
Long-Range Effects in Liganded Hemoglobin Investigated by
Neutron and UV Raman Scattering, FTIR, and CD
Spectroscopies

Olivier Sire,† Christian Zentz,† Serge Pin,† Laurent Chinsky,‡ Pierre-Yves Turpin,‡
Pierre Martel, § Patrick T. T. Wong,⊥ and Bernard Alpert* ,†

Contribution from the Laboratoire de Biologie Physico-Chimique, UniVersitéParis 7,
2 place Jussieu, 75251 Paris cedex 05, France, Laboratoire de Physico-Chimie
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Abstract: The numerous investigations that have focused on the iron binding site to explain the different affinity of
hemoglobin for CO and O2 are still without success. Thus, this work addresses the problem of nonlocal effects,
which have been disregarded so far. We have investigated the protein behavior in relation to the iron-ligand nature.
The present data show that different parts of the protein, which are not in close contact with the heme pocket, are
effectively influenced by the nature of the iron-ligand bond. Whereas oxyhemoglobin and carbonmonoxide
hemoglobin in solution exhibit the same molecular shapes and helical contents, different electrostatic interactions in
association with a redistribution of the strains occur in the protein matrix. Due to electric couplings of the heme to
the protein, the whole molecule is sensitive to the chemical nature of the iron-ligand bond. This suggests that long
distance electrostatic interactions promote the energy transduction through the protein molecule.

Introduction

Heme models have intrinsically higher affinity (30000- to
100000-fold) for carbonmonoxide (CO) than for oxygen (O2).
That the ratio decreases to approximately 200 in hemoglobin1

emphasizes the specific role of the protein matrix. Nevertheless,
X-ray crystallographic studies having shown that carbonmon-
oxide hemoglobin (HbCO) and oxyhemoglobin (HbO2) maintain
identical quaternary structure,2,3 the origin of the affinity
difference has been thought to lie in the iron-ligand bond
geometry (ref 4 and articles therein, also ref 5), and more
recently, has been related to polar and steric effects in the heme
pocket.6,7 Indeed, the most recent literature deals with site-
directed mutagenesis studies which examine the role played by
proximal and distal histidine residues in hemoprotein affinity.
However, unequivocal evidence is still lacking,6,7 and the basis
for the affinity variations could be quite complex. Given the
influence of protein matrix on the CO/O2 affinity ratio, domains
remote from the heme pocket should also be involved in
determining the affinity of hemoglobin for its ligands, thus
implicating nonlocal events which have been ignored until now.

Therefore, we have searched for the repercussions on the whole
protein molecule brought about by the iron-ligand nature: O2

or CO. Possible differences in the molecular shapes of the two
hemoglobin derivatives in solution were investigated by neutron
scattering.8 Secondary structure variations were observed with
far-UV circular dichroism.9 Infrared spectroscopy of the amide
I′ band was employed to probe for hydrogen bond rearrange-
ments within protein,10 and changes in the electric field in the
protein matrix were explored by UV resonance Raman studies
of aromatic tyrosinyl (Tyr) and tryptophanyl (Trp) residues.11

Experimental Section

Samples. Human hemoglobin was extracted from red blood cells12

and then stripped on an AG-501 resin (Bio-Rad).13 H-D exchange
(for infrared and neutron scattering measurements) was achieved by
mixing 10 mL of 20 mM hemoglobin (concentration expressed on heme
basis) with 100 mL of D2O, followed by a vacuum concentration back
to 20 mM. This procedure was repeated three times. After a
centrifugation at 45 000 g, the protein solution was buffered (0.1 M
bis-Tris, pD or pH 7) and converted to deoxyhemoglobin (deoxyHb)
or HbCO by flowing pure N2 or CO gases over the HbO2 solution.
Complete ligation of CO or O2 or ligand loss (deoxy form) was checked
by optical absorption (450-650 nm) by using a cell with an 8µm
path length. Methemoglobin (metHb) was produced by adding
ferricyanide. Each of the techniques used in the present study requires
a particular protein concentration ranging between 0.4 and 9 mM. Over
this concentration domain, the tetramer molecule predominates, and it
was assessed that no aggregation occurs. Before and after experiments,
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samples were checked spectrophotometrically with a Varian or Beckman
UV-visible spectrophotometer. No evidence for photochemical dam-
age, iron oxidation, or protein denaturation was observed subsequent
to the experiments.
Neutron Scattering. A neutron beam (34.2 meV) was provided

by the nuclear reactor at Chalk River (Ontario, Canada). Neutron
scattering measurements were carried out at 20°C, in the high angle
region of the “small angle neutron scattering” (SANS) regime,14 where
information about the molecular shape can be obtained.8,15 SANS
protein data were corrected from the buffer signal and for the non-
uniformity of the detector response by normalization of the incoherent
scattering to that of a 5 mm thick D2O sample. Each measurement
was made on=9 mM of protein (150 mg/mL) with an acquisition time
of 8 h and a neutron wavelength ofλ ) 0.1533 nm.
Circular Dichroism. CD spectra were collected by using a Jobin

Yvon Mark V dichrograph over the 190 to 260 nm range that provides
a signal extremely sensitive to small secondary conformational distor-
tions.9 Pure dry N2 gas (12 L/min) was continuously flushed through
the apparatus. Each experiment was the average of five successive
scans (2-nm bandwidth) encoded with a 0.5-nm step. Each spectrum
(0.93 mM in heme) results from four independent experiments at 20
°C in a Hellma cell, with an 8-µm optical pathlength. Over the whole
wavelength domain investigated, the baseline drift was within 2-3%.
Hence, experimental optical activity variations larger than 6-7% must
be considered as significant. Data are expressed in term of molecular
ellipticity (deg‚cm2‚dmol-1).
Fourier Transform Infrared Spectroscopy. Infrared spectra were

recorded with either a 10 MX Nicolet or a Bomem Michelson 110
Fourier transform spectrophotometer equipped with a liquid-N2-cooled
HgCdTe detector. Samples (6 mM of protein at 20°C) were placed
in an infrared cell with CaF2 or BaF2 windows and a path length of 50
or 25 µm. Scan duration was optimized to get a good signal/noise
ratio without introducing band distortion that may arise from source
drifts. Solvent contribution was removed by subtracting the deuterated
buffer spectrum from that of the protein solution. This subtraction
(achieved over the 2000-1400 cm-1 wavenumber domain) yields a
flat baseline on the 2000-1750 cm-1 wavenumber domain. Data
treatment was performed with software developed in Ottawa,16 which
allows the contribution from the water vapor to be interactively
subtracted. The IR amide I′ band (the most useful for studying the
H-bond distribution within the protein10) was normalized in terms of
protein concentration by measuring directly the OD value in the visible
domain on the FTIR cell.
Band narrowing was achieved by Fourier self-deconvolution.17 The

second derivative of the spectrum was used to determine the number
and position of the different components.18 Amide I′ band contour
was described as the sum of these different components, and their
relative areas were assumed to be proportional to the amount of the
various types of structures.17,19

UV Raman Spectroscopy.The experimental setup is described in
ref 20. The UV resonance Raman (UVRR) signals of the protein
aromatic residues were acquired with a monochannel Jobin-Yvon HG2S
double monochromator working in the second order of the gratings
and a solar-blind photomultiplier. Spectral slit width was set to a
rather larger value, leading to a(3 cm-1 accuracy in the band position,
to allow a reasonable Raman signal to be analyzed while the laser
excitation energy was limited to the lowest possible value to be able
to reach a suitable Raman signal/noise ratio. The Raman excitation
light (223.6 nm) was provided by a Datachrom 5000 dye laser (100-
200 µJ per pulse) by using a Nd-YAG source (pulse duration 20 ns)
with a low repetition rate of 10 Hz.

The low laser energy minimizes the risks of generating photodamage
often induced by high-power UV pulsed excitation21 and producing
some photodeligated hemoglobin. To avoid the detection of a few
photodeligated hemoglobin molecules, the samples were continuously
stirred with a small magnet. This procedure brings down the low
probability for two successive photons to hit, during the same laser
pulse, the same hemoglobin molecule in the sample. Thus, any
photodeligated species produced during the time of the laser pulse is
unable to produce the Raman scattering effect. In the case of HbCO,
the sample was highly saturated with CO to accelerate the CO religation
of the small amount of deoxyHb photoproduct if any. The pulse
repetition rate being low enough, the hemoglobin CO religation is totally
finished before the arrival of another laser pulse. Therefore, the low
laser energy, the high CO concentration, and the low pulse repetition
rate are the dominant factors used to discard any transient deoxyHb
signal that can contaminate the Raman scattering spectra of the
photolabile HbCO species.
Each Raman spectrum (from 0.4 mM of protein) was averaged over

six scans, and normalized on the large water O-H stretching band
located around 3450 cm-1.

Results

SANS Measurements.Even in the absence of the structural
difference between HbO2 and HbCO in their crystal state, the
protein in an aqueous solution may exhibit different molecular
shapes depending on the iron-ligand nature. Possible changes
in the molecular dimensions have been sought by neutron
scattering measurements in the high angle region of the SANS
regime.14 In this region, coherent intensity scattered by the
macromolecules allows the protein to be described in terms of
spheroids of various shapes.8,14,15 Figure 1 presents the number
of counts of the coherent intensity scattered by the proteinVs
the scattering angle 2θ. To compare with results in the
literature, which are plotted as a function of the modulusQ of
the transfer wavevector,Q can be calculated from the neutron
wavelength (λ ) 0.1553 nm) and the scattering angle 2θ by
using the equation:
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Figure 1. Neutron scattering spectra of human deoxy- and oxyhemo-
globins in solution. Spectra of HbO2 and HbCO are identical. Models
assuming that the shape of the molecules can be described by a general
ellipsoid (open circles and crosses) are clearly better than those
corresponding to a spheroid (broken line). The semi-axes values
corresponding to the best fits are given in Table 1. Error bars are smaller
than the size of the dots. Experimental conditions are as follows: 0.1
M bis-Tris, pD 7; protein concentration 150 mg/mL; 20°C.
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A protein description in terms of an ellipsoid witha, b, andc
semiaxes was used to fit the coherent intensity scattered. The
figure shows that the side peak centered around 2.5° is more
pronounced in the case of a sphere (broken line), and decreases
on going to deoxyHb and then to HbO2. Semiaxes values are
displayed in Table 1. Data from X-ray crystallography22,23have
been given for comparison. The agreement is quite satisfactory.
Changes are only observed between the deoxy form and any
other form: HbO2 and HbCO exhibit identical molecular shapes.
Far-UV CD Measurements. Circular dichroism is ex-

tremely sensitive to small distortions:9 subtle rearrangements
in the secondary structure of HbO2 and HbCO were investigated
over the 190-260 nm UV CD domain. Figure 2 presents the
far-UV CD spectra of HbO2 and HbCO. Significant differences
occur in the 225-190 nm domain. The differential spectrum
(HbCO-HbO2) indicates that someâII turns24 are influenced
by the iron-ligand change. As crystallographic studies have
clearly shown that the number of turns is identical for both HbO2

and HbCO,2,3 the pattern of the differential UV CD signal (inset
of figure 2) points out that HbCO contains more constrained
turns than HbO2.
Infrared Amide I ′ Band Measurements. Since the iron-

CO ligation results in stiffer strains on turns, this should be
revealed in the infrared amide I′ band. Indeed, the shape,
intensity, and position of this band depend on the main chain
hydrogen bonds involving CdO and N-H peptide groups

evenly distributed within the protein.25 Figure 3 displays the
experimental and deconvoluted amide I′ band of HbO2, HbCO,
and Hb. From the shape of this band, it appears that the H-bond
network is rearranged subsequent to the iron-ligation change.
The energy distribution of the H bonds is less homogeneous in
HbO2 than in HbCO. Figure 3 also shows the second derivative
spectra of HbO2 and HbCO with the position of their various
structural components. The component located at 1672 cm-1

corresponds toâ-turn types I and II.10,26 The peak around 1635
cm-1 is most likely due to H bonds linking different helical
cylinders.10,27 Most probably, the component located around
1615-1619 cm-1 results from interactions between subunits,
these molecular interactions occurring between non-aggregated
molecules.28 To obtain more quantitative information, the area
of each component was calculated. Data confirm that the
R-helix (peak at 1654 cm-1), as expected, is the dominant
structure29 and that the helical content is not sensitive to the
iron-ligand nature. The HbCO/HbO2 ratio for each component
area can be used as an index for the rearrangement within the
H-bond lattice, which would occur subsequent to the iron-
ligand change. Table 2, which presents these HbCO/HbO2

ratios, clearly shows the change in the distribution of strains
over the intersubunit contacts and the chain-chain interactions,
as well as the tensions on the turns of the protein.
UVRR Measurements. UV resonance Raman spectra of

hemoglobin have been collected with respect to the nature of
the iron-ligand bond. Owing to their polarizability properties,
the aromatic amino acid residues of the protein exhibit Raman
line intensities and wavenumbers which are sensitive to
structural rearrangements, local variation of the dielectric
constant, and the electrostatic interactions within the protein
matrix.11,30,31 Figure 4 displays UVRR spectra of HbO2 and
HbCO. The pattern of the UVRR signal of the deoxyHb is
presented, for comparison, in the inset of the same Figure 4.
As expected, spectra are dominated by the vibrational contribu-
tions from Trp and Tyr residues20,31,32and essentially no heme
contribution. Trp residues contribute to the band around 762
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Table 1. Calculated Parameters of the Molecular Shape of Hemoglobin Derivativesa

sample a (Å) b (Å) c (Å) model vol (Å3) ø2

human Hb 26.6( 1.0 27.2( 1.0 32.7( 0.1 99100( 7800 1.19
horse deoxyHb* 26.5 26.5 35.5
human HbO2 29.9( 0.9 31.3( 1.1 24.2( 0.1 95700( 6000 2.19
horse HbO2* 27.5 32.0 25.0
human HbCO 29.7( 0.4 31.8( 0.5 24.1( 0.1 95300( 6500 0.94
human MetHb 29.9( 0.7 32.3( 0.9 24.4( 0.1 98700( 5500 3.06

aData (identified with an asterisk) from horse hemoglobin22,23are displayed for comparison between neutron scattering and X-ray cristallography
techniques. Calculations assuming oblate ellipsoids gaveø2 values better than those obtained from a model involving ellipsoids of revolution.

Figure 2. Iron-ligand effect on the far-UV CD spectrum of human
hemoglobin. Experimental spectra: solid line, HbO2; broken line,
HbCO. Inset: Spectrum of HbCOminusHbO2. The profile of this
difference spectrum is typical of aâ turn type II.∆Θ has the same
unit asΘ. Experimental conditions are as follows: 20°C; 0.1 M bis-
Tris, pH 7; protein concentration 0.93 mM; optical path length 8µm.

Q) 4πλ-1 sinθ

Table 2. Area Ratio HbCO/HbO2 of IR Amide I′ Band
Componentsa

components (cm1) 1615-1619 =1635 1654 1672
assignment subunits interaction helix-helix R-helix â-turn
HbCO/HbO2ratio 0.77 1.16 1 1.14

a Band intensities and widths were estimated from theø2 hypersur-
face.49 Error level= 3-5%.
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cm-1 (benzene and pyrrole in-phase ring breathing), the 1012
cm-1 band (benzene and pyrrole out-of-phase ring breathing),
the 1342-1372 cm-1 doublet (ν14 and pyrrole), and the bands

around 1462-1494 cm-1 (ν19a,b) and around 1564 cm-1

(naphtalene-like symmetric stretching), while Tyr residues
contribute mainly to the bands around 1182 cm-1 (ν9a) and
around 1617 cm-1 (ν8a).33 In going from O2 to CO, Trp
intensity contributions at 1564, 1012, and 762 cm-1 largely
decrease. Variations also occur in the Trp 1342-1372 and
1462-1494 cm-1 doublets. Another noticeable change is
observed in the 1182-1194 cm-1 Tyr doublet (ν9a, ν7a).
The intensity ratio between the 1372 and 1342 cm-1 bands

is thought to reflect the hydrophobicity around the indole ring
of Trp â37.34,35 Since this ratio is lower than one in HbO2 and
higher than one in HbCO, Trpâ37 should be considered to be
in a hydrophobic environment in HbCO, while it should be in
a more polar or hydrophilic environment in HbO2.36 By contrast
and despite the weak signal, given the higher intensity of the
peak around 870 cm-1 in HbO2 than in HbCO, it appears likely
that the indole N1H proton of Trpâ37 forms a stronger H bond
in HbO2 as compared to HbCO.34,37 This indicates that in both
ligated hemoglobin forms, the H bond linking Trpâ37 to Asp
R94 residues is not totally broken,38 but only highly reduced.
Since the Trp and Tyr residues are located far from the iron

binding site, their Raman signals cannot reflect directly the
structural organization of the heme-pocket domain. The Raman
spectral modifications should mainly reflect changes in electric
interactions inside the protein matrix. Indeed, with the 6 Trp
and 12 Tyr residues of the hemoglobin tetramer being distributed
at various distances from the iron sites, this should result in
Raman band broadening if the corresponding bands are primarily
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Spectrosc.1986, 42, 307-312.
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Figure 3. IR amide I′ band profiles of human hemoglobin. (Left, top): Spectra of (s) HbO2, (- - -) HbCO, and (- ‚ -) deoxyHb given for
comparison. (Left, bottom): deconvoluted spectra obtained by Fourier self-deconvolution by using a 25 cm-1 band width and a resolution enhancement
factor of 1.4. These deconvoluted spectra show the different components. (Right): Second derivative spectra of HbO2 (top) and HbCO (bottom).
The derivative was obtained by using a power of 3 and a breaking point of 0.3. The peak at 1950.6 cm-1 features the stretching band of CO bound
to iron. Amide I′ components range from 1672 to 1615 cm-1. The peaks at 1583 and 1546 cm-1 correspond to the amide II band. Experimental
conditions are as follows: protein concentration 6 mM; path length 25µm; 0.1 M bis-Tris, pD 7; 20°C.

Figure 4. Iron-ligand effect on the UVRR spectrum of human
hemoglobin: upper, HbCO; lower, HbO2. The spectra have been
vertically shifted for easier comparison between the two derivatives.
Inset: Spectrum of deoxyHb. Experimental conditions are as follows:
protein concentration 0.4 mM; 0.1 M bis-Tris, pH 7;λexc ) 223.6 nm;
3 °C. Spectra are normalized on the water O-H stretching band (3450
cm-1).
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altered by an electric field. This is actually observed. Thus,
to probe the electrostatic remodeling within the protein, Raman
spectra of HbCO were collected at four various pH values,
allowing the charge borne by the protein to vary fromZ ) 0 to
-6.1.39 The evolution of the Raman spectra (Figure 5) as a
function ofZ reflects the intra-protein electric array changes.39

A similar pH dependence has been previously reported for
HbO2

20 and for horse and sperm whale myoglobins.30,31 This
confirms that the particular electric field surrounding aromatic
residues in human hemoglobin depends both on the protein
charge and on the iron-ligand nature.

Discussion

From previous investigations, the difference in hemoglobin
affinity for O2 and CO was thought to only implicate iron-
ligand bond geometry (ref 4 and articles therein, also ref 5) or
the access of the ligand to the binding site.3 More recently,
emphasis has shifted to local polar constraints in the heme
pocket. This has restricted consideration to the steric hindrance
of the heme pocket and the residues located in close vicinity of
the iron as the relevant parameters for the affinity variations in
hemoglobin. Nevertheless, no correlation with the hemeprotein
affinity has been observed.6,7 The present work shows that the
whole protein matrix is largely involved in the modulation of
the hemoglobin affinity for its ligands. As expected the effects
are quite small; yet the fact that they are even discernible in
the FTIR, CD, and Raman data indicates that they are global.
The nature of the iron-ligand bond affects the repartition of

the strains over the entire protein and at the subunit interfaces.
If one assumes that the strength of these interactions is
proportional to their infrared band intensity, the quaternary
contacts inside the HbCO molecule will be weaker than those
in the HbO2 derivative. This agrees well with a previous
infrared study on theâ112 thiol,39which showed that interactions

at theR1â1 interface are stronger in HbO2 than in HbCO. In
addition, the small but discernible environment variation of the
Trp â37 suggests that the flexible joint region (R1FG-â2C
contact) of theR1â2 interface40 is also largely influenced by
the iron-ligand nature.38-41 Moreover, this work shows that
the protein H-bond network is sensitive to the nature of the
iron-ligand bond. The dipolar character of the H bonds is
certainly responsible for their sensitivity to the electric field
variation within the protein moiety. Thus, the totality of the
strains distributed over the protein matrix should depend on the
iron-ligand bond. Such an effect matches previous observa-
tions well: HbCO subunits exhibit stiffer H bonds than HbO2.39

Upon O2 ligand replacement by CO, electronic reorganization
of the heme occurs and should produce a set of electrostatic
interactions42 which differ from the previous one. Thus, each
iron-ligand bond should provide, without affecting the shape
of the tetramer molecule, a particular charge distribution within
the protein matrix. This hypothesis is well supported by
previous NMR investigations which had shown that the ioniza-
tion of several histidine residues (pK values) depends both on
their location and on the nature of the iron-ligand bond: O2
or CO.43 Recent NMR studies point out the importance of these
charges in the global electrostatic network of the protein.44NMR
data and this work display that, thanks to its charge array, the
entire protein matrix is involved in hemoglobin regulation
mechanisms. The efficiency of Coulombic and polar interac-
tions suggests that long-distance electrostatic couplings would
be prominent factors for ligand affinity. They are also certainly
responsible for the interactive properties of the hemoglobin
molecule.45 Tight electrostatic couplings between the heme-
ligand complex and the protein matrix42 should be responsible
for the setting of the unique pattern of strains which accompanies
the ligation change process. In this way, the whole matrix is
sensitive to the chemical nature of the iron-ligand bond.
The new insights of this work associated with high-resolution

NMR data reveal the surprising existence of connections
between all the regions of the protein, as well as the strategic
role played by the repartition of histidine residues in the multiple
pathways used for signal communication.46-48 This is one of
the better examples of the global role of the protein matrix for
its functional properties. Thus, long range electrostatic interac-
tions would promote the energy transduction throughout the
whole molecule. Accordingly, the conformational change,
which occurs when hemoglobin switches from the R to the T
form, can result from the very properties of the electrostatic
interaction, which fulfill every requirement for allowing optimal
energy transduction throughout the macromolecule.
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Figure 5. Protein charge effects on the UVRR spectrum of human
HbCO. The spectra have been vertically shifted for easier comparison.
Z, featuring the charge borne by the protein, is calculated from data in
ref 39. From bottom to top, the corresponding pH values are 6.2, 7.0,
7.8, and 8.6. Vertical lines feature the peak positions of HbCO at pH
7.0 as shown in Figure 4.
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