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ABSTRACT: Cytoglobin (Cgb) represents a fourth member of the globin superfamily in mammals, but its
function is unknown. Site-directed mutagenesis, in which six histidine residues were replaced with alanine,
was carried out, and the results indicate that the imidazoles of His81 (E7) and His113 (F8) bind to the
heme iron as axial ligands in the hexacoordinate and the low-spin state. The optical absorption, resonance
Raman, and IR spectral results are consistent with this conclusion. The redox potential measurements
revealed arE’' of 20 mV (vs NHE) in the ferric/ferrous couple, indicating that the imidazole ligands of
His81 and His113 are electronically neutral. On the basis oftheo andvc_o values in the resonance
Raman and infrared spectra of the ferrel®O complexes of Cgb and its mutants, it was found that CO
binds to the ferrous iron after the His81 imidazole is dissociated, and three conformers are present in the
resultant CO coordination structure. Two are in closed conformations of the heme pocket, in which the
bound CO ligand interacts with the dissociated His81 imidazole, while the third is in an open conformation.
The veeo, In the resonance Raman spectra of oxy Cgb can be observed at 572saggesting a polar

heme environment. These structural properties of the heme pocket of Cgb are discussed with respect to
its proposedn vivo oxygen storage function.

Stellate cell activation-associated protein (STAR) a Indeed, the recombinant protein of STAP expressed in
hemoprotein that was recently discovered on the basis of aEscherichia colicontains a heme (Fe-protoporphyrin) as a
proteomics analysis of rat stellate cells, liver specific prosthetic group, and thus gives optical absorption spectra
pericytes 1). The molecular mass of STAP 121 kDa, and characteristic of hemoproteins.
its amino acid sequence 1825~40% identical to those of Since STAP was initially identified in fibrotic liver tissues
some globins, such as myoglobin, hemoglokin and  induced by the administration of thioacetami@®, (t was
p-chains, lamprey hemoglobin, etc. In addition, key amino concluded that this hemoprotein might play a crucial role in
acid residues that are conserved among a variety of globinsthe development of liver fibrosis. STAP is dramatically in-
are also present in its sequence (Figure 1A). Therefore, STAPduced inin vivo-activated stellate cells isolated from fibrotic
has been identified as a fourth globin in mammals, after jiver and in stellate cells undergoiimyzitro activation during
myogobin (Mb), hemoglobin (Hb), and neuroglobin (Ngb). primary culture. This induction was observed along with that

of other activation-associated molecules, such as smooth
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Ficure 1: (A) Alignment of the amino acid sequence of human cytoglobin (Cgb) with those of lamprey globin (Gb), human myoglobin
(Mb), the human hemoglobia-chain (HbA), and human neuroglobin (Ngb). Highly conserved residues among the globins are bordered.
Histidine residues changed by site-directed mutagenesis are denoted with asterisks. The secondary structure of Cgb was proposed, and
a-helices are shown as boxes-Al by LIBRA-I. (B) Finally purified nontag Cgb run on lane 1 of SB®AGE. Lane 2 contained a

molecular mass marker. (C) CD spectrum of Cgb in 50 mM Tris-HCI buffer at pH 8.0.

Cgb in the ferric and ferrous states exhibits optical structure of one of the hexacoordinate Hbs, Hb found in
absorption spectra characteristics that indicate heme coornonsymbiotic plants (riceHb1), determined at 2.4 A resolu-
dinated to two histidyl imidazole groups as axial ligan8)s ( tion (13), whose optical spectral properties strongly resemble
This structural feature is not identical to those of Hb and those of Cgb. In riceHb1, the F8 histidine as well as the E7
Mb, but the same as those of “hexacoordinate” Hbs recently hjstidine residues are directly coordinated to the heme iron
found in animals, protists, cyanobacteria, and all plants as fifth and sixth ligands, respectively. A structural com-
(5-12). Hargrove and co-workers reported the crystal parison between riceHbl and sperm whale Mb suggested
dramatic conformational changes of riceHb1 upon binding

2The name of this globin protein is still controversial. We will  of the external ligand (CO, Qetc.). When the ligand binds
discuss the nomenclature in detail elsewhere on the basis of the he | dinati ! he imid le side chain of Hi
localization of this protein in tissues of all organs (N. Kawada et al., at theé Iron coordination site, the imidazole side chain of His
manuscript in preparation). E7 dissociates and moves with concomitant upward and
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outward movement of the E helix. The resultant position of in the CO atmosphere. The oxy complex was prepared by
His E7 imidazole would be similar to that seen for the distal reduction of the ferric iron with ascorbic acid under aerobic
His in sperm whale Mb. On the other hand, three hypothesesconditions.
have been put forward so far, with respect to the function of  Ejectrochemical ExperimentsA working gold mesh
the hexacoordinate Hb$<17). First, they might serve as  gjectrode (40 mmx 9 mm x 0.7 mm) was immersed in the
O, transport proteins that sequestep @nder hypoxic  gptical cell. A platinum wire and Ag/AgCl (3 M KClI)
conditions and facilitate its diffusion to cells that require g|ectrodes were used as auxiliary and reference electrodes,
aerobic mitochondrial respiration. Second, they might serve regpectively. The potential was controlled by a potentiostat
as NADH OX|das_es that facilitate the glycolytic generation (HA-301, HokutoDenko Co.). Optical absorption spectra
of ATP under microaerobic conditions. Third, they might \,ere recorded on a U-3300 Hitachi W\is spectropho-
act as @-sensing proteins that undergo a substantial con- \smeter during electronic reduction and oxidation. For the
formational change in response to ligand binding or release, gjectrochemical redo titration, the following redox mediator
and this conformational change could activate other protelnsdyeS (5 mM each) were added to the sample solution [the
or enzymes that havel specific regulatory.functions. _ Eup values (vs NHE) of the mediator dyes are shown in
Cgb, and neuroglobin (Ngb), both of which are presentin narentheses]i@, 20): 2,6-dichloroindophenol sodium salt
mamma_llan tissues, can be classme_d as memb_ers of the(215 mV), indophenol (160 mV), phenazine methosulfate
newly discovered class of hexacoordinate Hbs. Since thelr(8o mV), gallocyanine (20 mV), indigo trisulfonate-80
spectral features are similar, both vertebrate globins might mv) 2-h3,/droxy-1 4-naphthoquino,ne120 mV), anthraquino-
_be involved in physiologi(_:al_ actions, as is the case for ne-2_sulfonate €230 mV), and benzyl viologen-350 mV).
invertebrate and nonsymbiotic plant HA(15), but this o cgp solution containing the mediator dyes was repeat-
has not yet been clearly established. On the other hand, the,yy degassed and flushed with argon prior to the measure-
ligand binding equilibrium and kinetics reported recently are ., ont  and~2.5 mL of the sample solution was then
notably different between Cgb and Ngb§( 17), implying transferred to the electrochemical cell, which was sealed with
differences in their physiological functions. The environment a rubber septum, by using a gastight syringe under an argon

e.xperienced'by he_me-b_ound ligands is c_riticgl for th? func- atmosphere. The electrochemical cell was kept in a thermo-
tion of tQIOb'nSO’I j_lnce _|tt_conftrols tthhe hklnetlcs of Illlgandh electric cell holder of the spectrophotometer af C5during
assoclation and dissociation from the heme, as well as they, o ¢|ectrochemical titration. The absorbance change in the

Elnetlcs .tOf Wdaﬂowre;ﬂ:}ctmn feag“ff?ls (;)cg:_urrrl]ng at tlhe Jregions of the Soret and Q-bands was recorded as a measure
eme site. We present herein a detailed biochemical andy¢ine rodox reaction of Cgb.

spectroscopic characterization of purified human recombinant

Cgb. SpectroscopiefRecombinant Cgb was dissolved in 50 mM
Tris-HCI buffer containing 100 mM NaCl at pH 8.0 for
MATERIALS AND METHODS spectroscopic measurements. The optical absorption spectra

were obtained at room temperature using a UV-2500PC
UV —vis spectrophotometer (Simadzu), and CD spectra were
was synthesized by PCR using oligonucleotide primers, obtained with aJASCO J-725 CD instrument over the range
designed to incorporate tiédd and Bglll restriction sites of 190—.250 nm (Figure 1C). The samples (@) were .

at the 5 and 3 ends of the gene, respectively. They were placed h a 1 mmquartz ce_II atroom temperature, and_ their
cloned into the Novagen expression vector pET15b (six-His SPectra were scanned i 1 nmband-pass with a time
tag) at theNde and BanHI sites to generate constructs for constant of 0.5 s.

recombinant protein. Cgb fused with the six-His tag was Resonance Raman spectra were measured with a JASCO
expressed ifE. coli BL21(DE3) cells (Stratagene) that were  NR-1800 spectrometer (Japan) in the single-dispersion mode,
cultured overnight in LB medium supplemented with 1 mM which was equipped with a liquid nitrogen-cooled CCD
isopropyl 1-thiog-p-galactopyranoside (Wako Pure Chemi- detector (Princeton Instruments). The slit width for the
cal Co., Osaka, Japan) and 0.5 mivaminolevulinic acid spectral measurements was 4 émThe excitation wave-
(Sigma). Cgb was purified with nickeNTA agarose resin  lengths used for measurements of the ferric, ferrous (deoxy),
(Qiagen, Valencia, CA). The six-His tag was cleaved by ferrous-CO, and ferrous O, complexes of the protein were
using a thrombin cleavage capture kit (Novagen). The pro- 413 nm from a krypton ion laser (Coherent, Innova 90). The
tein thus purified was subjected to 12.5% SBBAGE as cylindrical Raman cell containing-a230u«M sample solution
shown in Figure 1B, to verify that recombinant human Cgb was spun to minimize local heating and photodissociation
was in a highly pure form. The mutagenesis of Cgb, in of the iron-bound CO or © The spectrum of the CO
which six histidine residues were replaced with alanine or photodissociation product of Cgb was measured using a
glycine (H65A, H81A, HI97A, H113A, H117A, H161A, nonspinning cell by excitation with 413 (Ky and 441 nm
H81G, and H81A/H113A), was carried out by PCR using light from a He-Cd vapor laser (KIMMOM, Elect. Co. Ltd.).
mutated primers. The sequences of the mutated DNA wereThe power of the Kf laser and He-Cd laser at the sample
determined using the Pharmacia Express sequencer. Expresvas ~10—50 mW. Holographic filters (Kaiser Optical
sion, purification, and identification of the Cgb mutants Systems, Inc.) were used to eliminate the Rayleigh scattering.
were the same as those for the wild-type protein. The The Raman spectrometer was calibrated for each measure-
concentration of Cgb was determined by the pyridine ment using indene as the standard. Infrared spectra were
hemochromogen method®). The ferrous-CO complexes  measured using a SPECTRUM 2000 spectrometer (Perkin-
of wild-type Cgb and the mutants were prepared by Elmer Inc.). Approximately 2@QL of the solution was applied
adding a small amount of solid dithionite to the Cgb solution to the Cak IR cuvette.

Preparation of Recombinant Human Cgb and Its Mu-
tants The open reading frame of cloned human Cgb cDNA
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These spectra resemble those of some hemoproteins having
a hexacoordinated iror28, 24). In particular, the spectral
features of deoxy Cgb, which displays large amplitudes of
the o-band at 559 nm and the Soret band at 428 nm, are
characteristic of a heme iron with two histidyl imidazoles
as axial ligands (HisFe—His). In the sequence alignment
of Cgb with some globin proteins (Figure 1A), we anticipated
that His113 and His81 would correspond to the F8 and E7
residues in globins, respectively.

To directly examine the coordination structure of the heme
iron, six single mutants of Cgb were prepared by replacing
| , ‘ ; . ' ‘ the six histidine residues with alanine, the resultant mutants
350 400 450 500 550 600 650 700 being designated as H65A, H81A, H97A, H113A, H117A,

Wavelength (um) and H161A, and their optical absorption spectra were

414 measured in the ferric, ferrous, and ferrel®0O states. As
we expected, the H113A and H81A mutants exhibited
spectral properties that were different from those of the wild-
type (WT) protein (Figure 2B,C), while the spectra of the
others were the same as that of the WT protein (data not
shown). The spectrum of the H113A mutant in the ferric
state suggests a Hige*"—H,O/OH" structure, and the
spectrum of H81A in the deoxy state was characteristic of
e the pentacoordinated His=e" form. These results appar-
ently suggest that His81 and His113 are involved in
coordination to the heme iron of Cgb as axial ligands.
, ; : : , ‘ However, it is interesting to note that the spectra of the
VA gy LT deoxy H113A and ferric H81A mutants are indicative of
(©) hexacoordinate and low-spin iron, apparently similar (but

. not identical) to those of the corresponding states of WT
Cgb. One possible explanation for these observations is
ligand switching associated with a change in the iron
oxidation state, e.g., His133e&*"—X <> His81-Fe&*—X,
similar to the heme-based CO sensor protein CooA, in which
the coordination structure changes between the-Pre2 —
Cys75 form and the Pre2Fet—His77 form @5). Another
explanation is that this might be a secondary effect of the
His mutation of Cgb; that is, non-native ligands could occupy
the vacant coordination position of the iron after the His81
or His113 mutation.

To address these issues, we examined spectral changes in

Absorbance

(B) 1.0

Absorbance

Absorbance

0.0 T T T T T ?
350 400 450 500 550 600 650 700 : ) - ' g ’
Wavelength (nm) Cgb during redox titration using electrochemical techniques.

In the case of CooA, the potential value for the reduction

FiGURe 2: Absorption spectra of wild-type (WT) (A), H81A (B), step (F& — Fet) was—320 mV, while that of the oxidation

and H113A (C) Cgb. Their spectra in the ferric, ferrous, and T et _ :
ferrous-CO complexes are represented by a solid line, a dashed step (Fé Fe’r) was —260 mV. The redox potentials of

line, and a dashed and dotted line, respectively. The proteing (  COOA differed by 60 mV between the oxidation and

uM) were dissolved in 50 mM Tris-HCI buffer at pH 8.0. reduction steps, although the spectral changes are completely
identical in both steps. This could be explained by the
RESULTS redox-dependent ligand switching; the thiolate anion) (S

) from Cys75, which stabilizes the ferric state, is replaced with
CD and Absorption Spectra of Cgb and Its Mutaiée the neutral imidazole of His77, which would contribute
purified form. Its CD spectrum (Figure 1C) had double  Thjs is not the case for Cgb. The spectral change was fully
minima at 209 and 222 nm, an indication of thehelical reversible between the ferric and ferrous (deoxy) forms of
protein of Cgb. On the basis of the spectral property, the cgh. The Nernst plots in Figure 3A are also completely
a-helical content was estimated to be 72%. This high value overlapped in the forward (reduction) and reverse (oxida-
is comparable to those of members of the globin family such tion) steps, which gave 20 mV (vs NHE) of the redox
as Mb (76%) or those of the highly helical protein such as potential for Cgb. The potential value indicates that the
the four-helix bundle X80%) @1, 22). In light of the  axjal ligands of the heme iron in Cgb would be electronic-
sequence alignment (Figure 1A), Cgb possibly belongs to |y neutral. On the basis of these results on the redox
the globin family. titration, it is suggested that the ligands of Cgb need not be
The optical absorption spectra of Cgb were measured in switched, depending on the iron oxidation states, and that a
ferric, ferrous (deoxy), and ferrouCO states (Figure 2A).  His81—-Fe—His113 form is, therefore, the most possible
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On the other hand, the redox titration of H81A and H113A
(A) mutants exhibited a hysteresis in the reduction and oxidation
steps, as shown in panels B and C of Figure 3. In addition,
their midpoint potentials-{80 to—90 mV) are different from
that of WT Cgb. As is the case for CooA, slow redox-de-
pendent ligand switching was observed in these two mutants
of Cgb, apparently consistent with optical absorption spectral
observations (Figure 2A,B). Either Cys83 or Met86, each
of which may be located close to His81 (see Figure 1A), is
a candidate of the non-native sixth ligand in the mutants. It
should also be noted that His117 is present after one helical
turn from His113 in the F helix. Therefore, the distal and
04 proximal pockets of Cgb might be flexible, and these resi-
dues might occupy the vacant coordination position after
His81 or His113 is replaced with alanine, resulting in the
Potential / mV (vs. NHE) hexacoordination structure for deoxy His113Ala and ferric
His81Ala mutants, as described above. Similar observations
already have been made in other cases, for example, in
truncated Hb fromChlamydomonas eugamet@37A and
Y63L mutants) andSynechocystisib (H46A mutant) 26,
27).

Resonance Raman and IR Spectra of Ogbcharacterize
the coordination structure of Cgb in more detail, the
resonance Raman spectra were obtained, since the high-
frequency regions of hemoproteins are composed of por-
phyrin in-plane vibrational modes. Thg andv; lines serve
as sensitive markers of the oxidation state and the coordina-
tion/spin state of the heme iron, respectiveB8+{30).
Spectra a and b of Figure 4A show the Raman spectra of
Cgb in the ferric and deoxy states, respectively. The marker
300 linesv, andvs in the spectrum of the ferric form were located
at 1375 and 1507 cm, respectively, while those in the
spectrum of the deoxy form are found at 1361 and 1493
cm 1, respectively. These spectral features are characteristic
of hemoproteins in the hexacoordinate and low-spin i&8) (
31, 32). The spectra of the ferric and deoxy proteins were
invariant with a change in pH over the range of&

Thewv, andvs lines of the ferrous CO (FeCO) complex
of Cgb were located at 1374 and 1497 ¢prespectively,
showing that the complex is also in the hexacoordinate and
low-spin state (spectrum c of Figure 4A(c)). In the low-
frequency region (Figure 4B), isotope-sensitive lines were
detected and assigned asF&-0O modes. The lines in the
region of 496-520 cmr! were decomposed into three lines
at 518 (50%), 510 (10%), and 492 cin(40%). Upon
substitution with'3C'®0, these three bands were shifted to
506, 497, and 480 cm, respectively. These were assigned
T T T T T T to the vre—co Stretching modes, since the frequencies and

Portion of ferric

-400 -300 -200 -100 0 100 200 300

Fraction of ferric

Fraction of ferric

-400 -300 -200 -100 0 100 200 300 . . . . . .
isotopic shifts of these lines were consistent with those
Potential / mV (vs. NHE) observed for there—co Stretching modes of other hemopro-
Ficure 3: Nernst plots of reductiven) and oxidative ©) titration teins. Another isotope-sensitive line observed at 584'cm

of (A) WT, (B) H81A, and (C) H113A Cgb. The fraction of the (562 cnT! with 3C'80) was assigned to theec_o bending
ferric form was plotted as a function of the applied potential. mode.

Individual data points are an average of at least three independent \ye also measured the IR spectra of Cgb in the ferrous
measurements. The solid lines are theoretical Nernst curves for a . .
one-electron reductions) and oxidation ©). CO complex (Figure 5a). Three bands arising fromo

stretching are observed at 193050%), 1946 {10%), and
coordination structure in the ferric and ferrous (deoxy) states. 1971 cm* (~40%), which were shifted to 1880, 1858, and
This suggestion was supported by the resonance Raman and843 cm?, respectively, upon substitution 3#C€O for

IR spectral results of the H81A and H113A mutants of Cgb, 2C0. It is well-known that an inverse correlation exists
as described below. In addition, we observed that the hemebetween the frequencies of the.co stretching modes and
could not be incorporated into the double mutant, H81A/ the vc—o stretching modes of ferrousCO complexes of
H113A, of Cgb (data not shown). many hemoproteins and heme model compouB@s-85).
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FicUrRE 4: (A) Resonance Raman spectra of Cgb in the high-frequency region in the (a) fefriy, (B ferrous (F&"), (c) ferrous-CO
(Fet—CO), and (d) ferrousO, (FE*—0,) forms. The spectra were obtained using a laser wavelength of 413 nm with a pow&0of
mW. The buffer was 50 mM Tris-HCI at pH 8.0. (B) Resonance Raman spectra ofthe €® form of Cgb in the low-frequency region:
(a) Fe2C0, (b) Fé3C'®0, and (c) difference spectrum (RE%0 — Fel3C180). The dotted lines show the spectra obtained by the spectral
deconvolution.

Since the origin of this relation ig-electron back-donation  iron of Cgb, thevee—co andvc—o pairs which are at 518 and
from the dr (dk, d,;) orbitals of the iron to the empty* 1930 cmt, 492 and 1971 cnt, and 510 and 1946 cm
orbitals of CO, the bond order between iron and CO increases Spectra b and c of Figure 5 also show the IR spectra of
as the bond order between the carbon and oxygen atoms othe CO complexes of the H81A and H113A mutants of Cgb,
CO decreases and vice versa. Depending on the nature ofespectively. In the H81A spectrum, only omng o stretching
the proximal ligand or the absence of a fifth ligand, different band was observed at 1971 ¢h{1880 cn1! for the 13C'%0
correlation lines are observed, due to differences in the chargecomplex). A spectral comparison between the WT and the
on the iron atoms that reflect the strength of the-E© H81A mutant of Cgb clearly indicated that the two bands at
bond @6). Since Cgb is a hemoprotein with a HiEe—CO 1930 and 1946 cnt had disappeared with a concomitant
structure, itSvre-co Versusvc—o plot would be expected to  increase in the magnitude of the band at 1971 (880

be on the line for many hemoproteins having a histidyl cm™t with 3C'Q0) in the case of the His81 mutation. We
imidazole at the site opposite the CO coordination. On the obtained the same result in the H81G mutant of Cgb (data
basis of thisveeco versusvc o correlation (Figure 6), we  not shown). On the other hand, the o band for the H113A
suggest three configurations in the CO coordination to the mutant was located at 1963 cfn(1871 cmt with *3C180),
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temperature in 50 mM Tris-HCI and 100 mM NacCl at pH 8.0.
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Ficure 6: Correlation between the frequencies of the co
stretching modes and the_o stretching modes for various heme
proteins having a histidine residue as their proximal ligand. Empty
circles represent data for Cgb, while filled circles represent data
for (1) mouse Ngb, (2) sperm whale Mb (neutral pH), (3) sperm
whale Mb (low pH), (4) the His64Gly mutant of sperm whale Mb,
(5) Ascaris suuntb, (6) barley Hb, (7) human HbA, (8) elephant
Mb, (9) leghemoglobin, and (10) horseradish peroxidase.

the position of which is entirely different from that of the
WT protein, indicating that the FeCO bond character and
its surrounding environment in the H113A mutant are
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Cgb. The oxy complex was prepared in 50 mM Tris-HCI and 100
mM NacCl at pH 8.0.

completely different from those in WT Cgb. The.—co lines

for the H81A and H113A mutants were observed at 492 and
497 cml, respectively, in their resonance Raman spectra
(data not shown). Thevge-co Vversus vc—o correlation
suggested that the positions opposite the bound CO are
occupied by histidyl imidazoles for both Cgb mutants. In
the H81A mutant, CO binds to the heme iron in the E helix
(distal) side, as is the case for the WT protein, while CO
possibly binds in the F helix (proximal) side of the H113A
mutant.

In Cgb, CO hinds to the heme iron at the sixth position
after the His81 imidazole dissociates. In addition, it should
also be noted that the dissociated His81 imidazole in the
ferrous-CO complex of Cgb could occupy a position
identical to that of the distal E7 histidine in Mb and Hb and
that thevc_o stretching bands observed at 1930 and 1946
cm ! possibly arise from the bound CO interacting with the
dissociated His81 imidazole, while the CO responsible for
the vc_o band at 1971 cnt is free from such interactions.

We also attempted to characterize the coordination struc-
ture of the Q complex of Cgb via optical and resonance
Raman spectroscopic techniques. In the presence of ascorbic
acid, the Q@ complex of Cgb that was prepared was
sufficiently stable €1, much longer than several hours)
against autoxidation to permit the spectrum to be obtained.
Its optical absorption spectral feature bore good resemblance
to the corresponding ones of oxy complexes of many globins
(inset of Figure 7). In the Raman spectra, thandv; lines
were located at 1378 and 1504 chrespectively, and the
Vee-oo Stretching mode of Cgb was detected at 572 tm
(547 cn1? for the 180, complex), as illustrated in Figure 7.
The frequency of there—oo Stretching mode of Cgb was
similar to those of elephant Mb (572 ci), Ngb (571 cmY),
and Mb (569 cm?) (37—39), rather than those dthlamy-
domonasHb (554 cm'), ParameciumHb (563 cm?),
Mycobacterium tuberculosiddb (560 cm?), and Syn-
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echocystiHb (554 cnl) (40—42). The differences in the  nm excitation, the hexacoordinated species was dominant
Vre-00 Stretching mode have been explained in terms of rather than the CO photodissociated pentacoordinate product,
differences in the hydrogen bonding interaction site of the and as a result, ther.—nis band was not detected, most
iron-bound Q: the distal oxygen atom is hydrogen bonded probably due to less effective CO photodissociation or its
in the case of the higher-frequency grou#3)( In the rapid rebinding.
spectrum of the @complex of Cgb, theg stretching mode, Recently, the associatiok (;) and dissociationkg) rate
which has been reported to involve the bending motions of constants of the internal imidazole ligand in CO flash
peripheral substituents of porphyrin, is located at 346'cm  photolysis experiments have been reported and compared
In the spectral comparison between the CO apddnplexes between histoglobin£Cgb) @) and Ngb 16): k-y ~5s*!
[the vg band at 349 cmt for the CO complex (Figure 4B)],  andky = 430 s for the former protein, whild_ = 8200
it was found that the’g band was shifted by 3 cm upon s1 (2000 s?') andky = 9800 s (4.5 s1) for the later
replacement of @with CO. This observation is quite similar  protein (values in parentheses were reported id7gfSuch
to that for Mb (2 cm® shift) but is comparable to that of a difference in the kinetic properties may reflect differences
HemAT-Bs (11 cm? shift) (44—46). Since the stretching  in the electronic structure of the histidyl imidazole ligands
mode is believed to be sensitive to structural changes thatand/or electronic environment of the heme pocket between
occur in the distal side of the heme pocket upon ligand Cgb and Ngb. This is highly related to kinetic parameters in
binding, it is likely to suggest that the heme pocket struc- binding of the external CO ligand between the two globins,
ture in the distal side of Cgb is essentially similar between which will be discussed in the next section.
these two complexes, as is the case for Mb, but not for External Ligand Binding to CgliMb and Hb are in the
HemAT-Bs. pentacoordinate and high-spin state in their ferrous (deoxy)
form, which leaves the sixth position empty and available
DISCUSSION for the binding of exogenous ligands such as CO apd O
Bis-Histidine Binding to Ferric and Deoxy Cgi/e report On the other hand, in the hexacoordinate and low-spin forms
here the first detailed characterization of the heme pocketof ferrous (deoxy) globins found in invertebrates and
structure of the fourth human globin, Cgb. The spectroscopic nonsymbiotic plants, the presence of a sixth ligand to the
results for WT and mutants of Cgb presented here unam-iron interferes with exogenous ligand bindirzg( 25). Cgb
biguously show that His113 (F8) and His81 (E7) in Cgb bind is not an exception to this. As evidenced by the IR study
to the iron as the fifth and sixth axial ligands, respectively. (see Figure 5), the CO ligand ejects the His81 imidazole from
The heme iron in Cgb is bis-histidyl hexacoordinate in the the sixth coordination position and occupies this position.
low-spin state, essentially the same as that of Ngb, but notOn the basis of the IRvt-o) and resonance Raman
Mb and Hb. However, a striking difference in the heme (vre-co) Spectral data, we propose that there are three
environmental structure between Cgb and Ngb is evident conformers (conformational isomers) concerning the CO
from redox potential measurements. The potential value is coordination to Cgh: there co andvc_o pairs are 518 and
20 mV for Cgb in the ferric/ferrous couple, while its129 1930 cm?, 510 and 1946 cnt, and 492 and 1971 cm
mV for Ngb (17). This difference in the redox property is These conformers arise from differences in the degree of
directly related to the structural and functional differences interaction of the iron-bound CO with its surroundings. In
between these two globins. In functional aspects, the differ- particular, electrostatic interactions with charged groups
ence in the redox potential is possibly responsible for the have been considered to be major factors that affect
difference in stability of their oxy (@bound) complexes; Fe—C—0O bond characteristics. When a positively charged
the oxy complex of Cgb is quite stable, while that of Ngb is group is present close to the iron-bound CO, an

readily autoxidized to the ferric staté, 17). Fe=C=0---X* structure is stabilized, in which the
It is noteworthy that the redox potential value (20 mV) of Fe—CO and C-O bonds have double bond character. On
Cgb is comparable to that of cytochrorbe(29 mV) @7), the other hand, a negatively charged group stabilizes an

which also contains &-type heme with bis-histidyl hexa- Fe—C=0°"---X~ structure, in which the FeCO bond tends
coordination. In the crystal structure of dy the imidazole toward single bond character and the @ bond tends toward
NH groups of the histidine ligands (His39 and His61) are triple bond character4@).

weakly hydrogen bonded to the main chain carbonyl oxygen Theveeco andvc—o modes of the conformers in Cgb are
atoms of Gly42 and Phe58, respectively, resulting in them basically the same as those reported in Ngb, except for the
having a neutral character. Therefore, it is likely, in the case second (510 and 1946 c®) conformer, because two

of Cgb, that the heme axial imidazoles of His81 and His113 conformers (523 and 1933 cthand 492 and 1969 cm)

are electronically neutral, possibly due to weak hydrogen have been observed in the CO complex of N8B)( The
bonding of their imidazole NH groups with their surround- first (518 and 1930 crt) and the second (510 and 1946
ings. In sharp contrast, histidyl imidazole ligand(s) in Ngb cm™) conformers of Cgb can be assigned to closed
must be anionic, as a result of strong hydrogen bonding conformations, where a positively charged group(s) near the
interactions with their surroundings. To directly compare the iron-bound CO stabilizes the F&€=0---X" structure. On
Fe—His bond characters/{.vis) between Cgb and Ngbh, we  the basis of the IR spectral results for the WT and H81A
attempted to measure the resonance Raman spectrum of thewutant (see Figure 5), Xwould be predicted to be the
CO-photodissociated product of Cgb. Couture et al. recently imidazole of His81 that occupies the distal (E7) position of
reported on theveenis Stretching frequency of Ngb after Mb. The second conformer exhibitge-co andvc—o modes
photodissociation of CO from the ferrou€0 complex, identical to those (507 and 1947 cthof Mb, although the
which is weak in its intensity but located at 225 ¢h(38). concentration of this fraction is minor~L0%). In this
However, in the spectra of Cgb measured using 442 or 413conformer, the FeC=0---His81 configuration should be
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similar to that of Mb. On the other hand, the.co and binding. As stated before, differences in the electronic
vc—o Stretching modes for the first conformer suggest that structure of the histidyl imidazole(s) between the two
electrostatic and/or hydrogen bonding interactions in th/e Fe  mammalian hexacoordinate globins are responsible for
C=0---X* form are more numerous in Cgb than in Mb. Not differences in their equilibrium and kinetic properties, as well
only His81 (E7) but also another positively charged residue as in their redox potential and autoxidation rate. In functional
would be involved in the interaction. As is the case for Lys67 aspects, Cgb is much more useful as anr€ervoir than
in Ngb, Arg84 of Cgb may occupy the E11 position and Ngb, because the Laffinity is on the same order of mag-
may contribute to this interaction. On the other hand, Rovira nitude as that of Mb, and the resultant oxy form is sufficiently
et al. suggested, on the basis of the theoretical calculation,stable to autoxidation. Cgb is dramatically induced in fibrotic
that two different conformations of His E7 imidazole give liver. Since the circulation of the blood does not run smoothly
two different interactions with the iron-bound CO, which in the fibrotic tissues, Cgb may play a part as aié€3ervoir
could exhibit thevc—o stretching mode at 1930 and 1946 in tissues lacking @
cm™! (49). Although it is known that @is less sensitive
than CO to electrostatic interactions, the frequency of the ACKNOWLEDGMENT
Vee—0o Stretching mode of the oxy complex indicates that
the heme-bound £n Cgb is stabilized through a hydrogen
bond between the distal oxygen atom and its surroundings,
possibly with the His81 imidazole and/or Arg84. REFERENCES
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