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ABSTRACT
Gene analysis has revealed a variety of new heme-containing gas
sensory proteins in organisms ranging from bacteria to mammals.
These proteins are composed of sensor, communication, and
functional domains. The sensor domain contains a heme that binds
effector molecules such as NO, O2, or CO. Ligand binding by the
sensor domain modulates the physiological role of the protein, such
as DNA binding in the case of transcriptional factors or the catalytic
reaction rate in the case of enzymes. This Account summarizes
resonance Raman (RR) studies, including static and time-resolved
measurements, which have enabled elucidation of the mechanisms
by which binding of specific target molecule by the sensor domain
is transduced to alteration of the functional domain. These studies
have shown that signals can be conveyed from the heme to the
functional domain via three different pathways: (i) a distal
pathway, (ii) a proximal pathway, and (iii) a heme peripheral
pathway.

Introduction
Heme proteins are one of the most versatile groups of
proteins in living cells. Their functions range from electron
transfer (e.g., cytochromes)1,2 to oxygen transport (e.g.,
hemoglobin [Hb]), oxygen storage (e.g., myoglobin [Mb]),3

and catalysis (e.g., P450 and cytochrome c peroxidase).4,5

In recent years, the ability of heme proteins to sense and
be regulated by gaseous diatomics, such as NO, O2, and

CO, has attracted considerable attention.6-8 The heme-
based gas sensor proteins discovered so far are listed in
Table 1. All of these are homo- or heterodimers, and their
activities are controlled by allosteric effects. In this regard,
studies of the higher order structure of Hb and its change
upon ligand binding provide some basic information
about the structural mechanism of the allosteric effects.9,10

Soluble guanylate cyclase (sGC), which is expressed in
the cytoplasm of almost all mammalian cells, is the only
known NO sensor protein.11 The protein isolated from
bovine lung is a heterodimer composed of an R (Mr )
74 000) subunit and a â (Mr ) 69 000) subunit that
catalyzes the conversion of GTP to cGMP. His105 in the
N-terminal region of the â subunit coordinates heme to
which the signaling molecule, NO, binds,12,13 while the
catalytic site is located in the C-terminal region. When
isolated, this protein contains an FeII heme that hardly
binds O2. It has been proposed that NO binding to sGC
induces the cleavage of the Fe-His bond, which triggers
conformational changes, increasing the cyclase activity by
up to 200-fold, whereas binding of CO yields a six-
coordinate (6c) heme that only marginally increases the
activity (5-fold). Schematic model of sGC activation
induced by NO binding is illustrated in Figure 1.

FixL and direct oxygen sensor (DOS), which have
autophosphorylation and phosphodiesterase activities,
respectively, are O2 sensor heme proteins belonging to the
PAS superfamily.14,15 Although the functional properties
of Escherichia coli DOS (Ec DOS) differ from those of FixL,
they share a similar ligand-sensing mechanism. Both
enzymes are active in the deoxy form but inactive in the
O2-bound form. Also, Ec DOS is inactive in the oxidized
form. The X-ray crystal structure of FixL shows that O2

binding to heme induces the rearrangement of the
hydrogen-bonding network around the heme propionate
groups, leading to the depression of kinase activity.16 In
the case of Ec Dos, Met95, which is an endogenous axial
ligand of reduced heme, is replaced by O2 in the O2-bound
form or by H2O in the oxidized form, perturbing the
hydrogen-bonding network, which involves Arg97, a heme
propionate group, and water molecules.17,18 This disrup-
tion of the hydrogen-bonding network results in decreased
phosphodiesterase activity.

CooA, which belongs to the CRP family, and neuronal
PAS domain protein 2 (NPAS2) are CO sensor proteins that
function as transcriptional factors.19 In CooA, CO binds
to the ferrous 6c-LS heme by displacing an endogenous
protein ligand, and this change of heme coordination
induces binding of the functional domain to DNA and
results in expression of the coo genes.19 Cystathionine-â-
synthase, which catalyzes the condensation of serine and
homocysteine to give cystathionine, contains a heme with
His and Cys as heme ligands as CooA does. Because this
enzyme is expressed in only the brain and its enzymatic
activity is inhibited by CO binding to heme, cystathionine-
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â-synthase could be a CO sensor protein.20 However, it is
unclear at this moment whether this enzyme works as a
gaseous sensor protein under physiological condition.
Elucidation of the allosteric mechanisms in these proteins
would have a great impact on protein chemistry. Accord-
ingly, in this Account, we discuss the results of resonance
Raman (RR) spectroscopic studies that have explored the
mechanism by which the individual heme domains detect
the binding of a specific diatomic molecule.

Overview of the RR Spectra of Sensor
Hemoproteins
RR spectroscopy is a particularly useful technique for the
structural characterization of heme and its immediate
environment in proteins.21 It is well-established that the
high-frequency region of the Raman spectra is composed
of porphyrin in-plane modes that are sensitive to the
oxidation, spin, and coordination states of the heme
iron.21,22 The frequencies of the ν2, ν3, and ν4 bands of
known sensor hemoproteins for the FeIII, FeII, and FeII-
CO forms are compared in Table 2. For example, the ferric
heme in the 5c-HS, 6c-HS, and 6c-LS states shows ν3

bands (polarized) at 1490-1500, 1475-1485, and 1500-
1510 cm-1, respectively.21

The marker bands indicate that FixL and sGC have a
5c-HS heme, whereas CooA, NPAS2, and Ec DOS have a
6c-LS heme in both the ferric and ferrous states. Hb, which

transports oxygen from the lung to internal tissues in
mammals, has a ferrous 5c heme, the sixth coordination
site of which is left open for ligand binding.3 Other heme
enzymes, such as cytochrome P450, catalase, and horse-
radish peroxide, also have a 5c heme in a substrate- or
oxidant-bound form.23 On the other hand, a 6c heme is
observed in cytochromes b and c, which work as electron-
transfer proteins and are generally unreactive toward
gaseous ligands. Although the sensor hemoproteins must
readily bind a specific ligand in response to changes in
the ligand concentration, some of their hemes have no
vacancy for exogenous ligand as those in cytochromes.
Therefore, when an exogenous ligand binds to the 6c
heme, it must replace one of the intrinsic ligands, which
seems to be energetically disadvantageous. However,
some sensory hemoproteins utilize the ligand replacement
performed upon binding of an exogenous ligand to
transduce the signal to the functional domain as discussed
below.

Activation via the Distal Pathway
CooA, from the purple non-sulfur photosynthetic bacte-
rium, Rhodospirillum rubrum, was the CO sensor protein
reported first.24 The ferrous CooA, which is inactive as a
transcriptional factor, has a 6c heme with His77 and Pro2
as axial ligands.25 It is very unique that His77 and Pro2
belong to different subunits in the dimer in addition to
coordination of Pro. Binding of CO to the ferrous 6c heme
converts CooA to an active form, in which Pro2 but not
His77 is displaced by CO.26,27 When Pro2 is displaced, it
moves away from the heme pocket and interacts only
weakly with the bound CO, as suggested by the behavior
of the frequency of the Fe-CO stretching (νFe-CO) mode
as discussed next. Values for the Fe-CO mode of various
sensory proteins are compared in Table 3.

Extensive studies using Mb mutants indicate that the
frequency of νFe-CO is a good indicator of the electrostatic
fields around the bound ligand in the heme pocket.28-30

When positively charged groups are predominant near the
bound CO, the FedCdOδ-‚‚‚X+ structure is stabilized
(Figure 2A), which causes the frequency of νFe-CO to
increase and that of νC-O to decrease. In contrast, when
negatively charged groups are predominant, the
Fe-CtOδ+‚‚‚X- structure is stabilized (Figure 2C), which
causes the frequency of νFe-CO to decrease and that of νC-O

to increase. For Mb, in which a proton on the Nε atom of

Table 1. Heme-Based Gas Sensor Proteins

effector protein function source

NO sGCa conversion of GTP to cGMP mammalian brain, lung, etc.
O2 FixL kinase Rhizobium meliloti

Bradyrhizobium japonicum
O2 DOS phosphodiesterase Escherichia coli
O2 PDEA1 phosphodiesterase Acetobacter xylinum
O2 HemAT signal transducer for aerotaxis Bacillus subtilis

Halobacterium salinarum
CO CooA transcriptional activator Rhodospirillum rubrum
CO NPAS2 transcriptional factor mammalian brain

a Abbreviations: sGC, soluble guanylate cyclase; DOS, direct oxygen sensor; PDEA1, phosphodiesterase protein A1; HemAT, heme-
based aerotaxis transducer; NPAS2, neuronal PAS domain protein 2.

FIGURE 1. Schematic model of NO-induced activation of sGC. Heme
is coordinated to His105 of the â subunit. When NO binds to heme,
the bond between heme and His105 is cleaved, which induces
conformational change of the protein and increases the enzyme
activity. However, the heme-His105 bond is not cleaved by CO
binding, which minimally affects the enzymatic activity.
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the so-called distal His (His64) is present near CO, νFe-CO

is observed at 508 cm-1 (Figure 2, WT),29,31 whereas
replacement of the distal His with Leu (H64L) decreases
the νFe-CO frequency to 490 cm-1.31 In contrast, addition
of a positive charge by replacing Val at position 68 with
Asn (V68N) increases the νFe-CO frequency to 527 cm-1.32

The νFe-CO frequency of CO-bound CooA is observed
at 487 cm-1,33,34 which is similar to that observed for the
H64L Mb mutant.31 This suggests that the polarity of the
distal side in CooA is comparable to that in the H64L Mb
mutant (Figure 2B). If Pro2, which appears to have a
negative charge based on the frequency of ν11,35 interacts
with bound CO, the νFe-CO frequency of CooA would be
significantly lower than that observed for the Mb H64L
mutant. These results imply that Pro2 is not located near
the iron-bound CO but moves out of the heme pocket
when it is displaced by CO. This leads us to assume that
this replacement of the heme ligand upon CO binding
causes a large conformational change, allowing its binding
to DNA at a distant region. Part a of Figure 3 shows a

Table 2. Resonance Raman Characteristics of Sensor Hemoproteins

effector ν2 ν3 ν4 coordination references

FeIII

sGC NO 1573 1495 1370 His 70
CooA CO 1585 1504 1375 Cys/Pro 34
NPAS2 (PAS-A) CO 1581, 1550 1504, 1490, 1471 1373 Cys/His 37
Ec DOS O2 1577 1505 1372 His/H2O 56
FixL O2 1562 1493 1372 His 38, 71

FeII

sGC NO 1584 1468 1360 His 46
CooA CO 1579 1491 1359 His/Pro 33, 34
NPAS2 (PAS-A) CO 1557, 1584 1471, 1493 1360 His/His 37
Ec DOS O2 1580 1493 1361 His/Met 56
FixL O2 1558 1470 1355 His 72
HemAT O2 1558 1469 1352 His 68

FeIICO
sGC NO 1584 1499 1370 His/CO 46
CooA CO 1580 1491 1371 His/CO 33, 34
NPAS2 (PAS-A) CO 1583, 1556 1497, 1468 1372 His/CO 37
Ec DOS O2 1581 1496 1370 His/CO 56
FixL O2 NR NR 1371 His/CO 71
HemAT O2 1578 1495 1368 His/CO 68

Table 3. Frequencies (cm-1) of Iron-Ligand and Ligand Internal Stretching Modes of Sensor Hemoproteins

proteins effector νFe-His νFe-CO νC-O νFe-O2 νFe-NO νN-O references

sGCa NO 204 472 1987 NRb 525 1677 47, 63
sGCc NO NRb 497 1959 NRb 520 NRb 46, 70
CooA CO 211d 487 1969 NRb NRb NRb 33
CooA CO NRb 487 1983 NRb 523 1672 34
PAS-A CO 220d 496 1962 NRb NRb NRb 37
Ec DOS O2 214d 486 1973 561 563 1632, 1576 56
FixL O2 209 498 1962 571 525 1676 38, 73
HemAT O2 225 494 1964 560 NRb NRb 68

a Heme retained during isolation and purification procedures. b NR ) not reported. c Heme reconstituted after isolation and purification
procedures. d Observed only immediately after photolysis of the iron-bound CO.

FIGURE 2. Correlation plot between νFe-CO and νC-O of various
hemoproteins. Schematic structures are illustrated in the insets.

FIGURE 3. Schematic illustration of heme environmental structures
of ferrous (A) and CO-bound CooA (B). a and b represent the distal
and proximal pathways, respectively.
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schematic representation of the conformational change
in CooA upon CO binding.

NPAS2, which is the second heme-based CO sensor
protein discovered,36 acts as a CO-dependent transcrip-
tional factor for clock genes. In the absence of CO, it forms
a heterodimer with BMAL1 and specifically binds to the
E-box elements, whereas in the presence of CO, it dis-
sociates from BMAL1 and DNA. Despite a lack of sequence
homology with CooA, NPAS2 seems to have a mechanism
of activation similar to that of CooA.37 The reduced heme
of the PAS-A domain of NPAS2 has 6c-LS heme with bis-
histidine coordination. CO binds to the 6c heme of the
PAS-A domain of NPAS2, which gives rise to the νFe-CO

band at 496 cm-1 (Table 3). This frequency also suggests
that the replaced His does not interact with iron-bound
CO (Figure 2). Thus, the movement of the coordinated
residue outward from the heme pocket would cause a
conformational change in the DNA-binding form, as
observed for CooA. Accordingly, CooA and NPAS2 seem
to utilize a common mechanism involving the distal
pathway for transducing the ligand-binding signal. Such
signal transduction mechanism via the distal side was also
proposed in the O2-sensing mechanism of FixL.38 Fur-
thermore, the allosteric mechanism controlled by distal
interactions was found in Hb from Mycobacterium tuber-
culosis.39 In this protein, O2 binding to heme causes little
structural arrangement on the proximal site but induces
modulation of the hydrogen-bonding network including
distal histidine, which leads to the allosteric structural
transition.

Activation via the Proximal Pathway
Spiro and co-workers have proposed an alternative activa-
tion mechanism for transduction of the ligand-binding
signal by CooA.35 This mechanism assumes that modula-
tion of bond strength between the heme iron and proximal
His initiates the conformational change. The νC-O fre-
quency of CooA observed at 1982 cm-1 34,35 is somewhat
higher than that predicted from the frequency of 487 cm-1

for νFe-CO by the linear correlation line of neutral His-
coordinated heme proteins shown in Figure 2. This was
ascribed to a weak Fe-His bond because diminished σ
bonding from the proximal ligand was deduced to cause
a decrease in π back-donation from Fe to CO.35 This idea
is supported by the low Fe-His stretching mode (νFe-His)
at 211 cm-1 observed immediately after CO photolysis of
CooA.26 Contrary to the CO-bound form, the strength of
the Fe-His bond of ferrous CooA was estimated to be as
strong as that of Mb based on the νFe-His frequency of the
mutant CooA, which has a 5c heme in the ferrous state.35

Indeed, the νFe-His mode of the G117I mutant of CooA was
identified at 220 cm-1, the same as that of Mb. Thus, Coyle
et al. 35 proposed that the presence of a hydrogen bond
between Asn42 and the proximal His (His77), as revealed
in the X-ray structure of ferrous CooA,25 strengthens the
Fe-His bond of ferrous CooA. This is also observed in Mb,
wherein Ser92 makes a weak hydrogen bond with the
proximal His. However, considering that neither νFe-CO nor

νC-O are affected by the mutation of Asn42, it is likely that
Asn42 does not form a hydrogen bond with His77 in the
CO-bound form (the X-ray structure of CO-bound CooA
is not yet available). Therefore, binding of CO to the
ferrous CooA induces a conformational change on the
proximal side of heme. This disrupts the interaction
between Asn42 and His77, weakening the Fe-His bond
of CooA, which results in the activation of CooA (part b
of Figure 3).

A change in bond strength of the Fe-His bond upon
CO binding also occurs in NPAS2. The electronegative
character of the endogenous axial ligands can be deduced
from the low frequency of the ν11 mode, especially in the
ferrous state.40,41 This band is known as a π-electron
density marker and is related to the protonation state of
the axial ligands. The ν11 frequency decreases with in-
creasing donor strength of the axial ligands. The ν11 band
of the ferrous PAS-A domain of NPAS2 was observed at
1533 cm-1, which is 8 cm-1 lower than that of cytochrome
c3, in which the axial ligands are neutral histidines.42 When
Cys170 is replaced by Ala, this band was upshifted to 1539
cm-1, implying that Cys170 is involved in a hydrogen-
bonding network that directly or indirectly deprotonates
the proximal His.37 Because the presence of hydrogen
bonding at the proximal His increases the anionic char-
acter of the imidazole ring and strengthens the Fe-His
bond, the Fe-His bond of the ferrous PAS-A domain is
stronger than that of cytochrome c3. In contrast to the
reduced PAS-A domain, the νFe-CO and νC-O frequencies
(Table 3)37 fall on the line for hemoproteins with neutral
His as a trans ligand (Figure 2), suggesting that the CO-
bound form of the PAS-A domain has a neutral His as a
trans ligand for CO. Therefore, CO binding weakens the
Fe-His bond of the PAS-A domain, and this change would
be transmitted to the dimerization interface with BMAL1.

Bovine lung sGC is a NO-sensing protein with a 5c-HS
ferrous heme in the isolated state. This protein also utilizes
the proximal pathways for transducing the ligand-binding
signal (Figure 1). NO binds to the ferrous heme, increasing
the guanylyl cyclase activity over a few 100-fold. This has
been explained by the coordination structures of the NO-
bound heme: when NO binds to sGC, the 6c-LS ferrous
heme is generated first, but the Fe-His bond is subse-
quently broken to form a 5c NO-heme,43,44 leading to a
conformational change that increases the catalytic activity.
In contrast to NO, CO can elevate the activity by only 4-5-
fold.45 When CO binds to heme, the Fe-His bond remains
intact, forming an ordinary 6c CO-heme.45,46 Therefore,
the cleavage of the Fe-His bond is believed to be
indispensable for activation of the enzyme.

Previously, an unusually low frequency of the Fe-His
stretching mode of sGC (204 cm-1) is thought to be
correlated with the strong strain in the Fe-His bond.47

Recently, proteins homologous to the heme-binding
domain of sGC were found in bacteria through genomic
analysis, and RR spectra were investigated.48 VCA0720 and
TtTar4H are cloned from Vibrio cholerae and Thermo-
anaerobacter tengcongensis, respectively. νFe-His of VCA0720
and TtTar4H are 224 and 218 cm-1, respectively, which
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are higher than that of sGC. For addition of NO to the
reduced form, VCA0720 gives a 5c-NO complex as sGC
does, whereas TtTar4H forms a 6c-NO complex, although
it has a smaller νFe-His than that of VCA0720. These results
suggest that the bond cleavage between iron and proximal
His is not necessarily correlated with the νFe-His frequency.
Raman and co-workers solved the crystal structure of a
homologous protein to the heme-binding domain of sGC
from Clostridium botulinum.49 It produces a stable 5c-
NO complex, but the 5c-NO heme is converted to 6c-NO
by replacement of Tyr139 with Phe, which is located in
the distal side of the heme pocket and can contact with
the iron-bound ligand, because of less steric crowding.
Therefore, the structure of the distal side also plays a
significant role in the modulation of the strength of the
Fe-His bond.

Activation via Heme Peripheral Groups
As discussed above, there is a general consensus that CO
is not a physiologically relevant activator of sGC. However,
in the presence of an exogenous co-activator, such as
3-(5′-hydroxymethyl-2′-furyl)-1-benzylindazole (YC-1), CO
can also activate the enzyme. Addition of YC-1 or CO alone
activates sGC only 5-fold, whereas addition of both YC-1
and CO activates the enzyme to the same level as achieved
by NO.50 In the presence of YC-1, two Fe-CO stretching
modes appear at 489 and 522 cm-1.51-53 Although the 489
cm-1 band comes from the 6c CO-heme, the 522 cm-1

band is derived from the 5c CO-heme. This seems to
indicate that, as observed for NO-bound sGC, formation
of a 5c heme causes the significant increase in the activity
of sGC in the presence of YC-1 as observed for NO-bound
sGC. Although it is difficult to estimate the population
ratio of 5c and 6c CO-hemes by RR spectra, infrared
spectroscopy shows the presence of a significant amount
of 6c CO-sGC.52 This suggests that the 5c species is minor;
therefore, it alone cannot account for an activity compa-
rable to that of NO-sGC. Thus, another activation mech-
anism besides formation of a 5c heme is likely to be
involved in the synergistic activation of sGC by CO and
YC-1.

Significant differences in the frequencies of the heme
vinyl and propionate modes were observed in the absence
and presence of YC-1. Addition of YC-1 and GTP to the
CO-bound sGC shifted the vinyl bending mode from 424
to 400 cm-1 and changed the intensity ratio of the two
vinyl stretching modes at 1600 and 1615 cm-1.53 Moreover,
the intensity of the propionate bending mode, δ(CâCcCd),
at 396 cm-1 was significantly increased in the presence
of YC-1 and GTP. These results suggest that the binding
site of YC-1 is so close to the heme group that it can
directly interact with vinyl and propionate groups of heme.
A similar change was observed by addition of another
allosteric effector, BAY-41-2272, to the CO-bound sGC.54

In the crystal structures of the sGC-like heme domain from
T. tengcongensis (TtTar4H), which has two slightly different
structures, distorted and relaxed, in the different crystal
packing, Arg135 makes strong hydrogen bonds with both

propionate groups in the distorted form, whereas one of
hydrogen bonds is cleaved in the relaxed form because
of the movement of Arg135 induced by disruption of the
interaction of Asp45.55 Although there is no direct evidence
at this moment, these results suggest that the heme
peripheral groups could mediate transduction of the signal
by sGC in the presence of YC-1. The heme peripheral
groups, which would be involved in the signaling dis-
cussed here, are illustrated in Figure 4.

The propionate bending modes, δ(CâCcCd), of the
reduced and CO-bound Ec DOS are observed at 376 and
380 cm-1, respectively.56 The frequency of δ(CâCcCd) is
indicative of hydrogen bonding between the heme-7-
propionate group and the surrounding amino acid resi-
dues.57 In Mb, the heme-7-propionate group makes a
hydrogen bond with His97 and Ser92, and the δ(CâCcCd)
mode appears at 376 cm-1. The disruption of this hydro-
gen bond by His97 f Phe or His97 f Phe/Ser92 f Ala
mutations leads to downshifts of the band by 10 and 11
cm-1, respectively.58 Recently, the X-ray crystallographic
structures of the O2-bound and unbound (reduced) Ec
DOS were resolved.17 In the O2-bound form, the 7-propi-
onate makes a strong hydrogen bond with Arg97, whereas,
in the reduced form, it makes weak hydrogen bonds with
the backbone NH of Met95 and two water molecules. This
observation is compatible with the higher frequencies of
the δ(CâCcCd) mode in the O2-bound form. After photoly-
sis, no new prominent bands were observed in the 250-
450 cm-1 region in the picosecond time scale of the time-
resolved RR spectra for Ec DOS (unpublished data). This
indicates that the heme peripheral modes of the photo-
product are identical to those of the CO-bound form. After
a 20 ns delay, however, a weak δ(CâCcCd) band appeared
at 363 cm-1. Because the lower δ(CâCcCd) frequency
accounts for a weak (or no) heme-7-propionate hydrogen
bond, as discussed above, the hydrogen bond between
7-propionate and Arg97 must be cleaved within 20 ns of
photolysis. Identical to observations in the reduced Ec
DOS, this band was upshifted to 377 cm-1 5 µs after
photolysis, indicating the formation of a hydrogen bond.
Accordingly, the shifts of the δ(CâCcCd) mode during CO
rebinding respond to the rearrangement of hydrogen

FIGURE 4. Structure of heme (protoporphyrin IX). White arrows
represent the plausible interactions between heme side chains and
surrounding amino acid residues.
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bonds between 7-propionate and the surrounding amino
acids and/or water molecules, which would lead to the
conformational change related to the increase in catalytic
activity. In the case of NPAS2, such a frequency shift
during CO rebinding was not observed, suggesting that
the process of transducing the ligand-binding signal does
not include rearrangement of the hydrogen-bonding
network.37

Redox- and pH-Dependent Ligand Switching
In some heme sensor proteins, an axial ligand of heme is
replaced in a redox-dependent manner. For example,
Cys75 of CooA, which is one of axial ligands in the ferric
state, is replaced by His77 upon reduction of heme.59 In
Ec DOS, a water molecule is coordinated to the heme in
the ferric form and displaced by Met95 upon reduction
of heme.18 Furthermore, for the PAS-A domain of NPAS2,
Cys170 is the proximal ligand of heme in the ferric form,
whereas His171 replaces it in the ferrous form.37 Figure 5
shows the pH dependence of frequencies of the oxidation
(ν4) and spin-state marker (ν3) bands of the ferric PAS-A
domain of NPAS2. The ν4 frequency of the PAS-A domain
decreases by approximately 2 cm-1 as the pH increases,
although this change is within the characteristic frequency
region of ferric hemes. The frequency of ν4 reflects the
electron density in the porphyrin π* orbital,21,60 which is
mixed with the iron dπ orbital. Because the dπ electrons
are pushed out when σ donation from the axial ligand
becomes larger, the electron density in the porphyrin π*
orbital increases. As a result, the ν4 frequency decreases
as the σ-electron donation increases.40,61 Thus, the pH-
dependent frequency shift of the ν4 band shown in Figure
5 suggests a stronger σ-donor character from the axial
ligand at higher pH. The ν3 band is also downshifted from
1506 to 1501 cm-1 as the pH increases from 6 to 11, and
the pH dependence is almost the same as that of the ν4

band (Figure 5). These results may indicate that Cys170
is replaced by His at lower pH, while the 6c-LS state is
retained. The pKa value of 9.6 supports the involvement
of cysteine in this reaction. Thus, as illustrated in Figure

6, the heme environment of these sensor proteins appears
to be flexible enough to be rearranged by the redox and
pH changes. This structural flexibility might be one of the
characteristic features of the heme-based sensory proteins.

Ligand Discrimination between O2 and CO
Upon NO or CO binding, sGC increases the catalytic
activity of the conversion of GTP to cGMP. However, the
presence of O2 has a minimal effect on the enzymatic
activity of sGC because of the extremely low affinity for
O2,62 even though O2 generally binds easily to a ferrous
5c heme in a protein. The frequencies of νFe-CO and νC-O

(Table 3) suggest that the low O2 affinity is due to the
negative polarity in its distal pocket. The νFe-CO of CO-
bound sGC appears at 473 cm-1,47,63 which is one of the
lowest νFe-CO frequencies among the known heme pro-
teins. In the case of Mb, introduction of a negative charge
by the Val68 f Thr mutation and removal of a positive
charge by the replacement of distal His with Val
(H64V/V68T double mutant) causes a low-frequency shift
in the νFe-CO mode from 509 to 477 cm-1.32 Therefore, the
very low frequency of νFe-CO can indicate the negativity
of the heme pocket of sGC.

Furthermore, the negative polarity of the heme pocket
of sGC is reflected in its kinetics. The correlation between
the electrostatic field of the distal heme pocket and the
dissociation rate constants of O2, CO, and NO was
examined by Phillips and co-workers.30 They concluded
that the O2 dissociation rate strongly depends on the
electrostatic field at the ligand-binding site, whereas CO
and NO dissociation rates are weakly dependent and
essentially not dependent on it, respectively. This is due
to the highly polar Fe-O2 bond, which is nearly as polar
as an Fe3+-O2

- bond and is stabilized by the positive field
of the distal histidine in Hb and Mb. Accordingly, the
negative heme pocket of sGC can reduce the affinity of
O2 so that it can discriminate between the effector
molecules, namely, NO and CO.

HemAT can also distinguish O2 from other diatomic
gaseous molecules. Close inspection of the RR spectrum
of O2-bound HemAT reveals that the low-frequency region
of the spectrum is composed of three oxygen isotope-
sensitive bands at 554, 566, and 572 cm-1, which are
assigned to the closed, open R, and open â forms,

FIGURE 5. pH dependence of the frequencies of ν4 (left axis) and
ν3 (right axis) modes of the ferric PAS-A domain of NPAS2.

FIGURE 6. Coordination structures of the heme in CooA and the
PAS-A domain of NPAS2.
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respectively.64 This is the first observation of multiple
conformations of the heme-O2 complex. The νFe-O2

frequency of the closed form at 554 cm-1 is approximately
15 cm-1 lower than that observed for mammalian Hb and
Mb,65 and it is the lowest νFe-O2 frequency among the
known hemoproteins. Yeh et al. proposed that hydrogen
bonding to both the proximal (directly bonded to iron)
and the terminal oxygen atoms of the heme-bound O2

results in the significant lowering of the νFe-O2 fre-
quency.66,67 Therefore, the noticeably low frequency of the
νFe-O2 mode of HemAT suggests the presence of strong
hydrogen bonding to the iron-bound O2. The disappear-
ance of the 554 cm-1 band in the Thr95 f Ala mutant
supports the idea that Thr95 forms a strong hydrogen
bond to the iron-bound O2, which is characteristic of O2-
bound HemAT in the closed form.

On the basis of the correlation plot between νFe-CO and
νC-O (Figure 2), the positive polarity near the bound ligand
through such hydrogen bonding is expected to yield a
higher νFe-CO frequency. In fact, Hb from Mycobacterium
tuberculosis has lower νFe-O2 (560 cm-1) and higher νFe-CO

(535 cm-1) frequencies.66 Unexpectedly, however, νFe-CO

of HemAT was observed at 494 cm-1 (Table 3),68 which is
comparable to the frequencies for the Mb mutants in
which the distal histidine was replaced by a nonpolar
residue (H64L in Figure 2). This means that the CO-bound
HemAT has a less polar heme pocket, which is in contrast
to the highly polar heme pocket of the O2-bound form.

The νFe-O2 frequency of Ec DOS (561 cm-1) is also low.
In agreement with these Raman results, recent X-ray
crystal structures of O2-bound Ec DOS indicate that Arg97
forms a hydrogen bond with bound O2.17 However, the
νFe-CO of CO-bound Ec DOS is again low (486 cm-1),
suggesting that the mechanism for discriminating ligands
in HemAT is the same as that in Ec DOS.56 Presumably,
rearrangements of hydrogen bonds around the heme
distal pocket, which could take place upon ligand binding,
discriminate the effector molecule from other diatomic
molecules.

Concluding Remarks
Heme-based sensor proteins are a newly discovered class
of hemoproteins in which the functional activities are
regulated by heme ligand binding. In this Account, we
have used the currently available RR spectroscopic studies
to characterize the mechanism by which the heme-
containing sensor domain detects target molecules. The
RR spectra have revealed the conformational changes at
the heme distal and proximal sites as well as the heme
peripheral (propionate and vinyl) modes associated with
ligand binding. These studies identified significant con-
formational changes that occur during ligand binding,
including outward movement of the endogenous axial
ligand from the heme pocket and cleavage of the trans
Fe-ligand (endogenous) bond upon binding of an exog-
enous ligand to the axial position of iron. In addition,
these studies revealed slight conformational changes that
occur upon ligand binding, including modulation of the

bond strength of the Fe-His bond and cleavage of the
hydrogen bond between the heme peripheral groups and
the surrounding amino acids. However, although we
discussed here three different signal transduction path-
ways separately for convenience, these mechanisms are
not always independent events. For example, deprotona-
tion of distal His is communicated with that of proximal
His as shown in horseradish peroxide (HRP).69 The real
image of signal transduction would be mixed with these
(or more) mechanisms.
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