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ABSTRACT: High-resolution 'H and 31P nuclear magnetic resonance spectroscopy has been used to investigate 
the binding of 2,3-diphosphoglycerate to human normal adult hemoglobin and the molecular interactions 
involved in the allosteric effect of the 2,3-diphosphoglycerate molecule on hemoglobin. Individual hydrogen 
ion NMR titration curves have been obtained for 22-26 histidyl residues of hemoglobin and for each phosphate 
group of 2,3-diphosphoglycerate with hemoglobin in both the deoxy and carbonmonoxy forms. The results 
indicate that 2,3-diphosphoglycerate binds to deoxyhemoglobin at the central cavity between the two p chains 
and the binding involves the 62-histidyl residues. Moreover, the results suggest that the binding site of 
2,3-diphosphoglycerate to carbonmonoxyhemoglobin contains the same (or at least some of the same) amino 
acid residues responsible for binding in the deoxy form. As a result of the specific interactions with 
2,3-diphosphoglycerate, the 62-histidyl residues make a significant contribution to the alkaline Bohr effect 
under these experimental conditions (up to 0.5 proton/Hb tetramer). 2,3-Diphosphoglycerate also affects 
the individual hydrogen ion equilibria of several histidyl residues located away from the binding site on the 
surface of the hemoglobin molecule, and, possibly, in the heme pockets. These results give the first ex- 
perimental demonstration that long-range electrostatic and/or conformational effects of the binding could 
play an important role in the allosteric effect of 2,3-diphosphoglycerate on hemoglobin. The 31P nuclear 
magnetic resonance titration data for each phosphate group of 2,3-diphosphoglycerate have been used to 
calculate the pK values of the phosphate groups in 2,3-diphosphoglycerate bound to deoxy- and carbon- 
monoxyhemoglobin and the proton uptake by 2,3-diphosphoglycerate upon ligand binding to hemoglobin. 

2,3-Diphosphoglycerate (2,3-DPG)' is the predominant 
phosphorylated metabolite inside red blood cells. The allosteric 
effect of this compound on hemoglobin (Hb) leads to a dra- 
matic decrease in the oxygen affinity of the Hb molecule and 
thus facilitates the unloading of oxygen to the tissues (Benesch 
& Benesch, 1969, 1974). 2,3-DPG also influences the pH 
dependence of the oxygen affinity of Hb by increasing both 
the alkaline and the acid Bohr effect (de Bruin et al., 1971, 
1973, 1974; de Bruin & Janssen, 1973; Kilmartin, 1974). The 
allosteric effect of 2,3-DPG upon Hb function results from 
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the higher binding affinity of 2,3-DPG for the deoxy form of 
the Hb molecule. The site of the binding of 2,3-DPG to human 
normal adult Hb (Hb A) in the deoxy form has been identified 
by X-ray crystallography to be at the central cavity between 
the two P chains on the 2-fold symmetry axis of the molecule 
(Arnone, 1972). The site of the binding of 2,3-DPG to the 
ligated form of Hb is not known, although it has been sug- 
gested that it may be close to that in the deoxy form (Gupta 
et al., 1979). 

An understanding of the allosteric effect of 2,3-DPG on Hb 
requires a characterization of the roles played by individual 
groups of Hb and 2,3-DPG in the binding process. Nuclear 
magnetic resonance (NMR) spectroscopy is uniquely suited 
to obtain such a characterization, since it is the only technique 

1 Abbreviations: 2,3-DPG, 2,3-diphosphoglycerate; Hb, hemoglobin; 
Hb A, human normal adult hemoglobin; HbCO, carbonmonoxy- 
hemoglobin; Hb02,  oxyhemoglobin; deoxy-Hb, deoxyhemoglobin; NMR, 
nuclear magnetic resonance; DSS, 2.2-dimethyl-2-silapentane-5- 
sulfonate; Bis-Tris, [bis(2-hydroxyethyl)amino]tris(hydroxymethyl)- 
methane; Tris, tris(hydroxymethy1)aminomethane. 
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presently available which can monitor single functional groups 
of proteins in the solution state. Several spectroscopic probes 
in Hb are of special value for an investigation of its interactions 
with 2,3-DPG. The surface histidyl residues of Hb  can be 
observed individually and their hydrogen ion equilibria can 
be measured by 'H NMR spectroscopy. Hence, these amino 
acid residues can be used as markers for the binding site(s) 
of 2,3-DPG. Moreover, the changes in  their H+ equilibria 
upon the binding of 2,3-DPG to Hb provide direct information 
on the molecular basis of the linkage between the allosteric 
effects of H+ and 2,3-DPG. Complementary information on 
this linkage can be obtained by monitoring the 31P resonances 
of each phosphate group in 2,3-DPG (Huestis & Raftery, 
1972). The latter method has also been employed extensively 
to monitor the metabolism of phosphorylated compounds in 
normal and diseases erythrocytes [see Moon and Richards 
(1973), Lam et al. (1979), and Tehrani et al. (1982) and 
references cited therein]. An investigation of the interaction 
of 2,3-DPG with Hb in solution by 31P NMR spectroscopy 
is, thus, of interest for further studies of the intracellular 
environment of red blood cells and of metabolism inside intact 
red blood cells. 
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MATERIALS AND METHODS 

Materials 
Hb A was prepared by the procedure of Drabkin (1946) as 

described previously (Lindstrom & Ho, 1972). The organic 
phosphates were removed by passing the Hb solutions through 
a Sephadex G-25 column equilibrated with 0.01 M Tris buffer 
plus 0.1 M NaCl at pH 7.6 (Berman et al., 1971). In pre- 
liminary experiments, we have found that the concentration 
of 2,3-DPG in Hb A solutions, prepared as described, de- 
creased in time, probably due to the presence of 2,3-DPG 
phosphatase. Hb A was further purified on a DE-52 column 
(30 X 2.5 cm) equilibrated with 0.05 M Tris buffer at pH 8.1 
(pH measured at room temperature) (D. Elbaum, private 
communication). The column was run at 4 OC, and Hb A was 
eluted with the same buffer plus 0.2 M NaC1. The concen- 
tration of 2,3-DPG in Hb A solutions purified by this method 
remained constant for at least 72 h after the addition of 2,3- 
DPG. The Hb A solutions in H 2 0  were exchanged with D 2 0  
and concentrated by repeated centrifugation in Centriflo 
(Amicon) membrane cones. Concentrated stock solutions in 
D 2 0  of Bis-Tris buffer (for the pH range from 6.0 to 8.0) or 
of Tris buffer (for pH values higher than 8.0) were added to 
the Hb solutions such that the final buffer concentration was 
0.1 M. For the pH range below 6.0, the Hb solutions were 
dialyzed against 0.1 M Bis-Tris buffer in D,O. As a result 
of the titration of the stock buffer solutions with DCI, the 
concentration of chloride ions in our NMR samples varied 
from 0.005 to 0.06 M over the pH range investigated. 

Stock solutions of 2,3-DPG in the protonated form were 
obtained from the pentacyclohexylammonium salt (Calbio- 
chem) by stirring it in Bio-Rad cation-exchange resin (50-100 
mesh, H+ form) for 5 min at room temperature. The resin 
was removed by filtration, and the 2,3-DPG solutions were 
lyophilized overnight. A volume of 40-50 pL of the concen- 
trated solution of 2,3-DPG in D 2 0  was added to each Hb  
sample in 0.1 M Bis-Tris (or Tris) buffer in D 2 0  1-4 h prior 
to the N M R  experiment. The final pH values of the Hb 
samples are reported as direct pH-meter readings since the 
deuterium isotope effect on glass electrodes (namely, pD = 
pH + 0.4; Glasoe & Long, 1960) is compensated by its effect 
on the imidazole pK value (Tanokura et al., 1978). The de- 
oxygenation of the Hb A samples was carried out in a rotary 

evaporator under nitrogen at 4 OC as described previously 
(Lindstrom & Ho, 1972). 

Immediately following the NMR measurements, the Hb 
samples were added to trichloroacetic acid and stored at -70 
"C. Within a week, the final concentration of 2,3-DPG in the 
Hb  A samples was measured by using an enzymatic assay 
(Sigma, 35-UV bulletin). Each NMR sample was also assayed 
for the concentration of inorganic phosphate by measuring the 
optical absorption at 820 nm following reaction with ascorbic 
acid and ammonium molybdate. For all the experiments, the 
molar ratio of 2,3-DPG to Hb  was between 0.9 and 1. I .  

Methods 
The NMR spectra were obtained on a WH-300 Bruker 

spectrometer operating at 300 MHz for 'H and at 121.48 
MHz for 31P. Each 'H NMR spectrum was the result of 
averaging 200-400 transients at a repetition rate of 0.25 s-I. 
The 'H chemical shifts are expressed relative to the proton 
resonance of residual water in D 2 0  solvent. The water reso- 
nance is 4.73 ppm downfield from 2,2-dimethyl-2-silapen- 
tane-5-sulfonate (DSS) at 27 "C. The 31P NMR spectra were 
obtained with broad-band proton decoupling, and each spec- 
trum was the result of averaging 1600 transients at a repetition 
rate of 0.3 S - I .  The 31P chemical shifts are expressed relative 
to the 31P resonance of 85% phosphoric acid. The chemical 
shifts are defined as positive if they are downfield from the 
reference signal. 

Data Analysis. The ionizable groups of interest to the 
present work are the surface histidyl residues of Hb  A and 
the phosphate groups of 2,3-DPG. Under the conditions of 
our experiments, these groups can exist in the free state or in 
the complex between 2,3-DPG and Hb. In each of these states, 
the group of interest can be protonated or unprotonated 
(deuterated or undeuterated in D20). As shown under Results, 
the exchange between these states (Le., free vs bound and 
protonated vs unprotonated) is fast on the NMR chemical shift 
scale (for both 'H and 31P). Consequently, in the NMR 
titration, an averaged resonance is observed, and its chemical 
shift is 

6 = 6+& + 6M + 6$fi + 
whereA a n d g  are the fractions of the protonated group in 
the bound and free state, respectively. Similarly,& and& are 
the fractions of the unprotonated group in the two states. 66 ,  
a:, 6:, and 6: are the intrinsic chemical shifts in the corre- 
sponding states. 

To simplify the data analysis, we have assumed that the 
intrinsic chemical shifts do not change upon binding of 2,3- 
DPG to Hb; Le., 6; = 8; = 6+ and 6: = 6; = 6 O .  Under this 
assumption, eq 1 becomes 

(2) 6 = S+ft + soy 
w h e r e p  = A  +fi a n d y  =& + A  

In analogy to the protonation equilibrium of a single ion- 
izable group,ft a n d y  can be expressed as (Markley, 1975; 
Russu et al., 1982) 

or 

(3b) 
K" 

[H']" + K" 
a n d y  = 

[H+I" ' = [H+]" + K" 

where K is the apparent equilibrium constant for the proton- 
ation of the ionizable group of interest (pK = -log K) and n 
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FIGURE 1: 300-MHz 'H N M R  spectra of 10% Hb A solutions in 0.1 M Bis-Tris buffer in D20 at 27 OC: (A) deoxy form at pH 7.10; (B) 
CO form at pH 6.70. Effects of 2,3-DPG (1:l molar ratio to Hb) upon the aromatic proton resonances. 

is the apparent NMR titration coefficiente2 With these ex- 
pressions, eq 2 becomes 

6+[H+] + 6OK 

[H'] + K 6 =  (4) 

or 
6+[H+]" + 6OK" 

[H']" + K" 6 =  ( 5 )  

Under the experimental conditions used, the fractions of Hb 
A and 2,3-DPG in the complex change as a function of pH 
(especially for the ligated form at pH above 7.0, where the 
binding constant is greatly decreased). Consequently, the 
titration parameters obtained from eq 4 or 5 do not reflect 
solely the ionization properties of the group in the complex 
of 2,3-DPG with Hb A, but are averaged by the exchange 
between the free and the bound state. Nevertheless, under 
the assumption used in eq 2 (Le., in the absence of spectro- 
scopic effects), the NMR titration curves do reflect the in- 
dividual H+ binding equilibrium for the group of interest under 
the experimental conditions used. 

The NMR titration curves of the phosphate groups in a 
2,3-DPG molecule bound to Hb, aB, were obtained from eq 
1 as 

6 - 6F 
6s = 6F + - (6) f B  

where bF is the 31P NMR titration curve of the corresponding 
phosphate group in a free 2,3-DPG molecule and fB is the 

* The cocfficient n i n  eqs 3b and 5 is normally called the Hill coef- 
ficient for the 'H N M R  titration of the histidyl residue. I n  the case of 
Hb, this nomenclature could be confusing due to the use of the same term 
to describe the cooperativity in the oxygen binding. For this reason, we 
have chosen to call the coefficient n in eqs 3b and 5 the titration coef- 
ficicnt for thc 'H N M R  titration of the histidyl residue. 

fraction of 2,3-DPG molecules in the Hb-bound state. The 
31P NMR titration curves for free 2,3-DPG, 6,, are assumed 
to be the same as those measured for a solution of 2,3-DPG 
in Bis-Tris buffer in the absence of Hb. The observed 31P 
NMR titration curves of 2,3-DPG, 6, were corrected in de- 
oxy-Hb A for the effect of the magnetic susceptibility ac- 
cording to Fabry and San George (1983) (Le., the chemical 
shifts were reduced by 0.35 ppm over the entire pH range 
investigated, as indicated for solenoidal magnets and 0.002 
M deoxy-Hb A solutions). The fractions of 2,3-DPG mole- 
cules in the bound state,fB, were calculated, at each pH value, 
by using the equilibrium binding constants determined by 
Hobish and Powers (1986) for the binding of 2,3-DPG to 
deoxy-Hb A and ligated Hb  A in 0.05 M Bis-Tris (or Tris) 
buffer in the presence of 0.1 M chloride ions and 0.001 M 
EDTA. By using these values for the binding constants, we 
have neglected any effects of the buffer and chloride ions upon 
binding. 

RESULTS 

In the absence of 2,3-DPG, 11-13 surface histidyl residues 
per a@ dimer of Hb A can be individually observed in the 'H 
NMR spectra. In Figure 1, the C2-proton resonances of these 
histidyl residues are labeled 1-10 in the deoxy form and A-L 
in the CO form as in our previous publications (Russu et al., 
1982). Several of these resonances have been assigned to 
specific histidyl residues of Hb A as follows: in the deoxy form, 
resonance 1 has been assigned to P97His, resonance 3 to 
/3146His, resonances 7 and 8 to pl16His and bl17His (ten- 
tatively), and resonance 10 to P2His; in the carbonmonoxy 
form, resonances J and K have been assigned to 01 16His and 
Pl17His (tentatively) and resonance G to P2His (Kilmartin 
et al., 1973; Russu et al., 1980, 1982, 1984; Perutz et al., 
1985a,b). 

The addition of an equimolar concentration of 2,3-DPG to 
Hb A solutions specifically affects several His-C2 proton 
resonances in both the deoxy and CO forms. The largest effect 
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FIGURE 2: 'H N M R  titration of the P2His residues of 10% H b  A 
in 0.1 M Bis-Tris (or Tris) buffer in D 2 0  and at  27 OC in the absence 
( - - - )  and presence (-) of 2,3-DPG (1: l  molar ratio to Hb): (A) 
deoxy-Hb A; (B) H b C O  A. The experimental data  (0) have been 
fitted to eq 5.  The IH NMR titration data  of the P2His residues in 
the same buffer in the absence of 2,3-DPG are reproduced from Russu 
et al. (1982). 

is observed for the CZproton resonances of the P2His residues 
(resonance labeled 10 in the deoxy form and that labeled G 
in the CO form) which shift downfield by 0.1-0.5 ppm in the 
presence of the allosteric effector. As the concentration of 
2,3-DPG increases, the P2His-C2 proton resonance shifts as 
a single resonance (results not shown), indicating that the 
exchange of the 2,3-DPG molecule between its free and Hb- 
bound forms is fast on the NMR chemical shift time scale [Le., 
exchange rates greater than approximately lo3 s-l; also see 
Huestis and Raftery (1972)l. The complete pH titration of 
the P2His residues reveals that this downfield shift of the 
P2His-C2 proton resonances originates from an increase in the 
pK value of this histidyl residue in the presence of 2,3-DPG 
(vide infra, Tables I and 11, Figure 2). In the CO form, the 
addition of 2,3-DPG to the Hb solution also results in reso- 
nance L being broadened beyond detection and in  the oc- 
currence of a new His-C2 proton resonance in the spectrum 
(labeled Y in Figure 1 B). Resonance Y has been previously 
assigned in HbCO A in the presence of inorganic phosphate 
ions to the p146His residues in a conformation in which the 
fl146His-fl94Asp salt-bridge is broken (Kilmartin et a]., 1973; 
Russu et al., 1980; Russu & Ho, 1986). In the absence of 
phosphate ions and at low anion concentrations, resonance Y 
is difficult to monitor in the 'H  NMR spectra of HbCO A 
over the entire pH range of interest. 

The chemical shifts of each of the His-C2 proton resonances 
of Hb A i n  both deoxy and C O  forms have been fitted as a 
function of pH to eqs 4 and 5, and the results are summarized 
in Tables 1 and Il .3 Tables I and I1 also include the pKvalues 

Table I: pK Values of Surface Histidyl Residues in 10% Deoxy-Hb A 
and HbCO A Solutions in 0.1 M Bis-Tris (or Tris) Buffer in D20 in the 
Absence and Presence of 0.0015 M 2.3-DPG at 27 'C" 

PK 
resonance* 0.1 M Bis-Tris' 0.1 M Bis-Tris + 2,3-DPG 

8.07 f 0.04 7.85 f 0.02 
7.28 f 0.02 
7.98 f 0.03 
7.20 f 0.03 
7.20 f 0.03 
7.76 f 0.04 
7.10 f 0.03 
7.07 f 0.06 
6.71 f 0.06 
6.82 f 0.07 
6.35 f 0.03 
7.87 f 0.02 
7.42 f 0.02 
7.85 f 0.03 
7.65 f 0.02 
7.15 f 0.02 
7.00 f 0.03 
6.53 f 0.02 
6.55 f 0.03 
6.81 f 0.03 
6.76 f 0.06 
6.20 f 0.05 
d 

7.17 f 0.01 
7.99 f 0.02 
7.10 f 0.01 
7.03 f 0.02 
7.65 f 0.03 
7.02 f 0.01 
7.12 f 0.02 
6.74 f 0.04 
6.86 f 0.02 
7.25 f 0.03 
7.87 f 0.01 
7.35 f 0.02 
7.82 i 0.03 
7.66 f 0.01 
7.13 f 0.02 
7.03 f 0.01 
6.75 f 0.01 
6.41 f 0.05 
6.95 f 0.04 
6.79 f 0.03 
6.02 f 0.05 
6.82 f 0.02 

Results of nonlinear least-squares fitting to eq 4. Resonances labcled 
1-10 correspond to the deoxy form of Hb A, and those labeled A-Y corre- 
spond to the carbonmonoxy form. 'Taken from Tables I and I1 in Russu et 
al. (1982). dNot readily observable under these experimental conditions. 

Table 11: pK Values and NMR Titration Coefficients of Surface 
Histidyl Residues in 10% Deoxy-Hb A and HbCO A Solutions in 0.1 
M Bis-Tris (or Tris) Buffer in D 2 0  in the Absence and Presence of 
0.0015 M 2,3-DPG at 27 "C" 

0.1 M Bis-Tris + 

resonanceb DK n DK n 
2,3-DPG 0.1 M Bis-TrisC 

J 
K 
H 
Y 

8.13 f 0.06 0.87 f 0.07 
7.29 f 0.02 0.91 f 0.04 
7.98 f 0.05 0.80 f 0.05 
7.21 f 0.03 0.85 f 0.04 
7.21 f 0.03 0.85 f 0.04 
7.92 f 0.05 0.63 f 0.04 
7.10 f 0.03 0.81 f 0.04 
7.02 f 0.08 0.48 f 0.06 
6.63 f 0.09 0.59 f 0.08 
6.61 f 0.07 0.52 f 0.04 
6.32 f 0.05 0.88 f 0.07 
7.90 f 0.03 0.87 f 0.05 
7.42 f 0.02 0.83 f 0.04 
7.85 f 0.04 0.82 f 0.06 
7.68 f 0.03 0.82 f 0.05 
7.14 f 0.03 0.81 f 0.04 
6.99 f 0.03 0.91 f 0.05 
6.49 f 0.03 0.91 f 0.05 
6.59 f 0.05 0.85 f 0.06 
6.78 f 0.03 0.86 f 0.05 
6.20 f 0.20 0.45 f 0.06 
6.23 f 0.05 0.98 f 0.07 
d d 

7.88 f 0.03 
7.18 f 0.01 
8.12 f 0.04 
7.09 f 0.01 
7.05 f 0.02 
7.71 rt 0.03 
6.98 f 0.01 
7.04 f 0.02 
6.30 f 0.20 
6.80 f 0.02 
7.13 f 0.05 
7.90 f 0.01 
7.33 f 0.02 
8.01 f 0.09 
7.74 f 0.03 
7.04 f 0.02 
7.01 f 0.01 
6.68 f 0.02 
5.60 f 0.40 
6.48 f 0.09 
6.51 f 0.04 
5.80 f 0.20 
6.87 f 0.02 

0.94 f 0.06 
1.09 f 0.03 
0.80 f 0.04 
0.95 f 0.02 
1.05 f 0.04 
0.74 f 0.04 
0.89 f 0.02 
0.78 f 0.03 
0.57 f 0.06 
0.87 f 0.02 
0.62 f 0.05 
0.91 f 0.02 
0.78 f 0.03 
0.62 f 0.06 
0.71 f 0.04 
0.72 f 0.03 
0.93 f 0.02 
0.87 f 0.02 
0.56 f 0.07 
0.52 f 0.03 
0.66 f 0.02 
0.88 f 0.09 
1.20 f 0.05 

Results of nonlinear least-squares fitting to eq 5. Resonances la- 
beled 1-10 correspond to the deoxy form of Hb A, and those labeled 
A-Y correspond to the carbonmonoxy form. 'Taken from Tables IV 
and V in Russu et al. (1982). dNot  readily observable under these 
experimental conditions. 

and the titration coefficients ( n )  of the surface His residues 
in 0.1 M Bis-Tris (or Tris) buffer in the absence of 2,3-DPG 

A preliminary report from this laboratory (Ho & Russu, 1987) 
included the pK values of the histidyl residues of Hb A in the presence 
of 2,3-DPG which were obtained by fitting the experimental data to eq 
5 .  
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FIGURE 3:  300-MHz 'H N M R  spectra of 10% HbCO A solutions 
in 0.1 M Bis-Tris (or Tris) buffer in D,O at pH 7.0 and at 27 OC: 
effect of 2,3-DPG (1 : l  molar ratio to Hb) upon the ring-current shifted 
resonances. 
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FIGURE 4: pH dependence of the 'H chemical shift of the 72-CH3 
resonances of El lVal  in the (Y and 6 chains of HbCO A in 0.1 M 
Bis-Tris buffer in D20 at 27 "C in the absence (---) and presence 
(-) of a 1:l molar ratio of 2,3-DPG to Hb. 

previously obtained in our laboratory (Russu et al., 1982). The 
'H NMR titration curves of the histidyl residues of Hb A in 
the presence of 2,3-DPG are illustrated in Figure 2 by the 
titration of @2His. 

To investigate the effects of 2,3-DPG upon the conformation 
of the heme pockets in Hb A, we have used the ring-current 
shifted proton resonances of HbCO A between -5.0 and -7.0 
ppm upfield from HDO (Figure 3). Previous work from this 
laboratory has shown that these resonances originate from the 
heme protons and/or from the protons of amino acid residues 
located in the heme pockets of the a and @ chains (Lindstrom 
et al., 1972; Lindstrom & Ho, 1973; Dalvit & Ho, 1985). The 
resonance at -6.55 ppm in the 'H  NMR spectrum of HbCO 
A in the absence of 2,3-DPG has been assigned to the y2-CH3 
groups of the El 1 Val in the CY and @ chains (Lindstrom & Ho, 
1972; Dalvit & Ho, 1985). We have carried out the 'H NMR 
titration of the 72-CH3 proton resonances of the a- and 
@El lVal residues of HbCO A in the presence of an equimolar 
concentration of 2,3-DPG (Figure 4). The chemical shift of 
each resonance has been fitted as a function of pH to eq 4. 
The apparent pK values of the CY- and @E1 lVal resonances 
obtained by this analysis are 6.47 f 0.03 and 6.0 f 0.1, re- 
spectively, in the absence of 2,3-DPG (at 29 "C), and 6.55 
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FIGURE 5: NMR titration of 2,3-DPG in 0.1 M Bis-Tris (or Tris) 
buffer in D 2 0  at  27 "C in the absence (-) and in the presence of 
deoxy-Hb A ( - - - )  or HbCO A (.-.) (1: l  molar ratio to 2,3-DPG): 
(A) C2-phosphate; (B) C3-phosphate. The curves correspond to the 
nonlinear least-squares fit to eq 5 .  

f 0.08 and 6.6 f 0.1, respectively, in the presence of 2,3-DPG 
(at 27 "C). These pK values should be regarded as upper limit 
estimates of the actual values since the 'H NMR titration of 
these resonances is not complete at the lowest pH value in- 
vestigated. 

To obtain further insight into the molecular mechanism 
involved in the interaction of Hb A with 2,3-DPG, we have 
also monitored the 31P resonances of 2,3-DPG as a function 
of pH in Hb A solutions in both deoxy and CO forms. Each 
phosphate group in 2,3-DPG gives rise to a single 31P resonance 
over the entire pH range investigated (results not shown), 
confirming that the exchange rates of the 2,3-DPG molecule 
between its free and Hb-bound states are fast on the NMR 
chemical shift time scale. The assignment of the 31P reso- 
nances to the C2- and C3-phosphate is taken from Moon and 
Richards (1973). The 31P NMR titration of 2,3-DPG in 
deoxy-Hb A and HbCO A solutions is shown in Figure 5. 
This figure also includes the corresponding titrations in 0.001 5 
M 2,3-DPG solutions in 0.1 M Bis-Tris (or Tris) buffer. The 
chemical shifts of each 31P resonance of the 2,3-DPG molecule 
have been fitted as a function of pH to eq 5, and the results 
are shown in Table 111. 

DISCUSSION 
Effects of 2,3-DPG upon the H+ Equilibria of Surface 

Histidyl Residues of Hb A. In deoxy-Hb A, the pK value of 
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Table 111: OK Values and N M R  Titration Coefficients for the Phosuhate GrOUDs of 2.3-DPG in 0.1 M Bis-Tris (or Tris) Buffer in D,O at 27 'C" 
observed experimentally calculated for Hb bound 

2,3-DPG alone 2,3-DPG + deoxy-Hb A 2,3-DPG + HbCO A 2,3-DPG + deoxy-Hb A 2,3-DPG + HbCO A 

C2-phosphate 
PK 7.68 f 0.04 6.4 f 0.1 7.87 f 0.01 6.48 6.97 
n I .4 f 0.1 1.0 f 0.2 2.6 f 0.1 0.95 2.28 

PK 7.29 f 0.05 6.43 f 0.07 7.75 f 0.02 6.30 6.88 
n 0.85 f 0.08 1.4 f 0.2 1.4 f 0.1 0.97 2.51 

C3-phosphate 

"he observed and the calculated values of the chemical shifts were fitted as a function of pH to eq 5 .  For details about calculation of the titration curves 
for 2,3-DPG bound to Hb A, see Data Analysis. 

the P2His residues increases in the presence of 2,3-DPG by 
0.8-0.9 pH unit (Figure 2, Tables I and 11). This pK change 
clearly results from the direct interaction of the P2His with 
the negatively charged CZphosphate (or C3-phosphate for the 
symmetry-related second half of the binding site) of the 2,3- 
DPG molecule bound to Hb. This interaction is also reflected 
by the shape of the 'H NMR titration curve of the P2His 
residues in the presence of 2,3-DPG (Figure 2). The titration 
coefficient ( n )  for the IH NMR titration of P2His decreases 
in  the presence of the allosteric effector from 0.88 to 0.62 
(Table 11). A large deviation of the titration coefficient from 
unity usually reflects the interaction of the amino acid residue 
of interest with neighboring charged groups which ionize over 
the same pH range (Russu et al., 1982). In the present case, 
the group interacting with P2His is the C2-phosphate (or 
C3-phosphate) of the bound 2,3-DPG molecule, since the pH 
range for the second ionization of 2,3-DPG in the presence 
of deoxy-Hb A overlaps that for the deprotonation of P2His 
(Table 111 and Figure 5). According to the X-ray diffraction 
results (Arnone, 1972), 2,3-DPG binds to deoxy-Hb A in the 
central cavity between the two /3 chains on the 2-fold symmetry 
axis of the Hb molecule. The negatively charged groups of 
2,3-DPG form salt-bridges with p lva l ,  P2His, and 0143His 
of both /3 chains and with P82Lys of one P chain. Our present 
results on P2His confirm the binding of 2,3-DPG to this site 
for deoxy-Hb A in the solution state. 

In ligated Hb A, the pK value of P2His increases in the 
presence of 2,3-DPG by about 0.2 pH unit (Tables I and 11, 
and Figure 2). This increase is one of the largest among all 
surface histidyl residues of HbCO A and suggests that 2,3- 
DPG binds to ligated Hb A at or near P2His. The site for 
binding 2,3-DPG to HbCO A is also suggested by our finding 
that, in the presence of 2,3-DPG, resonance L in the 'H NMR 
spectra of HbCO A is broadened beyond detection (Figure 
1, panel B). Resonance L is missing from the spectra of HbCO 
Abruzzo (p143His - Arg) and HbCO Little Rock (6143His - Gln) as well as from the spectra of mutant hemoglobins 
containing single amino acid substitutions in the carboxyl- 
terminal domain of the p chains (Ho & Russu, 1985). These 
previous results suggested that resonance L could originate 
from the C2-proton of the p143His residue. Thus, the effect 
of 2,3-DPG upon this resonance is consistent with the in- 
volvement of this histidyl residue in the binding of 2,3-DPG 
to HbCO A. 

Our present suggestion that the binding of 2,3-DPG to 
HbCO A involves the same (or at least some of the same) 
amino acid residues responsible for its binding to deoxy-Hb 
A is supported by the findings of Gupta et al. (1 979). They 
have measured the enhancement in the relaxation rates of the 
j lP  resonances of 2,3-DPG in solutions of Hb A spin-labeled 
at the P93Cys residues. From these measurements, they have 
inferred that the 2,3-DPG molecule bound to ligated Hb A 
is at the same distance from the spin label as when bound to 
deoxy-Hb A. 

Several other histidyl residues are affected by the interaction 
of 2,3-DPG with Hb A (Tables I and 11). For example, in 
the deoxy form, the pK values of several histidyl residues whose 
C2-proton resonances are labeled 1 (P97His), 2, 4, 4', 5 ,  6, 
and 8 are lowered by the binding of 2,3-DPG. Similarly, in 
the CO form, several histidyl residues (such as the histidyl 
residues whose C2-proton resonances are labeled B, E, I, and 
H) show a decrease in their pK values upon binding of 2,3- 
DPG to Hb. According to the crystal structure of Hb A, it 
is very likely that these histidyl residues are situated away from 
the 2,3-DPG binding sites. However, the changes induced by 
2,3-DPG in their H+ equilibria cannot be due to a nonspecific 
ionic strength effect for the following reason. We have recently 
identified the histidyl residues whose NMR titrations change 
in the presence of 0.18 M chloride ions or 0.1 M inorganic 
phosphate ions (Russu et al., 1989). The effects observed 
under these conditions and/or the identity of the histidyl 
residues affected are different from those observed in the 
present work for 2,3-DPG. Hence, the changes observed here 
are specific to the interaction of 2,3-DPG with Hb A. 

One long-range mechanism for the changes in the H+ 
equilibria of histidyl residues in the presence of 2,3-DPG is 
indicated by the electrostatic calculations carried out by 
Matthew et al. (1981, 1985) and Matthew (1985). They have 
found that the binding of 2,3-DPG to the central cavity of the 
/3 chains in deoxy-Hb A induces electrostatic perturbations 
throughout the entire Hb structure even at an ionic strength 
of 0.1 M. Some of the histidyl residues affected by the binding 
of 2,3-DPG (apart from those at the binding site) are a45His, 
cySOHis, cy1 12His, P77His, 01 17His, and pl46His [Table TI1 
in Matthew et al. (1981)l. However, according to these 
calculations, the pK values of these histidyl residues (except 
for a1 12His) should increase in the presence of 2,3-DPG. In 
contrast, the present 'H  NMR results indicate that the 
long-range electrostatic effects of 2,3-DPG can result in lower 
H+ affinities for histidyl residues outside the binding site. Such 
effects could make significant contributions to the electrostatic 
free energy of stabilization of the Hb A molecule by 2,3-DPG. 

The changes in the histidyl protonation equilibria could also 
result from the long-range changes in the conformation of the 
Hb  A molecule induced by the binding of 2,3-DPG. The 
X-ray diffraction studies indicate that, upon binding of 2,3- 
DPG to deoxy-Hb A, the A helix is pulled closer to the H helix 
and the EF corner. Moreover, the H helix moves away from 
the P-chain central cavity and closer to the heme pockets 
(Arnone, 1972). Conformational changes in the heme pockets 
upon binding of 2,3-DPG have also been detected by IH NMR 
spectroscopy as shifts in the hyperfine-shifted resonances in 
the deoxy form (Ho et al., 1978; Ho & Russu, 1981) and in 
the ring-current shifted resonances in the ligated form 
(Lindstrom & Ho, 1973). In the present work, we have found 
that 2,3-DPG affects the pH dependence of the 7*-CH3 proton 
resonances of cy- and DE 1 1 Val residues (Figure 4). The ap- 
parent pK value of PEllVal increases in the presence of 



Interactions between 2,3-DPG and Hb A 

2,3-DPG from 6.0 f 0.1 to 6.6 f 0.1, The pH dependence 
of the T~-CH,  proton resonances of the E l  lVal residues could 
reflect the ionization of the distal E7 histidyl residues in the 
CY and chains. According to various investigators, the pK 
values of the distal histidyl residues vary from 4.1 to 6.0 
(Ikeda-Saito et al., 1977; Fuchsman & Appleby, 1979; Asher 
et al., 1981; Doster et al., 1982; Dalvit & Ho, 1985). Thus, 
our results suggest that the long-range conformational changes 
induced by the binding of 2,3-DPG may affect the ionization 
properties of the distal histidyl residues in the P chains. 

Our present results on the effects of 2,3-DPG upon the 'H 
NMR titration of the histidyl residues in Hb A are in good 
agreement with previous findings by other investigators. For 
example, Ferrige et al. (1979) have found that, in deoxy-Hb 
A, the pK values of three His-C2 proton resonances are af- 
fected by the presence of 2,3-DPG. Due to the lack of specific 
assignments for these resonances, no direct information on the 
2,3-DPG binding site was obtained in this study. Similarly, 
Nieto (1 98 1) has observed that three His-C2 proton resonances 
of Hb A within oxygenated red blood cells are shifted by 
increasing concentrations of 2,3-DPG. These shifts were in- 
terpreted as being due to the binding of 2,3-DPG to the 
corresponding histidyl residues in oxy-Hb A. Our present 
results show that, although this is true for the P2His residues, 
the origin of the shifts of other resonances may be more 
complex. 

Molecular Mechanism of the Bohr Effect in the Presence 
of 2,3-DPG. Extensive experimental evidence has demon- 
strated that the binding of 2,3-DPG to Hb  A enhances the 
alkaline and the acid Bohr effect (de Bruin et al., 1971, 1973; 
de Bruin & Janssen, 1973; Kilmartin, 1974). Under the 
conditions of our experiments (namely, a 1:l ratio of 2,3-DPG 
to Hb, which is the same as that in red blood cells), the en- 
hancement in the Bohr effect is approximately 75% of the 
maximum observed (de Bruin et al., 1971, 1973). The total 
extra Bohr effect due to the binding of 2,3-DPG results from 
the differences in the number of protons bound by Hb and by 
2,3-DPG between the deoxy and ligated states (de Bruin & 
Janssen, 1973). 

According to our present results, P2His is one histidyl 
residue responsible for the difference in charge between deoxy- 
and HbCO A in the presence of 2,3-DPG. We have calculated 
the contribution of this residue to the Bohr effect based on 
the equation: 

AX = 2r (deoxy)  -f(CO)] (7) 
wheref+(deoxy) andf+(CO) are the fractions of protonated 
P2His in the deoxy and CO forms, respectively. These frac- 
tions have been obtained on the basis of eq 3b and the titration 
parameters of the P2His residues given in Table 11. The results 
indicate that, in the presence of 2,3-DPG, the P2His residues 
make a positive contribution to the alkaline Bohr effect of up 
to 0.5 proton/Hb tetramer (Figure 6). In contrast, under 
"stripped" conditions, the P2His residues capture H+ upon 
ligand binding to Hb (Le., up to 0.5 proton/Hb tetramer; 
Russu et al., 1989), and, thus, they make a negative contri- 
bution to the alkaline Bohr effect. These results add further 
support to our previous suggestion that the contribution of a 
given amino acid residue to the Bohr effect of Hb A can 
change depending upon solvent conditions and the presence 
of allosteric effectors other than H+ (Russu et al., 1980, 1982, 
1989; Russu & Ho, 1986; Ho & Russu, 1987). 

Other histidyl residues in the 2,3-DPG binding site and away 
from it could be expected to make contributions to the en- 
hancement of the Bohr effect of Hb  by 2,3-DPG. Their 
contributions cannot be evaluated at  the present time since 
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FIGURE 6 :  Proton release/uptake by P2His and 2,3-DPG upon ligand 
binding to Hb  in 10% Hb A solutions in 0.1 M Bis-Tris (or Tris) buffer 
in D20 at 27 O C :  (-) P2His in the presence of 2,3-DPG (1:l molar 
ratio to Hb); ( - - - )  P2His in the absence of 2,3-DPG; ( . - e )  2,3-DPG 
alone. 

the corresponding resonances have not yet been definitely 
assigned in the 'H NMR spectra. Moreover, in the presence 
of 2,3-DPG, several His-C2 proton resonances of interest (e.g., 
resonance L in HbCO A, Figure 1) are broadened beyond 
detection, and, thus, their NMR titration cannot be monitored. 

The number of protons bound by 2,3-DPG varies between 
deoxy and ligated states due to two effects. First, the release 
of 2,3-DPG from Hb upon oxygenation results in an uptake 
of protons since the pK values of the phosphate groups are 
higher in the free than in the Hb-bound form (Table 111). 
Second, the difference in the pK values of 2,3-DPG bound to 
deoxy-Hb A and HbCO A (Table 111) also results in an uptake 
of protons by 2,3-DPG since the pK values of the phosphate 
groups are lower when 2,3-DPG is bound to deoxy-Hb A. 
Accordingly, the proton uptake by each phosphate group of 
2,3-DPG upon ligand binding to Hb  can be expressed as 

AX =A(deoxy) -A(CO)  +.mdeoxy) -.G(CO) (8) 

where symbols have the same meaning as in eq 1. Equation 
8 extends the thermodynamic models previously proposed by 
Riggs (1971) and de Bruin and Janssen (1973) by taking into 
account the differences in the ionization of each phosphate 
group of 2,3-DPG between (i) free and Hb-bound states and 
(ii) 2,3-DPG bound to deoxy and ligated Hb. The pK values 
of the 2,3-DPG bound to Hb A were calculated as described 
under Data Analysis and are shown in Table 111. They are 
lower than the corresponding ones in free 2,3-DPG as expected 
from the electrostatic interactions with the positively charged 
amino acid residues in the binding site. The decrease in the 
pK values of 2,3-DPG bound to HbCO A is less than that for 
deoxy-Hb A. This difference reflects the electrostatic con- 
tribution to the differences in the binding affinities of 2,3-DPG 
between the deoxy and the ligated forms of Hb. 

The calculated proton uptake by the C2- and C3-phosphate 
groups of 2,3-DPG is shown in Figure 6. Up to 0.85 H+ (per 
Hb tetramer) is captured by 2,3-DPG as a result of changes 
in its binding affinity and ionization properties upon the oxy- 
genation of Hb. The maximum uptake occurs around pH 6.5, 
suggesting that the changes in 2,3-DPG ionization could be 
involved in the enhancement of the acid Bohr effect by 2,3- 
DPG. This suggestion is in agreement with the results obtained 
previously by de Bruin and Janssen (1973) using thermody- 
namic modeling. The small inflection in the calculated proton 
uptake curve results from the different pK values of the C2- 
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and C3-phosphate groups in both free and Hb-bound states. 
SUMMARY A N D  CONCLUSIONS 

The results obtained in this paper characterize the changes 
in the individual hydrogen ion equilibria of histidyl residues 
of Hb A and phosphate groups of 2,3-DPG upon the binding 
of this allosteric effector to Hb. The localized interactions 
at the binding site greatly increase the pK value of /32His in  
deoxy-Hb A .  As a result of this increase, P2His makes a 
significant contribution to the Bohr effect of Hb in the presence 
of 2,3-DPG. The binding of 2,3-DPG also affects the local 
electrostatic environment of histidyl residues removed from 
the binding site. These findings suggest that the molecular 
mechanisms responsible for the allosteric effects of hydrogen 
ions and 2,3-DPG involve specific long-range interactions 
between ionizable groups of Hb. The changes in the hydrogen 
ion equilibria of 2,3-DPG upon binding to H b  are found to 
be different between the deoxy and carbonmonoxy forms. 
These differences contribute to the proton uptake by 2,3-DPG 
upon ligand binding to Hb. 
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