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ABSTRACT. We have applied site-directed mutagenesis to Bscherichia colihemoglobin expression
plasmid and constructed five recombinant mutant hemoglobins (r Hbs): a28b{is—GIn or a:H20Q);

r Hb(o:H50Q); r Hb:H72Q); r Hb:H89Q); and r Hb¢:H112Q). We have constructed these r Hbs to
help us assess the contribution of the surface histidyl residues m-thain to the alkaline Bohr effect

of human normal adult hemoglobin (Hb A). In our laboratory, we have monitored the variation of proton
nuclear magnetic resonances arising from the C2 protons of the histidyl residues of Hb A as a function
of pH and buffer conditions. Several of these resonances have been assigned to the individual histidyl
residues on the surface of the hemoglobin molecule using naturally occurring mutant hemoglobins and
chemically modified hemoglobins. In the present work, we have identified the C2 proton resonances of
five surface histidyl residues of the-chain,a20, a50, a72, 89, anda112, in both the carbonmonoxy

and deoxy forms, by comparing the proton nuclear magnetic resonance spectra of Hb A with those of the
r Hbs. For the assignment of the C2 proton resonanceg@flis ando112His, we have used combinations

of mutations to compensate for the spectral perturbations resulting from the single mutations, which obscure
the resonance assignment. On the basis of the new findings, in solvent containing 0.1 M chloride, the
overall contributions from surface histidyl residues of bothdh@ndS-chain and from other previously
identified alkaline Bohr groups account for approximately 75% of the observed Bohr effect at pH 7.3 (the
maximum Bohr effect under the prescribed solvent conditions). Our results show that some histidyl residues
contribute to the Bohr effect and some oppose the net Bohr effect. In some cases, the addition of anions
can diminish or reverse the contributions of specific histidyl residues to the overall Bohr effect. Thus,
the Bohr effect, a heterotropic effect, depends on the intricate arrangement and interactions of all hydrogen
and anion binding sites in the hemoglobin molecule. It is an excellent example of global electrostatic
effects in proteins.

In human normal adult hemoglobin (Hb A}he binding activities produce an acidic environment. In this paper, we
of oxygen to the hemes is mediated in part by electrostatic report the results of our recent investigation of the alkaline
interactions between individual amino acid residues and the Bohr effect of Hb A at pH values from 6 to 8. At pH values
various components of the solvent (i.e., heterotropic interac- pelow 6, i.e., the region for the acid Bohr effect, the Hb
tions). These heterotropic effectors include hydrogen ion, molecule becomes unstable, making it difficult to obtain
chloride, inorganic phosphate, and 2,3—diphosphogcheratemeaningfu| experimental data.

(2,3-DPG) (Benesch & Benesch, 1969; Antonini & Brunori,

1971). The effect of hydrogen ions on the oxygen affinity = The alkaline Bohr effect and other heterotropic effects can
of Hb A is manifested in the Bohr effect (Bobt al,, 1904). be quantitatively described using Wyman’s linkage model
At pH values above 6.5, the oxygen affinity increases as the (Wwyman, 1948, 1964). In this model, *Hbindings at

H* concentration decreases (the alkaline Bohr effect); at pH jndividual H* binding sites are thermodynamically linked

values below 6.5, the oxygen affinity increases as the H 4 the oxygen binding at the hemes through electrostatic
concentration increases (the acid Bohr effect) (Wyman, 1948, interactions and conformational switches of the Hb molecule.

19(.34)' . The thr_effect IS physmloglcz_ally Important in At the molecular level, the local electrostatic and chemical
facilitating the binding of oxygen to Hb A in the lung tissue environments of a particular oroton binding site can be
and the release of oxygen into the tissues where aerobic b pre gs
altered by the global conformational change induced by
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Table 1: Summary of Historical Assignment of C2 Proton Resonances Using Naturally Occurring Mutant Hurfian Hbs

20 deoxy 67 Craesaet al. (1986) Hb Le Lamentind:H20Q)
CO E Craescet al. (1986) Hb Le Lamentind:H20Q)
a72 deoxy 2 Craescet al. (1986) Hb DaneshgahTehran (::H72R)
CO B Craesceet al. (1986) Hb DaneshgatiTehran (:H72R)
p2 deoxy 10 Russet al. (1982) Hb Deer LodgeH2R)
CO G Russtet al. (1982) Hb Deer LodgeXH2R)
pr7 deoxy 4 Craesciet al. (1986) Hb J Irang:H77D)
(6{0) A Craescuet al. (1986) Hb J Iran§:H77D)
p97 deoxy 1 Craescet al. (1986) Hb Malmo(3:H97Q)
CO c? Perutzt al. (1985b) Hb Malnig3:H97Q)
Craesctet al. (1986), Russu & Ho (1986) Hb Woog@:H97L)
$116/117 deoxy 7/8 Russt al. (1984) Hb A (0207)
CO JIK Russtet al. (1984) Hb A (0202)
£143 deoxy 97 Russet al. (1982) Hb Little Rock :H143Q)
(6{0) CorL? Russu & Ho (1986) Hb Abruzzg:H143R)
£146 deoxy 3 Russat al. (1980) des-Hig§146)-Hb
(e]0) Y Russu & Ho (1986) des-Hi8146)-Hb
Buschet al. (1991) Hb York 3:H146P)

Hb Cowtown 3:H146L)
des-His(3146)-Hb

a A question mark (?) indicates ambiguous assignments needing confirmation.

On the basis of the crystal structures of oxy- and deoxy- conducted in our laboratory (Russual., 1980, 1982, 1984,
Hb A, Perutz and co-workers (Perutz, 1970; Perttal., 1989, 1990; Russu & Ho, 1986; Busch & Ho, 1990; Busch
1980, 1985a,b; Shih & Perutz, 1987; Shih al, 1993) et al, 1991). These resonances have been labeled with
believe that only a few amino acid residues contribute to numbers 1, 2, ..., 10 in the deoxy form and with the letters
the Bohr effect. These amino acid residues all have A, B, ..., L, and Y in the CO form (see Figures 2 and 5).
significant local stereochemical changes upon the global The H" dissociation constants of these resonances under
conformational changes of the Hb molecule. The suggestionvarious conditions have been determined to a high degree
that amino acid residues other than a number of “special” of accuracy. There are 10 histidyl residues in thehain
Bohr groups contribute to or significantly oppose the Bohr (Dickerson & Geis, 1983). Among them, five are on the
effect has been a topic of scientific debate for quite some surface of the Hb molecule, i.ex20His, a50His, o.72His,
time. Careful analysis of the titration properties of various a89His, andal12His. Similarly, there are nine histidyl
H* binding sites on the Hb molecule has led to a more residues in thg-chain (Dickerson & Geis, 1983). Among
complete picture of the molecular basis of the Bohr effect them, f2His, f77His, f97His, f116His, andf117His are
(Buschet al, 1991, and the references cited therein). It on the surface of the Hb moleculg3143His is partially
appears that the correct mechanism of the Bohr effect is theexposed to solvent in the central cavity of the Hb molecule.
change in the H affinity between the oxy and deoxy [146His participates in salt-bridge formations in the deoxy
conformations of Hb A. Amino acid residues that hake p  form of Hb A and is partially exposed to solvent upon
changes when the Hb molecule undergoes conformationaloxygenation (Perutz, 1970; Baldwin, 1980).
transitions upon oxygenation will contribute to the total Bohr  In the past, several assignments of the C2 proton reso-
effect. Some amino acid residues that have differential nances of the histidyl residues of Hb A have been made using
affinities for anions between the deoxy-Hb and oxy-Hb states naturally occurring mutant Hbs and chemically modified Hbs
are also potential Bohr groups. Proton nuclear magnetic (Table 1). Craescat al. (1986) assigned.20His, o.72His,
resonance (NMR) experiments on the C2 proton resonanceg377His, and397His. However, their assignments were not
of histidyl residues carried out in our laboratory have definitive for two reasons. First, Craes@t al. (1986)
provided strong evidence for this model of differentiat H investigated the C2 proton resonances of the histidyl residues
affinity (Russuet al,, 1980, 1982, 1989, 1990; Russu & Ho, of the oxy form of Hb A, while using notations which had
1986; Ho & Russu, 1987; Busch & Ho, 1990; Bussthal., been used to label the C2 proton resonances of the carbon-
1991). In addition, efforts using electrostatic calculations monoxy form of Hb A. Although théH-NMR spectra of
of the charge matrix of the Hb molecule based on binding HbCO A are similar to those of HbQA under identical
equilibria of individual H™ binding sites have suggested that experimental conditions, the spectra are not always identical.
the Bohr effect is a thermodynamic consequence of the Russu and Ho (1986) carried odH-NMR studies to
unique charge distributions in the two quaternary structures investigate surface conformational differences between HbCO
of the Hb molecule (Matthewt al,, 1981, 1982, 1985). The A and HbQ A. They found that a number of resonances
present paper presents additional evidence that supports thiexhibit changes as the fraction of Hp@ increases in a
view. sample containing both H\ and HbCO A. Second, as

The side-chain imidazoles of histidyl residues have some of our data have suggested, single amino acid substitu-
intrinsic pK values in the physiological pH range. These tions of the surface histidyl residues often can introduce
and other groups (such as theamino groups of the amino-  nonlocalized perturbations in the C2 proton resonances of
terminal residues, see below) are the likely sites fdr H the histidyl residues of Hb A (Ho & Russu, 1985). These
binding (or release) when the Hb molecule undergoes perturbations make the tracking of individual resonances
conformational switching at pH above 6. ExtensiteNMR ambiguous for spectra taken at isolated pH values. Craescu
spectroscopic studies on resonances arising from the C2et al. (1986) investigated the resonances of naturally occur-
protons on the imidazoles of histidyl residues have beenring mutant Hbs at only a few pH values. Thus, the
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assignments of Craesat al. (1986) of a20 anda72 are The electrospray ionization mass spectrometric analyses
not conclusive. In this present study, we have confirmed were performed on a VG Quattro-BQ (Fissons Instruments,
their assignments. There have also been controversies/G Biotech, Altrincham, U.K.) as described in Shenal.
surrounding the assignment of resonance C. It has been(1993). Automated cycles of Edman degradation were
assigned tg397His andf143His by different researchers performed on an Applied Biosystems gas/liquid-phase se-
(Perutzet al, 1985b; Craescet al, 1986; for a discussion  quencer (Model 470/900A) equipped with an on-line phen-
of this topic, see Russu & Ho, 1986, and the discussion ylthiohydantoin amino acid analyzer (Model 120A).

below). The preparation of 0.1 NN-(2-hydroxyethyl)piperazine-

In this paper, we attempt to complete and confirm the N'-2-ethanesulfonic acid (HEPES, Sigma) isDbuffer at
resonance assignments of the surface histidyl residues in thejifferent pH values (chloride free) is described in Busth
a-chain of Hb A. We have used molecular biology al. (1991). HbCO solution was prepared by blowing CO
techniques to construct recombinant mutant Hbs, each ofacross the surface of a Hb solution. Using a Centricon
which has a single histidine to glutamine substitution on the centrifugal concentrator with a membrane cutoff of 30 000
surface of thea-chain of Hb A. We have applied site- Da (Centricon-30, Amicon, Inc.), the HbCO sample was then
directed mutagenesis to outtscherichia coliexpression exchanged into the deuterated HEPES buffer. Deoxy-Hb
plasmid (pHE2) (Sheret al, 1993) and have produced solution was prepared by first blowing oxygen across the
recombinant (r) Hb ¢20His—~GlIn or a:H20Q), r Hb surface of the HbCO solution in a rotary evaporator, under
H50Q), r Hb @:H72Q), r Hb :H89Q), and r Hb ¢: a Sylvania 150-W flood light, and in an ice bath, for about
H112Q). By comparing the C2 proton resonances of the 1 h. Then, pure nitrogen was blown across the surface of
histidyl residues of the r Hbs with those of Hb A, we have the solution for about 90 min to complete the deoxygenation
identified the C2 resonances of these five histidyl residues process.
of Hb A. The'H-NMR spectra of r Hh§:H20Q) and r Hb- The NMR experiments were performed at 29 on a
(a:H112Q) alone are not sufficient to assign the C2 pgrker AM-300 NMR spectrometer operating at 300.15 MHz
resonances af20His andu112His of deoxy-Hb A. Double ¢4 14 The!H-NMR spectra of Hbs in kD were obtained
mutants, r Hb ¢H20Q/E23L) and r Hb:E23L/H112Q),  gjng a jump-and-return pulse sequence (Plateau &@ye
have been constructed to compensate for the spectrahggp) with a delay time of 1.0 s. Those of Hb solutions in
perturbations resulting from the single histidine to glutamine D,O were obtained using a single®9dulse and a delay time
substitution at the20His ando112His sites. The additional 410 (delay times of upt3 s were tested; they show no
data provided by these double mutants have assisted Us innarked enhancement in resolution or intensity). A total of
assigning the C2 proton resonances@0His anda112His 256-1024 transients were accumulated for each spectrum.
of Hb A. For the study of the C2 proton resonances of the histidyl
MATERIALS AND METHODS re;idues of Hb A, the fret_a induction decay was proces;ed

. ) . with a —4-Hz line broadening and 0.2 Gaussian broadening
~ TheE. coliHb expression plasmid, pHE2, was constructed {5 ephance resolution. Gaussian-enhanced spectra were
in our laboratory (Sheet al, 1993). Site-directedh vitro checked with unbroadened spectra to identify spectral
mutage_ne5|s was performed on this plasmid using a Muta- 5rtifacts.  Proton chemical shifts were referenced to the
Gene kit from BIORAD (catalog no. 170-3576). The growth egigual water signal (HDO) in &b samples and the water
of E. coli cells and punﬁcauon of r Hbs are described in signal (HO) in H,O samples, which occur at 4.76 ppm
Shenet al. (1993) and Kimet al. (1994, 1995, 1996). downfield from that of the methyl proton resonance of the

In the last step of the chromatography purification godium salt of 2,2-dimethyl-2-silapentane-5-sulfonate (DSS)
procedure, the fast protein liquid chromatography (FPLC) 5t 2g°C.

Mono-S column (Pharmacia Cation Exchanger, HR16/10)

yielded multiple fractions of purified r Hbs. Following the RESULTS

procedure developed in our laboratory (Shetral., 1993),

purified Hbs were oxidized from the CO form to the ferric ~ Electrospray lonization Mass Spectrometry and Edman
form (or met form) by mixing HbCO samples with a 3-fold Degradation Analyses on Purified Hb&lectrospray ioniza-
excess concentration of potassium ferricyanide (Fisher) attion mass spectrometry on purified Hbs shows efficient
room temperature, with stirring for1 h. Ferricyanide was  Cleavage of the amino-terminal methionine residues of the
prepared in concentrated stock solution before being addedfractions of purified recombinant Hbs selected to study in
to the HbCO samples. The ferric Hbs were separated fromthis paper. The molecular masses of the selected fractions

the excess ferricyanide using a gel filtration column (Phar- of r Hbs as determined by the mass spectrometry are
macia Sephadex G-25) equilibrated with 0.1 M sodium consistent with the calculated masses of these r Hbs with

phosphate at pH 6.5. The purified ferric Hbs were left at the desired mutations and without the N-terminal methionine.
room temperature overnight before they were reduced backThe amino-terminal sequences of the selected fractions of
to the CO form. The reduction of ferric Hbs back to the Ppurified r Hbs have also been checked with Edman degrada-
CO form was achieved by mixing the samples with about a tion. At least 95% of either the- or the3-chain of any of
3-fold excess concentration of sodium dithionite (Fluka the selected fractions of r Hbs has valine as the N-terminal
Chemie AG, Switzerland) with stirring and with CO blowing residue. Only a small percentage (5% at most) of any of
across the surface of the sample, i.e., in an oxygen_freethose fractions retains the methionine on the N-terminal.
environment. Within 5 min, each mixture was again applied 'H-NMR Studies of the Structure of Recombinant Hbs.

to the G-25 gel filtration column equilibrated with 0.1 M NMR is an excellent tool for monitoring changes in the
sodium phosphate at pH 7.0. The buffer was presaturatedtertiary and quaternary structures of Hb A and its variants
with CO to ensure a complete conversion of Hb to HbCO. (Ho, 1992) and of recombinant Hbs (Shetral.,, 1993; Kim
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Ficure 1: 300-MHz 'H-NMR spectra of 4-8% solutions of
recombinant Hbs and Hb A in the CO form in®lin 0.1 M sodium
phosphate at pH 7.0 and 2€: (A) HbCO@:H50Q), r HbCO:

H72Q), r HbCO@:H89Q), and HbCO A; and (B) HbC@({H20Q),
r HbCO(@:H20Q/E23L), r HbCO@:H112Q), r HbCO¢:E23L/
H112Q), and HbCO A.

@

et al, 1994, 1995, 1996; Het al,, 1996; Barricket al, 1997).
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and r HbCO @:H89Q) differ only slightly from those of
HbCO A. Our experience has been that minor differences
in the intensity and positions of ring-current-shifted reso-
nances are common features in many recombinant Hb
mutants that we have studied (Shetral, 1993, Kimet al,,
1994, 1995, 1996; Het al, 1996). In other words, these
changes reflect slight adjustments of the conformation of the
hemes and/or the amino acid residues in the heme pockets
as a result of the mutation.

Separately, in Figure 1B, we compare the exchangeable
proton resonances and the ring-current-shifted proton reso-
nances of r HbCO:H20Q), r HbCO @:H20Q/E23L), r
HbCO (©@:H112Q), r HbCO {:E23L/H112Q), and HbCO
A. The exchangeable proton resonances of the two single
mutants are identical to those of Hb A. The double mutants
have slight differences in the positions of the resonances
around 5.7 ppm from O and in the intensity of the
resonances around 5.4 ppm. The small spike occurring at
8.2 ppm in the exchangeable proton resonance region of r
HbCO (@:E23L/H112Q) is a spectral artifact. The chemical
shift values of the exchangeable proton resonances depend
in part on the electrostatic interactions between the donor
and acceptor groups. The differences observed might be a
reflection of the change in the charge matrices of the double
mutants compared to Hb A. The integrity of the exchange-
able proton resonances<@ ppm from HO) suggests that
the subunit interfaces of these mutants have no significant
deviation from those of Hb A in the CO form. Except for
r HbCO (@:H20Q), the ring-current-shifted resonances of the
mutants in Figure 1B have some variant features compared
to those of Hb A. The two resonances at arout@l5 ppm
are unresolved in r HbCOafH20Q/E23L), r HbCO &
H112Q), and r HbCO(:E23L/H112Q). These two reso-
nances come from the methyl protons of E11va énd
pB-chain) and are particularly sensitive to the relative con-
formation of the heme groups (Ho, 1992H-NMR studies
of Hb A at different pH values have shown that these two
resonances are also sensitive to pH changes of the solvent
(Lindstrom & Ho, 1973). The fact that they are not resolved
under this buffer condition indicates that either there are
slight adjustments in the relative position of the hemes or
there are some changes in the electrostatic environment
around the E11Val residues or both. The amino acid residue
023Glu is located on the exterior surface of thechain
betweenn20His anda112His (X-ray crystal structure from
the Protein Data Bank). Although not in the close vicinity
of the hemes, the substitution of Leu f@23Glu has led to
small adjustments in the heme pocket. Deviations in other

Figure 1A,B show the exchangeable proton resonances anding-current-shifted resonances of r HboC@H20Q/E23L),
the ring-current-shifted proton resonances of the sevenr HbCO (:H112Q), and r HbCOd:E23L/H112Q) are also
recombinant mutants in the CO form compared to those of observed. These changes in the ring-current-shifted reso-

HbCO A. In Figure 1A, r HbCO ¢:H50Q), r HbCO ¢

H72Q), and r HbCO ¢:H89Q) are compared with HbCO

nances are common in many recombinant mutants studied
in our laboratory (Sheet al, 1993; Kimet al,, 1994, 1995,

A. The exchangeable proton resonances of the recombinantl996; Hoet al,, 1996). They are more an indication of the
mutants that arise from the exchangeable protons in thesensitivity of the resonances to the heme pocket conformation
subunit interface have no marked difference compared tothan a signal of prominent structural deviations in the heme
those of Hb A. The subunit interfaces of these mutants are, pocket.

therefore, not affected by the mutation on the surface of the Assignment of the C2 Resonancesa@DHis, a50His,
a-chain of Hb A. The ring-current-shifted resonances are a72His, a112His, anda89His in HbCO. The C2 proton
sensitive to the orientation or the conformation of the heme resonances of the histidyl residues of r HoGOH20Q), r
groups relative to the amino acid residues in the heme HbCO (@:H50Q), r HbCO @:H72Q), r HbCO (:H112Q),
pockets, i.e., tertiary structures (Ho, 1992). The ring-current- and HbCO A in 0.1 M HEPES (chloride-free) inO buffer

shifted resonances of r HbC@:H50Q), r HbCO @:H72Q),

at 29°C are shown in Figure 2. Resonances B, D, E, and
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FIGURE 2: 300-MHzH-NMR spectra of 4-8% solutions of r HbCQ{:H20Q), r HbCO:H50Q), r HbCO&:H72Q), r HoCO(:H112Q),
and HbCO A in BO in 0.1 M HEPES (chloride-free) and 2€.

F are missing in the spectra of r HhC@:(H72Q), HbCO HBCOA r HPGO (oxHESQ)
(a:H112Q), r HbCO (:H20Q), and r HbCO ¢:H50Q),
respectively. These lead to the assignment of resonance B
to a72His, D toa112His, E toa20His, and F tax50His. In
Figure 2, the'H-NMR spectra are shown only at selected
pH values for clarity. We have confirmed these assignments
in a range of pH values from 6.5 to 8.0 (results not shown).
It is difficult to resolve resonances G, |, J, K, and Y in
0.1 M HEPES buffer. However, the chemical shift positions
of resonances G, I, L, and Y are sensitive to varying
concentrations of sodium chloride and sodium phosphate
(Buschet al, 1991). Utilizing this fact, we have studied
the C2 resonances of the histidyl residues of r Hb@O (
H89Q) in HEPES buffer at varying sodium chloride and
sodium phosphate concentrations. Figure 3 shows, in buffer
containing various amounts of NaCl, resonances | and L of
Hb A are well separated, and resonance | is definitely missing
in the spectra of r HbCOo(H89Q). In buffer containing
various concentrations of sodium phosphate, resonances |
and L of Hb A overlap each other. The mutationced9 40 a5 0 4o als a0
reduces the intensity of the degeneraté- IL resonance PPM from HDO
(Figure 4). This gives additional evidence that the missing Ficure 3: 300-MHz *H-NMR spectra of 48% solutions of r
resonance is either | or L. These results lead to the HbCO@:H89Q), and HbCO Ain BO in 0.1 M HEPES at pH 6.9
assignment of resonance | 689His in HbCO A. with varying concentrations of NaCl at 2€.

Assignment of the C2 resonances:8DHis,a72His, and in the CO case, these assignments have been confirmed at
a89His in Deoxy-Hb A. Figure 5 shows the C2 proton other pH values (results not shown).
resonances of the histidyl residues of r deoxy-bHiH50Q), Histidine-to-glutamine substitution at the39 site results
r deoxy-Hb (@:H72Q), and deoxy-Hb A in BD in 0.1 M in one missing resonance in the spectral region where

HEPES buffer (chloride-free) at 29C. A comparison resonances 8, 9, and 10 of Hb A appear (results not shown).
between the spectra of the recombinant mutants and thoseThat is, there is one resonance missing in this region in the
of Hb A indicates that resonances 4 and 2 belong30His spectra of r deoxy-Hbo(;H89Q) in D;O in 0.1 M HEPES.
and a72His, respectively. Resonance 9 of r deoxy-ldb (  However, it is ambiguous whether the missing resonance is
H72Q) shifts slightly further downfield from HDO by less 9 or 10. We have carried out a careful titration experiment
than 0.05 ppm compared to resonance 9 of deoxy-Hb A. As to measure thelpvalues of the C2 resonances of the histidyl
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residues of r deoxy-Hbo¢H89Q) in D,O in 0.1 M HEPES.
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of about 0.05 ppm. However, the shape of these titration
curves of the mutant Hb are similar to those of Hb A. These
curves were fitted to a Hendersohlasselbach type of
equation for the variation of chemical shifts as a function of
pH. The K values of resonances 8 and 9 of Hb A ia@
in 0.1 M HEPES at 29C were determined by Busdt al.
(1991). They are 7.16 0.02 and 6.99 0.02, respectively.
Independently, we have estimated tieyalues of resonance
10 of Hb A to be about 6.3 0.8. The large error is due to
the fact that the low pH values<¢.0) of HEPES buffer
(chloride-free) could not be achieved without the addition
of other acid. The K values of resonances 8 and 10 of r
Hb (a:H89Q) under the same buffer conditions are 7417
0.03 and 6.4- 0.9, respectively. These results establish the
assignment of resonance 9a@9His in deoxy-Hb A.
Assignment of the C2 Proton Resonancea2fiHis and
al112His in the Deoxy Form.The 'H-NMR spectra of r
deoxy-Hb @:H20Q), r deoxy-Hb @:H112Q), and deoxy-
Hb A are compared in Figure 7. Resonance 6 is missing in
the spectra of r deoxy-HbafH20Q) and of r deoxy-Hb
(:H112Q). Resonances 4',4and 5 of both recombinant
mutants are better resolved than those of Hb A at the pH
values studied. Resonance 10 of r deoxy-lbH112Q)
shifts significantly, by~0.15 ppm downfield from HDO, in
comparison to that of deoxy-Hb A. In addition, the chemical
shifts of resonances 8 and 9 in both r Hb mutants appear to
be affected slightly by the mutations as well. We believe
that these large spectral perturbations are the result of the
single mutations. A careful examination of the local crystal
structures of Hb A (the structures of oxy- and deoxy-Hb A

By comparing to the titration behavior of the C2 resonances are obtained from the Protein Data Bank) arowDHis

of the histidyl residues of deoxy-Hb A, we have determined
that the missing resonance in th&NMR spectra of r deoxy-
Hb (o:H89Q) is resonance 9. Figure 6 shows the titration
curves of resonances 7, 8, and 10 of r deoxy-bHiHB89Q)

anda112His has led us to believe that, in Hb A, one of the
two histidyl residues can make a H-bond witB3Glu. In
either r deoxy-Hb @:H20Q) or r deoxy-Hb ¢@:H112Q), the
remaining histidine maintains this H-bonda23Glu. This

and of resonances 7, 8, 9, and 10 of deoxy-Hb A. ResonanceH-bond probably shifts resonance 6 to another location.

10 of r deoxy-Hb ¢:H89Q) has an overall shift of about
0.1 ppm upfield from HDO compared with that of Hb A.

In an attempt to compensate for the structural perturbation
introduced by the single mutation, we have sought to

Resonances 7 and 8 of the mutant Hb also have overall shiftseliminate the H-bond frorx23Glu by replacing the glutamic
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FIGURE 5: 300-MHzH-NMR spectra of 4-8% solutions of r deoxy-Hla(:H50Q), r deoxy-Hb@:H72Q), and deoxy-Hb A in BD in 0.1

M HEPES (chloride-free) at 29C.
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FiGURE 7: 300-MHz 'H-NMR spectra of 48% solutions of r
deoxy-Hb@:H20Q), r deoxy-Hb@:H112Q), and deoxy-Hb A in
D,0O in 0.1 M HEPES (chloride-free) at 2.

acid at thea23 site with a leucine in the single mutants,
thus creating two double mutants, r deoxy-HioH20Q/
E23L) and r deoxy-Hb :E23L/H112Q). The!H-NMR
spectra of r deoxy-Hb oiH20Q/E23L) are consistently
similar to those of r deoxy-Hbo(H20Q) at various pH
values, in which resonance 6 is missing (Figure 8). Hhe
NMR spectra of r deoxy-Hbo(E23L/H112Q) show better
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Ficure 8: 300-MHz 'H-NMR spectra of 48% solutions of r

deoxy-Hb@:H20Q/E23L), r deoxy-Hla(:E23L/H112Q), and deoxy-
Hb A in D,O in 0.1 M HEPES (chloride-free) at 2.

r Hb(c:E23L/H112Q) Hb A
3.8 T T I T
.
3.6+ . ® oo -
. o +
. s
o
o 5 "
! 34 K fw +
£ X
g .é‘ﬂ%
s e 4
o L [ o
o 3.2 .
-
- *
3.0 T RN
I | | | | |
8 7.5 7 6.5 6 6.5 7 7.5 8

pH

Ficure 9: Titration of resonances 4, .4and 6 of r deoxy-
Hb(o:E23L/H112Q) and resonances 4,3, and 6 of deoxy-Hb A
in D,O in 0.1 M HEPES (chloride-free) at 2.

thus, the K value for each resonance enables us to identify

the true missing resonance, i.e., resonance 5. These results

indicate that resonance 5 should be assigned.fi?His and
resonance 6 toi20His.

The Bohr Effect of Hb A and Contributions from Inidual
Surface Histidyl ResiduesThe Bohr effect can be expressed

resolved resonances in the region of resonance’s 8, dnd as the number of Hions released per Hb tetramer as the
6 (Figure 8). We can identify the resonances better by molecule goes from the deoxy conformation (T state) to the
measuring the complete titration curves. Figure 9 shows oxy conformation (R state) (Wyman, 1948, 1964). The
titration curves of resonances 4, 8, and 6 of Hb A, and 4,  contribution from one binding site is just the difference in

4', and 6 of r Hb ¢:E23L/H112Q). Though parallel shifts the fractional saturation of this site in the R and T states.
of resonances 4 and 6 of the mutant tend to obscure theUsing the H dissociation constants, the contribution from

assignment at any single pH value, the overall shape, andtheith Bohr group is
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Ficure 10: Alkaline Bohr effect of Hb A in 0.1 M HEPES
(chloride-free) at 29C. The Bohr effect of Hb A is measured by
oxygen dissociation studies. The contributions from individual
histidyl residues are calculated from eq 1 using tkevplues listed

in Table 2.
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where theK’s are proton dissociation constants and the
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Table 2: K Values of C2 Proton Resonances of Histidyl Residues
in DO under Various Solvent Conditions, Measured'slyNMR
Spectroscopy

Bis-Tris Bis-Tris

resonance  and Ck2 phosphate and DPG HEPES
1,597 7.85 7.81 7.88 8.16
2,072 7.34 7.28 7.18 7.10
3,p146 7.80 7.82 8.12 8.00
4,050 7.27 7.25 7.09 7.01
4, p77 7.34 7.23 7.05 7.40
5,al112 7.56 7.57 7.71 8.08
6, 020 7.05 7.23 6.98 7.12
7,6116 or 117 7.01 6.91 7.04 7.17
8,p116 or 117 6.60 6.64 6.30 7.10
9,289 6.69 6.88 6.80 6.93
10,82 6.13 6.95 7.13 5.83
A, 77 7.73 7.82 7.90 7.81
B, a72 7.30 7.58 7.33 7.20
C 7.71 7.51 8.01 7.78
D, al112 7.52 7.59 7.74 7.53
E, 020 7.13 7.29 7.04 6.84
F, 50 7.00 7.13 7.01 6.91
G,p32 6.46 6.81 6.68 6.24
H 6.22 5.99 6.02 6.00
I, a89 6.45 6.30 5.60 6.87
J,p116 or 117 6.71 6.68 6.48 6.85
K, 116 or 117 6.42 6.59 6.51 6.87
L 5.80 6.30 5.80 6.74
Y, p146 —h 7.04 6.87 7.19

@ Russuet al. (1989), 0.1 M Bis-Tris and 0.18 M NaCl inJD at 29
°C. P Russuet al. (1989), 0.1 M sodium phosphate in® at 29°C.
¢ Russuet al. (1990), 0.1 M Bis-Tris, with 1:1 ratio of 2,3-DPG to Hb
A, in D,O at 27°C. 9 Buschet al. (1991), 0.1 M anion free HEPES in
D,O at 29°C. ¢Value not determined by Russt al. (1989). Our
study has shown that resonances L and | overlap each other between

superscripts denote the R and T states. The factor 2 reflectgH 5.5 and pH 8. Therefore, we estimate thé gf resonance L as

the fact that there are two identical binding sites in a Hb A
tetramer. The contributions from individual histidyl residues
are plotted in Figure 10 using eq 1. The sum of the
contributions from individual histidyl residues is also plotted
in Figure 10.

The net Bohr effect of Hb A can be measured by oxygen
dissociation studies. According to Wyman (1948, 1964), the
total amount of H released upon oxygenation AH" =
—d log Ps¢/0pH, wherePs is the oxygen pressure at the 50%
saturation point. The measured Bohr effect of Hb A is also
plotted in Figure 10. The comparison in Figure 10 reveals
the contribution of the surface histidyl residues to the Bohr
effect. Some histidyl residues contribute positively, while
others contribute negatively. The sum of contributions from
surface histidyl residues does not account for all of the
measured Bohr effect of Hb A. The discrepancy can be
accounted for in part by including contributions from
a-amino groups of thet1Val, as well as other non-histidyl
residues (see below).

DISCUSSION
On the basis of théH-NMR data presented, we have

equal to the K of resonance I' Value not determined by Busdit al.
(1991) due to the unavailability of low pH values of anion-free HEPES
buffer. Our study estimates the upper bound of the v@lue of
resonance 10 to be around 5.83 and of resonance H, abouf &8llie

not determined by Buscht al. (1991). Our study has shown that
resonance | and K overlap each other between pH 6 and pH 8.
Therefore, we estimate theKpof resonance | as equal to th& f
resonance K" Buschet al. (1991), resonance Y cannot be resolved
for a range of pH values.

they had at the time.$143His is close to the carboxyl
terminus of theg-chain, which is involved in salt-bridge
formation in the deoxy state (Perutz, 1970). This amino acid
residue is also an important component of the chloride
binding site in the central cavity of the protein. The local
structural features of143His are unique among all the
surface histidyl residues. The C2 resonanc@Bbt3His in

the deoxy form might not be present in the region where
most C2 resonances of surface histidyl residues usually
appear. Our assignment of resonance 9o®OHis is
confirmed with a complete titration experiment. We have
calculated the i values for all C2 resonances of the histidyl
residues of r deoxy-Hbo¢H89Q) (results not shown). The
comparison of the I§ values as well as the shapes of the

compiled a table to summarize the assignment of the C2titration curves of these resonances to those of Hb A have

proton resonances of the histidyl residues of Hb A and the

established that resonance 9 should be assigned to the C2

pK values of the resonances under four different experimental proton of a89His.

conditions (Table 2). The assignments of the surface histidyl
residues in thex-chain of Hb A are consistent with most

The assignment of resonance C has been controversial
(Russu & Ho, 1986). Craescet al. (1986) and Perutet

previous assignments except for resonance 9. Previouslyal. (1985b) have assigned this resonancg®@His using

resonance 9 was tentatively assigne@1d3His (Russtet

al.,, 1982). This resonance is now assignedoi®9His.
Russuet al. (1982) cautioned that the tentative assignment
of resonance 9 t3143His could be incorrect from the data

Hb Malmo (5:H97Q) and Hb Wood{:H97L). However,
Russu and Ho (1986) have shown that resonance C is also
missing in thelH-NMR spectra of Hb des-Hisf(46His
deleted), Hb Barcelonas(D94H), and Hb Abruzzo A:



Roles of Global Electrostatic Interactions in the Bohr Effect Biochemistry, Vol. 36, No. 22, 1996671

0.5

0.4 4 -- OBis-Tris & Cl-
B Phosphate

0.3 4 B Bis-Tris&DPG
B HEPES

kcal/mol

-0.3

-0.4 4

-0.5 4

-0.6

-0.7

20 oS50 a7 89 all2 B2 B77 B1i6+p117 B146

Ficure 11: Change in free energy of proton dissociation upon oxygenatiGne= —RT In(KiR/K;T) (the constants are as defined in eq 1),
of individual surface histidyl residues in 0.1 M Bis-Trs0.18 M chloride, 0.1 M sodium phosphate, 0.1 M Bis-T+sl:1 2,3-DPG, and
0.1 M HEPES (chloride-free), in J® at 29°C. The datum of146His in 0.1 M Bis-Trist+ 0.18 M chloride, the white bar, is not available
(see footnotéh of Table 2).

H143R). Without further investigation, resonance C cannot  The second category of Bohr groups includesctkemino
be assigned. Similarly, resonance L is missing inHe group ofailVal and the imidazole g§146His. The K value
NMR spectra of Hb Abruzzo AH143R), Hb des-His  of the a-amino ofalVal shifts higher upon deoxygenation
(8146His deleted), and Hb Barcelong:94H) (Russu & from 7.4 to 7.8 (Kilmartin & Rossi-Bernardi, 1973) and
Ho, 1986). The assignment of these two resonances requiregontributes significantly to the Bohr effect. The significance
further studies of the histidyl residues in thechain of Hb of the 52 and3146 histidyl residues to the Bohr effect of
A. Hb A has been discussed previously (Russu & Ho, 1986;
Alkaline Bohr groups can be classified into three catego- Busch & Ho, 1990; Busch et al., 1991). We have shown
ries: (i) the imidazoles of surface histidyl residues; (ii) the that the contribution gf146His varies significantly with the
terminal amino acid residues; and (iii) other proton binding ion composition of the buffer (Busadt al,, 1991; also Figure
sites whose K values are significantly shifted into the 11). Previously, Perutz and co-workers have suggested that
physiological pH range due to unique structural and con- $146His binds and releases"khrough the formation and
formational circumstances. The contributions from indi- breakage of salt bridges and therefore contributes to the
vidual surface histidyl residues to the total Bohr effect of chloride independent part of the Bohr effect (Perutz, 1970;
Hb A in 0.1 M HEPES (chloride-free) at 29C are plotted Perutzet al, 1980, 1984, 1985a,b; Shih & Perutz, 1987).
in Figure 10 using eq 1 (the results {6®7His and3143His However, as a form of strong electrostatic interaction, the
are not included, due to insufficient assignment data, seeformation of a salt bridge is influenced by the ionic strength
above). The contributions from20His, a72His,a112His, of the buffer. Recently, Perutt al. (1993, 1994) proposed
B77His, f116His, andf117His histidyl residues are all a “new mechanism”, in which chloride ions invade the
significant. Not only do various surface histidyl residues positively charged central cavity of the Hb molecule, thereby
contribute to the Bohr effect, some amino acid residues alsoinfluencing the allosteric interactions of the Hb molecule
oppose the net Bohr effect (i.e., negative contributions). The without specific chloride binding. These interactions in the
contribution from a specific amino acid residue is based on cavity are clearly electrostatic and, thus, do not need specific
the differential H affinities between the two conformational  binding sites for Ct. These interactions are also long range
states of the Hb molecule. Furthermore, contributions from and are dependent on the buffer conditions. The results of
individual amino acid residues vary as different anions are oxygen binding studies under various concentrations of Cl
added to the buffer. The histogram in Figure 11 shows the reported by Perutzt al. (1994) demonstrate clearly the
change in proton dissociation energy upon oxygenatkgh, sensitivity of oxygen binding to the ionic strength of the
= —RTIn(K?/KT) (the constants are as defined in eq 1), buffer (anion effect). These results support our model of
under various buffer conditions. The effect of anions on the Bohr effect, in which the presence of anions alters the
the Bohr effect of individual histidyl residues can be observed electrostatic distributions in the Hb molecule and thereby
by comparingAG in buffers with anions and in anion-free  influences the microscopic mechanism of the Bohr effect
HEPES buffer. Figure 11 shows clearly that the contribu- (Ho & Russu, 1987; Buscht al, 1991, and the references
tions from individual surface histidyl residues are functions cited therein) .
of buffer conditions. In some cases, addition of anions The contribution from the third type of Bohr groups is
diminishes or reverses the contributions of specific histidyl not very well understood, mainly because of a lack of a
residues. The Bohr effect, therefore, depends on the chargesimple, direct method to determine thi€ palues of amino
distributions on the Hb molecule in the different solvent acid residues other than histidine. Differential titration
media. studies conducted on mutant and chemically modified Hbs
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and Hb A can be employed in some cases. These methodsmportant physiological function rather than a few specific
are generally much less direct than NMR studies, for the amino acid residues in the hemoglobin molecule. There is
effect of the chemical reactions and of mutation on the strong experimental evidence to support the idea that
electrostatic properties of proton binding sites could not be allosteric mechanisms for allosteric proteins, such as Hb A
guaranteed neutral. There is, however, strong evidence toand aspartate transcarbamoylase, require multiple pathways
support at least one Hbinding site in this category. The for signal communication (Stevens & Lipscomb, 1992;
pK values of the side-chaip-carboxyl group 0fs43Glu (6.25 Lipscomb, 1994; Barriclet al., 1997). The present results
for deoxy-Hb A, and 7.0 for oxy-Hb A) have been reported on the Bohr effect of Hb A as described in this paper support
to differ significantly from its usual intrinsic ko value of this idea. It is encouraging that some quantitative measure-
about 4.8 (Rao & Acharya, 1992)343Glu is located in the  ments and analyses are possible. With the accurate measure-
a2 interface. Its interaction with a hydrophobic and ment of K values of histidyl residues, the refinement of
charged environment might have raised its appareht H models describing electrostatic interactions in macromol-
affinities. ecules is now possible.
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