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A Proton Nuclear Magnetic Resonance Investigation of Histidyl Residues

in Sickle Hemoglobin'

Irina M. Russu and Chien Ho*

ABSTRACT: Using high-resolution proton nuclear magnetic
resonance spectroscopy at 250 MHz, we have determined the
individual pK values of 22 surface histidyl residues (11 per
af dimer) of sickle hemoglobin in both deoxy and carbon
monoxy forms. Seven histidyl residues in the deoxy form and
three in the carbon monoxy form are found to have pX values
and chemical shifts different from the corresponding ones in
human normal adult hemoglobin. Two of these histidyl res-
idues are the 52 histidine and the 3146 histidine, indicating
that the conformations of the amino- and carboxyl-terminal
regions of the 3 chain in sickle hemoglobin are altered com-
pared to those in human normal adult hemoglobin. The

Sickle hemoglobin (Hb S)! is a genetic variant of the human
normal adult hemoglobin (Hb A) in which the valyl residue
at the sixth position of the 8 chain replaces the normally
occuring glutamyl residue (Ingram, 1956). In the deoxy-
genated state and under certain experimental conditions, Hb
S molecules can polymerize in solution as well as inside the
red blood cells. The polymerization of deoxy-Hb S is believed
to be the main pathogenic process in patients with sickle cell
anemia. Extensive research carried out during the last decade
has provided a large amount of information on the molecular
and cellular properties of Hb S and of its polymerization
process [for a review, see Dean & Schechter (1978a-c)].
However, the detailed molecular mechanism of the polymer-
ization process is not yet fully understood. At the molecular
level, one current problem of great significance is the existence
or nonexistence of conformational differences between the Hb
S and Hb A. X-ray diffraction studies of crystals of Hb S
have revealed the structures of the Hb S and Hb A molecules
to be similar in both the oxy and deoxy forms (Perutz et al.,
1951; Wishner et al., 1975, 1976; Love et al., 1978). Fur-
thermore, the proton nuclear magnetic resonance (NMR)
studies of Hb S carried out previously in our laboratory have
demonstrated that in solution the environments of the hemes
as well as the o8, and «,8, subunit interfaces in the Hb S
molecule are the same as those in Hb A (Fung et al., 1975).
The absence of a large change in the conformations of these
key regions in the Hb S molecule as compared to those of Hb
A provides a structural basis for the intrinsic similarities be-
tween these two molecules in the oxygen affinities (Allen &
Wyman, 1954; Charache et al., 1970), the ligand binding
kinetics (Pennelly & Noble, 1978), and the subunit dissociation
kinetics (Ip et al., 1976).

In spite of the absence of gross alterations in these func-
tionally crucial regions of Hb S, several other experimental
studies have revealed that differences in the surface confor-
mations between the Hb S and Hb A molecules do exist under
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differences in the pK values of the additional surface histidyl
residues between sickle and normal hemoglobins suggest that
the effect of the amino acid substitution at the sixth position
of the § chain in sickle hemoglobin, namely, glutamic acid
replaced by valine, is not restricted to the region around the
mutation site but can extend to other regions in the protein
molecule. In the deoxy form, the histidyl residues of sickle
hemoglobin that have altered pK values and chemical shifts
compared to the corresponding ones in human normal adult
hemoglobin have been found to be sensitive to the early stages
of the polymerization process [Russu, I. M., & Ho, C. (1980)
Proc. Natl. Acad. Sci. US.A. 77, 6577-6581].

certain experimental conditions. Fronticelli (1978) has found
that the circular dichroism in the Soret region of Hb S solution
differs from that of Hb A, in the carbon monoxy form, whereas
in the oxy and deoxy forms, no differences are present as
reported by Li & Johnson (1969). On the basis of these
results, Fronticelli (1978) has suggested that there is a change
in the local conformation of 515 Trp in Hb S compared to that
in Hb A. Schechter and co-workers (Young et al., 1975; Curd
et al., 1976) have purified several antibodies that bind to Hb
S but not to Hb A. This specificity appears to be localized
at the valine substitution at the 86 position, suggesting the
existence of a conformational difference between Hb S and
Hb A in the amino-terminal region of the § chain. Further
support for the existence of alterations in the surface con-
formation of the Hb S molecule has been provided by the
abnormal rates of precipitation during mechanical shaking for
Hb S solutions in the ligated forms [reported by Asakura et
al. (1974)].

Previous research carried out in our laboratory has dem-
onstrated that high-resolution 'H NMR spectroscopy repre-
sents a unique experimental technique to monitor the differ-
ences in the surface conformations between Hb S and Hb A.
Of special interest to this work are the histidyl residues situated
on the surface of the Hb molecule. The protons of these His
residues give rise to resonances that are well resolved and
separated from other resonances in the 'H NMR spectrum
of Hb. As previously shown in our laboratory, one can monitor
and compare the environment and the conformation of indi-
vidual His residues in Hb S and Hb A over a wide range of
experimental conditions by 'H NMR spectroscopy. Fung et
al. (1975) have found that the 'H resonances of several of these
His residues are shifted upfield in the "H NMR spectra of Hb
S compared to those of Hb A, in both the deoxy and ligated
forms, under certain conditions of pH and ionic strength. Ho
et al. (1976) have suggested that these spectral changes ori-
ginate from small differences between Hb S and Hb A in the

! Abbreviations: Hb S, sickle hemoglobin; Hb A, human normal adult
hemoglobin; HbCO, (carbon monoxy)hemoglobin; NMR, nuclear mag-
netic resonance; ppm, parts per million; Bis-Tris, [bis(2-hydroxyethyl)-
amino]tris(hydroxymethyl)methane; Tris, tris(hydroxymethyl)amino-
methane; 2,3-DPG, 2,3-diphosphoglycerate; IHP, inositol hexaphosphate.
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FIGURE 1: 250-MHz 'H NMR spectra of 10% deoxy-Hb S and deoxy-Hb A in 0.1 M Bis-Tris buffer at 27 °C.

pK values of at least three His residues in the deoxy form and
at least two in the carbon monoxy form. Furthermore, they
have found that these differences, as well as the spectral
pattern of the 'H resonances of the histidyl residues, are de-
pendent specifically upon the factors known to affect the ge-
lation properties of Hb S, such as the concentrations of 2,3-
diphosphoglycerate (2,3-DPG) and of Hb. On the basis of
these results, Ho et al. (1976) have concluded that Hb S has
a unique localized surface conformation.

In view of these previous findings, we have carried out a
detailed 'H NMR titration of the surface His residues in Hb
S, in both the deoxy and carbon monoxy forms, under a given
set of experimental conditions: 10% Hb solutions in the
presence of 0.1 M [bis(2-hydroxyethyl)amino]tris(hydroxy-
methyl)methane (Bis-Tris) or 0.1 M tris(hydroxymethyl)-
aminomethane (Tris) with chloride ion concentrations ranging
from 5 to 60 mM at 27 °C. The rationale for choosing these
experimental conditions is that, under these experimental
conditions, the largest number of distinct proton resonances
of the histidyl residues can be observed in the 'H NMR spectra
of Hb A and Hb S, in both the deoxy and carbon monoxy
forms. A preliminary account of this work has been published
elsewhere (Ho & Russu, 1978).

Experimental Procedures

Materials. Hb A was prepared by the standard procedure
from fresh blood samples obtained from the local blood bank
(Lindstrom & Ho, 1972). Hb S was isolated and purified from
blood samples of homozygous (SS) or heterozygous (AS)
donors provided by the Sickle Cell Society, Inc. The red blood
cells were washed and lysed by the same procedure as that used
for the normal blood (Drabkin, 1946). Hb S was purified from
the hemolysate by cation-exchange chromatography on a
Bio-Rex 70 column (200-400 mesh, sodium form, Bio-Rad)
equilibrated with 0.05 M sodium phosphate buffer at pH 7.2.
The purity of the Hb S preparation was checked by cellu-
lose—acetate strip electrophoresis. The organic phosphates were
removed by passing the Hb solutions through a Sephadex G-25
column equilibrated with 0.01 M Tris-HCl in the presence of
0.1 M NacCl buffer at pH 7.6 (Berman et al., 1971). All the
Hb solutions used in the present work were exchanged 4 times
with D,O (99.8% deuterium content, Bio-Rad) in order to
suppress the intense water proton resonance in the 'H NMR
spectra. Hb samples in 0.1 M Bis-Tris or 0.1 M Tris were
prepared as described in the preceding paper (Russu et al.,

1982). The deoxygenation of the Hb samples was carried out
as described previously (Lindstrom & Ho, 1972).

Methods. High-resolution 'H NMR spectra were obtained
on the MPC-HF 250-MHz superconducting spectrometer,
interfaced with a Sigma 5 computer, by the technique of NMR
correlation spectroscopy (Dadok & Sprecher, 1974). The
spectrometer settings were the same as those described in the
preceding paper (Russu et al., 1982). The proton chemical
shifts are expressed as parts per million (ppm) relative to the
residual water proton resonance. The chemical shift scale is
presently defined as positive in the low-field direction.? The
accuracy of the chemical shift measurement is £0.02 ppm.

The proton chemical shifts, 8, of the histidine resonances
were fitted individually as a function of pH to the following
equation for a simple proton dissociation equilibrium of a single
ionizable group (Markley, 1975):

§ = (§*[H*] + °K) /([H*] + K) M
where [H™*] is the concentration of hydrogen ions, K is the
proton dissociation equilibrium of the His residue, and §* and
80 are the proton chemical shifts in the protonated and un-
protonated forms of the His residue, respectively. The chem-

ical shifts of the His C2 proton resonances were also fitted as
a function of pH to the following equation (Markley, 1975):

§ = (§*[H*]" + 0°k™) /([H*]" + K7) (2)
where 7 is the titration coefficient for the '"H NMR titration
of the His residue and the rest of the symbols have the same
meaning as those in eq 1. The nonlinear least-squares program
NLIN in the computer center at the University of Pittsburgh
has been used for both these analyses of the 'H NMR data.
For details, refer to the preceding paper (Russu et al., 1982).

Results

We have monitored the aromatic proton resonance region
(1.5-5.0 ppm downfield from HDO) of 10% Hb S solutions

2 In conforming with the recommendation for the presentation of
NMR data for publication in chemical journals proposed by JTUPAC
(1974), we have adopted the IUPAC convention, namely, the chemical
shift scale is defined as positive in the low-field (or high-frequency)
direction. This convention is different from that used by this laboratory
prior to 1980. Previously, we had used the negative sign to indicate that
the chemical shift of a given resonance is downfield from the proton
resonance of the residual water (HDO). Hence, this change in the sign
of the chemical shift scale should be noted when referring to earlier
publications reported by this laboratory.
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FIGURE 2; 250-MHz '"H NMR spectra of 10% HbCO S and HbCO
A in 0.1 M Bis-Tris buffer at 27 °C.

in 0.1 M Bis-Tris or 0.1 M Tris buffer, in both deoxy and
carbon monoxy forms, as a function of pH over the pH range
from 5.0 t0 9.5. Several representative 'H NMR spectra of
Hb S in the deoxy and the carbon monoxy forms are shown
in Figures 1 and 2, respectively, in comparison with the cor-
responding ones of Hb A. In the pH range examined, the same
aromatic proton resonances are observed in the 'H NMR
spectra of Hb S as in those of Hb A. They are labeled from
1 to 18 in the 'H NMR spectra of deoxy-Hb A and deoxy-Hb
S and from A to V for HbCO A and HbCO S. In the deoxy
form, the resonances labeled 3 and 12 are assigned to the C2
and C4 protons of 5146 His, respectively; the resonances la-
beled 10 and 17 are assigned to the C2 and C4 protons of 52
His, respectively; the resonance labeled 9 is tentatively assigned
to the C2 proton of 8143 His. In the carbon monoxy form,
the resonances labeled G and S are assigned to the C2 and
C4 protons of 52 His, respectively, and the resonance labeled
C is assigned to the C2 proton of 3146 His. These spectral
assignments are described in detail in the preceding paper
(Russu et al., 1982).

By following the chemical shifts of each of these aromatic
proton resonances of deoxy-Hb S and HbCO S as a function
of pH, we have found that most of them have 'H NMR ti-
tration curves that are identical to those found in Hb A. For
illustration of this finding, Figure 3 shows the experimental
data (X) for the titration of the resonance labeled E in HbCO
S in comparison with titration curve previously found for
resonance E in HbCO A (—-). One can see that, in Hb S,
the '"H NMR titration of this resonance follows exactly that
found in Hb A. Nevertheless, there are several aromatic
proton resonances of Hb S in both deoxy and CO forms that
show small but consistent titration differences from the cor-
responding ones in Hb A as shown below.

Figure 4 summarizes the results for the histidine resonances
that show differences in the 'H NMR titration between de-
oxy-Hb S and deoxy-Hb A. These resonances are labeled as
follows: 2 (Figure 4A); 3, assigned to 8146 His C2 proton
(Figure 4B); 4 (Figure 4C); 5 (Figure 4D); 6 (Figure 4E); 10,
assigned to 52 His C2 proton (Figure 4F); 12, assigned to 3146
His C4 proton (Figure 4G); 13 (Figure 4H); 18 (Figure 4I).
In addition to the differences in the 'H NMR titration of these
aromatic proton resonances, we have also found that, in de-
oxy-Hb S in the pH range between 7.1 and 7.6, the resonance
labeled 4 resolved into two resonances, which we labeled 4 and
4’ (Figure 1). Both these resonances are shifted upfield in the
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FIGURE 3: 'H NMR titration of resonance labeled E in 10% HbCO
in 0.1 M Bis-Tris buffer at 27 °C: (X) experimental points in HbCO
S; (dashed line) fitted titration curve in HbCO A [taken from the
preceding paper (Russu et al., 1982)].

'H NMR spectrum of deoxy-Hb S as compared to their
positions in the spectrum of deoxy-Hb A. This result is
presented in Figure 4C where the experimental points for the
'H NMR titration of resonance 4’ are shown with a different
symbol, when different from those of resonance 4 [(O) for 4
and (X) for 4].

In the carbon monoxy form, there are three aromatic proton
resonances in Hb S that are consistently shifted upfield relative
to their positions in the spectrum of Hb A. These resonances
are resonance C, assigned to the 3146 His C2 proton, reso-
nance F, and resonance G, assigned to the 32 His C2 proton.
The '"H NMR titration of these three resonances in HbCO
S is presented in Figure SA—C in comparison with the titration
curves obtained for the same resonances in HbCO A.

The results of the fitting of the chemical shifts vs. pH to
eq 1 for the aromatic proton resonances in the 'H NMR
spectra of deoxy-Hb S and HbCO S are given in Tables I and
IT, respectively. For comparison, these tables also include the
corresponding results reported in the preceding paper for the
aromatic proton resonances of deoxy-Hb A and HbCO A,
respectively.

Discussion

We have previously shown that from the 18 aromatic proton
resonances that can be resolved in the 'H NMR spectrum of
deoxy-Hb, the resonances labeled 1-10 originate from the C2
protons of His residues, whereas those labeled 12, 13, 17, and
18 originate from the C4 protons of His residues (Russu et
al., 1982). Similarly, in the '"H NMR spectrum of HbCO,
the aromatic proton resonances labeled A-K originate from
His C2 protons and those labeled L~V from His C4 protons.
Furthermore, it is most likely that the His residues responsible
for these 'H NMR resonances are situated, in both deoxy and
ligated states, on the surface of the Hb molecule (Russu et
al., 1982).

In the present work, we have found that seven surface His
C2 proton resonances and three surface His C4 proton reso-
nances in deoxy-Hb S and three surface His C2 proton reso-
nances in HbCO S have pK values and intrinsic chemical shifts
(6% and 8°) that are different from the corresponding ones in
Hb A. These results confirm the previous findings of our
laboratory that at least three His residues in deoxy-Hb S and
at least two His residues in HbCO S have pK values that are
different from the corresponding ones in Hb A (Ho et al.,
1976). Among the resonances showing differences between
Hb S and Hb A, resonances 10 and G in the 'H NMR spectra
of deoxy and HbCO, respectively, originate from the C2
protons of the 82 His residues. The 82 His residues are sit-
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FIGURE 4 'H NMR titration of histidine resonances in 10% deoxy-Hb S in 0.1 M Bis-Tris buffer at 27 °C: (A) resonance labeled 2; (B)
resonance labeled 3 (8146 His C2 proton); (C) resonances labeled 4 and 4’; (D) resonance labeled 5; (E) resonance labeled 6; (F) resonance
labeled 10 (82 His C2 proton); (G) resonance labeled 12 (8146 His C4 proton); (H) resonance labeled 13; (I) resonance labeled 18. Symbols
used were the following: (X) experimental points in deoxy-Hb S and (o) in C, experimental points for resonance labeled 4’. Solid lines are
experimental titration curves in deoxy-Hb S and dashed lines are experimental titration curves in deoxy-Hb A [taken from the preceding paper
(Russu et al., 1982)]. The titration curves were obtained by fitting the corresponding experimental data to eq 1 for the resonances labeled
2-4, 6, 10, 12, 13, and 18 and to eq 2 for the resonance labeled 5.

Table I: 'H NMR Titration of Histidyl Residues in Deoxy-Hb S and Deoxy-Hb A, 10% Solutions in 0.1 M Bis-Tris and/or 0.1 M
Tris Buffer at 27 °C9

deoxy-Hb S deoxy-Hb A
resonance no. pK 5t 8° pK 5* 8°
1 8.00 : 0.04 3.95 £ 0.01 3.01 £ 0.02 8.07 £ 0.04 3.95:0.01 2.97 + 0.02
2 7.19 £ 0.02 4.00 £ 0.01 3.00 £ 0.01 7.28 £ 0.02 3.98 + 0.01 2.97 £ 0.01
3 (146 C2) 7.70 £ 0.04 3.86 + 0.01 3.03 £ 0.02 7.98 = 0.02 3.86 + 0.01 2.90 £ 0.02
4 7.07 £ 0.02 3.79 £ 0.01 2.92+0.01
4 7.04 + 0.03 3.80 £ 0.01 292 + 0.01 7.20+ 0.03 3.78 + 0.01 2.90 £ 0.01
5 7.62 £ 0.04 3.65 £ 0.02 2.84 £ 0.02 7.76 £ 0.04 3.64 £ 0.01 2.81+0.02
6 7.01 +0.03 3.76 £ 0.01 279+ 0.01 7.10 £ 0.03 3.74 £ 0.03 2.76 + 0.01
7 7.05 £ 0.05 3.52+0.02 2.74 £ 0.02 7.07 = 0.06 3.55:0.02 2.72 £ 0.02
8 6.62 £ 0.05 3.63 £ 0.02 2.83 £ 0.01 6.71 + 0.06 3.63 £ 0.03 2.82 +0.02
9 (8143 C2) 6.71 = 0.06 3.56 + 0.03 2.63 £ 0.02 6.82 £ 0.07 3.56 £ 0.03 2.60 + 0.02
10 (82 C2) 6.22 + 0.04 3.83+0.03 2.84 + 0.01 6.35 + 0.04 3.76 £ 0.02 2.84 1 0.01
12 (8146 C4) 7.73 £ 0.08 2.78 £ 0.01 2.46 + 0.01 8.03 : 0.06 2.78 + 0.01 2.40 + 0.01
13 7.23 + 0.06 2.83 £ 0.01 2.40 £ 0.01 7.49 = 0.05 2.81 £0.01 2.36 + 0.01
17 (82 C4) 6.21 + 0.05 2.51 £ 0.02 2.11 £ 0.01 6.31 = 0.05 2.50=:0.01 2.10 £ 0.01
18 6.81 = 0.07 2.09 + 0.02 1.65 £ 0.01 7.24 + 0.05 1.99 £ 0.01 1.60  0.01
%Nonlinear least-squares fitting of the experimental data to eq 1. The results for deoxy-Hb A are reproduced from the preceding paper

(Russu et al., 1982).

uated in close proximity to the 86 mutation sites in the Hb is supported by our longitudinal relaxation rate (7,"!) mea-
S molecule. Therefore, the difference in their pK values be- surements of the His residues in deoxy-Hb S and deoxy-Hb
tween Hb S and Hb A indicates the existence of a change in A (Russu & Ho, 1980). We have found that, under certain
the conformation of the region around the mutation site in the experimental conditions where the extent of pregelation ag-

Hb S molecule in both deoxy and CO states. This conclusion gregation in the Hb S solutions is negligible, the C2 protons
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Table II: ' H NMR Titration of Histidyl Residues in HbCO S and HbCO A, 10% Solutions in 0.1 M Bis-Tris and/or 0.1 M

Tris Buffer at 27 °C¢

Hb S Hb A
resonance pK 5* 5° pK ot 5°
A 7.83 £0.03 3.85+0.01 2.90 £ 0.02 7.87 £ 0.02 3.86 + 0.01 2.88 £ 0.01
B 7.36 £ 0.03 3.92+0.01 2.92 £ 0.01 7.42 £ 0.03 3.92 £ 0.01 2.88 + 0.01
C (8146 C2) 7.76  0.04 3.76 £ 0.01 2.91 £ 0.01 7.85 £ 0.03 3.77 £ 0.01 2.90+0.02
D 7.60 £ 0.04 3.77 £ 0.02 2.82 + 0.02 7.65 £ 0.02 3.78 £ 0.01 2.80 + 0.01
E 7.12 £ 0.03 3.80 + 0.01 2.85 £ 0.01 7.15 + 0.02 3.80 = 0.01 2.85+0.01
F 6.91 £ 0.03 3.84 + 0.01 2.85 +0.01 7.00 = 0.03 3.84 + 0.01 2.85 £ 0.01
G (62 C2) 6.39 £ 0.02 3.75 £ 0.02 2.84 + 0.01 6.53+0.02 3.77 £ 0.01 2.85 £ 0.01
I 6.71 £ 0.04 3.65 +0.03 2.72 £ 0.01 6.65 = 0.03 3.70 £ 0.02 2.72 £ 0.01
J 6.84 + 0.04 3.42 £ 0.02 2.68 £ 0.01 6.81+0.03 345:0.01 2.68 + 0.01
H 6.26 = 0.07 3.83+ 0.06 3.05 £ 0.01 6.20 = 0.05 3.88 + 0.05 3.06 £ 0.01
K 6.78 = 0.07 3.39 £ 0.03 2.67 £ 0.01 6.76 £ 0.06 3.42 £ 0.03 2.67 £ 0.01
M 7.32 £ 0.05 2.81 £ 0.01 2.39 £ 0.01 7.38 + 0.05 2.81 £ 0.01 2.36 £+ 0.01
P 7.13 £ 0.05 2.60 = 0.01 2.12 £ 0.01 7.13 + 0.06 2.61 £ 0.01 2.11+0.01
R 6.90 + 0.08 2.46 + 0.01 2.10 + 0.01 6.99 + 0.05 2.47 £ 0.01 2.10: 0.01
S (82 C4) 6.56 + 0.07 2.42 + 0.02 2.08 £ 0.01 6.68 = 0.05 2.43+0.01 2.09 = 0.01
T 6.47 + 0.09 2.39 £ 0.02 2.07 £ 0.01 6.50 + 0.06 2.41 £ 0.01 2.04 + 0.01

%Nonlinear least-squares fitting of the experimental data to eq 1. The results for HbCO A are reproduced from the preceding paper (Russu

et al., 1982).

of the 32 His residues in deoxy-Hb S have a T, value about
3 times larger than that in deoxy-Hb A. We have previously
suggested that this difference between Hb S and Hb A in the
T,7! value of 82 His C2 protons could reflect an intrinsic
change in the distances between 82 His and 81 Val and 83
Leu in the deoxy-Hb S molecule as compared to deoxy-Hb
A. The existence of a conformational change of the amino-
terminal region of the 8 chain in Hb S has also been inferred
from the functional studies carried out by Ueda et al. (1978)
and by Elbaum & Nagel (1981). Ueda et al. (1978) have
found that 2,3-DPG and inositol hexaphosphate (IHP) lower
the oxygen affinity of Hb S less than that of Hb A and that
2,3-DPG is displaced by CO, from the 8 chain of Hb S more
readily than from the normal 8 chain. Since 2,3-DPG binds
in the central cavity of the Hb molecule (Arnone, 1972), these
findings have been interpreted as reflecting a conformational
change in the amino-terminal region of the 8 chain in de-
oxy-Hb S compared to that in deoxy-Hb A. Elbaum & Nagel
(1981) have found that the rate of hydrolysis of p-nitrophenyl
acetate in the presence of oxy-Hb S is about 2 times slower
than that in the presence of oxy-Hb A. They have shown that
this effect originates, very likely, from subtle conformational
differences between oxy-Hb S and oxy-Hb A involving the 52
His residues and/or the amino acid residues situated in their
vicinity. More recently, X-ray crystallography results on Hb
S also suggest that the amino-terminal region of the 8 chain
in deoxy-Hb S (in particular the A helix) is different from that
in deoxy-Hb A (W. E. Love, personal communication). Our
present 'H NMR results are consistent with these findings,
suggesting that the structural basis for these effects consists
of a difference in the electrostatic microenvironments of the
32 His residues between Hb A and Hb S in both deoxy and
CO forms.

In the present work, we have also found that the pX values
of the 8146 His residues in Hb S, in both deoxy and ligated
forms, differ from those in Hb A (Tables I and II). In the
deoxy form, both C2 and C4 protons of 8146 His (resonances
labeled 3 and 12) give a pK value for 3146 His in Hb S that
is ~0.28 pH unit lower than that in Hb A. Furthermore, in
deoxy-Hb S, both C2 and C4 proton resonances of 8146 His
in the unprotonated form are shifted downfield relative to their
positions in deoxy-Hb A (8° in Table I). According to the
X-ray structure of deoxy-Hb A (Fermi, 1975), the 8146 His
residue from one {8 chain is situated within ~12 A of the 86

site on the adjacent 8 chain. Given this spatial proximity, the
differences between Hb S and Hb A in the 'H NMR titration
parameters of 8146 His could reflect a direct effect of the
amino acid substitution at the 86 position on the electrostatic
microenvironment of 3146 His in the Hb S molecule. It should
be pointed out that the difference in the pK values of 3146
His between Hb S and Hb A, in both deoxy and CO forms,
is not expected to produce a significant difference in the Bohr
effect between these two hemoglobins. We have previously
shown that, under the experimental conditions used in the
present study, the 3146 His residues do not contribute sig-
nificantly to the alkaline Bohr effect of Hb A (Russu et al.,
1980).

In addition to the conformational change around the mu-
tation site, the present 'H NMR results indicate that, in the
deoxy-Hb S molecule, there are several other regions where
the conformations and/or the environments are altered com-
pared to the corresponding one in Hb A. This conclusion is
based on the differences between deoxy-Hb S and deoxy-Hb
A found in the present work for the resonances labeled 2, 4,
4,5,6,13, and 18 (Figure 4 and Table I). The origin of these
histidine resonances is not yet known. However, the X-ray
structure of deoxy-Hb A (Fermi, 1975) indicates that 13 out
of the 19 His residues per a8 dimer of Hb are situated on the
surface of the molecule. For these 13 surface His residues all
but 82 His, $143 His, and 8146 His are located away from
the 86 position. Therefore, the additional His resonances for
which differences in the !H NMR titration are detected in
deoxy-Hb S compared with deoxy-Hb A should all originate
from regions of the Hb S molecule other than that around the
mutation site. Five of these resonances (namely, resonances
labeled 2, 4, 4/, 5, and 6) are surface His C2 proton resonances.
Thus, we could suggest that, in addition to the region around
the mutation site, there are at least five other areas on the
surface of the deoxy-Hb S molecule where the conformations
and/or the electrostatic environments differ from the corre-
sponding ones in deoxy-Hb A. The difference in the 'H NMR
titration of the His C4 proton resonance labeled 13 between
Hb A and Hb S is more difficult to interpret since, as explained
in the preceding paper (Russu et al., 1982), the NMR titration
of the resonance labeled 13 probably reflects the average
titration of several surface His C4 protons. Thus, the observed
difference in deoxy-Hb S may not reflect a conformational
change in a specific region on the surface of the Hb S molecule.
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2.90)

2701

C. B2 His-C2 Proton
410~
390
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Chemical Shift {ppm)

290

2.70

FIGURE 5: 'H NMR titration of histidine resonances in 10% HbCO
Sin 0.1 M Bis-Tris buffer at 27 °C: (A) resonance labeled C (8146
His C2 proton); (B) resonance labeled F; (C) resonance labeled G
(82 His C2 proton). (X) denotes the experimental points in HbCO
S; solid lines are experimental titration curves in HbCO S; dashed
lines are experimental titration curves in HbCO A [taken from the
preceding paper (Russu et al., 1982)]. The titrated curves were
obtained by fitting the corresponding experimental data to eq 1.

On the other hand, it is very likely that the His C4 proton
resonance labeled 18 could originate from a surface His residue
whose C2 proton is not observed in the present experiments
(Russu et al., 1982). If this is the case, the resonance 18 should
define an additional area on the surface of the Hb S molecule
where a conformational change occurs.

In the carbon monoxy form, we have found that the number
of His residues having different pK values in Hb S and Hb
A and the magnitude of these differences are greatly dimin-
ished. In addition to the 32 and 3146 His residues, only one
other His C2 proton resonance (namely, the resonance labeled
F) has a different pK value in HbCO S compared to that in
HbCO A (Figure 5 and Table II). These findings are con-
sistent with the proton binding data of Scholberg et al. (1980),
which show that the differential titration of HbCO S and
HbCO A deviates only slightly from that expected for the 36
Val — Glu substitution. Our present 'H NMR results suggest
that the extent of the conformational changes induced by the
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amino acid substitution in HbCO S is reduced relative to those
in the deoxy form. This suggestion is also consistent with the
absence of gelation in ligated Hb S solutions.

The exact nature of the conformational differences observed
in this work between Hb S and Hb A is not yet fully under-
stood. At present, it is clear that these changes modify the
electrostatic microenvironment as well as the magnetic
shielding of specific His C2 protons on the surface of the Hb
S molecule. For most of the His residues observed in the
present work, these alterations in the electrostatic and magnetic
environments are present over the entire pH range investigated
(Figures 4 and 5). However, for several His C2 proton res-
onances in deoxy-Hb S, the deviations of the 'H NMR ti-
tration curves from those in deoxy-Hb A appear to occur over
specific pH ranges. For instance, the experimental data
presented in Figure 4B show that, for pH values lower than
7 and higher than 8, the !H NMR titration of the 3146 His
C2 proton in deoxy-Hb S follows quite closely that in de-
oxy-Hb A whereas, in the pH range from 7 to 8, the 3146 His
C2 proton in deoxy-Hb S is consistently shifted upfield from
its position in deoxy-Hb A. This finding suggests that the
difference in the pK value of 3146 His between deoxy-Hb S
and deoxy-Hb A originates from a specific change in the
microenvironment of 3146 His over the pH range from 7 to
8. Another example of this kind of pH-dependent change is
provided by the 'H NMR titration of the resonance labeled
4’.  As shown in Figure 4C, in deoxy-Hb S, resonance 4’
titrates separately from resonance 4 over the pH range from
7.1to 7.6. However, the pK values and the intrinsic chemical
shifts of resonances 4 and 4’ in deoxy-Hb S are, within ex-
perimental error, the same (Table I). Therefore, the separate
"H NMR titration of resonance 4’ in deoxy-Hb S very likely
reflects an additional specific change in the microenvironment
of the corresponding His residue over the pH range from 7.1
to 7.6. These two findings suggest that in deoxy-Hb S, there
are surface His residues whose local conformations and/or
environments are specifically altered from the corresponding
ones in deoxy-Hb A over pH ranges close to that inside the
red blood cells. Our present suggestion is consistent with the
findings of Bookchin et al. (1978), which show that, over the
specific pH range from 7.0 to 7.2, the oxygen affinity of sickle
cell blood is significantly different from that in normal blood.

Deviations of '"H NMR Titration of Histidyl Residues of
Hb S from Simple Proton Dissociation Equilibrium. As in
the case of Hb A, we have found that several histidyl residues
of Hb S have 'H NMR titration curves that deviate from that
predicted by a simple proton dissociation equilibrium of a
single ionizable group (eq 1). To quantitate these deviations,
we have also analyzed the experimental data for the eleven
His C2 proton resonances in deoxy and HbCO S in terms of
eq 2 for asymmetrical 'H NMR titration curves. The results
of this analysis are presented in Tables III and IV for de-
oxy-Hb S and HbCO S, respectively. The results of the same
analysis for the His C2 proton resonances of deoxy-Hb A and
HbCO A, reported in the preceding paper, are also included
for comparison. We have not carried out a similar analysis
for the His C4 proton resonances because, for these resonances,
the characterization of an asymmetrical titration curve is less
accurate due to their lower resolution and their smaller ti-
tration shift (6% — 89).

As presented in Table IV, the titration coefficients for the
'H NMR titration of the His C2 proton resonances of HbCO
S are, within the experimental error, the same as the corre-
sponding ones in HbCO A. This finding provides an additional
support for our suggestion that the 36 Glu — Val substitution
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Table III:
Tris Buffer at 27 °C®

!'H NMR Titrations of Histidyl Residues in Deoxy-Hb S and Deoxy-Hb A, 10% Solutions in 0.1 M Bis-Tris or 0.1 M

deoxy-Hb S deoxy-Hb A
resonance no. pK 5* 5° n pK 5* 8° n
1 8.10+£0.05 397:001 291:0.04 0.79£0.05 813:0.06 397:0.04 292:0.04 0.87:0.07
2 7.19£0.02 4.00:0.01 299:0.01 099+0.02 7.29+£0.02 4.00:0.01 295:0.01 0.91:0.04
3(8146C2) 7.76+0.05 390:0.01 294:0.03 074:0.05 796=0.05 3.88:0.01 2.91:0.03 0.80+0.05
4 7.07+£0.02 3.80:0.02 291002 0.95:0.06
& 7.04:0.04 379:0.02 293:002 103:008 21*003 381001 286:001 085:0.04
5 7.75+0.09 3.70:0.02 2.74:0.07 067=:0.07 792£0.05 3.70x0.01 2.65:+0.04 0.63:0.04
6 7.01+0.03 3.75 :002 2.79+0.02 1.00+0.07 7.10:0.03 379:0.01 272:0.01 0.81:0.04
7 7.03 £ 0.08 3.68 + 0.0 2.59+0.06 057009 7.02:0.08 3.76:0.06 2.54=0.05 0.48£0.06
8 6.59+0.07 3.68+0.0 281+0.02 075+0.10 6.63£0.09 3.77:0.07 273+0.03 0.59:0.08
9(8143C2) 6.53:0.07 3771006 256+ 002 064:0.06 6.61=0.07 3.84:0.06 247+003 0.52:0.04
10 (82 C2) 6.26+0.04 3.78:0.04 2.85:0.01 1.12:0.10 6.32:0.05 3.80:0.03 2.83:0.01 0.88:0.07
9Nonlinear least-squares fitting of the experimental data for the His C2 proton resonances to eq 2. The results for HbCO A are reproduced

from the preceding paper (Russu et al., 1982).

Table IV: 'H NMR Titration of Histidyl Residues in HbCO S and HbCO A, 10% Solutions in 0.1 M Bis-Tris or 0.1 M Tris Buffer at 27 °C®
HbCO S HbCO A
resonance pK 5t 8° n pK 8* 5° n
A 7.89 £ 0.04 3.88 £ 0.01 2.83+0.04 0.81+0.06 7.90 = 0.03 3.87 £ 0.01 2.84 £+ 0.02 0.87:0.05
B 7.83+0.03 3.94 £ 0.02 2.88+0.03 0.87 £0.07 7.42+0.02 3.96 :0.01 2.84 +0.02 0.83+0.04
C (8146 C2) 7.80 + 0.05 3.79 £ 0.01 2.86 £+ 0.03  0.83 £ 0.07 7.86 + 0.04 3.79 £ 0.01 2.84 £ 0.03 0.82:0.06
D 7.65+0.05 3.82:0.02 276:0.04 0.74:0.07 7.68:0.03 3.82:0.01 274002 0.82:0.05
E 7.11+0.03 3.84:0.02 282:002 085:006 7.14£0.03 3.86+0.02 2.81:0.01 0.81=+0.04
F 6.92 + 0.03 3.82 £ 0.02 2.86 = 0.01 1.01 + 0.07 6.99 £ 0.03 3.86 £ 0.02 2.84 £ 0.01 0.91 £ 0.05
G (82 C2) 6.45+0.04 3.76:0.04 284:001 097:0.07 649+0.03 3.80+0.03 2.84:001 0.91=+0.05
1 6.60+0.08 3.72:007 269002 076£0.08 6.59+0.05 3.74:0.04 270:0.01 0.85+0.06
if 679+0.07 347:004 266:002 0.83:0.10 6.78:0.03 348:0.02 2.66=0.01 0.86=0.05
K 595015 392:004 253:0.05 0.39:+0.09 622:0.18 3.87:+0.02 2.55:0.03 0.45=0.06

®Nonlinear least-squares fitting of the experimental data for the His C2 proton resonances to eq 2. The results for HbCO A are reproduced

from the preceding paper (Russu et al., 1982).

affects the conformation of the HbCO S molecule to a lesser
extent than that in the deoxy form. On the other hand, in
deoxy-Hb S, there are three His C2 proton resonances whose
titration coefficients differ from the corresponding ones in
deoxy-Hb A (Table III). These resonances are the 82 His C2
proton resonance and the resonances labeled 4’ and 6. In all
three cases, the corresponding titration coefficient is equal or
closer to unity than that in deoxy-Hb A. A titration coefficient
equal or close to unity corresponds to a simple proton disso-
ciation equilibrium of a single ionizable group (eq 1). A
deviation from unity of the titration coefficient can be inter-
preted as indicating the presence of one or more titratable
groups in the vicinity of the His residue being observed
(Markley, 1975). These neighboring titratable groups can
influence the '"H NMR titration of the His residue by changing
the pK value of the His residue and/or the intrinsic chemical
shifts of the His C2 proton resonance (Shrager et al., 1972).
On the basis of these general trends, one could suggest that,
in deoxy-Hb S, the His residues whose resonances are labeled
4/, 6, and 10 (82 His) change their positions relative to their
neighboring titratable groups such that the corresponding
mutual electrostatic interactions are attenuated or cancelled
out. Such changes in the positions of the neighboring titratable
groups could also be responsible for the lower pX values of
these His residues in deoxy-Hb S compared to those in de-
oxy-Hb A.

The differences in the titration of the several surface His
residues observed here between Hb S and Hb A should be
interpreted with caution when attempting to correlate them
with the Bohr effect of Hb S. As we have discussed here and
in the preceding paper, the 'H NMR titration of a His residue
in Hb could reflect the influence of the neighboring titratable

groups on both the pK value of the His residue and the intrinsic
chemical shift of the His C2 proton resonance. Furthermore,
as shown in the present study, in the case of Hb S, the 'H
NMR titration of several His C2 proton resonances appears
to be influenced by additional changes in the microenvironment
of the corresponding His residues and these changes occur over
specific pH ranges. As a result, the relationship between the
'H NMR titration curves observed in the present work and
the corresponding fractions of charged or uncharged His
residues is, at present, more difficult to ascertain in Hb S than
in the case of Hb A.

Conclusions

The present 'H NMR results clearly indicate that there are
specific differences in the surface conformation of the Hb S
molecule compared to that of the Hb A molecule. These
alterations in conformation, although very small, appear to
be localized in specific areas on the surface of the Hb S
molecule, and they are enhanced in the deoxy form relative
to the CO form. The exact molecular origin of these changes
is not yet fully understood. However, our present results
clearly show that 'H NMR spectroscopy can be used suc-
cessfully to detect the areas on the surface of the Hb S
molecule where the conformation and/or environment are
altered relative to those in Hb A in the solution state. Ac-
cording to the X-ray structure of the deoxy-Hb S molecule
(Love et al., 1978), several surface His residues (such as 20,
ads, a72, all2, 82, 877, 897, B116, 3117, and B146) are
situated close to the residues previously found to affect the
polymerization of Hb S. This fact suggests that at least some
of the His residues of Hb S for which differences in the pK
values are observed in the present work could be situated at
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or close to the surface areas involved in the polymerization
process. This suggestion is strongly supported by our T,
measurements of the surface His C2 protons in deoxy-Hb S
and deoxy-Hb A (Russu & Ho, 1980). We have found that
the seven His residues whose pK values are different between
deoxy-Hb S and deoxy-Hb A (e.g., 82 His, 8146 His, and the
His residues whose 'H NMR resonances are labeled here 2,
4, 4', 5, and 6) also have larger T,™! values in deoxy-Hb S
compared to those in deoxy-Hb A. Furthermore, the differ-
ences in the T,7! values of these His residues between de-
oxy-Hb S and deoxy-Hb A are enhanced when the deoxy-Hb
S solutions approach gelation by increasing either the tem-
perature or the concentration of Hb S. On the basis of these
results, we have proposed that these His residues of Hb S are
located at or near the intermolecular contact sites between Hb
S tetramers during the early stages of the polymerization
process. Thus, the differences in the 'H NMR titration ob-
served in the present work for several His residues in the Hb
S and the Hb A molecules appear to be significant for the
polymerization process of Hb S.
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