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ABSTRACT: Exposure of frozen solutions of oxyhemoglobin toγ-irradiation at 77 K yields EPR- and
ENDOR-active, one-electron-reduced oxyheme centers which retain the conformation of the diamagnetic
precursor. EPR spectra have been collected for the centers produced in human HbO2 and isolatedRO2

andâO2 chains, as well asRO2â(Zn), R(Zn)âO2, andRO2â(Fe3+) hybrids, each in frozen buffer and in
frozen glasses that form in the presence of glycols and sugars and also in the presence of IHP. These
reveal two spectroscopically distinct classes of such ferriheme centers (g1 e 2.25), denoted A and B.
Averaged over many similar sites, the A-center has a rhombic EPR signal with ag-tensor,gA ) [2.248(4),
2.146(1), 1.966(1)]; the B-center exhibits a less anisotropic EPR signal,gB ) [2.216(3), 2.118(2), 1.966(1)].
Early measurement had suggested that, in the cryoreduced HbO2 tetramer, the two centers corre-
sponded to the two different chains [Symons, M. C. R., and Petersen, R. L. (1978)Proc. R. Soc. London,
Ser. B 201, 285-300]. However, the present EPR and ENDOR results show that the two signals instead
reflect the fact that the parent oxyhemes exist in two major conformational substates and that this is true
for both RO2 andâO2 subunits: RO2

A (minor species) andRO2
B (major species);âO2

A(major species)
andâO2

B (minor species). Similar behavior is seen for MbO2 [Kappl, R., Höhn-Berlage, M., Hu¨ttermann,
J., Bartlett, N., and Symons, M. C. R. (1985)Biochim. Biophys. Acta 827, 327-343]. The A/Bg-tensors
of RO2 andâO2 chains vary little with the environment of the chains, while the relative populations of
the substates depend greatly on glycols and IHP. These results suggest a quaternary influence on the
oxyheme distal pocket ofR chains and that the glycol-induced changes in the substate populations of the
R-state HbO2 tetramer are largely associated with theRO2 subunit.1H ENDOR spectra from the distal
histidine proton hydrogen-bonded to the peroxo ligand show very different isotropic coupling for the A-
and B-centers. Analysis of the spectroscopic data suggests that the A- and B-centers represent different
orientations of the oxyheme O2 ligand relative to the distal histidine. It is likely that the A and B
conformational substates in theRO2 and âO2 subunits differ not only in their tertiary structures but in
their affinities for O2.

During the past 25 years, numerous studies have shown
that oxyheme centers capture mobile electrons generated by
ionizing irradiation of solid solutions or crystals at 4-77 K
to form two distinct types of ferriheme intermediates with
relatively smallg-anisotropy (1-14). Both types of center
are stable at 77 K and show rhombic low-spin ferriheme
EPR1 spectra with relatively smallg-anisotropy. One type,
characterized by ag-tensor withg1 ∼ 2.3, is the hydroper-
oxoferriheme. The other, which is the primary product of
reduction, has a distinctly differentg-tensor withg1 e 2.25
and, in consequence, has been assigned as the peroxoferri-
heme state (1-3), an assignment which is under continued
investigation (15). The primary cryoreduction products (g1

e 2.25 centers) have spectroscopic properties that are

independent of reduction temperature within the range 6-77
K, indicating that they retain the conformation of the
oxyferroheme precursor, essentially unaltered (2, 5). Thus a
g1 e 2.25 cryoreduced oxyheme center provides a sensitive
EPR/ENDOR probe of the active site structure of the EPR-
silent precursor oxyhemoprotein (2, 5-7).

The EPR spectrum of cryoreduced oxyhemoglobin was
shown to be a superposition of twog1 e 2.25 EPR signals,
A and B (1-3). On the basis of EPR studies of cryoreduced
isolatedRO2 andâO2 chains (1, 2) as well as valency hybrids
of HbO2 (3, 11), the A and B EPR signals were initially
assigned to the cryoreduced oxyheme centers inâO2 and
RO2 subunits, respectively (1-3). However, in the context
of such an assignment it is puzzling that cryoreduced MbO2

also reveals two different species, a dominant B-like center
and an minor A-like center (2). 1H ENDOR spectra of
cryoreduced MbO2 and HbO2 reveal an exchangeable proton
with maximum hyperfine coupling of∼10 MHz, which is
assigned to the distal histidine N-H hydrogen-bonded to
the peroxo ligand (2, 16).

The EPR spectra and yield of cryoreduced oxyhemoglobin
change in the presence of glycol additives (1, 2). The addition
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of 50% glycerol or ethylene glycol to the protein solution,
which leads to glass formation upon cooling to 77 K,
significantly increases the yield of the peroxoferriheme
centers but has a relatively minor effect on the EPR
parameters, and thus most experiments were performed in
glassy matrices. However, the relative intensity of the B
signal decreases dramatically in the presence of 50% ethylene
glycol or glycerol. Conversely, for glassy solutions at pH
<7 in the presence of IHP the B signal becomes more intense
than the A signal (3, 9). The effect of glycols and IHP on
the relative intensities of the A and B signals of HbO2 was
interpreted as reflecting an influence on the relativeratesof
reduction of the oxyheme centers in theR and â subunits
(1, 2, 9). However, this explanation is not consistent with
the finding (2) that the relative yields of peroxoferriheme
centers of the HbO2 tetramer in glassy solutions are
independent of the irradiation dose up to 10 Mrad: if the A
and B signals arise from the two chain types, their relative
intensities must approach unity as complete reduction is
approached, but this is contrary to observation.

To explore this inconsistency, we have performed EPR
and ENDOR studies on the peroxoferriheme primary cry-
oreduction products of human HbO2, isolatedRO2 andâO2

chains, hemoglobin M-Milwaukee [RO2, â(Fe(III)] valency
hybrids, [Zn,FeO2] mixed-metal hybrids, and MbO2, all under
a wide range of conditions involving the addition of glycols,
sugars, and IHP. We have found that oxyR andâ chains,
both isolated and in the Hb tetramer, display two major
conformational substates of the oxyheme center, denoted A
and B, as does MbO2. This behavior of the oxyheme pocket
is analogous to that seen for CO-Hb (17-19). The A and B
substates of the two Hb subunits and Mb have similar
spectroscopic characteristics, but the A/B population ratios
in the R and â subunits depend on their environment. We
further examine the degree to which substate populations
are subject to quaternary influences and constraints within
the Hb tetramer.

MATERIALS AND METHODS

Materials.Tris, BisTris, MES, glucose, sucrose, trehalose,
myoglobin, and inositol hexaphosphoric acid (IHP) were
purchased from Sigma. Glycerol and ethylene glycol were
purchased from Aldrich. Human HbO2 was isolated from
whole blood as previously described (20, 21). IsolatedRO2

and âO2 chains and [RO2,â(Zn)] and [R(Zn),âO2] hybrids
were prepared as described (21). Sample purity was tested
by HPLC, IEF, and SDS gel electrophoresis. No detectable
amounts of hemoglobin were present in the samples of
purifiedR andâ chains, meaning that contamination by HbO2

was less 0.5%. MbO2 was made by reduction of 5 mM
metMb (Sigma) solution in buffer by a few grains of
dithionite followed by gel filtration on an O2-saturated
Sephadex G-25 column to remove a trace of dithionite and
to oxygenate deoxy-Mb. HbO2 M-Milwaukee was isolated
according to John and Waterman (22). Carp HbO2 was
isolated as described (23). Bovine and pigeon HbO2 were
prepared from methemoglobin (Sigma) using the procedure
of MbO2.

In all but one instance, discussed shortly, the oxyhemo-
globins samples were reduced at 77 K byγ-irradiation with
a 60Co source (Gammacell 220) to a dose of∼3 Mrad as
described (5, 24).

X-band EPR spectra were recorded on a modified Varian
E-4 spectrometer at 77 K. Q-band (35 GHz) EPR and
ENDOR spectra were recorded on a modified Varian E-110
spectrometer equipped with a helium immersion Dewar at 2
K and operating in dispersion mode using 100 kHz field
modulation under “rapid passage” conditions (25). For
ENDOR, in some instances, the radio frequency (RF)
bandwidth was broadened to 60-200 kHz to improve the
signal-to-noise ratio (26). EPR spectra of cryoreduced
samples exhibit strong signals from free radicals created by
the irradiation; this region is deleted from the spectra shown,
for clarity. The EPR signals of cryoreduced HbO2 were
quantitated using a 1 mMsolution of Cu(ClO4)2 as standard.

For a single orientation of a paramagnetic center, the first-
order ENDOR spectrum of a nucleus withI ) 1/2 in a single
paramagnetic center consists of a doublet with frequencies
given by (27)

Here, νN is the nuclear Larmor frequency andA is the
orientation-dependent hyperfine coupling constant of the
coupled nucleus. The doublet is centered at the Larmor
frequency and separated byA whenνN > |A/2|, as in case
for the 1H spectra presented here. The full hyperfine and
quadrupole tensors of the coupled nucleus can be obtained
by analyzing a “2D” field-frequency set of orientation-
selective ENDOR spectra across the EPR envelope, as
described elsewhere (28-30).

RESULTS

Figure 1 presents EPR spectra of cryoreduced HbO2 in
polycrystalline frozen buffer and in frozen glasses formed
by the addition of glycerol (gly) and ethylene glycol (EG),
as well as the sugars glucose, sucrose, and trehalose. Addition
of all the polyols and sugars increases the yield of the
radiolytic cryoreduction of HbO2 by a factor of 2-4 (not
shown), consistent with other observations (31). As previ-
ously reported (1, 2), the EPR spectra of cryoreduced HbO2

in frozen aqueous buffer are a superposition of spectra with
roughly equal intensity from two peroxoferriheme centers,
A and B, arising from two distinct structures for the parent
oxyferroheme centers. Figure 2 presents the corresponding
spectra forRO2 andâO2 chains, as well as MbO2; Figure 3
presents the spectra for Hb hybrids. Table S1 presents the
individual g-tensors for the 14 A-centers and 11 B-centers
in the cryoreduced proteins discussed in this work; Table 1
presents the average of tensors for the two classes; the overall
spread ing-values of ca.(0.007 is large enough that one
can reliably and reproducibly measure differences ing-values
among members of each class (Table S1). Table 1 includes
the analysis of the A and Bg-tensors in terms of conventional
crystal-field parameters that describe the single odd electron
in a t2g(dπ) orbital of a low-spin d5 configuration on Fe.
These are the splitting of the two dπ (dzy/dyz) orbitals, δ,
and the splitting between the odd-electron (highest lying)
dπ orbital and the lowest lying, dxy, orbital,∆, expressed as
ratios to the spin-orbit-coupling parameter,δ/λ, ∆/λ; the
third parameter,k, decreases from unity with increasing
covalency with ligands.

HbO2 Tetramer.The B component of the ca. 1/1 A/B
superposition seen for HbO2 in frozen buffer (Figure 1A) is

ν( ) |νN ( A/2| (1)

Substates of Hemoglobin Oxyheme Biochemistry, Vol. 43, No. 20, 20046331



strongly suppressed by the presence of 50% ethylene glycol
or glycerol (Figure 1B); the effect, which is observed for as
little as 2.5% glycerol (not shown), slightly diminishes upon

increasing the pH from 6.0 to 7.6. In addition, in the presence
of glycols, there is a small but reproducible shift ofg1 (Table
S1). In contrast, the addition of sugars does not alter the
A/B ratio (Figure 1), suggesting that ethylene glycol and
glycerol do not simply influence the A/B population in
cryoreduced HbO2 by reducing the activity of water.

The addition of the heterotropic allosteric effector IHP
causes negligible changes in the EPR spectra of cryoreduced
HbO2 in frozen buffer (Figure 1B). However, IHP largely
stabilizes the oxyheme centers against the perturbing action
of glycols, such that the A/B ratio remains (very) roughly
1:1 when they are added in the presence of IHP. As a result,
it appearsthat IHP causes a large change in ratio when added
to HbO2 in the presence of glycols, whereas the real
perturbation is that caused by the addition of glycols to HbO2

in buffer. In contrast, it appears that IHP introduces a
sensitivity to the addition of sugars (Figure 1B).

To confirm that the cryoreduced oxyheme units do not
undergo noticeable conformational changes after reduction
at 77 K, a sample of HbO2 was irradiated for 10-20 min at
6 K in an EPR resonator attached to an electron accelerator,
and its EPR spectrum was promptly recorded at this
temperature, as described elsewhere (5). There areno
significant differences between the EPR spectra of HbO2

cryoreduced and examined promptly at 6 K and those of
samples irradiated at 77 K, confirming a previous report (2).
We also find that the EPR spectra of cryoreduced HbO2 do
not change during storage at 77 K for 3 years.

We examined the radiation dose dependence of the ratio
of A and B signal intensities for HbO2 in 50% ethylene
glycol/buffer mixture at pH 6, both in the absence and in
the presence of IHP, and found in both cases the ratio to be
independent of the dose up to 12 Mrad, where 75%( 10%
of all oxyheme centers have been reduced. This result is
consistent with previous observation (2). However, it is
incompatible with the assignment of the A and B signals in
these samples to different subunits (1, 10): such an assign-
ment would require that the A/B ratio approach unity with
increasing reduction. Instead, the observations indicate that
there are two structurally different oxyheme substateswithin
each subunit, RO2

A,RO2
B andâO2

A,âO2
B, that these lead to

the A- and B-type EPR signals upon cryoreduction. The
effect of cosolvents and IHP is correspondingly explained
as a change in the population of these conformational
substates.2

For comparison to human hemoglobin we examined
cryoreduced bovine, pigeon, and carp HbO2. The mammalian
and avian HbO2 behave like the human protein, but the
piscine HbO2 shows only an A-like EPR signal (Table S1),
and this is unchanged in the presence of glycols.

IsolatedRO2 and âO2 Chains and MbO2. The idea that
the oxyheme centers ofeach subunit exhibit two major
conformational substates is confirmed by the observation of
A- and B-type signals upon cryoreduction of highly purified
isolated chains (Figure 2) and of diliganded, mixed-metal/
valency hybrids (Figure 3). CryoreducedâO2 chains in frozen
buffer solution exhibit majority A-like and minority B-like

2 It should be also noted that EPR spectra of cryoreduced HbO2 were
independent of the protein concentration in the range of 0.5-6 mM.
This finding rules out the possible effect of the tetramer-dimer
equilibrium.

FIGURE 1: X-band EPR spectra of cryoreduced HbO2 A in frozen
buffer and in the presence of 50% (v/v) ethylene glycol (EG), 16%
and 2.5% (v/v) glycerol (Gly), 2.5 M glucose (Glu), and 1.2 M
trehalose (Tre) in the absence (panel A) and the presence of IHP
(panel B). Conditions: 3 mM HbO2 (in heme) and 50 mM BisTris,
pH 6. Instrument settings: 77 K, 100 kHz modulation frequency,
5 G modulation amplitude, 9.15 GHz microwave frequency, and 2
mW microwave power.

FIGURE 2: X-band EPR spectra of cryoreduced isolatedRO2 and
âO2 chains and MbO2 in frozen buffer (panel A) and in the presence
of 16% glycerol (panel B). Conditions: 50 mM BisTris, pH 7.
Instrument settings as in Figure 1.

Table 1: Averageg-Values in A and B Substates of Cryoreduced
[FeO2]7 Centers in HbO2, Chains, and Hybridsa

substate g1 g2 g3

Ab 2.248(4) 2.146(1) 1.966(1)
Bc 2.216(3) 2.118(2) 1.966(1)

a Average values (standard deviations) for the 14 A-centers and 11
B-centers of Table S1.b Crystal-field parameters:δ/λ ) 7.5, ∆/λ )
11.6, andk ) 0.80. c Crystal-field parameters:δ/λ ) 7.8,∆/λ ) 11.8,
andk ) 0.95.
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EPR signals, and the reverse is true forRO2 chains (Figure
2A).3 The g-values of the A and B substate signals in the
cryoreducedRO2 chains differ slightly but reproducibly from
those in the EPR spectra of cryoreducedâO2 chains and
HbO2 (Table S1), indicating that the A and B conformational
substates inRO2 and âO2 chains, though similar, are not
structurally identical.

The spectrum of HbO2 in buffer (Figure 1) can be well
reproduced by adding equal amounts of the spectra ofRO2

andâO2 chains, as expected if the two chains have the same
reduction efficiency. Conversely, subtraction of theâO2

signal from that of HbO2 gives a spectrum whose A and B
components have very similarg-values to those for cryore-
duced isolatedRO2 chains. As theg-values of the A- and
B-type EPR signals of theRO2 chains in buffer are slightly
but reproducibly different from those for the A signals in
the EPR spectra of cryoreducedâO2 chains (Table S1), these
observations confirm the presence of a minorityRO2

A

substatewithin RO2 chains of the HbO2 tetramer.

Glycerol and ethylene glycol additives enhance the relative
population of the A-type substate for both chains (Figure
2B) but much more so forâ chains; forâO2, the signal
becomes almost pure A type, whereas forRO2, the intensities
equalize. The spectrum for HbO2 in glycerol (Figure 1A) is
qualitatively reproduced by summing the spectra of the
chains in glycerol, indicating that assembly of chains into
the R-structure does not introduce a quaternary influence on
the substate populations of the oxyheme centers. As expected,
IHP has no influence on the spectra of isolated chains.

We corroborated the previous observation (2) that the EPR
signal of cryoreduced oxymyoglobin displays a B-like EPR
signal, withg ) [1.969, 2.118, 2.218], but also a minority
A-like component (Table S1) and that the population of the

minority species depends slightly on pH and glycol additives
(not shown).

Mixed-Metal and Valency Hybrids of HbO2. Possible
quaternary influences/constraints on substate populations
have been probed by studies of T-structure Hb hybrids.
Figure 3 shows EPR spectra for cryoreduced [RO2,â(Zn)]
and [R(Zn),âO2] hybrids. Whereas isolatedRO2 and âO2

chains resemble the chains in fully liganded HbO2, which
has the R-structure (32-34), these diliganded hybrids adopt
the T quaternary structure (35, 36). In addition, there are
spectra for M-Milwaukee HbO2, [RO2,â67Val-Glu(Fe3+)] (M
HbO2), which also has a T-like structure (22, 37).

The EPR spectra of these cryoreduced T-structure hybrids
in frozen buffer exhibit both A- and B-like signals, with
relative intensities that are similar to those of the corre-
sponding isolated chains (Figure 2). Moreover, a 1/1 sum
of the spectra for theR-O2 andâ-O2 T-hybrids would roughly
match the A/B∼ 1/1 ratio for R-structure HbO2 in frozen
buffer, again as expected if the oxyheme units in both
subunits are cryoreduced with the same efficiency. Thus for
hemoglobin in buffer solution, the formation of the tetramer
and its conversion between R and T quaternary structures
do not appear to influence the oxyheme substate populations.
In addition, the minimal variation ing-values (Table S1)
indicates that the electronic properties of the individual
substates are largely, although not completely, independent
of the quaternary structure.

Glycols as cosolvents, however, do influence substate
populations. In the presence of 16% glycerol, the diliganded
T-structure [R(Zn),âO2] hybrid adopts only the A substate,
just like the R-like isolatedâO2 chains; in glycerol buffer,
the RO2 subunits of the T-structure [RO2,â(Zn)] hybrid
completely convert to the B substate, whereas the isolated
RO2 chains still show both substates. Theg-values of the
RO2

B substate also differ somewhat from these for the B
substates in isolatedRO2 chains and the HbO2 tetramer (Table
S1). Thus, the presence of glycerol causes a similar alteration
in theâO2 heme pocket of isolated chains and of the hybrid,
but theRO2 heme pocket of the T-structure hybrid undergoes
a greater change in substate populations than that of isolated
chains. It appears, therefore, that formation of the T-structure
tetramer does not alter the substate ratio forR chains but it
does “sensitize” these chains to the perturbing influence of
glycols.

The EPR spectrum of the cryoreduced [RO2,â67Val-Glu(Fe3+)]
hybrid in frozen buffer at pH 7 is like that of the [RO2,â-
(Zn)] hybrid in having a B-like majority substate (Figure
3A), and likewise, addition of glycerol results in an increase
in the B-type EPR contribution, but not to 100%. Addition
of IHP to the Hb-M hybrid, which stabilizes the T-structures,
results in further increase in the relative populations ofRO2

B

species (Figure 3B) and causes changes in theg-tensor
components of the B-species (Table S1).

1H ENDOR.To characterize distal pocket H-bonding to
the HbO2 oxyferroheme, we have employed 35 GHz1H
ENDOR spectroscopy to examine the peroxoferriheme
primary cryoreduction products. Figure 4 shows1H ENDOR
spectra collected at numerous fields across the EPR envelope
of the cryoreducedâ chains in 16% glycerol/buffer mixture,
which exhibit only an A EPR signal. Theg1 spectrum shows
a poorly resolved1H ENDOR signal centered atνH with a
spread ofA j 5 MHz, plus a strongly coupledν( proton

3 The relative population of the minority A species for oxy-â chains
increases as the pH is raised from 6 to 8 (not shown).

FIGURE 3: X-band EPR spectra of cryoreducedRO2â(Zn), R-
(Zn)âO2 hybrids and Milwaukee HbO2 (MHbO2) in frozen buffer
(50 mM BisTris, pH 7) (panel A) and in the presence 16% glycerol
(panel B). Instrument settings as in Figure 1.
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doublet split by hyperfine coupling ofA(g1) ≈ 14 MHz. As
illustrated by spectra shown for the sample prepared in2H2O
buffer, the proton signals withA < 5 MHz include intensity
from both exchangeable and nonexchangeable protons,
whereas the proton signals withA > 5 MHz are completely
exchangeable. The strongly coupled proton is assigned to
the distal histidine NεH hydrogen-bonded to the O2 ligand
in the parent (2, 16). The ν( peaks at(7 MHz seen atg1

(A ≈ 14.5 MHz) for the H-bond proton split into two
branches asg decreases. Focusing on theν- feature, asg is
decreased toward the vicinity ofg2, the outer branch smoothly
moves to a minimum frequency, corresponding to the
maximum component of the hyperfine tensor,A ) 19 MHz,
whereas the inner branch increases in frequency (decreas-
ing A). Spectra taken nearg3 again show a singleν( doublet,
A(g3) ) 13.4 MHz. Numerous simulations of the field-
dependent pattern lead to a best fit which employed a nearly
axial hyperfine tensor (Table 2) withaiso ) 11.8 MHz. As
can be seen in Figure S1 (Supporting Information), this ten-
sor gives a remarkably good representation of the experi-
ments.

Figure 5 shows that the corresponding 2D1H ENDOR
pattern for the cryoreduced, B-substate, [RO2,â(Zn)] hybrid
(16% glycerol/buffer mixture) is quite distinct from those
for the A-type centers. Simulation of the B pattern led to a
best fit with the hyperfine tensor, given in Table 3, with a
2-fold smaller isotropic coupling,aiso ) 5.8 MHz (Figure

S2). A qualitatively similar 2D1H ENDOR pattern is shown
by the dominant B substate of cryoreduced MbO2 (Figure
S3, Supporting Information; Table 3),withaiso ) 2.9.

The ca. 2-fold difference in isotropic couplings for the A-
and B-type centers,aA

iso ≈ 12 MHz andaB
iso ≈ 3-6 MHz,

and notably different tensor orientations (values ofθ) likely
are a consequence of different geometries of the hydrogen
bond between the distal histidine and O-O moiety. The
characteristic1H ENDOR spectra of A-type centers can be
easily recognized in ENDOR spectra of samples that contain
both A- and B-like centers, as seen in theg ) 2.206 1H
ENDOR spectra for several A-centers (Figure 6). All of these
proteins, whoseRO2 subunits reveal a minorityRO2

A

population, show a strongly coupled proton signal similar
to theâO2

A center overlaid on the ENDOR response from
the majorityRO2

B center. This observation gives evidence
of structural similarity of the hydrogen bonds between the
N-H of the distal histidine proton and peroxo moieties in
the minorityRO2

A and majorityâO2
A substates.

FIGURE 4: Orientation-selective, 2D field/frequency1H CW EN-
DOR patterns for cryoreducedâO2 chains in 16% glycerol/H2O
buffer (solid line) and glycerol-d3/D2O buffer (dotted line). These
experiments exclude fields between roughlyg2 andg3 because of
strong EPR signals from free radicals generated by the irradiation
that occurs in this range. Instrument settings: 35.21 GHz, 2 K,
100 kHz field modulation, 1.5 G modulation amplitude, 1 MHz/s
scan speed, 30 db microwave power, 10 W RF power, 200 kHz
broadening of RF excitation, and 10 scans. Simulated spectra (see
text) are shown by dashed lines.

Table 2: 1H Hyperfine Interaction Parameters for the Exchangeable
H-Bond Proton

protein aiso (MHz) A1 A2 A3 θ (deg) φ (deg)a

A-type
âO2

b 11.8 8.2 8.5 18.8 37 0
B-type

RO2â(Zn) 5.8 1 3 13.4 80 0
MbO2 2.9 -1.5 -1.5 11.6 83 0

a The polar angle,θ, is measured relative to theg1 direction, which
lies roughly along the heme normal; the angleφ is defined as a rotation
aboutg1. b Identical results were obtained for isolatedâO2 chains (âO2

tetramer) and for theR(Zn)âO2 hybrid.

FIGURE 5: Orientation-selective, 2D field/frequency1H CW EN-
DOR patterns for the cryoreducedRO2â(Zn) hybrid in 16%
glycerol/buffer (pH 7). Instrument settings as in Figure 4.
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DISCUSSION

Cryoreduction of a diamagnetic oxyheme center in HbO2

and its chains produces an unrelaxed EPR-active peroxof-
erriheme center that retains the main structural characteristics
of the oxyferroheme parent. The present results establish that
the hemoglobinRO2 and âO2 subunit oxyferrohemesboth
adopt two major conformational substates, denoted A and
B: upon cryoreduction, the A-substate oxyheme centers,
RO2

A andâO2
A, show similar although not identical rhombic

EPR signals, and the same is true forRO2
B and âO2

B

substates. The averageg-values for the A/B classes of
peroxoferrihemes are listed in Table 1.

In frozen buffer the B substate is dominant inRO2

subunits/chains, while A dominates inâO2. A simple ligand-
field analysis (38) discloses that these differentg-tensors do
not correspond to different ligand fields (within error) but
rather to slightly differing covalency parameters. This
suggests that they reflect slightly different orientations, and
hence bonding, to the peroxo moiety. The associated dif-
ferences in H-bonding between the O-O moiety and the
distal histidine are distinctly seen in the1H ENDOR
characterization of the H-bond proton (Table 2).

Our determination that both types of isolated chains exhibit
the two oxyheme substates corrects previous conclusions.
In the case of isolatedâO2 chains, it is likely that the previous
experiments failed to observe the minor B-like EPR signals
(1, 2) because the samples were chiefly prepared with
ethylene glycol/buffer mixtures, which suppress the B-like
signal. The only report, to our knowledge, of results on
isolatedRO2 chains (1) did not give enough details to suggest
reasons why the two substates were not observed.

Addition of glycols does not perturb the oxyheme centers,
as shown by the constancy of theg-tensors. However,
glycerol and especially ethylene glycol induce dramatic

changes in the relative populations of the A- and B-like
oxyheme centers, an effect that is observed at relatively low
concentrations of these additives [2.5% (v/v)]. Further,
addition of the sugars glucose, sucrose and trehalose causes
negligible change in the relative populations of the confor-
mational substates of oxyHb in frozen buffer. The addition
of IHP to oxy-Hb solutions largely suppresses the influence
of glycol cosolvents, while curiously enabling some influ-
ences of the sugars.

The glycols/sugars were shown to be osmolytes, solutes
soluble only in bulk water, not in the protein hydration layer
(39, 40). Such compounds decrease the affinity of deoxy-
hemoglobin for O2, and it has been suggested that they do
so through a reduction of the water activity rather than direct
solute interaction with the protein (40-43). The stronger
effect of ethylene glycol and glycerol on cryoreduced HbO2,
relative to sugars, suggests that the mode of action of these
cosolvents is not restricted to changes of water activity but
may be due to the specific interactions with the macromol-
ecule. X-ray diffraction data for some proteins crystallized
in water/glycerol solution disclose that one or several
molecules of the cosolvent may associate more or less
specifically to surface residues (44-46). Similarly, the
alcohols were shown to stabilize oxyhemoglobin against
autoxidation (47, 48). In the case of metHb an addition of
glycerol causes changes of both the tertiary and secondary
(R-helix) conformations of the protein and increases its
gyration radius (49).

In the presence of glycols, isolatedâ chains (â4 tetramers)
and T-structure [R(Zn),âO2] hybrids both show only the A
substate. In contrast, isolatedRO2 chains show roughly 1/1,
A/B populations when glycerol is present, while the T-
structure mixed-metal [RO2,âZn] hybrid and valency hybrid,
Hb M-Milwaukee (22, 37), show only the B substate in the
presence of glycerol. The glycols also slightly modulate the
g-tensor of the cryoreducedRO2

B center (Table S1). Taken
together, these results suggest a quaternary influence on the
oxyheme distal pocket ofR chains and that the glycol-
induced changes in the substate populations of the R-state
HbO2 tetramer are largely associated with theRO2 subunit.
This conclusion correlates with numerous observations on
HbNO and CoHbO2 which demonstrate that theR subunit
has a more flexible conformation than theâ subunit (50-
54). In this context, it is worth noting that although the spread
around the averageg-values for each substate is not large,
the g-tensor components for A-type (as well as B-type)
oxyheme centers in theR andâ subunits are similar but not
identical, indicating that the conformational substatesRO2

A

andâO2
A (RO2

B andâO2
B ) differ in structure as well as in

affinity for O2.
The 1H ENDOR data indicate that the H-bonding to

dioxygen is essentially the same in all A-substate oxyheme
centers, whether inRO2 or âO2, and that the same is probably
true for the B-substate centers. However, the interactions
between the distal histidine and the O2 ligand are quite
different in an A and a B substate. This is consistent with
other observations, including crystal structure data, about
differences in the hydrogen bonds in theR andâ subunits,
the former being majority B substate and the latter A substate
(55-58). The large values ofaiso for both A and B confor-
mers are well-known and reflect spin delocalization onto the
[O-O] moiety (13, 14). The larger isotropic coupling in the
A-type center likely reflects a combination of two factors:

FIGURE 6: 1H CW ENDOR spectra of selected cryoreduced
oxyhemoproteins taken atg ) 2.206. Conditions: 0.05 M BisTris,
pH 7, and 16% glycerol. Instrument settings as in Figure 4.
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(i) the H-bond is directed more toward the proximal, spin-
bearing O atom; (ii) the H-bonded proton lies farther from
the Fe-O-O plane and thus out of the nodal plane of the
spin-bearingπ orbital on the proximal O.

The demonstration of conformational variability of oxy-
heme centers in human oxy-Hb and its chains extends the
longstanding recognition of such phenomenon for hemes with
CO bound as the distal ligand (17, 18, 59-62). IR spectra
of carboxy-Mb and Hb disclosed several conformational
substates with differentνC-O peaks (17, 18, 63). The
calculations carried out by Oldfield (18), Olson (19, 64),
Sigfridsson (65), and Stavrov (66) have shown that confor-
mational substates are associated with the multiple orienta-
tions and tautomeric forms of the distal histidine which create
a different electrostatic field around the bound CO. Analysis
of the high-resolution (better than 1.2 Å) crystallographic
data on MbCO and MbO2 shows discrete disorder of the
distal histidine, revealing several distinct conformers of the
imidazole side chain (67, 68). Likewise, it has long been
known that NO does not adopt a single conformation when
bound to heme (69, 70).

An indirect, kinetic, butnot spectroscopic, indication of
conformational variability has been reported for MbO2 (71)
as has the observation of two different orientations for bound
dioxygen in oxy-[Fe(TpivPP)(2-MeIM)] (72-75). Presum-
ably, the low resolution of the available crystal structures
for HbO2 has prevented the resolution of the individual
substates of the oxyheme centers and their distal and
proximal environments. In addition, DFT calculations show
stronger electrostatic interaction between the distal histidine
and the bound O2 due to polarization of the Fe-O bond (65,
76). This may sharpen energy minima for bound O2 and
explain why bound O2 has a smaller number of major
substates (2) than does bound CO (>3).

ACKNOWLEDGMENT

We acknowledge Prof. H. Halpern (University of Chicago)
for access to a Gammacell 22060Co irradiator.

SUPPORTING INFORMATION AVAILABLE

One table listingg-tensor components for primary cry-
oreduced oxyheme centers in oxyhemoglobin and related
compounds and three figures showing orientation-selective,
2D field/frequency1H CW ENDOR patterns for cryoreduced
isolatedâO2 chains, theRO2â(Zn) hybrid, and MbO2. This
material is available free of charge via the Internet at http://
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