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ABSTRACT: Cytoglobin (Cgb) and neuroglobin (Ngb) are the first examples of hexacoordinated globins
from humans and other vertebrates in which a histidine (His) residue at the sixth position of the heme
iron is an endogenous ligand in both the ferric and ferrous forms. Static and time-resolved resonance
Raman and FT-IR spectroscopic techniques were applied in examining the structures in the heme
environment of these globins. Picosecond time-resolved resonance Ramarf)ppeRoscopy of transient
five-coordinate heme species produced by the photolysis of carbon monoxide (CO) adducts of Cgb and
Ngb showed FeHis stretching {re-nis) bands at 229 and 221 crh respectively. No time-dependent

shift in thevee—nis band of Cgb and Ngb was detected in the-2000 ps time domain, in contrast to the

case of myoglobin (Mb). These spectroscopic data, combined with previously reported crystallographic
data, suggest that the structure of the heme pocket in Cgb and Ngb is altered upon CO binding in a
manner different from that of Mb and that the scales of the structural alteration are different for Cgb and
Ngb. The structural property of the heme distal side of the ligand-bound forms was investigated by observing
the sets Ofre-co, Yc-0, Ore-c—0) and {’re-No, YN-0, Ore-n—0) fOr the CO and nitric oxide (NO) complexes

of Cgb and Ngb. A comparison of the spectra of some distal mutants of Cgb (H81A, H81V, R84A,
R84K, and R84T) and Ngb (H64A, H64V, K67A, K67R, and K67T) showed that the CO adducts of Cgb
and Ngb contained three conformers and that the distal His (His81 in Cgb and His64 in Ngb) mainly
contributes to the interconversion of the conformers. These structural characteristics of Cgb and Ngb are
discussed in relation to their ligand binding and physiological properties.

Heme-containing globin proteins are widely distributed in to possibly enhance the diffusion of, @ the mitochondria
biological systems, including bacteria, fungi, protists, plants, and/or is presumably involved in the detoxification of NO
and animalsY). In vertebrates, tetrameric hemoglobin (Hb) (3). In addition to Hb and Mb, two novel members,
present in erythrocytes plays a role in supplying oxyges) (O neuroglobin (Ngb) 4) and cytoglobin (Cgb)§—7), have
to the body ), while monomeric and muscle-specific recently been added to the vertebrate globin family. Cgb is
myoglobin (Mb) serves as a sourse of intracellulas@rage also known as the stellate cell activation-associated protein
(STAP) 6, 7) or histoglobin ). This protein is present in

*To whom correspondence should be addressed. Telephb8: virtually all tissues. On the other hand, Ngb is present in
791-58-2817. Fax:+81-791-58-2818. E-mail: yshiro@riken.jp. cells of the vertebrate central and peripheral nervous system,

* Himeiji Institute of Technology/University of Hyogo. h . d al docri . h .

8 RIKEN Harima Institute/SPring-8. the retina §), and also endocrine tissué)( The primary

' Kobe University. sequences of Cgb and Ngb are only distantly related to Hb

~ Okazaki National Research Institutes. and Mb, the level of identity being25%, but some amino

@ Osaka University. . . . : )
# Osaka City University. acid residues are highly conserved in the vertebrate globin

* Hiroshima University and Hiroshima Prefectural Institute of family (10). Since the conserved residues of Mb and Hb are
Industrial Science and Technology. located around the heme active sites and are important in

1 Abbreviations: Cgb, cytoglobin; Ngb, neuroglobin; Mb, myoglobin; indi i ; i
Hb, hemoglobin; TR time-resolved resonance Raman; FT-IR, Fourier the binding of external ligands to the heme iron, it has been

transform infrared; CO, carbon monoxide; NO, nitric oxides wis, SPQQESted thfﬂ Ngb gndl Cgb are possibly involved in .the
Fe—His stretching mode. binding of G in the distributed cells. Although the physi-
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Ficure 1: Stereoviews showing selected residues surrounding the heme for (A) the ferric form of&g{B] the ferric form of Ngb

(14), and (C) the deoxy form of SWMb. These figures were drawn using the atomic coordinates from PDB entries 1V5H, 10J6, and 1A6N,
respectively, and were created with MOLSCRIRIB)(and Raster3D47). The coloring is by residue [the heme and the axial residues
(khaki) and other residues (gray)], by atom type [O and Fe (red) and N (blue)], and by bond type [hydrogen bond with the proximal His
(cyan) and coordinate bond with the axial His (black)].

ological roles of Ngb and Cgb are poorly understood at nation structure, even in the deoxygenated ferrous f@&m (
present, plausible hypotheses of their functions have been20). The findings are in sharp contrast to the pentacoordinated
proposed; they might act as temporary oxygen storagestructure of the deoxygenated ferrous heme iron of Hb and
proteins and/or a scavenger of bioactive compounds (e.g.,Mb.
NO, peroxynitrite, and hydrogen peroxide) in hypoxic cells, = The endogenous sixth ligand, His81 for Cgb and His64
since the expression of both proteins appears to be upregufor Ngb, is replaced by exogenous ligands such g3,
lated in hypoxia 11, 12). In addition, it was revealed that and NO, to yield a “new” hexacoordinated heme iron in the
oxyNgb reacts very rapidly with NO, yielding metNgb and ferrous low-spin state, as has been shown in previous kinetic,
NO;~ by means of a heme-bound peroxynitrite intermediate spectroscopic, and mutational studiek3(25). In these
(13. complexes, the external ligand is located at the sixth position,
Most recently, crystal structures of Cgb and Ngb in the and interacts with the dissociated His in a similar fashion,
ferric state have been reporteldi{-17). Both consist of eight  as has also been observed for the distal His in Mb and Hb.
a-helices and exhibit a typical globin fold with a “three- This suggestion was most recently supported by the publica-
over-threea-helical sandwich”. As in the case for Hb and tion of the crystal structure of the CO complex of N@6)
Mb, the heme of Cgb and Ngb is embedded between the EThe crystallographic results also showed a drastic structural
and F helices, and the histidyl imidazole (His113 in Cgb rearrangement in the heme pocket of Ngb upon CO binding.
and His96 in Ngb) coordinates to the heme iron as a fifth The rearranged structure might be responsible for the
axial ligand. However, their coordinated hemes have a characteristic properties of Ngb in terms of liagnd binding;
significant characteristic structure, in that the sixth coordina- the affinities of the ligands are basically similar to those
tion position of the heme iron atom is occupied by the histidyl observed for Mb and Hb, but the association rates are much
imidazole, His81 in Cgb and His64 in Ngb, indicating that faster than in Mb. However, the crystal structure of Cgb in
the heme iron in these globins is in a bis-His hexacoordi- the ferrous CO-bound form is not yet available.
nation (L8, 19) as shown in Figure 1. Spectroscopic studies  To understand the structuréunction relationship of these
support this coordination structure of the heme iron for Cgb hexacoordinated heme-containing proteins, it is necessary to
and Ngb in the ferric state, and also indicate a hexacoordi- examine the arrangement of their active site structures in
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detail. In any hemoprotein, the structure of the heme pocket SPEC-10:400B), attached to a single spectrograph (SPEX,
plays a crucial role in controlling protein function, such as model 500M).

heme ligand stability, and thus determines the class of a Resonance Raman spectra of the CO adducts were
particular function. In this study, we measured the resonanceobtained using a JASCO NR-1800 spectrometer, equipped
Raman and IR spectra of the CO- and NO-bound form of with a liquid nitrogen-cooled CCD detector (Princeton
Cgb and Ngb in the ferrous form, in an attempt to Instruments) and operated in the single dispersion mode. The
characterize the structures of their heme environments. Theslit width for the spectral measurements was 4 tnfn

CO and NO adducts have been shown to be useful inexcitation wavelength of 413.1 nm was used and was
investigations of the active sites of hemoproteins, including generated using a Kiaser (Coherent, Innova 90). The laser
interactions between the bound ligand and the distal residuespower was kept at100u4W at the sample point to prevent

In addition, the proximal environments were characterized photodissociation of the iron-bound CO. The Raman cell was
using ultrafast picosecond time-resolved resonance Ramarkept spinning to minimize local heating. Optical absorption
(ps-TR) spectroscopy to obtain insights into the nature of spectra were routinely measured before and after the
the Fe-His bond. The FeHis stretching modevée—yis), after resonance Raman measurements of CO adducts for all
the photodissociation of CO from the ferrous iron, was samples in the Raman cell with a Shimadzu spectrometer
examined. These structural data are discussed in relation tqUV-2500PC) using a homemade adaptor. For the ferrous
the ligand binding properties of Cgb and Ngb. It is of NO complexes, resonance Raman scattering was excited with
particular interest to compare the structures between the twothe 406.7 nm line of a Krion laser (Spectra Physics, model
proteins in detail, since some significant differences have 2016) and was detected by a liquid nitrogen-cooled CCD

been observed in their ligand binding properties. (Astromed, CCD 3200) attached to a 100 cm single mono-
chromator (Ritsuoyokogaku, DG-100). The Raman excitation
EXPERIMENTAL METHODS beam was introduced from the bottom of the Raman cell,

and the radiation scattered along°®9fom the incident

Preparation of Recombinant Human Cgb, Ngb, and Their . §iation was collected. The slit width was 200, and the

Mutants.The procedures for the expression and purification sample temperature was maintained~&0 °C. The laser
of human Cgb 18) and Ngb (9) have been described in power was kept at50 xW at the sample point, and the

detail in previou§ reports. Mutagenesis was performed on goman cell was spun at 2000 rpm to avoid photolysis of the
vectors of the wild type (WT) of Cgb and Ngb by PCR. .45 ginated NO and to minimize local heating. Optical

The axial His and/or positively charged residues close to the 5, rhtion spectra were routinely measured before and after
heme iron were replaced with other residues (H81A, H81V, w5 ragonance Raman measurements of NO adducts for all
R84A, R84K, and R84T for Cgb and H64A, HE4V, K67A,  gampjes in the Raman cell with a Hitachi spectrometer (U-
K67R, and K67T for Ngb) using previously reported vectors, 3210) using an adaptor. FT-IR spectra of the ferreQ®
WTCgb-pET15b and WTNgb-pET34§, 19), as templates. complexes were measured using an FT-IR 670 plus instru-

The sequences of the mutated DNA were determined usingant (Jasco). Approximately 24_ of a 2-3 mM protein
a Pharmacia Express sequencer. The expression, purification,

. o solution was added to a CalR cuvette. All spectra of CO
and identification of the mutants were the same as those foradducts were analyzed by Gaussian band fitting with IGOR

the WT proteins 18, 19). The concentrations of each pro4 (\waveMetrics). It was difficult to reliably estimate the
recombinant protein was quantified from the heme content, 45 of the population of the signal bands by the intensity

as pl_etermlne_d by a pyridine hemochrome as£4y. (The of vre_co because the intensity of there co bands in

purified proteins hadk, values fsorelAsg) Of 2.80 for Cgb  regonance Raman spectra is dependent on the excitation

and 2.95 for Ngb. wavelength 29). Thus, the ratio of the population of the
Preparation of Ferrous-CO or —NO Adducts of Cgb and  signal bands was estimated from the area ofithg in the

Ngb. The proteins were dissolved in a solution containing FT-IR data.

50 mM Tris-HCI and 100 mM NaCl buffer (pH 8.0),

extensively purged with nitrogen gas, supplemented with RESULTS

SOdium_dithionite at a final concentration of2 mM, and Picosecond_TRSpectra of the CO-Photodissociated Cgb
placed in the cell of a spectrometer. The ferro@O form and Ngb.The ps-TR spectra of the CO-photodissociated

was prepared by treatment with pure CO gas at 1 atm. Tocgh and Ngb were measured using 20 and 1000 ps delays
remove undesirable oxidized nitrogen species such as NO after photolysis. In a comparison of the spectra between the
and NO, NO gas was first shaken witl N NaOH, and  cO-bound and CO-photolyzed forms, some new intense lines
then injeCted into a Raman cell through a rubber Septum with appeared in the |Ow_frequency region upon ph0t0|ysis (See
a gastight syringe to produce the ferred¢O form. the left panels of Figure 2). The lines at 229 ¢rfor Cgb
Spectroscopiesps-TR spectra were obtained using a and 221 cm? for Ngb were assigned to FeHis stretching
homemade pump/probe system, as described elsev2®re (  (vre-nis) Of the pentacoordinated heme species for these
Briefly, the probe beam at 442 nm (0/2)/pulse) was  globins in the ferrous high-spin state. Since His113 and His96
generated as the first Stokes stimulated Raman scatteringvere previously assigned as the fifth ligand of the heme iron
from methane gas, whereas the pump pulse at 540 nm (12in CO complexes of Cghl@) and Ngb (9), respectively, it
uJlpulse) was generated with an optical parametric generatorseems reasonable to conclude thatithenis bands for the
and amplifier. Both pulses were obtained by excitation by CO-photolyzed forms of Cgb and Ngb correspond to the
the second harmonic of the 784 nm output of a Ti-sapphire stretching modes of the FeHis113 and Fe His96 bonds,
laser operated at 1 kHz. Raman scattered light was detectedespectively. In Ngb, a weak and broag.is band was
with a liquid nitrogen-cooled CCD detector (Roper Scientific, previously reported at~225 cni! in the static Raman
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FIGURE 2: ps-TR spectra of CO-photodissociated Cgb and Ngb. Spectra were measured for CO-photodissociated (A) WT-Cgb and (B)
WT-Ngb in the low- and high-frequency regions (left and right panels, respectively) at time delays of (a) 20 and (b) 1000 ps. Spectra
labeled (c) are the probe only spectra (the ferro@® form).
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spectrum21), whereas a sharp and well-resolved s band
is observed at 221 cm, when the ps-TR spectroscopic
technique is used. The positions of other lines, j.g (out-
of-plane methine wagging® (CsC.Cy) (a mode involving
the deformation of propionate methylene groups), and
(breathing-like mode of the porphyrin inner ring) banag)(

exhibited a downshift upon CO photodissociation: it was
observed at 1119 cm in the CO-photolyzed form and at
1135 cn1? in the CO-bound formZ8).

The ps-TR spectral measurements of the CO photolysis
of Cgb and Ngb result in two significant and new findings.
First, the spectra 1000 ps after the CO photolysis are the

are also consistent with the electronic and coordination same as those after 20 ps, for both Cgb and Ngb. For
structures of the CO-photolyzed Cgb and Ngb, as describedexample, the/re—nis band did not exhibit any shift from 20

above.
The right panels of Figure 2 show ps-T8pectra in high-

to 1000 ps after CO photodissociation, which is in sharp
contrast to the change in the Raman spectra of 2@. (The

frequency regions (10661700 cni?). The spectra contain  vee—is band in Mb shows a downshift from 222 to 220 ¢m
information concerning heme in-plane vibrations, such as with a time constant of~100 ps 28). The position of the’,
thev, andv; bands (the core size markers), and th&and frequency (1562 cmt for Cgb and 1559 cmt for Ngb) used
(the oxidation state marker3@). The CO-photodissociated as the core size marker also did not change from 20 to 1000
Cgb yieldedv,, v3, andv, bands at 1562, 1470, and 1355 ps. This implies that the core size does not change in the
cm 1, respectively, while in the CO-bound form, the corre- picosecond time region. Second, the spectral features of Cgb
sponding bands were at 1581, 1502, and 1375'cm and Ngb are distinctly different; e.g., the.pis frequency
respectively. The CO-photodissociated Ngb produceds, is different by 8 cml. The crystallographic data for Cgb
andv, bands at 1559, 1467, and 1356 dinrespectively, and Ngb in the hexacoordinated heme in the ferric state
while for the CO-bound form, the bands were located at indicated that the coordination structure of the heme iron is
1576, 1498, and 1371 crh respectively. The positions of  essentially the samel4—17). Thus, these results suggest
these marker bands for the CO-photolyzed Cgb and Ngb arethat the heme environment, especially the iron coordination

similar to the positions of the corresponding bands 4t
1563 cm! and v, at 1356 cm?) for their CO-photolyzed

structure, would be different between these two globins in
the pentacoordinated heme iron in the ferrous high-spin state,

Mb form (28), whose heme iron is pentacoordinate in the which was generated upon CO photodissociation.

ferrous high-spin state. The vinylz€C, stretching bands
at 1640 cm? for Cgb and at 1634 cni for Ngb showed are

IR and Resonance Raman Spectra of CO Adducts of Cgb
and Ngb.The heme irons of Cgb and Ngb in the resting

downshifted upon CO photodissociation. A similar downshift ferrous form are in the hexacoordinated state with two His
was observed for Mb. On the other hand, no prominent residues as axial ligands. However, exogenous ligands such

frequency shift was observed for the band at 1129%cof

Cgb and the band at 1123 cinof Ngb. These bands are

as Q, CO, and NO can bind to the heme ferrous iron by
replacing one His residue from the sixth coordination

assigned ters, a stretching mode of the porphyrin substituent position, His81 for Cgb and His64 for Ngli§ 19). The

(primarily vc,-methy) (31). In the case of Mb, thes band

replaced His residues would act like a “distal His” of Mb.
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’ (4) Cgb o / tively, are present33). Upon mutation of His81, the spectral
i 584 : 1948 A .
\ o ML \ features were drastically changed. A sevaf co andvc-o

bands, G (492 cnt, 1971 cn’; 90—100%), was mainly

24 L present, and th&-.-c—o band disappeared. The results clearly

suggest that His81, which corresponds to the distal His64
' of Mb, interacts sterically and/or electrostatically with the

iron-bound CO. On the other hand, the mutation of Arg84
of Cgb did not seriously influence thes_co, vc—o) positions

\_ but affected the population of multiconformers slightly. The

| _Hs1A

spectra of the Arg84 mutants still contained fire_c—o band.
The spectral features of the R84K and R84T mutants of Cgb
7 1 were not similar to those of Ngb (vide infra) and Mb,
respectively, indicating that these mutants of Cgb do not
/;“\ mimic the structures around the heme in Ngb and Mb.
s The vibrational spectra of WT Ngb (Figure 3B) produced
three sets Ofre—co andvc_o bands: N (494 cni?, 1972
cm 1, 40%), N, (505 cnt?, 1956 cmt; 5%), and N (521
cm 1, 1932 cn1?; 55%). Thedre-c—o0 band was observed at
586 cntl. These spectral features are different from those
of Cgb and Mb. However, as in the case of Cgb, the His64
mutation caused a drastic spectral change, suggesting that
His64 plays a crucial role in the interaction with iron-bound
CO. Unlike Cgb, the Lys67 mutation in Ngb caused a slight
shift in the vc—o frequency of the B and N, or Ni»
conformer. K67R and K67T mutations did not reproduce the
structures of the active site of Cgb and Mb, respectively, as
in the case of the swapping mutation of Cgb.
< . e Resonance Raman Spectra of NO Adducts of Cgb and Ngb.
IR N RTINS 1k s Since it was reported that Ngb might be involved in NO-
FicURE 3: Resonance Raman (left panels) and FT-IR (right panels) rélatéd metabolism during hypoxia%-25), we also inves-

spectra of (A) Cgb in the ferrousCO state (from top to bottom,  tigated the Fe N—O binding characteristics of the ferrous
WT, H81A, H81V, R84A, R84K, and R84T) and (B) Ngb of that NO complexes for both globins by static resonance Raman

(from top to bottom, WT, H64A, H64V, K67A, K67R, and K67T).  spectroscopy. Figure 4 depicts the resonance Raman spectra
of the ferrous-NO adducts of (A) WT Cgb and (B) WT
In addition, Arg84 for Cgb and Lys67 for Ngb are located Ngb in the low- and high-frequency regions (left and right
in the proximity of the sixth coordination position of the panels, respectively). In the low-frequency region of'tie-
heme iron, as has been shown in previous crystallographic®N isotope difference spectra, isotope sensitive bands were
studies {4—17). To examine the nature of the interaction observed. According to the assignment for Mb in the
of the iron-bound ligands with the distal residues (His81 and ferrous-NO complex, the bands at 569 and 573 éman
Arg84 for Cgb and His64 and Lys67 for Ngb) in detail, we be assigned to there no for Cgb and Ngb, respectively,
prepared five distal mutants of Cgb (H81A, H81V, R84A, and that at 459 cmt can be assigned to the F8l—O
R84K, and R84T) and five mutants of Ngb (H64A, H64V, bending modedre-n-0) for Cgb. The presence of a single
K67A, K67R, and K67T). The mutants of Cgb, in which vee-no band indicates the presence of a single conformer in
Arg84 was replaced with Lys (R84K) and Thr (R84T), might the ferrous-NO complex for both globins. On the other hand,
mimic the active sites of Ngb and Mb, respectively (vice several isotope sensitive bands were observed around 1600
versa for the Ngb mutation). cmt in the high-frequency region for the ferrouslO
Figure 3 shows ther.co (left panels, resonance Raman complexes of Cgb and Ngb. Similar spectral characteristics
spectra) andc_o (right panels, FT-IR spectra) frequency have previously been observed in the ferrod complex
regions for the ferrousCO complexes of (A) Cgb and (B) of Mb, and have been explained in terms of the vibrational
Ngb, respectively. In the case of WT Cgb (the top spectra coupling between they_o band and the porphyrin vibration
in Figure 3A), three sets ofie-co and vc—o bands are (34, 35). Thus, these bands can be assigned to th€ON
observed, €(492 cn1?, 1971 cmit; 60%), G, (510 cn1?, stretching ¢n—o) mode, and theyn-o frequencies were
1948 cm%; 20%), and G (518 cn?, 1930 cnt; 20%), in estimated from their average at 1604 and 1600'dior Cgb
which the percentage values represent the population of eactand Ngb, respectively.
conformer. Thege—co, vc-o) pairs were determined based The vee-no @nd vy—o correlation plot suggests that Cgb
0N avee_co—Vc-o correlation plot 82), and their populations  and Ngb fall into the class of hemoproteins that contain a
were estimated on the basis of the area ofithe stretching hexacoordinate nitrosyl heme (Figure 5). This suggestion is
band by a peak fitting analysis. The-F€—0O bending mode,  supported by the positions of tg andv; bands (1376 and
Ore-c-0, Was observed at 584 cth C,, Ci, and G 1502 cm! for Cgb and 1375 and 1498 cifor Ngb), which
correspond to conformers of the Mb CO adduct, in which are typical of hexacoordinate heme complex@8).(Despite
Ao (491 cml, 1965 cnl; minor), As» (~508 cmt, 1945 the hexacoordinate iron for Cgb and Ngb, theo frequen-
cm Y 70%), and A (518 cn?, 1932 cmt; 30%), respec-  cies were lower and the-.no frequencies were higher than
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5 Wwo NOW DISCUSSION
| P In the study presented here, the structures in the heme
s environment of Cgb and Ngb for the CO- or NO-bound and

' j CO-photodissociated forms were characterized. In the CO-

j WJ § ‘NJ/ and NO-bound forms, the CO or NO ligand occupies the

j 1NO sixth coordination site after expelling the endogenous His

P\ ’ i ligand from its original position. In the CO-photodissociated
Bho forms, the heme iron is pentacoordinate with a vacant sixth
a0 a%o Rféﬂnsj,%ffciﬁ? 650 a0 450 Ra?n::& Sh__s;fof Lm%au 650 position. The yibrgtional spectra of these forms of Cgb and
1376 = 1375 Ngb obtained in this study clearly show structural differences
W ' in the heme environment among Cgb, Ngb, and Mb. The
differences might be responsible for the differences in ligand

binding kinetics and equilibria.

Structural Properties of the Heme Proximal Sid&e
successfully detected theenis band of Cgb and Ngb using
the ps-TR spectroscopic technique. Thee nis bands for
various hemoproteins have been observed in the-260
cm ! region @8), and it is well-known that the frequencies
are influenced by the hydrogen bonding status of the
proximal His imidazole and steric distortion in the-Hdis
linkage. It is also noteworthy that the.pis frequencies are

100 1400 1300 1600 1700 00 1400 1sho 1600 1700 closely associated with activities at the sixth iron site, that
E 4: Resonance Raman spectra (406.7 nm excitation) in the is, the phyS|oIog|c_aI activities _of hemoprotems. I_:or example,
456]5556 cnt? (top panels) and f3901750 cnrt (bottom panels) the .F"*H's bond in gas-sensing hemoproteins Is exer_ted by
regions of the ferrousNO complex of (A) WT Cgb and (B) wT  Steric strain, eventually providing lowee.-is frequencies
Ngb. From top to bottom:14N60 — 15N60 difference,4N160, than other hemoproteins. The relatively weak-fgs bond
and SN0 spectra. is functionally attributable to intramolecular signal trans-
duction by sensor hemoproteins via conformation changes,
which are initiated by the dissociation of the axial ligand
from the iron sixth site39). In contrast, the strong FeHis
bonds of peroxidases, resulting from a strong hydrogen bond
1660 1 of the His imidazolyl NH with its surroundings (e.g.,
carboxylate), give highree—nis frequencies, and substantially
contribute to the heterolytic cleavage of the peroxide@
bond at the sixth position through an electron pushing effect
(40).
The vee_nis frequencies of Cgb (229 crd) and Ngb (221
cm™Y) fall into the range of those observed for the globin

1640 |

1620 A

Vyo / om

1600 -

1580

Hexa-coordinate NO complexes

1560 : , : : : ; family (ca. 220 cm?), suggesting that the physiological

510 520 530 540 550 560 570 580 activities of Cgb and Ngb are similar to those of other globins

/ cm” such as Mb and Hb, i.e., ligand £0Obinding at the sixth
coordination position. However, some differences were

Ficure 5: Correlation plot between thg.-no andvy—o frequencies observed in the s position between Cgb and Ngb, and

of various heme proteins. The filled squares and circles represent i _ 4 .
data for Cgb-NO and Ngb-NO adducts, respectively. The empty Mb. In addition, thevee_nis band exhibited no time-dependent

squares represent data for pentacoordinate NO complexes, and théhift from 20 to 1000 ps after CO photodissociation. In the
empty circles represent data for Mb: 1, human WT; 2, pig WT; 3, case of Mb, the shift in ther. s band from 222 to 220
sperm whale WT; 4, human H64Q; 5, human H64G; 6, human cm™! with a time constant of~100 ps can be explained in
H64A; 7, human H64V; 8, human H64l; 9, human H64L; 10, sperm terms of protein conformational relaxation in the heme

‘i"fa:]euxgis\;/éé%P?SVE%NL%%\/?%"SEJ‘T”_ \{gsgéelr?ﬁ C&’h“;f‘e” 566%5 proximal side, after CO dissociation from the sixth sR&)(
17, sperm whale F46L; 18, sperm whale F46V; 19, sperm whale After CO dissociation, the iron would move out of the

F46A; 20, sperm whale F46l; 21, sperm whale L29W: 22, sperm Porphyrin plane within several picoseconds, but some steric
whale L29F; and 23, sperm whale L29F/H64Q. Data fo23 were strain would be retained in the heme proximal side, especially
obtained from ref35. Abbreviations: sGC, soluble guanylate gt the Fe-His bond, which would be released in the 100 ps

cyclase; Cyr', cytochromec'. time domain. We therefore suggest that the structural
the corresponding values for Mo = 1612 cnT?, vee-no relaxation in the heme proximal side in Cgb and Ngb after

= 552 cm'?) (34, 35). The Fe-NO bond in Cgb and Ngb ~ CO photolysis would be rather small or faster than the

was somewhat stronger than that in Mb. Eventually, the picosecond time domain. This conclusion is supported by
Vee-no Dands of Cgb and Ngb were very close to the oo the mutation effect of the distal His in Cgb and Ngb on the

frequencies (572 cn for Cgb and 571 cmt for Ngb) of spectra, in which theee—is band of the WT globins observed

VEe.-NO
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in the TR spectra exactly coincides with those observed in is defined by (1) the out-of-plane displacement of the Fe
the static resonance Raman spectra of the H81A mutant ofatom caused by ligand photodissociation (defined as the
Cgb (228 cm?, data not shown) and the H64V mutant of distance from the average plane of the porphyrin ring), (2)
Ngb (221 cm?, ref 19). Since these mutants in the deoxy the tilt angle of the FeHis bond (relative to the heme
state can be considered models of the fully relaxed state fornormal), and (3) the azimuthal angle (about the heme
each globin after CO dissociation, the spectral similarities normal). The mpo—7*por €xcitation can result in direct
suggest that the conformational relaxation in the proximal harmonic coupling of the FeNys mode via the orbital
side is complete within 20 ps. That is, the-Rdis linkage mixing of 7* por and * re-nhis. The stronger this coupling,
would not be sterically tensed in Cgb and Ngb in the CO- the higher the resonance Raman intensity of the Hris
bound form. As evidenced by the absence of a shift of the stretching mode upon Raman excitation into the Soret band.
v, band of Cgb (1562 cmt) and Ngb (1559 cmt), the core The band intensity of thesre—nis mode increases with
size expansion would be also completed immediately after increasing out-of-plane displacement of the iron, because of
CO photolysis. On the basis of the differences ofitheys the increased orbital overlap betweetre nmis and * por.
frequency and of its relaxation process, it appears that theThe theoretical model by Stavrov et al. also pointed out that
structure in the heme proximal side of the hexacoordinated out-of-plane displacement of the iron gives rise to intensity

globins (Cgb and Ngb) is different from that of the
pentacoordinated globin (Mb).

and frequency changes in the.—nis band due to the orbital
mixing of 7* por With 0* e_nris (42). The observed strong

However, as shown in Figure 1, structural comparisons vre-+is Dands suggest that the hemes of both proteins have

of the heme environment of (A) ferric Cgb, (B) ferric Ngb,
and (C) deoxyMb indicate that the proximal Hi®ZNatom

for these globins interacts with the oxygen atom of the main

chain carbonyl group (Vall109 for Cgb, Leu92 for Ngb, and

large out-of-plane displacements of the iron in the picosecond
time region after CO dissociation.

It should be noted that the F&NO stretching fre-no)
frequency for the ferrousNO complex was lower in Cgb

Leu89 for Mb). The structural characteristics are basically (569 cnt?) than in Ngb (573 cmt), although the/n—o band
similar among these globins. Thus, it is thought that the is located at the same position 1600 cn1?) in these two
structures in the heme environment of Cgb and Ngb must globins (see Figure 4). The vibrational properties of the Fe
be altered upon association of CO with the heme ferrous NO unit are modulated by factors that are distinctly different
iron. Recently, Nienhaus and co-workers reported the crystalfrom the case for the FeCO unit; the nature of the heme

structure of the CO-bound form of Ngb. There were

proximal ligand sensitively affects the F&IO mode, but

substantial structural differences between the CO-bound andhe polarity of the distal pocket has no influence on the Fe

the ferric resting forms26). Once CO binds, the heme plane
slides from the original (ferric) position, resulting in the
elongation of the FeHis bond from 2.12 A (ferric state,
PDB entry 10J6) to 2.24 A (ferrousCO state, PDB entry
1W92). This heme sliding movement would be toward the
cavity observed in the proximal side of the ferric form,
eventually inducing a topological reorganization of the large
internal cavity and the connectivity of the heme cavity with

NO mode B84, 43). Under their theories, the F&NO bond
strength of Cgb is weaker than that of Ngb. It is likely that
the Fe-His bond in the ferrous state is stronger in Cgb than
in Ngb, which is in good agreement with the results of the
Vee-His Mode.

Structural Properties of the Heme Distal Sides stated
above, the binding of CO to Cgb and Ngb induces a structural
rearrangement in the heme pocket. The rearranged structure

the bulk. It seems to be reasonable to expect such a structuratould be reflected in the FECO and G-O stretching modes
change for Cgb (sliding motion of the heme plane) upon of Cgb and Ngb, as reported herein. In the vibrational spectra
CO binding, although the crystal structure of its CO complex of Cgb and Ngb, the multiplere-co and vc—o bands are
is not yet available. However, the structural change must beindicative of the presence of three conformers with respect
somewhat different between Cgb and Ngb, because the cavityto the Fe-CO moieties in the rearranged structure. Their
located in the heme proximal side of Cgb is substantially positions and populations were affected by mutations of the
different in size and position from that in Ngb. For example, distal residues. In this study, three findings concerning the
while the large internal cavity for the movement of Phe106, conformers arose. First, a spectral comparison of the swap-
which accompanied the heme sliding motion, is observed in ping mutations, Ngb (K67R) versus Cgb (R84K), Mb versus
the heme proximal side of Ngb, the corresponding position Ngb (K67T), and Mb versus Cgb (R84T), suggests that the
is occupied by Val162 in Cgb (see Figure 1). Thus, there is heme environmental structures of Cgb and Ngb in the CO-
a little room in Cgb for heme sliding caused by CO binding. binding form are entirely different from that of Mb. The
The structures of the CO-photodissociated forms of Cgb andfindings also suggest the existence of some structural
Ngb would reflect those of their CO-bound forms stated difference in the heme distal side between Cgb and Ngb.
above: the resulting FeHis bond is stronger in Cgb than  Second, the distal His (His64 in Ngb and His81 in Cgb) plays
in Ngb. crucial roles in the binding of CO to these globins, because
The intensity of the observerk. is bands for Cgb and  the population of the conformers was drastically changed
Ngb is relatively large compared to that for Mb and HbA. upon mutation of this His (details will be discussed in the
Bangcharoenpaurpong et a#lj found that the FeHis paragraph below). The F&C—0O bending modedre-c-o)
stretching vibration is relatively strongly coupled to the Soret could be observed in the presence of the distal His but
transition. Their hypothesis is that the origin of the resonance disappeared upon replacement of the distal His with Ala or
Raman intensity of the FeHis vibrational mode results from  Val. In contrast to the bent or tilt coordination of the CO

the orbital overlap between th& orbital of the Fe-His
bond @*re-nnis) and thesr* orbital of the porphyrin ring
(77* por), Which is small in the planar structure but becomes
large in the nonplanar structure. The-Heis configuration

ligand in the WT globins, the linear coordination is favorable
for these His mutants, suggesting that His81 for Cgb and
His64 in Ngb affect the CO coordination through steric as
well as electrostatic interactions. Third, Arg84 in Cgb and
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Lys67 in Ngb are not significantly involved in interactions observed in flash photolysis experimens 44). A similar
with the CO ligand. The population of the conformer is explanation has been made for the CO complex of murine
changed in the Arg84 mutant of Cgb and in the Lys67 mutant Ngb on the basis of its crystal structugy; the sixth ligand
of Ngb. These observations can be attributed to a hydro- site was discussed in relation to the influence of the volume
phobic effect of the Ala or Val side chain, but the effect is and position in the heme cavity and steric and/or electostatic
not so serious as that from the distal His. The location of effect(s) in the distal heme pocket upon ligand binding.
these residues might be changed due to the structural A comparison of the vibrational spectra between Cgb and
rearrangement that occurs from the ferric to the CO-bound Ngb leads us to expect that the ligand association rate might
form. be faster in Cgb than in Ngb because the open conformer is
In the multiple conformations of the CO complexes, the present at higher concentrations in Cgh,(60%) than in
vee—-co and vc—o frequencies are similar among the three Ngb (No, 40%). However, the rate constants for association
globins. Thus, the structure of each conformer in Cgb and of Ngb with O, (kon®2 = 130uM~1 s71) and CO k,n"“° = 38
Ngb appears to be similar to the corresponding one in Mb. uM~* s7%) are larger than the corresponding values% =
However, population of each conformer was different among 30 uM~1 s72, k;n®© = 5.6 uM~* s71) of Cgb @, 44). This
the three globins. On the basis of these data, the structure oincompatibility might be explainable by incorporating other
each conformer in Cgb and in Ngb can be discussed in factors that control ligand binding to Cgb and Ngb. Cham-
comparison with those in Mb because the structure of the pion and co-workers recently found that the.°° rate
Mb conformers has been comprehensively discussgih C  constants of Mb mutants with a weaker-P¢ bond (e.g.,
Cgb and N in Ngb provide thevege—co andvc—o bands at H93G-dibromopyridine, -imidazole, -pyridine, and -4-bro-
~490 and~1970 cnm?, respectively. On the basis of the moimidazole, where X is a fifth ligand) are higher than those
results of experiments with the mutated proteins, it is likely of WT Mb, based on the proposal that the—fis bond
that the distal His is not involved in this conformation. The strength has a significant influence on the kinetics of binding
spectral properties of this conformer are comparable to thoseof the diatomic ligand to the heme irokqf) (45). If this
of Ag in Mb, the vee—co andvc—o of which are located at  notion were applied to our case and it is assumed that the
491 and 1965 cmt, respectively. In the case of Mb, the distal Fe—His bond is stronger in Cgb than in Ngb, which is
His residue in the Aconformation is swung out from the  supported by the kinetic results, the ligand association would
heme pocket to enhance the solvation of the positive charge be expected to be slower in Cgb than in Ngb.
leaving a hydrophobic and/or a negative electric field in the  In summary, the heme environmental structures of Cgb
heme pocket, the so-called “open” state. Thus, th@pgen and Ngb in the ligand-bound (Felow-spin) and ligand-
conformer is minor at neutral pH, while it is dominant at dissociated (F& high-spin) forms were characterized, and
acidic pH. Accordingly, @and N, can be attributed to the the findings are discussed in relation to their ligand binding
open conformer in Cgb and Ngb, respectively. Even at properties. In these cases, ligand binding could be controlled
neutral pH, the open conformer occurs in a higher proportion, by both the distal structure and the proximal ligand, in
the population of which is 60 and 40% for Cgb and Ngb, association with the dynamic motion of the protein part. This
respectively. This spectral finding is consistent with the might be related to the physiological function of Cgb and
crystallographic results for the CO complex of Ngbh: the Ngb, such as @sensing and/or signal transduction.
heme distal pocket was found to connect to the solvent region
in the crystalline state. ACKNOWLEDGMENT
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