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ABSTRACT The Fe-histidine stretching (nFe-His) frequency was determined for deoxy subunits of intermediately ligated human
hemoglobin A in equilibrium and CO-photodissociated picosecond transient species in the presence and absence of strong
allosteric effectors like inositol(hexakis)phosphate, bezafibrate, and 2,3-bisphosphoglycerate. The nFe-His frequency of deoxyHb
A was unaltered by the effectors. The T-to-R transition occurred around m ¼ 2–3 in the absence of effectors butm . 3.5 in their
presence, where m is the average number of ligands bound to Hb and was determined from the intensity of the n4 band
measured in the same experiment. The a1-b2 subunit contacts revealed by ultraviolet resonance Raman spectra, which were
distinctly different between the T and R states, remained unchanged by the effectors. This observation would solve the recent
discrepancy that the strong effectors remove the cooperativity of oxygen binding in the low-affinity limit, whereas the 1H NMR
spectrum of fully ligated form exhibits the pattern of the R state.

INTRODUCTION

Human hemoglobin A (Hb A) with a2-b2 tetramer structure,

exhibiting positive cooperativity in oxygen binding, has been

extensively investigated with various methods, since it serves

as a basic model for general allosteric proteins (1), and cur-

rently, elucidation of a structural mechanism of cooperativity

is a major subject of Hb studies. X-ray crystallographic

studies have demonstrated the presence of two distinct

quaternary structures, called T (tense) and R (relaxed) states,

which correspond to the low- and high-affinity states, respec-

tively, and whose typical structures are practically seen for

the deoxy and CO-bound forms of Hb A, respectively (2,3).

The cooperative oxygen binding of Hb has been explained in

terms of a reversible transition between the two quaternary

structures, switching of which takes place at a certain number

of bound ligands (4,5,6). However, recent, more extensive

examinations in the presence of various allosteric effectors

like 2,3-bisphosphoglycerate (BPG), inositol(hexakis)phos-

phate (IHP), and bezafibrate (BZF) at a wide range of pH

stressed importance of the tertiary structure change for

oxygen affinity rather than the quaternary structure (7),

demonstrating that the T/R two-state model is applicable only

within a single set of oxygen binding equilibria.

To correlate the cooperativity with a structure, it seems

to be indispensable to acknowledge the presence of some

plasticity within each of the T and R quaternary structures

when the T and R are used (8). In addition, there would be

synergistic effects between specific interactions at the central

cavity and other sites (9). Thus, the structural characteriza-

tion of Hb in terms of T and R is insufficient. This is partially

due to the neglect of the differences between the a and b
subunits in the simplified two-state model. Nevertheless, the

idea of the T/R structures seems to hold some essence of Hb

cooperativity. Here, we examined whether the Raman spec-

tral changes of Hb caused by BPG, IHP, and BZF are

explicable in the framework of the two-state model or not.

Phosphate ions of BPG and IHP are indeed working in

animal red cells (10,11) to adjust oxygen affinity, whereas

BZF is widely used to take care of high fat diseases (12).

These effectors do not affect oxygen affinity of proteins like

myoglobin (Mb) and isolated chains of Hb A. Thus, some

specific subunit contacts are indispensable for these effectors

to alter oxygen affinity of Hb, even if the tertiary structure is

essential to oxygen affinity. It is premised that appreciable

tertiary-structure changes are always accompanied by a

change of quaternary state and their extents are different

between the a and b subunits. In the case of the simple two-

state model, x-ray crystallographic analysis (13) indicated

that the largest structural differences between the T and R

states are present at the a1-b2 subunit interface, where resets
of hydrogen bonds and salt bridges take place upon ligand

binding to deoxyHb. In 1H NMR spectroscopy Tyra42,
which forms a hydrogen bond with Aspb99 in the T state, and

thus yields a well-defined peak, becomes free in the R state,

and therefore the peak apparently disappears due to rapid

exchanges. This 1H signal has served as a diagnostic marker

for the quaternary structure (14,15). However, Yonetani et al.
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observed the disappearance of this 1H NMR signal for the

fully ligated Hb A in the presence of BZF and IHP despite the

fact that Hb A in this solution condition exhibits extremely

low oxygen affinity and no cooperativity (7), thus seeming to

be frozen in the T state even after being fully ligated. It is also

found recently (16) that BZF binds to the globin near the

E-helix of the a subunit, which is distinct from the binding of

IHP and BPG to the central cavity at an intersubunit space

between the two b subunits. Due to their different binding

sites, additivity of the effects are understandable when IHP

and BZF are present at the same time, but it became desirable

to reexamine the relations among the quaternary structure,

tertiary structure, oxygen affinity, and cooperativity.

A practical question to be answered is whether the ordinary

quaternary-structure change occurs to Hb A in the process of

oxygen binding when both BZF and IHP are present at pH 6.4,

for which there is apparently no cooperativity. If the fully

ligated form adopts the R structure, as indicated by the 1H

NMR study, but its oxygen binding is not cooperative, then a

quaternary structurewould not be directly related to the oxygen

affinity and its change may not be essential to cooperativity.

This would lead to overthrow the well-established interpreta-

tion of Hb cooperativity in terms of the two-state model (2–6).

It is in general agreement that the strain in the Fe-His bond,

monitored by visible resonance Raman (RR) spectroscopy, is

one of the main factors to determine the oxygen affinity for

human Hb A (17), and that some changes at the subunit

contacts are substantial for of cooperativity to occur

(4,5,18,19). The a1-b2 intersubunit contacts induce some

strain on the Fe-His bond of deoxy heme, which lowers the

Fe-His stretching (nFe-His) frequency, but its appearance

differs between the a and b subunits. Magnitude of the strain

in the Fe-His bond is much larger for the a than the b subunit.

On the other hand, the globin structures in the T and R states

of Hb A can be diagnosed by vibrational spectra of the inter-

acting residues, which can be evaluated by (UVRR) res-

onance Raman spectroscopy (20,21). Therefore, to explore

structural influences of strong allosteric effectors, we applied

some new techniques of RR spectroscopy to the quaternary

structure changes of Hb A upon ligand dissociation. Here we

focused on intermediately ligand-bound states (m 6¼ 0 or 4,m
is the number of ligands bound to Hb), which are practically

difficult to generate with ordinary static techniques but can be

explored with dynamical techniques like time-resolved

measurements for photolysed CO-bound Hb A (COHb), in

which the average m number in a photo-steady-state between

photolysis and geminate recombination is varied by variation

of a laser power and determined with intensity of the n4 band.

MATERIALS AND METHODS

Materials

HbA was purified from fresh human blood by a preparative isoelectric

focusing electrophoresis (Amersham Biosciences, Uppsala, Sweden)

(20,22); ;150 mL of the 200-mM (in terms of heme) Hb A solution was

put into a spinning cell made of a synthetic quartz EPR tube (diameter, 5

mm) (23). DeoxyHb and COHb were prepared by adding sodium dithionite

(1 mg/mL) to oxyHb after replacement of the inside air of the sample tube

with N2 and CO, respectively. Five typical conditions of solvents,

characterized in Table 1, were selected for comparison: 1), pH 9, no

effector; 2), pH 7.4, 5 mM BPG; 3), pH 6.4, 5 mM BZF; 4), pH 6.4, 5 mM

IHP; and 5), pH 6.6, 1 mM BZF and 5 mM IHP. Influences of an allosteric

effector are expected to become progressively stronger from condition 1 to

5. Solvents used were 0.05 M HEPES buffer for all the pH range (pH 6.4–

9.0), and a pH value in the presence of a selected allosteric effector was

determined for a solution in the Raman cell with a pH meter (F720,

Beckman Coulter, Fullerton, CA).

Visible resonance Raman measurements

Visible resonance Raman spectra were excited with the 441.6-nm line of

a He/Cd laser (Kimmon Electrics, Tokyo, Japan) and detected with a liquid

nitrogen-cooled charge coupled device (Princeton Instruments, Tucson,

AZ), attached to a home-designed 100-cm single polychromator (Ritsu Oyo

Kogaku, Saitama, Japan) (24). The slit width and slit height were set at 150

mm and 20 mm, respectively, and the wavenumber-width per one channel of

the detector was 0.7 cm�1. The laser power used was 5.4 mW for deoxyHb

and 0.065–11 mW for COHb at the sample point for steady-state mea-

surements. The fully deoxy form was measured with a constant-rate (1000-

rpm) spinning cell at an ambient temperature, whereas intermediately ligated

forms of COHb were measured with a variable-rate spinning cell (180, 600,

and 1800 rpm were adopted) with a diameter of 4.5 mm. Raman shifts were

calibrated with indene or carbon tetrachloride, and the accuracy of the peak

position of well-defined Raman bands was 61 cm�1.

Ultraviolet resonance Raman measurements

UVRR spectra were excited by a XeCl excimer (LPX120I) laser-pumped

dye laser (SCANMATE, Lambda Physik, Göttingen, Germany). The 308-

nm line from the XeCl excimer laser (operated at 100 Hz) served as a pump

to excite coumarin-480 in the dye laser, and its 470-nm output was fre-

quency-doubled with a b-BaB2O4 crystal to generate 235-nm pulses. Details

of the measurement system were described in a previous work (25).

Time-resolved resonance Raman measurements

Picosecond time-resolved RR spectra were obtained using a homemade

pump/probe system, in which wavelengths of the probe and pump beams

were set to be 442 and 540 nm, respectively. Details of apparatus were

described previously (26–28).

RESULTS

Structural dependences on allosteric effectors in
fully deoxy- and fully CO-bound forms of Hb

Fig. 1 shows the 441.6-nm excited RR spectra of deoxyHb A

in the presence of 0.5 mM BZF and 2 mM IHP at pH 6.3 (A),

TABLE 1 Solution conditions, oxygen affinity, and

cooperativity for five samples

Number Solution conditions KT/torr
�1 KR/torr

�1 nmax

1 pH 9, no effector 0.25 10 2.5

2 pH 7.4, 5 mM BPG 0.04 8 3.0

3 pH 6.4, 5 mM BZF 0.016 0.8 2.1

4 pH 6.4, 5 mM IHP 0.008 0.16 1.9

5 pH 6.6, 1 mM BZF 1 5 mM IHP 0.006 0.02 1.3

The oxygen affinity and cooperativity are represented in terms of the

association constant (K) and the Hill coefficient (nmax), respectively, and

their values are transferred from Perutz (5). K ¼ [HbO2]/[Hb][O2].
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5 mM BZF at pH 6.3 (B), 2 mM BPG at pH 7.5 (C) and no

effector at pH 8.9 (D). The oxygen affinity becomes higher by

a factor of 41 within the category of T going from A to D.
Nevertheless, the four RR spectra are very much alike. If the

strain exerted by a globin on a heme is larger in the case of the

low-affinity extreme, the Fe-histidine (F8) bond should

involve the strain, and its stretching frequency should be-

come lower. Unexpectedly, the quaternary structure-sensitive

Fe-histidine stretching mode (nFe-His) observed around 215

cm�1 exhibits little difference (1 cm�1). The value of nFe-His
(215 cm�1) for A is typical among the T-state deoxy Hb A,

indicating that even the combination of strong allosteric

effectors, BZF1 IHP, hardly changes the magnitude of strain

imposed on the Fe-His bond of deoxy subunits. The vibrations

involving the vinyl bending mode around 429 and 401 cm�1

and the propionate bending mode around 363 cm�1, the

assignments of which are based on Spiro and co-workers

(29,30), yield practically the same frequencies for the four

different conditions, meaning that the side-chain geometry is

unaltered by the allosteric effectors.

Fig. 2 shows the photodissociated transient RR spectra of

COHb A observed at 10 ps after photolysis of CO, in which

the pump power was adjusted to photodissociate COHb at

most 10% in one event and the probe power was set so low

that it did not cause photodissociation at all. Although the

nFe-His mode has no Raman intensity for the CO-bound form,

the photodissociated transient five-coordinate species ex-

hibits time-dependent intensity change for the nFe-His band.
In the case of carbonmonoxy myoglobin (COMb), its in-

tensity increases with time: 90% of the intensity change

occurs within 1 ps, whereas the remaining 10% in 10–20 ps

(26). This intensity increase matches with the time de-

pendence of a band-center shift of the near-infrared charge-

transfer band (31) and is considered to reflect the time

dependence of the out-of-plane displacement of the Fe atom

(32). On the other hand, the frequency shift of the nFe-His
mode of the transient deoxyMb takes place with a time

constant of 100 ps, reflecting a tertiary structure change of

globin (26,27) and its rate depends on the viscosity of sol-

vent. The corresponding shift of the nFe-His band for COHb

takes place with a time constant of ;300 ps (33) and is

distinguished from a quaternary structure-dependent larger

frequency shift (34).

It is known that the relaxation of the nFe-His frequency due
to the quaternary-structure change is extremely slow for Hb

(34,35). In fact, the nFe-His frequency of the early transient

species in the picosecond timescale is considerably higher

than those for the equilibrium deoxy species, indicating the

presence of unrelaxed five-coordinate deoxy hemewith the Fe

atom on the porphyrin plane. Due to this feature, the RR

spectra shown in Fig. 2 a are appreciably different from the

spectra in the equilibrium state shown in Fig. 1 representing

FIGURE 1 The 441.6-nm excited RR spectra of deoxyHb at pH 6.3 (BZF

0.5 mM and IHP 2 mM, A), at pH 6.3 (BZF 5mM, B), at pH 7.5 (BPG 2 mM,

C), and at pH 8.9 (no effector, D). All samples are equilibrated with 0.05 M

HEPES buffer, containing 0.1 M Na2SO4, and protein concentrations were

200 mM in heme. Laser power at the sample point was 2.1 mW and the

spectra are the sum of 20 exposures of 60 s each.

FIGURE 2 The 442-nm excited RR spectra at 10 ps after photodissoci-

ation of COHb upon pumping at 540 nm for the solution conditions of pH

6.5, with 0.75 mM BZF and 3 mM IHP (A), pH 6.5 with 7.5 mM BZF (B),

pH 7.4 with 3 mM BPG (C), and pH 8.8 with no effectors (D). All samples

are equilibrated with 0.05 M HEPES buffer, containing 0.1 M Na2SO4, and

protein concentrations were 300 mM in heme. Panel a shows the spectral

region between 150 and 1050 cm�1,, whereas panel b shows their expansion

for the frequency region between 190 and 330 cm�1. The spectral con-

tributions from nonphotodissociated species have been subtracted.

Quaternary Structure Change of Hb A 1205
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individual peak frequencies and intensities. The 982-cm�1

band in Fig. 2 a arises from SO2�
4 ions present commonly as

an internal intensity standard. The 338-cm�1 band in Fig. 1,

which was noted by Friedman to exhibit time-dependent in-

tensity changes for COHb after photolysis (34), is absent

in Fig. 2 a, although its structural meaning remains to be

explored.

The nFe-His frequency at 10 ps after photolysis is inferred

to reflect some properties of the CO-bound form and,

therefore, the nFe-His spectral region is expanded in Fig. 2 b.
The transient nFe-His frequencies of all the four cases are

indeed distinctly higher than those of equilibrium deoxyHb

and differ little among solvent conditions; the highest is 231

cm�1 for D, which represents a typical R state in the CO-

bound form, and the lowest is 229 cm�1 for A, which re-

presents the lowest-affinity extreme, whereas the frequency

of the out-of-plane skeletal deformation mode (g7) is

identical, at 304 cm�1, among the four conditions. Anyway,

the maximum frequency difference of nFe-His (Dn ¼ 2 cm�1),

which would be due to differences in the magnitude of strain

in the CO-bound forms, is much smaller than the general T/R

frequency difference of deoxyHb (6 cm�1) (36), as well as

those between the unrelaxed and relaxed deoxyHbs (;15

cm�1) (34,35). Consequently, we conclude that the heme

structures of the CO-bound Hb A under these four different

solvent conditions are substantially alike.

Fig. 3 shows the 235-nm excited UVRR spectra of

deoxyHb A (A and B) under two typical solvent conditions (5
and 2) and the deoxyHb minus COHb difference spectra (D–
F) for three solvent conditions (5, 4, and 2). Since BZF itself

gives strong UVRR bands, whose spectrum is delineated by

spectrum C, the contribution from BZF was subtracted from

the spectrum observed for condition 5, and the resultant

spectrum is represented as spectrum A. The deoxy-minus-

CO difference spectrum for isolated a chains in the pre-

sence of IHP and BZF is also displayed as spectrum G, in
which some features around 1600 cm�1 could not be can-

celed completely on account of effects of a strong band of

BZF.

The UVRR spectra of Hb A contain mainly the bands of

Trp and Tyr residues, which are designated in the figure by

W and Y, respectively, followed by a mode number, and the

vibrational assignments are based on the work of Harada

and co-workers (37). The intensities of spectra A and B
are normalized with the band of SO2�

4 ions at 980 cm�1.

Generally, the T/R quaternary structure differences are

sensitively indicated by the UVRR bands of W3, W7,

W16, W17, and W18 of Trp residues and Y8a, Y7a, and Y9a

of Tyr residues (18–21,38–40). Although the difference peak

intensities of spectrum D are larger than those of spectra E
and F, this is partially caused by the subtraction procedure of
the spectrum of BZF and therefore is ignored in this study.

The spectral patterns remain unchanged among spectra (D–
F). If a quite different globin structure is generated by the

simultaneous presence of IHP and BZF, some bands of Tyr

and Trp residues might be shifted and the spectral pattern

would be altered. Since there was no appreciable difference

among the spectra of their CO-bound forms under the con-

ditions 2, 4, and 5, the small spectral differences between D
and E (or F) are ascribed to the deoxy form. On the other

hand, there are no clear difference peaks for isolated a chain

in the presence of IHP and BZF. Accordingly, these UVRR

difference spectra indicate that the T structures in the deoxy

form are of similar type, at least regarding the a1-b2 subunit
contacts, but their interactions might be strongest for solution

5 and weakest for solution 2.

FIGURE 3 The 235-nm excited UVRR

spectra of deoxyHbA at pH 6.6 with 1 mM

BZF and 5mMIHP (A), and at pH 7.5with

5 mM BPG (B), and their respective

deoxyHb-minus-COHb difference spectra.

D and F are difference spectra for A and B,

respectively, whereas E is the correspond-

ing difference for the solution at pH 6.4

with 5 mM IHP and G denotes the

corresponding difference of the isolated a

chain in the presence of 5 mM IHP and 1

mM BZF. The 235-nm excited UVRR

spectrumofBZF (1mM) in the samebuffer

is also included as spectrum C. The

assignments of bands are marked beside

thewavenumber, in whichY andWdenote

the modes of Tyr and Trp residues,

respectively. The band at 980 cm�1 arises

from SO2�
4 ions contained as an internal

intensity standard. All samples of Hb are

equilibrated with 0.05 M HEPES buffer,

containing 0.2 M Na2SO4, and the protein

concentrations were 400 mM in heme.

1206 Nagatomo et al.

Biophysical Journal 89(2) 1203–1213



Structural dependence on allosteric effectors in
partially CO-bound forms of Hb

The amount of photodissociated species can be changed by

laser power. Here, 100% and 50% photolysis mean that the

numbers of CO molecules (m) remaining on Hb after

photolysis of COHb are 0 and 2, respectively, on average.

Fig. 4 explains how to determine m in the steady-state

experiment. In this measurement, the probe light works also

as a pump light; that is, a given molecule in the spinning cell

encounters two photons during a single stay in the laser

beam, in which the first photon (the pump photon) induces

photodissociation of CO and the second photon (the probe

photon) yields Raman scattering. Since the source is a CW

laser, the photon flux is assumed to be not so high, as three or

more photons interact with a given molecule in a single stay

in the laser beam. The maximum delay time of the probe

photon from the pump photon is the residence time of

a molecule in the laser beam. Since the diameter of the

irradiation beam is adjusted to be 0.5 mm, and the velocity

(v mm/s) of a given molecule can be calculated from the

spinning rate (p rpm) and diameter (2d mm) of the cell to be

2dpp/60, the residence time of the molecule in the laser

beam is given by 0.5/v s. Thus, photodissociation and

geminate recombination of CO are in photo-steady state

while a molecule stays in the laser beam. In one turn of the

cell (60/p s), all the photodissociated deoxyHb molecules

are recombined with CO under the present pressure of CO.

Since it is well established that the n4 band appears at 1371
and 1354 cm�1 for CO- and deoxy-hemes, respectively, we

can estimate a proportion of photodissociated hemes from

the relative area intensity of the n4 bands. Fig. 4 a displays

the spectra of COHb in solvent condition 5 observed with

a spinning cell of varied rates and with different laser pow-

ers. Spectra A and C were obtained with the highest (3 mW)

and the lowest (27 mW) laser powers, respectively. It is

apparent that intensity of the 1354 cm�1 band (n4 band of

photodissociated species) increases with increase of laser

power at the expense of intensity of the 1371-cm�1 band

(n4 band of CO-bound species). The intensities of 100%

deoxyHb (m ¼ 0) and 100% COHb (m ¼ 4) excited at 441.6

nm with the experimental conditions described here are

delineated in Fig. 4 b. Due to the closer proximity of the

Raman excitation wavelength to the Soret band of the deoxy

form than to that of the CO-form, the 1354-cm�1 band is

much stronger than the 1371-cm�1 band. By combining the

two spectra with an appropriate ratio, the expected spectra

for a given m could be synthesized as shown by Fig. 4 c.
Since the self-absorption effect on the band intensities was

corrected by using the band intensity of SO2�
4 ion, the inten-

sities of the n4 bands reflect the populations of each species.

Accordingly, these curves were used as the calibration

curves for determining m, that is, the extent of photodis-

sociation under the laser power used. It is emphasized that m
is determined in the same experiments as the determination

of the nFe-His frequency, although m is an average number.

Fig. 5 shows the 441.6-nm excited RR spectra of COHb

observed with a spinning cell of variable rates. A rate of

spinning was 1800, 600, and 180 rpm for spectra A, B, and C,
respectively, and accordingly, the residence time of a given

molecule in the laser beam was 1.3 (A), 4.0 (B), and 13 (C)
ms. For spectra A–C shown in Fig. 5, m was adjusted to be

2.8 by changing a laser power under solvent condition 5

(containing 1 mM BZF and 5 mM IHP at pH 6.4). Spectrum

D was observed for COHb for condition 1, that is, at pH 8.8

in the absence of any allosteric effectors with the same

instrumental conditions as those used for spectrum C. The

FIGURE 4 (a) The 441.6-nm excited RR spectra of COHb in a steady

state at pH 6.6 with 1 mM BZF and 5 mM IHP, measured with a spinning

cell of varied rates: (A) 1800 rpm; (B) 600 rpm; and (C) 180 rpm. Laser

power used was 3.0, 0.37, and 0.027 mW for A, B, and C, respectively. (b)

The 441.6-nm excited RR spectra of fully deoxyHbA and fully CO-bound

HbA at pH 8.8 with no effector, measured with a spinning cell of 1800 rpm.

The two spectra were observed under the same experimental conditions with

a laser power of 110 mW at the sample point. All samples are equilibrated

with 0.05 M HEPES buffer, containing 0.1 M Na2SO4, and protein con-

centrations were 200 mM in heme. (c) Simulated n4 bands for different

numbers (m ¼ 0–4) of CO molecules bound to Hb, which were calculated

from the spectra shown in the middle panel.
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overall spectral patterns of A–D are alike but the nFe-His band
position is slightly different; 217, 215, 215, and 221 cm�1

for spectra A–D, respectively. This part of the spectra is

expanded in the inset with respect to the abscissa axis. The

frequency of the g7 band at 298 cm�1 does not differ among

the four spectra, but the band position of nFe-His meaningfully

differs among them.

Recalling that the nFe-His frequency of transient deoxyHb

at 10 ps after photolysis was 229–231 cm�1 in Fig. 2, nFe-His
frequencies A–C in Fig. 5 are fairly close to that of the

equilibrium deoxyHb. Although the relaxation of the Fe-His

bond may not be completely finished at 1.3 ms, it seems to be

completed at 4.0 ms for solvent condition 5, because the

frequencies for the delay times of 4.0 and 13 ms are identical.

This observation serves as the experimental evidence for the

presumption that three or more photons are not eventually

involved in this measurement. If the recombined CO is

photodissociated again by the third photon, the high-fre-

quency nFe-His band would have contributed to the spectrum.

It is noted that the nFe-His frequency at 13 ms after photolysis

for solvent condition 1 is still higher than that of the

stationary state (spectrum D in Fig. 1) and close to that of

equilibrium deoxyHb in the R structure (36). This means that

the magnitude of strain exerted on the Fe-His bond of deoxy

subunits of COHb for m ¼ 2.8 in solvent condition 1 is that

of the R quaternary structure of equilibrium deoxyHb.

Fig. 6 displays typical RR spectra in the nFe-His region

observed under two different solvent conditions (1 and 5), with

different laser powers but with a constant spinning rate. The

simultaneously observed spectra in the n4 band are also

delineated in the inset of individual panels. Panels a and b
show the spectra observed for solvent conditions 1 and 5, re-

spectively, which had been thought to adopt the normal R- and

T-like quaternary state, respectively, in the CO-bound form.

Since m is changed for the same residence time, possible time

dependence of frequencies is removed from consideration.

In both panels of Fig. 6, the top spectra (A and A9) were
obtained with the equilibrium deoxyHb for which the nFe-His
band is seen at 215 cm�1. The behaviors of the nFe-His fre-
quency for intermediately ligated Hb are distinctly different

between panels a and b. The nFe-His frequency for solution 1

changes with m (231, 225, 224, 221, 220, 218, and 217 cm�1

for m ¼ 3.9, 3.6, 3.3, 2.8, 2.1, 1.7, and 1.3) for a residence

time of 13 ms. For solution 5, on the other hand, the nFe-His
band is absent for m ¼ 3.8 but changes little with m when

present: 215 and 215 cm�1 for m ¼ 3.5 and 2.9. A shoulder

might be present around 229 cm�1 in spectrum C9, and a very
weak and broad feature seems to be present around 229 cm�1

in spectrum D9, which is close to the frequency detected for

the 10-ps photoproduct (see Fig. 2). For both solutions, the

intensity of the nFe-His band increases as m becomes smaller.

The Fe-CO stretching mode (nFe-CO) at 500 cm
�1 seems to

exhibit broadening for smaller m values. This is caused by

relatively increased contributions from the porphyrin band

around 500 cm�1 upon weakening of the nFe-CO band for

smaller m numbers. The CbCcCd bending band of propionate

side chains at 363 cm�1 becomes sharp when the nFe-His band
appears below 221 cm�1. The CbCaCb bending modes of

vinyl side chains around 424 and 405 cm�1 also exhibit a

trend similar to that of the propionate band.

The frequency difference of nFe-His for m ¼ 2.8 at the

residence time of 13 ms between solutions 1 and 5 shown in

Fig. 5 are now confirmed in the independent measurements

shown in Fig. 6; spectrum E in panel a and spectrum B9 in

FIGURE 5 The 441.6-nm excited RR

spectra of COHb for a certain fixed number

of CO molecules bound to Hb under

solution conditions 5 and 1. The spinning

rate of the cell is 1800 rpm (A), 600 rpm

(B), and 180 rpm (C) for solution 5 and 180

rpm for solution 1 (D). All samples are

equilibrated with 0.05 M HEPES buffer,

containing 0.1 M Na2SO4. Protein concen-

trations were 200 mM in heme.
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panel b. Since the nFe-His band of deoxyHb in equilibrium

generally appears around 214–216 cm�1 for the T state and

220–224 cm�1 for the R state, the results suggest that COHb

for m ¼ 2.8 adopts the R state in solution 1 but the T state in

solution 5. It is stressed that the nFe-His band for m ¼ 3.6 in

solution 1 is observed at 225 cm�1 in the R range but that for

m¼ 3.5 in solution 5 is seen at 215 cm�1 in the T range. This

means that the quaternary structure is definitely different

between the two solutions for intermediately ligated forms.

The difference becomes smaller as m becomes smaller.

DISCUSSION

Structural influences of allosteric effectors

Cooperativity and oxygen affinity of Hb A changes greatly

with solution conditions including the presence and absence

of an allosteric effector (7,41). Yonetani et al. found that

simultaneous presence of BZF and IHP (or BPG) at pH 6.6

brought about such strong effects as to produce the low-

affinity extreme with no apparent cooperativity (7). The

binding site of an effector to Hb A is different between BZF

(within the a chain) and IHP (and BPG), which stays

between the two b chains. However, the visible RR spectra

reflecting the heme structure and the UVRR spectra re-

flecting the globin structure of Hb A in the presence of these

effectors are qualitatively categorized into a few distinct

groups, that is, deoxy-T, deoxy-R, ligated-T, and ligated-R,

although there are some distributions within a given group

(17–22). The distribution in the T state was previously

stressed as a plasticity by Friedman and co-workers (8), in

consonance with this work. It is a premise that the nFe-His
frequency reflects the magnitude of strain exerted on the Fe-

His bond and accordingly that some tertiary structure change

is indispensable to change the nFe-His frequency, but when
the frequency change is correlated with a change of subunit

contacts, the band is called a quaternary-structure marker for

convenience. The visible RR spectra shown in Fig. 1, which

are all deoxy-T type, indicate that allosteric effectors hardly

influence the static structure of deoxy heme. It is emphasized

that the low-affinity extreme, as seen for solution 5, does not

generate stronger strain in the Fe-His bond.

The 10-ps transient RR spectra shown in Fig. 2, which

were obtained for average 10% photodissociation of COHb

but do not contain the contribution from the remaining

COHb by spectral subtraction, are deduced to reflect the

structure of the tetramer before CO-photodissociation,

because the relaxation time of a quaternary structure is not

so fast. Even for a monomer, COMb, the earliest tertiary-

structure change of globin, inferred from the time-dependent

frequency shift of the nFe-His band, takes place with a time

constant of 100 ps (26,27,31,32). The corresponding fre-

quency shift due to the tertiary-structure change of Hb A

occurs with a time constant of ;300 ps (33). The similarity

of spectra among A–D in Fig. 2 implies that the heme

structures of transient deoxyHb in the four different solution

conditions are alike. This strongly suggests that the struc-

tures of COHb before photolysis in four different solution

conditions similarly adopt the R structure.

The UVRR spectra shown in Fig. 3, which contain mainly

the side-chain vibrations of aromatic residues, exhibit rather

typical T-minus-R difference spectra for all four different

solution conditions despite the fact that oxygen affinity and

cooperativity are greatly different, as indicated in Table 1;

Hill coefficients for conditions 1–5 are 2.5, 3.0, 2.1, 1.9, and

1.3. Cooperativity for condition 5 is almost nothing. It is

worth noting that the deoxy-minus-CO differences of the

isolated a and b chains gave no such difference peaks. The

deoxy-minus-CO difference spectra observed for Hb A (Fig.

3) are different from that observed for the isolated a and b
chains and also from those of Mb, which were definitely

ascribed to a tertiary-structure change and ascribed to Tyr146

(sperm whale) and Trp7 (horse and sperm whale) (42). The

FIGURE 6 The 441.6-nm excited RR spectra of COHb in solution

conditions 1 (a) and 5 (b) observed with different laser powers under

constant spinning rate (180 rpm), except for A and A9, which represent the

spectra of deoxyHb. Them value for each spectrum of solution 1 in panel a is

as follows: 1.3 (B), 1.7 (C), 2.1 (D), 2.8 (E), 3.3 (F), 3.6 (G), and 3.9 (H).

The m value of COHb for each spectrum in solution 5 in panel b in the

presence of IHP and BZF at pH 6.6 is as follows: 2.9 (B9), 3.5 (C9), and 3.8

(D9). The m values were determined with the corresponding n4 spectra in the

inset figures and the calibration curves shown in Fig. 4 c. All samples are

equilibrated with 0.05 M HEPES buffer, containing 0.1 M Na2SO4. Protein

concentrations were 200 mM in heme.
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UVRR spectral differences between deoxyHb and COHb

are ascribed to the changes of subunit contacts of Tyra42,
Tyra140, Tyrb145, and Trpb37 (20,21), that is, quaternary

structure changes. Thus, the UVRR spectral changes of

globin due to the tertiary-structure change for the isolated

a and b chains are distinguished from those due to the

quaternary-structure change for Hb A.

These Raman results suggest that the structural differences

of globin between fully deoxy- and fully CO-bound forms of

Hb are hardly altered by the presence of allosteric effectors.

This is consistent with the disappearance of the T marker

band in the 1H NMR spectrum that demonstrated the for-

mation of the R quaternary structure for the fully ligated form

of Hb A in the presence of IHP and BZF (7). Regarding

UVRR spectra, the peak intensities in the deoxy-minus-CO

difference spectra were slightly influenced by the presence of

IHP and BZF as displayed in Fig. 3, whereas their spectral

patterns are little altered. In contrast, appreciable effects ap-

peared in the Fe-His stretching band in Fig. 6, which sug-

gested that the influences of effectors would be present in the

intermediately ligated forms (m 6¼ 0 or 4) rather than the

initial (m ¼ 0) and final (m ¼ 4) states of ligand binding.

Fig. 5 shows the time dependence of photodissociated

deoxyHb A in the simultaneous presence of BZF and IHP for

a certain fixed number of CO molecules bound to Hb, which

is 2.8 in this case. To keep m constant, a laser power was

changed in the measurements for different periods of illu-

mination time. The nFe-His frequency is 217 cm
�1 at Dt¼ 1.3

ms and 215 cm�1 at 13 ms. This frequency difference is

much smaller than the difference (6 cm�1) between the

absence (221 cm�1, D) and presence of BZF and IHP at the

same Dt value (13 ms) for m ¼ 2.8. The latter frequency

difference is considered to represent the status difference of

the Fe-His bond of the relaxed deoxy subunits of partially

ligated tetramers between the two solution conditions; that is,

it stays in the T-like and R-like states in solution conditions

5 and 1, respectively, because the structural relaxation has

been almost finished in the millisecond time regime (8,9). It

is noted that the Fe-CO stretching band is observed at 501

cm�1 in all spectra of Fig. 5. This means that the distal

structure of globin in the ligated subunits is hardly altered in

this time regime or by the presence of allosteric effectors.

The structural influences of the effectors seem to appear most

sensitively in the Fe-histidine (F8) bond.

Since the nFe-His frequency at Dt ¼ 13 ms is considered to

represent the relaxed form, the differences in the nFe-His
frequencies shown in Fig. 6, obtained with a constant spin-

ning rate (Dt ¼ 13 ms) with different laser powers, would be

attributed mainly to differences in m. Comparison of the two

spectra in the upper and lower panels of Fig. 6 demonstrates

that the nFe-His frequency is distinctly lower in the presence

of BZF and IHP for intermediately ligated forms, and that

the difference is more noticeable for larger m values. This

demonstrates that the quaternary structure of COHb in the

presence of BZF and IHP adopts the T state insofar as only

a small amount of CO is dissociated, but not always so, in

their absence.

Provided that the Adair constants (Ki) (43) and partial

pressure of ligands (p) are known, the fraction (fi) of molec-

ular species bound with i molecules of ligands is given by

fi¼giðpÞ=ð114K1p16K1K2p
214K1K2K3p

31K1K2K3K4p
4Þ;

where g0(p) ¼ 1, g1(p) ¼ 4K1p, g2(p) ¼ 6K1K2p
2, g3(p) ¼

4K1K2K3p
3, and g4(p) ¼ K1K2K3K4p

4 (43,44). We tentatively

assumed the K values of stripped Hb at pH 9 (K1 ¼ 4.46 3
10�4 Pa�1 (¼ 0.0595 mmHg�1), K2 ¼ 1.23 10�3 (¼ 0.16),

K3 ¼ 1.1 3 10�2 (¼ 1.5), and K4 ¼ 2.50 3 10�2 (¼ 3.33))

for condition 1 and used the reported values (K1 ¼ 4.73 3
10�5 Pa�1 (¼ 0.00630 mmHg�1), K2 ¼ 6.83 3 10�5 (¼
0.00910), K3 ¼ 8.63 3 10�5 (¼ 0.0115), and K4 ¼ 1.34 3
10�4 (¼ 0.0179)) for condition 5. For suitably selected

values of p and fi, them values, which corresponds to Si3 fi,
were calculated as shown in Table 2. Since the effective

partial pressure of CO (p) in the photo-steady-state is

different from the experimental value, only the differences in

distribution of fi between the two different solution con-

ditions are significant in Table 2.

For solution condition 1, the nFe-His frequency is 225 cm
�1

for m¼ 3.6 and 220 cm�1 for m¼ 2.1. The former and latter

are predominantly ascribed to the species with three ligands

(f3) and the fully deoxy species (f0), respectively. These

TABLE 2 Distributions of intermediately ligated hemoglobins for selected values of partial pressure of oxygen calculated with

the assumed values of Adair constants

Solution p/Pa f0 f1 f2 f3 f4 Si 3 fi Spectrum (m value)

1-Like 1.81 3 103 0 0 0 0.10 0.90 3.9 H 3.9

6.97 3 102 0.03 0.03 0.03 0.16 0.75 3.6 G 3.6

3.89 3 102 0.15 0.10 0.05 0.20 0.50 2.8 E 2.8

2.94 3 102 0.28 0.16 0.05 0.19 0.32 2.1 D 2.1

5-Like 1.53 3 105 0 0 0.02 0.16 0.82 3.8 D9 3.8

6.21 3 104 0 0.01 0.08 0.29 0.61 3.5 C9 3.5

2.76 3 104 0.02 0.08 0.22 0.36 0.33 2.9 B9 2.9

Adair constants of K1 ¼ 4.463 10�4, K2 ¼ 1.23 10�3, K3 ¼ 1.1 3 10�2, and K4 ¼ 2.503 10�2 Pa�1, similar to the case of stripped Hb at pH 9 (41), were

assumed for the 1-like condition and constants of K1 ¼ 4.73 3 10�5, K2 ¼ 6.83 3 10�5, K3 ¼ 8.63 3 10�5, and K4 ¼ 1.34 3 10�4 Pa�1, as obtained for

solution 5 (7), were used for the 5-like condition.
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frequencies belong to the category of the R type deoxyHb

(36). For solution condition 5, however, the nFe-His frequency
is 215 cm�1 for m ¼ 3.5 and 2.9 and the main contributor to

this band is the species with three ligands (f3). This frequency
belongs to the category of T-type deoxyHb. In spectrum D9,
there might be a weak peak around 229 cm�1 and an origin

of this band, if present, is the species with three ligands (f3).
This may suggest to us that the T and R structures are co-

existent form¼ 3.8 but the T structure gains in strength upon

decrease to m ¼ 3.5 and becomes dominant for m ¼ 2.9. In

other words, the dependence of T and R populations on m is

distinctly different between solutions 5 and 1; it is mainly T

for m # 3.5 in the presence of BZF and IHP (solution 5) but

is R even for m ¼ 2.1 in the absence of any effectors

(solution 1).

In the case of solution 1, the nFe-His frequencies 218 and

217 cm�1 for m ¼ 1.7 and m ¼ 1.3, respectively, are con-

sidered to arise from the fully deoxy (f0) species and the

species with one (f1) or three (f3) ligands according to the

calculation, representing that the deoxy subunit of the par-

tially ligated tetramer adopts the T structure, though not to

the same extent as 215 cm�1 of fully deoxyHb as a whole

molecule. Although the f0 contribution is dominant (f0, 38%
for m ¼ 1.7, and f0, 48% for m ¼ 1.3), the contribution from

f3 is as large as 10–15%. If the f3 portion gives the nFe-His
band at ;223 cm�1 like R-type deoxyHb A, without being

resolved from the contribution from the f0 and f1 portions at
215 cm�1, the peak position of the composite band would be

shifted to 217 cm�1. This was confirmed by simulation using

Gaussian band-shape functions. Even if it is not the case, it

would simply mean that a deoxy subunit in the f3 portion

takes a T-like, but not the typical T, structure. In other words,

their tertiary structures are somewhat different depending on

m, even though the subunit contact (and the magnitude of

strain in globin) belongs to the category of the T type. This

corresponds to the subsets of T in the notation of Friedman

and co-workers (8). In this regard, the T/R two-state model is

not sufficient to explain the results described here. In other

words, the T structure for m¼ 0 and that for m ¼ 2 would be

different albeit the same ‘‘T’’ is used.

Relation between cooperativity and
oxygen affinity

One of the effects of allosteric effectors of Hb A is to de-

crease oxygen affinity (7). A binding scheme of effector

molecules to Hb is not always universal, but their binding

decreases the oxygen affinity for the deoxy form more than

for partially ligated forms. As a result, the Hill coefficient

changes sensitively with effectors. The simultaneous pres-

ence of IHP and BZF lowers the oxygen affinity of both the

deoxy and ligated forms, and as a result, the Hill coefficient

is almost at unity. This feature may indicate that the T-to-R

quaternary-structure change does not take place upon

oxygen binding, and that only the tertiary structure changes

(16). However, the 1H NMR study demonstrated a change of

spectral pattern to that of the R structure for the fully ligated

Hb in the presence of BZF and IHP (7). Our Raman results

are compatible with the 1H NMR results. The protein

contacts at subunit interfaces, as well as the heme structure

for complete deoxyHb, were not altered by the presence of

IHP, BPG, or BZF. They are of ordinary T type. On the other

hand, the contacts of residues in the subunit interface, as well

as the heme structure of the fully ligated form, which were

distinct from those of deoxyHb, were also hardly influenced

by the presence of IHP, BPG, or BZF. Judging from the

nFe-His frequency, the T-to-R transition takes place when the

average m of bound ligands is 3.5 in the presence of BZF and

IHP but,2.1 in the absence of any allosteric effectors. Since

the binding of allosteric effectors affects the quaternary

structure of intermediately ligated forms, the switching m
seems to depend on the molecular species of effectors. It is

considered that structural relaxation has almost been finished

at 13 ms after CO photolysis and, therefore, the nFe-His
frequency at Dt ¼ 13 ms shown in Fig. 6 b would reflect the

equilibrium structure of the intermediately ligated form in

the presence of IHP and BZF at pH 6.6.

Our results can satisfactorily be interpreted within the

category of the two-state model, as illustrated in Fig. 7,

where free energy levels for Tm and Rm are schematically

drawn. Here, DGT and DGR represent the free energy

decrease upon binding of a ligand within the T and R

quaternary structures, respectively, and the subscript m
denotes the m value, which is the number of ligand

molecules bound to Hb. It is assumed that solution

conditions change the energy of the T system relative to

that of the R system. If the T3 level is significantly higher

than the R3 level, as indicated by black lines, the quaternary

transition is expected to occur in the intermediate state

around m ¼ 2–3, and cooperativity would be observed for

ligand binding. This corresponds to solution condition 1. In

contrast, if the T3 level is lower than the R3 level and T4 is

higher than R4, as indicated by shaded lines, the quaternary

structure change occurs upon binding of the fourth ligand,

and in this case cooperativity would not be apparently

observed for ligand binding. Since DG for the last step (DGR)

would be slightly larger than other DG (DGT), the binding

constant would increase in the final stage of ligand binding,

but the affinity for ligand would remain low until the final

stage of ligand binding. This means that cooperativity is

apparently lost despite the fact that the fully ligated form

adopts the R structure. In this case T4 might be coexistent

with R4 in equilibrium. Presumably this corresponds to

solution condition 5 of our study. This interpretation is

incompatible with the theory that the quaternary structure

transition occurs between T2 and R3 in the presence of BZF

and IHP at pH 6.6 (7), and in fact, there is no experimental

evidence for the presence of R3. On the contrary, this study

demonstrated that the presence of T3, that is, Hb in solution

condition 5 mainly adopts the T structure at m ¼ 3.5.
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Our conclusion in this work is consistent with the

observations for Hb Kansas (b102Asn / Thr). The T-to-R

switching point of Hb Kansas is thought to be 3.5, in contrast

with 2.5 for Hb A (6), and the UVRR difference spectrum

between deoxy and fully CO-bound states of Hb Kansas

exhibited a pattern quite similar to that of the ordinary

T-minus-R difference (Fig. 3, spectrum E), although peak

intensities were appreciably weaker (M. Nagai, unpublished

data). The origin of the weaker difference intensity is ascribed

to the CO-bound form, because deoxyHb Kansas minus

deoxyHb A exhibited almost nothing, but COHb Kansas

minus COHb A gave weak positive peaks, the pattern of

whichwas close to that of the T-minus-R difference spectrum.

This means that COHb Kansas contains a small amount of T

species even after complete CO binding on account of

proximity of free energies of T4 and R4, and the subunit

contacts in such molecules are kept in the T type despite the

ligated form. Thus, Hb in solution condition 5 is considered

to be close to Hb Kansas, with larger T4/R4 energy separation

for the former than for the latter.
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