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Isotropically Shifted NMR Resonances for the Proximal Histidyl Imidazole
NH Protons in Cobalt Hemoglobin and Iron-Cobalt Hybrid Hemoglobins.
Binding of the Proximal Histidine toward Porphyrin Metal Ion in the
Intermediate State of Cooperative Ligand Binding'

Toshiro Inubushi,* Masao Ikeda-Saito, and Takashi Yonetani

ABSTRACT: Exchangeable imidazole NH proton nuclear
magnetic resonance (NMR) signals of the proximal histidine
F8, which is directly coordinated to the paramagnetic por-
phyrin cobalt ion, have been measured for cobalt-substituted
deoxyhemoglobins (deoxy-CoHb) and iron-cobalt hybrid
hemoglobins, a(Co),8(Fe), and a(Fe),8(Co),. Comparison
of NMR spectra between these Co-substituted hemoglobins
and natural Fe-containing hemoglobin allows the assignment
of the NH signals to the specific subunits, namely, a signal
at 53.8 ppm to the a-subunits and a signal at 58.4 ppm to the
B-subunits for deoxy-CoHb at 23 °C, respectively. The co-
ordination of carbon monoxide to the 3-subunits in a(Co),-
G(Fe), gave rise to an 8 ppm downfield shift of the proximal
histidyl NH signal in the deoxy a(Co), subunits. In contrast,

']?hc importance of the bond between the proximal histidine
F8 imidazole and porhyrin metal ion in controlling the oxygen
affinity of hemoglobin has been emphasized in a stereochem-
ical mechanism (Perutz, 1970). In order to test this mecha-
nism, numerous investigations have been conducted so far with
chemical and physical methods (Perutz, 1979, 1980; Shulman
et al.,, 1975). However, the most uncompromising problem
that we encounter in studying the cooperative ligand binding
to hemoglobin is the difficulty in directly investigating the
intermediate state of ligand binding states during allosteric
oxygen binding. For example, hyperfine-shifted resonances
of deoxyhemoglobin have been examined for the monitoring
of oxygen and carbon monoxide binding (Johnson & Ho, 1974;
Huang & Redfield, 1976; Viggiano & Ho, 1979; Viggiano et
al., 1979), but no physicochemical properties of the interme-
diate ligand binding states have been reported so far from such
experiments. In this sense, iron—cobalt hybrid hemoglobins
might be ideal models for testing not only the properties of
the individual subunits within a tetramer but also those of the
intermediate ligand binding states, because affinity of some
small ligands toward Co subunits is so small compared with
that toward Fe subunits (Ikeda-Saito et al., 1977). Especially,
carbon monoxide cannot bind to the Co subunits in Fe~Co
hybrid hemoglobins at atmospheric pressure, although it can
strongly bind to the Fe subunits (Ikeda-Saito et al., 1977).
Therefore, half-liganded hemoglobins, such as «(Co),3(Fe-

* From the National Institute of Arthritis, Diabetes, and Digestive and
Kidney Diseases, National Institutes of Health, Bethesda, Maryland
20205 (T.I.), and the Department of Biochemistry and Biophysics,
University of Pennsylvania School of Medicine, Philadelphia, Pennsyl-
vania 19104 (M.1.-S. and T.Y.). Received July 9, 1982; revised man-
uscript received February 23, 1983. Supported partly by a research grant
from the National Heart, Lung and Blood Institute (HL-14508) (T.Y.)
and by a grant from the National Science Foundation (PCM 7922841)
(T.Y).

* Address correspondence to this author at the Department of Mo-
lecular Engineering, Faculty of Engineering, Kyoto University, Kyoto
606, Japan.

0006-2960/83/0422-2904$01.50/0

the coordination of carbon monoxide to the a-subunits in
a(Fe),8(Co), showed only a 1 ppm downfield shift for the
deoxy B(Co), subunits. These observations suggest that the
metal-histidyl coordination bonds in the deoxy cobalt subunits
are strengthened by the ligation of carbon monoxide in the
counterpart ferrous subunits. However, the change of the
coordination was much larger in the a(Co), subunits than that
in the 8(Co), subunits. Line-width analysis of the NH signals
for CO-bound hybrid hemoglobins gave a mean exchange
lifetime of 3.2 X 10% 5! for the T to R quaternary structural
transition. The proximal histidyl binding situation at some
liganded states is discussed in relation to the quaternary
structure of hemoglobin molecules.

CO); and a(Fe:CO),B(Co),, can be easily prepared by flashing
CO gas to the corresponding deoxy samples.

The exchangeable imidazole NH protons of the proximal
histidine F8, which is directly coordinated to the paramagnetic
porphyrin metal ion in deoxyhemoglobin, have been success-
fully detected and assigned to the specific subunits (La Mar
et al,, 1977, 1980; Takahashi et al., 1980). Owing to their
large isotropic shifts caused by paramagnetism of the heme
metal ion, these proton signals are expected to serve as po-
tential markers in the investigation of the bonding between
the proximal histidine and porphyrin metal. In this paper, we
have observed imidazole NH signals of the proximal histidine
for Co-substituted hemoglobins and compared NMR behavior
of these proton signals in fully deoxyhemoglobins and half-
liganded Fe~Co hybrid hemoglobins.

Experimental Procedures

Materials. Cobaltous protoporphyrin IX and cobalt-sub-
stituted hemoglobin (CoHb) were prepared after the literature
methods (Yonetani et al., 1974). Iron-cobalt hybrid hemo-
globins were prepared as reported previously (Ikeda-Saito et
al., 1977). All other chemicals were from commercial sources
and used without further purification.

Methods. Hemoglobin samples were deoxygenated by
flashing argon gas and transferred under nitrogen atmosphere
with a syringe to a spherical microcell (Wilmad 529-A), in
which a small amount of solid sodium dithionite was placed
in order to achieve complete deoxygenation. Immediately after
the transfer of the hemoglobin solution, the stem of the mi-
crocell was sealed. We found that the hemoglobin thus pre-
pared can be maintained in the deoxy state for more than 24
h.

Proton NMR spectra were obtained by a NIH 270 nuclear
magnetic resonance (NMR) spectrometer that is composed
of a Bruker superconducting magnet (6.35 T) and a Nicolet
console equipped with a Nic 1180 computer system. The
proton NMR signal is collected by a decoupler coil on a Bruker
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FIGURE 1: Proton NMR (270-MHz) spectra of deoxy-CoHb in (A)
H,0 and (B) D,0 and of deoxy-CoMb in (C) H,O and (D) D,0.
The CoHb sample was prepared in 50 mM tris(hydroxymethyl)-
aminomethane (Tris) buffer at pH (or pD) 7.0, and CoMb was
prepared in 0.1 M sodium phosphate at pH (or pD) 7.0. The signal
at about 25 ppm for CoHb and the signal at 28 ppm for CoMb are
nonexchangeable peaks, which may be assigned to meso protons of
Co porphyrin (Hill et al.,, 1973). A trace of NH signal can still be
observed after 3 h of D-H exchange, probably because of the slow
exchange rate at 4 °C, where the sample was kept, and/or insufficient
deuteration of buffer (about 90% deuterium enrichment).

5-mm '3C probe. Typically, 11-us (90°) radio-frequency pulses
and £30-kHz spectral width were applied to detect the
proximal histidine NH signals for Co-substituted deoxy-
hemoglobins. Conventional WEFT pulse sequence (180°~7—
90°-acuire) was used in order to minimize the water signal.
A careful setting of 7 values (typically 70—100 ms) can com-
pletely eliminate the H,O signal under rapid repetition of the
sequence; regularly, an interpulse time of 0.1 s was applied.
In order to obtain a reasonable signal to noise (S/N) ratio,
16-32 blocks of Fourier-transformed (FT) data after acqui-
sition of 1K free induction decay (FID) signals were accu-
mulated. Sensitivity of signals was artificially enhanced by
multiplying by an exponential function, which produces
Lorentzian line shape with 20-Hz additional line broadening.
However, the exchange rate discussed in the following section
was evaluated from the difference of two NMR line widths.
Therefore, no artificial parameters are involved in the calcu-
lated rate. Chemical shifts were measured from the H,O
resonance position and converted to the shift from sodium
4,4-dimethyl-4-silapentane-1-sulfonate (DSS) by using a 4.8
ppm offset.

Results and Discussion

Figure 1A shows that deoxy-CoHb in H,O solution exhib-
ited two distinct hyperfine-shifted proton signals in extremely
low field at 58.4 and 53.8 ppm. These two peaks were absent
under the same pH and buffer conditions in D,O solution
(Figure 1B). Conversion to oxy-CoHb also gave rise to the
disappearance of these exchangeable signals (data are not
shown), indicating that these two signals are unique to de-
oxy-CoHb in H,O solution. In addition, deoxy-CoMb (sperm
whale) in H,O solution showed a hyperfine-shifted signal at
62.2 ppm as shown in Figure 1C. This peak was also found
to be absent in D,O solution (Figure 1D). Such large para-
magnetic shifts, which are substantially larger than the
paramagnetic shifts of nonexchangeable proton signals ob-
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served in the high-field region (0 to ~—10 ppm) for Co-sub-
stituted deoxyhemoglobins (Ikeda-Saito et al., 1978), suggest
that the protons responsible for these NMR signals must be
located in close proximity to the CoHb paramagnetic center.
So far, similar downfield paramagnetic shifts of more than
50 ppm were reported for deoxy-FeHb and -FeMb (La Mar
et al., 1977, 1980; Takahashi et al., 1980). These signals have
been assigned to the imidazole NH proton of the proximal
histidine, which is directly coordinated to the paramagnetic
heme iron. The above-mentioned observations together with
other indirect evidence discussed later suggest that these large
hyperfine-shifted proton signals of deoxy-CoHb and -CoMb
may be assigned to the imidazole NH protons of the proximal
histidine F8, which is directly bound to the paramagnetic
porphyrin Co ion (S = !/;). Moreover, the two peaks observed
for deoxy-CoHb are apparently due to the two different
subunits of deoxy-CoHb.

Noteworthy is the 4.6 ppm separation of the two NH signals
for deoxy-CoHb at 23 °C, which is significantly smaller than
the separation of 13.1 ppm for FeHb reported by La Mar et
al. (1980). Such a small difference in the resonance position
may be adequately interpreted by assuming that the subunit
inequivalence is significantly less in CoHb than in FeHb. In
fact, the oxygen-binding analysis for CoHb showed a smaller
difference in the oxygen affinity in the two subunits in CoHb
than in FeHb (Imai et al., 1980).

The pseudocontact shift for the proximal histidyl NH proton
was estimated with structural data of model complexes and
anisotropic g values for the Co ion obtained in our previous
study (Ikeda-Saito et al., 1977). The structural data for
(1-MeIm)CoTPP (Scheidt, 1974), which has been considered
as a relevant model complex of the R-state hemoglobin (Drago
et al., 1977; Collman et al., 1978; White et al., 1979), give
an upfield pseudocontact shift of 5.7 ppm at 20 °C. The data
for (1,2-diMeIm)CoTPP (Dwyer et al., 1974), a model of the
T-state hemoglobin (Drago et al., 1977; Collman et al., 1978;
White et al., 1979), give an upfield pseudocontact shift of 5.5
ppm. Moreover, the diamagnetic contribution to the total NH
shift was estimated to be upfield shift of approximately 3 ppm
from the data for diamagnetic Ru(II)—porphyrin complexes
(Satterlee & La Mar, 1976). Therefore, it is estimated that
the downfield Fermi contact shift contributes more than 90%
of the total isotropic shift. This large contribution is readily
interpreted in terms of the direct spin transmission to imidazole
from the d,: orbital of the Co ion where its unpaired spin (S
= 1/,) primarily resides in deoxy-CoHb and -CoMb.

In order to assign these signals to individual subunits of
FeHb and CoHb, similar NMR measurements were carried
out for Fe—Co hybrid deoxyhemoglobins in the presence and
absence of CO. Figure 2B shows that deoxy «(Co),8(Fe),
exhibited two isotropically shifted signals at 75.9 and 53.3 ppm,
respectively. Comparison of the proton NMR spectra between
a(Co),3(Fe), and CoHb shows that the signal that resonated
at 58.4 ppm for CoHb is replaced by a signal at 75.9 ppm for
a(Co),3(Fe),, which was previously assigned to the imidazole
NH proton of the proximal histidine in the 3(Fe), subunits
for FeHb (La Mar et al., 1980; Takahashi et al., 1980). The
signal at 53.8 ppm, which was observed in both CoHb and
a(Co),08(Fe),, can be eventually assigned to the NH of the
proximal histidine in the a(Co), subunits. Therefore, the
remaining signal at 58.4 ppm for CoHb can be identified as
the NH of the 8(Co), subunits. Similar assignment was also
carried out by comparison of the NMR spectra between -
(Fe),8(Co), and CoHb, where a signal at 57.9 ppm is assigned
to the NH in the 8(Co), subunits and a signal at 63.2 ppm
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FIGURE 2: Comparison of proton NMR (270-MHz) spectra between
FeHb and Co-substituted hemoglobins: (A) deoxy-FeHb; (B) deoxy
a(Co),B(Fe),; (C) deoxy a(Fe),8(Co),; (D) deoxy-CoHb. All the
samples were prepared in 50 mM Tris buffer at pH 7.0.

Table I. Resonance Positions of the F8 Histidine NH for Fe-Co
Hybrid Hb’s, CoHb, and FeHb and Their Assignments®

preparation resonance position (ppm)
CoHb 53.8 58.4
a(Co),5(Fe), 533 75.9
a(Fe),3(Co), 57.9 63.2
FeHb 63.2%  76.5%
a(Co),B(Fe-CO), 61.4 c
a(Fe-C0),8(Co), 58.7 c
assignment a(Co), B(Co), a(Fe), g(Fe),

9 Measured at 23 °C. ° La Mar et al. (1980) and Takahashi et al.
(1980). €«(Fe-CO), and g(Fe:CO), subunits are diamagnetic and
gave no paramagnetic shifts.

to the NH in the a(Fe), subunits. Again, such signal as-
signment may also indirectly support the preceding discussion
that these peaks originate from the NH’s of the proximal
histidine. All the signal assignments and their resonance
positions are assembled in Table I.

The most outstanding behavior of the NH signal in the Co
subunits was observed as a dramatic 8.1 ppm downfield shift
found in the deoxy a(Co), subunits in «¢(Co),3(Fe), upon CO
coordination of CO to the 8(Fe), subunits as shown in Figure
3A,B. This signal also suffered significant line broadening,
where the line width became 5-fold wider than that for the
fully deoxy form. The NH signal in the 3-subunits for a-
(Fe),8(Co), was also found to be shifted downfield by ap-
proximately 1 ppm upon CO binding to the counterpart a(Fe),
subunits (Figure 3C,D). These shifts are enormously large
when compared with the shift change observed by pH varia-
tion, because no appreciable shift was observed for these NH
protons by pH change from pH 6.5 to pH 8.5 (data are not
shown).

Straightforward interpretation of this line broadening for
a(Co),3(Fe), is a line widening due to the increase in the
electron-spin relaxation time (77,) of the porphyrin Co ion (La
Mar et al,, 1973). Generally, the longer the T, for the
paramagnetic system, the broader the line of the isotropically
shifted NMR signal. In fact, the corresponding EPR signal
of a(Co),B(Fe-CO), is significantly sharper than that of fully
deoxy a(Co),8(Fe), at 77 K (Ikeda-Saito et al., 1977), in-
dicating that the T, is relatively longer in the half-liganded
state than in the fully deoxy state. In addition to this line-
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FIGURE 3: Comparison of proton NMR (270-MHz) spectra between
fully deoxy and CO-saturated Fe-Co hybrid hemoglobins: (A) fully
deoxy a(Co),8(Fe),; (B) CO-saturated a(Co),8(Fe-CO),; (C) fully
deoxy a(Fe),8(Co),; (D) CO-saturated a(Fe-CO),8(Co),. All the
samples were prepared in 50 mM Tris buffer at pH 7.0.

broadening mechanism, substantial increase of the line width
was also observed in the NH signal for the 3(Co), subunits
in a(Fe-CO),8(Co),, where the corresponding EPR spectra
did not show an essential change in its line width, namely, T;.,
by CO ligation (Ikeda-Saito et al., 1977). This observation
suggests that the signals in the half-liganded states may suffer
additional line broadening other than the broadening due to
the increase of T, probably exchange line broadening.
However, the off-rate of the CO ligand from the coordination
site of the Fe subunits has been reported to be too slow, 0.012
s7! at 23.5 °C and pH 9.1 (Gibson & Roughton, 1957), to
explain this exchange line broadening. Therefore, the line
broadening by CO-ligand exchange can be excluded from
consideration. The previous study of oxygen binding for Fe~Co
hybrid hemoglobins (Ikeda-Saito & Yonetani, 1980) showed
relatively higher oxygen affinity of the deoxy Co subunits in
the half-liganded forms when compared with that for the
corresponding fully deoxy states. It was concluded from these
observations that their quaternary structures in the half-lig-
anded states inclined somewhat to the R state even though the
Co subunits are in the unliganded state. Therefore, the T- to
R-state interconversion, which may modulate the conformation
of protein and/or the proximal histidine binding to the heme
metal, may be responsible for the above exchange line
broadening. In the case of a(Fe-CO),3(Co),, where the
change of T, is not expected from its EPR spectrum, the
exchange line broadening of the NH signal was observed as
approximately 1 kHz, which gives 3.2 X 10 s™! for a mean
exchange rate. So far, Ogawa et al. (1974) have reported the
lower limit of the R to T conversion rate, 10* s7!, for des-
Arg-Hb by the analysis of hyperfine-shifted NMR signals.!
This value is in good agreement with present results.

! Very recently, Nagai et al. (1982) estimated the interconversion rate
as 8 X 102 57! on the basis of the line-broadening analysis of the proximal
histidyl NH signal for des-Arg-Hb (H. F. Bunn, personal communica-
tion). However, the present analysis shows that the T-R-state inter-
conversion rate is faster for Co-substituted Hb than that for des-Arg-Hb.
Such discrepancy may partly be caused by the difference in the liganded
status of measured hemoglobins, where the rate for Co-substituted Hb
was measured in the half-liganded state but that for FeHb was in fully
deoxy state.
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A large downfield shift of the proximal histidyl NH signals
in the Co subunits upon coordination of CO to the counterpart
Fe subunits may provide some interesting information on the
quarternary structural change of hemoglobin during cooper-
ative ligand binding. As discussed earlier in this paper, the
paramagnetic shifts originate primarily from the Fermi contact
shift, which is directly proportional to the spin density induced
on the protons. The further increases of the downfield Fermi
contact shift of 8 ppm for the a(Co), subunits and of 1 ppm
for the 3(Co), subunits indicate that the spin density on the
NH proton propagated through the cobalt-histidyl bond is
increased upon ligation of CO to the partner Fe subunits. It
can be inferred further that CO ligation to the Fe subunits
gives rise to a strengthening of the proximal histidine binding
to the porphyrin Co ions in the partner deoxy Co subunits.
Moreover, the substantially larger downfield shift observed
for the a-subunits than for the S-subunits indicates that such
a change in the metal-histidyl bond in the a-subunits is more
pronounced than in the 8-subunits.

Such interpretations are in good agreement with those ob-
tained from the corresponding electron paramagnetic resonance
(EPR) and resonance Raman studies. Previous EPR study
(Ikeda-Saito et al., 1977) for Fe—Co hybrid hemoglobins
showed that the spectrum for deoxy a(Co), subunits was more
remarkably influenced in its line shape and position upon
ligation of CO than that of deoxy 8(Co), subunits. Recent
resonance Raman studies for valency hybrid hemoglobins
(Nagai & Kitagawa, 1980) and for Fe—Co hybrid hemoglobins
(Ondrias et al., 1982) also have shown that the band due to
the stretching of the bond between the proximal histidyl im-
idazole nitrogen and porphyrin metal is shifted more pro-
foundly for the a-subunits by the T-R transition of hemoglobin
than for the B-subunits. However, these histidyl NH proton
signals were observed to be insensitive to pH change, whereas
the EPR spectra of the deoxy Co subunits in these compounds
were sensitive to both pH changes and the ligation of CO to
the partner Fe subunits (Ikeda-Saito et al., 1977). Therefore,
it is reasonable to suggest that the electronic state of the Co
ion is modulated by both pH and the ligation to the partner
subunits, whereas the metal-histidyl coordination bond is not
sensitive to the former but influenced by the latter.
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