a specific property of PER2, further
titration experiments were conducted with different proteins of
various functions. YqeH, a GTPase from Geobacillus stearother-
mophilis, is involved in ribose biogenesis and has no known
function related to heme (27). Addition of YqgeH to ferric heme
produced a Soret band at 409 nm, different from that seen with
PER2, but similar to previously reported spectra of PAS A in the
presence of the heavy metal mercury (19). YqeH contains a zinc-
binding domain that could supply Cys ligands for heme iron
coordination and account for the observed spectral differences
compared to PER2. Reduction with dithionite shifted the Soret
peak to 426 nm with o/f peaks at 560 and 530 nm, identical to
that of PER2 and nPAS2 (13, 19).

Second, the well-characterized histidine kinase CheA from
Thermotoga maritima was tested for heme binding (25). A
truncated form of CheA (A289) that contains the core dimeriza-
tion, kinase, and regulatory domains but lacks cysteine residues
was tested for heme binding. Interestingly, titration of ferric heme
with A289 did not produce any change in peak shape but did
decrease the extinction coefficient of free heme at the absorbance
maximum (Figure 6a). However, spectral shifts identical to PER2
and YqeH were seen when A289 was added to ferrous heme
(Figure 6b). A289 titration results demonstrate that cysteine is
not required for binding ferrous heme but is required to produce
the characteristic spectral changes with ferric heme.

In an attempt to induce the spectral changes in CheA observed
on addition of PER2 to ferric heme, a non-native cysteine was
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FIGURE 5: Cysteine modification alters the ferric but not the ferrous
heme PER2 spectra. (A) Titration of ferric heme (8.3 uM) with PER2
(129—506) modified with iodoacetamide (0, 6, 10, 14, 18, 22, 26, 30,
34 uM). Cysteine modification alters the position of the Soret peak,
shifting it to 410 nm compared to unmodified PER2 with a Soret peak
at 422 nm. (B) Titration of ferrous heme (8.3 uM) with PER2
(129—506) modified with iodoacetamide (0, 4.1, 8.2, 12.4, 24.7, 37,
58, 78 uM) with a Soret peak growing in at 426 nm identical to
unmodified PER2.

introduced at a solvent-exposed surface residue of CheA A289
(A289-D371C). The addition of A289-D371C to ferric heme
produced a shoulder on the Soret peak at longer wavelength
(Figure 6¢). Difference spectra identified this shoulder as a
Soret peak growing in at 424 nm, matching the heme-binding
signal observed for PER2 (Figure 6d). Thus, addition of a non-
native surface cysteine residue produced spectral changes iden-
tical to PER2 but did so with a much lower binding affinity.

PAS domains, such as PER2, typically bind cofactors in a
pocket primarily formed by the central S-sheet, the aB and aC
helices, and the aB—aC loop (37). YtvA isa PAS domain protein
that binds flavin mononucleotide (FMN) in this pocket (26).
Since YtvA contains a native cofactor, we sought to test whether
YtvA could also bind heme while still maintaining FMN in its
binding pocket. YtvA was first photobleached to maintain a
constant FMN absorbance and induce a covalent link between
the cofactor and protein (26). Titration experiments were carried
out with both ferric and ferrous heme. After subtraction of the
absorbance due to FMN the resulting ferric and ferrous spectra
were found to be identical to PER2 (Figure 7). The binding
affinity of heme to YtvA was comparable to that of PER2
(1—506) and PAS A with HA5, values of 0.74 and 2.41 for ferric
and ferrous heme, respectively (Table 1). Due to the presence of
covalently bound FMN, heme cannot bind in the hydrophobic
pocket of the YtvA PAS domain and must therefore be inter-
acting with residues on the surface of the protein.

Dissociation Rate Constant(s) of PER2 and Other Pro-
teins Indicate Nonspecificity. HAsq values provide a qualitative
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FIGURE 6: Heme binds to the chemotaxis kinase CheA. (a) Titration of ferric heme (4 M) with CheA (0, 0.23, 0.45, 1.1, 3.5, 11.6, 35 uM).
(b) Titration of ferrous heme (4 uM) with CheA (0, 0.45, 2.3, 5.8, 11.6, 23, 46.5 uM). (c) Titration of ferric heme (4 uM) with CheA D371C variant

(0,0.5,2.5, 64, 12.8, 25, 45 uM). (d) Difference spectra from panel c.

means to compare relative heme-binding affinities under the same
conditions but are complicated by the possibility of different heme-
binding stoichiometries and variable binding affinities of multiple
sites. To further verify heme binding to PER2 as nonspecific, we
sought to evaluate binding affinities for heme. Major differences in
heme-binding affinity could be due to differences in the association
and/or dissociation rate constants. For association experiments,
CO—heme produces a more monomeric form of free heme suitable
for kinetic analysis. However, it has been shown that the heme—
CO association rate constant is independent of protein struc-
ture (38) and overall affinity is determined by the dissociation rate
constant. Previous work (Table 2) determined the dissociation
rate constant of PER2 1-327 (PAS A) as 6.3 x 107*s7" (19),
compared to the specific binding of sperm whale myoglobin,
ko = 8.4 x 1077571 (38), nonspecific binding of human BSA,
ko = 1.1 x 1072 57" (38), and bHLH-PAS A domains of the
putative heme-binding CO sensor nPAS2, ko = 5.3 x 1073571 (18).
To add to such comparisons, we determined and compared the
dissociation rate constants for PER2 and the other proteins that
display similar heme-binding spectral properties.

We measured the dissociation rate constant of mPER2 1—320
to be 1.6 x 107> s~ when fit as a first-order process (Table 2,
Figure 8), which is comparable to the previously determined
value by Kitanishi et al. (/9). However, both our data and that
reported by Kitanishi et al. (/9) were not fit well by a single
exponential process. A biexponential process produces much

better agreement with the experimental data (Table 2, Figure §).
This indicates there are at least two binding sites or two sets
of binding sites for heme on PER2 with different affinities.
All proteins tested had similar rate constants for heme dissocia-
tion and were fit well as bimolecular processes (Table 2). As a
control, we tested a recently identified FixL-like heme-binding
PAS protein from Pseudomonas aeruginosa that copurifies with
bound heme (39). In contrast, heme dissociation from the FixL-
like PAS domain was a single process, and the dissociation
rate constant was considerably lower than PER2 at 6.9 x
107> s~! (Table 2).

Electrochemistry. Protein—film voltammetry was used to
evaluate the redox properties of the PER2—heme complex and
thereby provide information on the local heme environment
bound to PER2. A solution of the concentrated PER2—heme
complex was applied to a freshly polished glassy carbon electrode
to generate a protein film immobilized on the electrode surface.
Cyclic voltammograms of the purified PER2—heme complex
displayed a reduction peak at £° = —396 mV relative to SCE,
which is characteristic of solvent-exposed heme bound to a protein
surface (40) (Figure 9). Subsequent scanning to higher potentials
did not reveal a corresponding oxidation reaction, which may
indicate that ferrous heme is no longer in electrochemical contact
with the electrode surface. In comparison, free heme immobilized
on the electrode surface displayed coupled reduction and oxida-
tion peaks with £° = —372 mV (Figure 9). This confirms that the
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FiGURE 7: Addition of YtvA induces spectral changes to ferric and ferrous heme. (a) UV—visible absorption spectra of YtvA (0, 1.2, 3, 6, 12, 24,
and 42 uM) after photobleaching. (b) Titration of ferric heme (4 uM) with YtvA (0, 1.2, 3, 6, 12, 24, and 42 uM). (c) Absorption spectra from
titration of ferric heme with YtvA after subtraction of FMN absorbance. (d) Titration of ferrous heme (4 uM) with YtvA (0, 1.2, 3, 6, 12, 24, and
42 uM). (e) UV—visible absorption spectra from titration of ferrous heme with YtvA after subtraction of FMN absorption.

Table 2: Heme Dissociation Rate Constants for mPER2 and Other Heme-
Binding Proteins

protein Ko 87 ko 671 ko 571 ref
mPER2 1-320 1.6x1073 7.8x 107 4.8x107* this work
mPER2 1—506 30%x107% 7.6x 1073 2.4x107* this work

mPER2 972—1257 72x107% 1.2x 1073 43x107° this work

YtvA 48x107% 1.6x107° 1.2x10°* this work
YqeH 50 107* 22x107% 4.0x10* this work
FixL-like PAS 6.9 x 1072 this work
mPER2 1-327 6.3x107% 19
NPAS2 (bHLH-PAS A) 53 x107° 18
Sw Mb¢ 8.4x1077 38
Hb a-subunit 7.1x107° 38
BSA (human)® 1.1x 1072 38

“Rate constants were calculated assuming a single phase. “Rate con-
stants were calculated assuming a two-step process. ‘Rate constants are
given for 20 °C. All other rate constants refer to 25 °C.

reduction peak for the PER2—heme complex is not due to free
heme directly binding to the electrode surface. In the case of the
heme—protein complex, reduction may cause heme to dissociate
from PER2 due to PER2’s lower binding affinity for ferrous heme;
thus no corresponding oxidation peak is observed. However, there
is also the possibility that the initial reduction peak was due to
catalytic reduction of a small amount of oxygen that could not be
purged from the protein—heme complex. Such a scenario would
also preclude observation of an oxidation peak. Although these
two possibilities are difficult to distinguish, they both are consis-
tent with heme being bound to a solvent-exposed site on PER2.

DISCUSSION

Potential roles for heme in the regulation of the circadian clock
continue to emerge (13, 16—22,41—43). Direct heme interactions

Abs,;, (AU)

0 1000 2000 3000 4000 5000
Time (s)

F1GURrE 8: Heme dissociation from PER2 occurs from multiple sites.
Heme transfer from PER2 (1—320) to H64Y/V68F apomyoglobin
was measured as an increase in the absorbance at 410 nm in 0.2 M
sodium phosphate, pH 7.0, and 0.45 M sucrose at 25 °C. Rate
constants were calculated by analyzing the data in terms of both
single exponential (gray) and biexponential processes (black)
(Table 2). The data for PER2 and other proteins were best
represented by a biexponential process indicating multiple binding
sites with different affinities.

have been suggested to regulate the stability and transcriptional
activity of the clock components PER2 and nPAS2. However,
much of the supporting evidence has been based upon biochem-
ical assays of purified proteins (/16—20, 41, 42). To examine the
biological relevance of these in vitro assays, we tested a number of
well-characterized proteins with no role for heme binding.
Interestingly, all of these proteins were found to bind heme in a
manner comparable to PER2. This then raises the question: Is
heme binding to PER2 biologically relevant?

Our initial characterization of PER2 confirmed that the PAS
domains bind heme, in agreement with a previous report (19).
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FIGURE 9: Electrochemistry of the PER2—heme complex. (A) Cyclic
voltammogram of the PER2—heme complex immobilized on a glassy
carbon electrode. (B) Cyclic voltammogram of heme immobilized on
a glassy carbon electrode under the same conditions as in (A). Black
and gray traces denote the first and second potential sweeps. All scan
rates were 100 mV/s.

PER2 formed a stronger association with ferric heme compared to
ferrous heme. Electrochemical analysis of the PER2—heme com-
plex suggests that heme may dissociate from PER2 upon reduc-
tion, consistent with redox-state dependent binding location and
affinity. With the methods of UV—visible absorption and MCD
spectroscopy we identified that the PAS A domain of PER2 binds
ferric heme as His-Cys coordinated and ferrous heme as bis-His
coordinated. Site-directed mutagenesis identified histidine resi-
dues 277 and 278 as the primary histidine axial ligands to ferrous
heme. Replacement of these residues with alanine only affected the
affinity for ferrous heme but not ferric heme. Although the affinity
for ferrous heme was much less in the double mutant, the same
changes in spectral features were observed as with the native
protein. Thus, heme binding to PER2 can occur at multiple sites.

We then examined heme binding to a number of previously
characterized proteins with no known role for heme binding. As
with PER2 and nPAS2, overexpression of these proteins in E. coli
did not result in any heme incorporation. However, our in vitro
assay determined all proteins tested were capable of binding
heme. All proteins assayed displayed binding affinities for heme
similar to PER2 and produced identical UV—visible absorption
spectra (Table 1). These results question the effectiveness of
spectral assays of this type to differentiate between specific and
nonspecific heme binding.

Rate constants for heme dissociation were in the same range
for the PER2 PAS domains and the control proteins, strongly
indicating that heme binding to PER2 is nonspecific (Table 2).
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Furthermore, the dissociation rate constants are high compared
to the specific heme-binding proteins Sw Mb, Hb a-subunit, and
FixL-like PAS. Multiple nonspecific sites were confirmed by
fitting the experimental data using a biexponential decay. For the
specific heme-binding FixL-like PAS domain, heme dissociation
was modeled well as a single first-order process.

Moreover, the identify and type of axial ligand coordination in
PER2 were dependent on the redox state of heme, which indicates
that ferric and ferrous heme bind to different sites on the protein.
The presence of a cysteine residue in the polypeptide sequence is
absolutely required to bind ferric heme as evidenced by a Soret
peak at 424 nm and broad o/f peaks at 572 and 548 nm. If no
surface cysteine residues are present, the addition of protein to
ferric heme will not induce any spectral changes indicative of
heme binding, as observed for CheA A289. However, with the
introduction of a surface cysteine residue into A289 the char-
acteristic heme-binding signals were recapitulated. Thus, any
solvent-exposed cysteine is likely capable of binding ferric heme
and generating the associated spectral response. Modification of
solvent-exposed cysteine residues altered the ferric spectra of
PER2, indicating that ligand binding does occur on the protein
surface. Alternatively, a surface cysteine residue is not required to
bind ferrous heme, as native A289 and cysteine-modified PER2
displayed the usual spectral changes upon ferrous heme titration.
Hence, surface histidine residues are sufficient to produce the
typical ferrous spectra with the Soret peak at 426 nm and sharp
a/f peaks at 560 and 530 nm. Cys-His coordination for ferric
heme and bis-His coordination for ferrous heme were confirmed
by MCD spectroscopy. MCD experiments also verify that a
cysteine or methionine residue is not involved in binding ferrous
heme with histidine serving as the trans axial ligand to bound
CO in ferrous PAS A. Redox-state dependent binding has been
reported for the putative novel heme-binding motif, Ser-Cys**-
Pro-Ala, of PER2 in a region outside the PER2 PAS domains (20).
UV—vis spectral changes found that this motif bound ferric heme
(with spectra identical to the PER2 PAS domains) but was unable
to bind ferrous heme. The behavior of this Cys-containing motifis
consistent with the same nonspecific heme-binding displayed by
the PER2 PAS domains where ferric heme-binding is Cys-His
coordinate and ferrous heme-binding is bis-His coordinate.

To analyze potential heme-binding modes for the PAS do-
mains of PER2 and nPAS2, we examined a secondary structure-
based alignment with other PAS domains of known structure and
heme-binding function (Figure 4). FixL and ecDOS are bacterial
heme-binding PAS domains whose axial ligand is a highly
conserved histidine residue found in the aC helix of the PAS
fold (34—36). Although PER2 and nPAS2 do not conserve this
histidine residue, it is plausible that they harbor a different
histidine residue that is specific for heme. However, sequence
alignments failed to identify any conserved residues that might
point to a novel heme-binding motif shared between PER2 and
nPAS2. Analysis of the mPER2 PAS domain structure (5) found
that all proposed heme ligation residues are positioned at a solvent-
exposed site, consistent with our biochemical analysis (Figure 10).
In addition, we have shown that when the PAS domain pocket is
blocked by a cofactor, such as FMN in YtvA, the PAS domains
still bind heme in a manner similar to the PER2 protein.

The recent crystal structure of the mPER2 PAS domains (PDB
code 3GDI) allows for a structural analysis of potential heme-
binding ligands (5). A previous study identified Cys215 and
Cys270 in PAS A to be important for ferric heme interac-
tions (19). A double mutant, C215A/C270A, resulted in spectral
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FiGure 10: mPER?2 structure with the location of possible heme-binding residues. Ribbon representation of mPER2 PAS A/B dimer (3GDI):
molecule 1 (PAS A and PAS B); molecule 2 (PAS A’ and PAS B’). Side chains are shown for residues H214, C215, H238, C270, H277, and H278 in
mPER?2 (yellow) and C170, H171,and H335in nPAS2 (red). H119 of nPAS2 is not shown but corresponds to C215 of PER2. Residues with missing
density are depicted as a dotted line and were manually drawn. The secondary structure elements of the PAS fold are labeled for PAS A and PAS B'.

perturbations of ferric heme bound to PER2 PAS A, as analyzed
by UV—visible absorption, electron paramagnetic resonance
(EPR), and resonance Raman (RR) spectroscopy. However,
the double mutant displayed identical spectra for ferrous and
ferrous—CO heme iron states compared to wild type. All
UV—visible absorption, EPR, and RR spectra of the single
Cys mutants were identical to wild type. Nonetheless, Cys215
was proposed as the primary heme interacting residue for ferric
heme because the C215A mutant displayed an altered heme
circular dichroism (CD) spectrum, whereas the C270A mutant
did not (79). Cys215 is located on a surface-exposed region of
PAS A that also contains His214, His277, and His278, all in close
proximity and thus would be capable of both bis-His and His-Cys
ligation (Figure 10). H277/278A and H214A PAS A mutants
have lowered affinities for ferrous heme, consistent with this as
the primary site for heme interaction in PAS A. Furthermore,
given the position of Cys270 on the buried face of the PAS A
p-sheet, a Cys-His heme coordination mode involving Cys270
could only be possible with substantial structural distortion of the
PAS A domain. Other interaction sites capable of bis-His and
His-Cys ligation may be possible in a PAS A/A homodimer. In
the crystal structure of the PAS domains of PER2 (5), dimeriza-
tion is mediated by the PAS B domains with no observed
interaction between the PAS A domains. But, truncation of
PAS B allows the PAS A domains to dimerize (19), as determined
by size exclusion chromatography.

The binding of ferrous heme to PER2 also shows many
characteristics similar to those of de novo designed heme proteins.

Rojas et al. (44) reported the heme-binding properties of 30
different peptides predicted to fold into four-helix bundles. This
library of proteins contained on average 4.3 histidine residues and
4.9 methionine residues capable of heme ligation. None of the
proteins contained cysteine residues. The authors found that 15
of 30 sequences bound heme similarly to b-type cytochromes with
a Soret peak at 412 nm for ferric heme and a broad o/ band
centered around 550 nm. Upon reduction the Soret peak was
shifted to 426 nm with sharp o and 8 peaks at 560 and 530 nm,
respectively, identical to that observed for PER2. Another
study (45) used a combinatorial synthesis approach to design
and test 426 amphiphilic antiparallel four-helix bundles. Of the
426 proteins assayed, 399 were found to bind heme and give rise
to a Soret band at 414 nm for the ferric state and a b-type
cytochrome spectrum, identical to PER2 and proteins described
by Rojas et al. (44), for the ferrous state.

From the variety of protein folds assayed it is clear that the
spectral signals indicative of heme binding do not require a
specific mode of interaction between heme and a conserved
protein architecture. Any polypeptide sequence containing both
a cysteine and a histidine residue is sufficient to induce the
spectral changes observed for PER2. Considering the low
solubility of free heme, it is most likely that binding occurs at
surface histidine and cysteine residues aided by hydrophobic
patches on the surface of each protein. Heme has long been
known to form homooligomers in aqueous solution (23). Addi-
tionally, heme binds nonspecifically to phospholipid bilayers
and associates with membrane skeletal proteins due to its high
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hydrophobicity (46, 47). Given the evidence against the specificity
of heme binding to PER2, we urge caution in the interpretation of
results from previous in vitro assays and question the biological
relevance of heme binding in relation to the clock protein PER2.
We note that the in vitro heme interactions observed for nPAS2
are very similar to those of PER2, and in our view, this also calls
into question their biological relevance.

If heme binding to PER2 and nPAS2 is not biologically
relevant, the question remains, how does heme feed back into
the clock to coordinate circadian timing (13, 14, 16, 19—22)? The
identification of heme as the ligand for the nuclear receptors
REV-erba and REV-erb may provide this connection (21, 22).
Both REV-erba and REV-erbf bind heme specifically through
their ligand-binding domains (LBDs). Heme binding causes
REV-erba to recruit the nuclear receptor corepressor—histone
deacetylase 3 (NCoR—HDAC3) complex, which results in dec-
reased transcription of bMALI, a necessary component for
active transcription of clock and clock-controlled genes (21, 22).
Noteworthy is the fact that overexpression of the REV-erb LBDs
in E. coli produces proteins that purify with bound heme and
display UV—visible absorption spectra different from those of
PER2 and nPAS2. In contrast, there are no reports of any
purified fragment of nPAS2 or PER2 protein containing heme
after overexpression in E. coli. In all cases PER2 and nPAS2 must
be reconstituted in vitro with free hemin (16—20, 41, 42). PER2
has been shown to bind to heme immobilized on a heme—agarose
column (73, 20). In light of the evidence presented here, this
interaction likely represents nonspecific heme binding on the
surface of the PER2 protein and does not involve the buried
hydrophobic cavity of the PAS core. To date there has been no
spectral or other evidence from PER2 or nPAS2 purified from
mammalian cell lines that indicate PER2 or nPAS2 interacts with
heme. Given that in vitro heme binding to nPAS2 and PER2 is
likely nonspecific, heme influence over the mammalian circadian
clock is most likely dominated by its interaction with the Rev-erb’s
or other factors yet to be identified.
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