
Probing the Diphosphoglycerate Binding Pocket of HbA and HbPresbyterian
(â108Asnf Lys)†

David S. Gottfried,*,‡ Belur N. Manjula,‡ Ashok Malavalli,§ A. Seetharama Acharya,§ and Joel M. Friedman‡

Department of Physiology and Biophysics and Department of Medicine, DiVision of Hematology,
Albert Einstein College of Medicine, 1300 Morris Park AVenue, Bronx, New York 10461

ReceiVed NoVember 18, 1998; ReVised Manuscript ReceiVed June 24, 1999

ABSTRACT: HbPresbyterian (â108Asnf Lys, HbP) contains an additional positive charge (perRâ dimer)
in the middle of the central cavity and exhibits a lower oxygen affinity than wild-type HbA in the presence
of chloride. However, very little is known about the molecular origins of its altered functional properties.
In this study, we have focused on theââ cleft of the Hb tetramer. Recently, we developed an approach
for quantifying the ligand binding affinity to theâ-end of the Hb central cavity using fluorescent analogues
of the natural allosteric effector 2,3-diphosphoglycerate (DPG) [Gottfried, D. S., et al. (1997)J. Biol.
Chem. 272, 1571-1578]. Time-correlated single-photon counting fluorescence lifetime studies were used
to assess the binding of pyrenetetrasulfonate to both HbA and HbP in the deoxy and CO ligation states
under acidic and neutral pH conditions. Both the native and mutant proteins bind the probe at a weak
binding site and a strong binding site; in all cases, the binding to HbP was stronger than to HbA. The
most striking finding was that for HbA the binding affinity varies as follows: deoxy (pH 6.35)> deoxy
(pH 7.20)> CO (pH 6.35); however, the binding to HbP is independent of ligation or pH. The mutant
oxy protein also hydrolyzesp-nitrophenyl acetate, through a reversible acyl-imidazole pathway linked
to the His residues of theââ cleft, at a considerably higher rate than does HbA. This implies a perturbation
of the microenvironment of these residues at the DPG binding pocket. Structural consequences due to the
presence of the new positive charge in the middle of the central cavity have been transmitted to theââ
cleft of the protein, even in its liganded conformation. This is consistent with a newly described quaternary
state (B) for liganded HbPresbyterian and an associated change in the allosteric control mechanism.

Many anions and small molecules (effectors) modify the
oxygen binding properties of hemoglobin (Hb)1 through
interactions with the water-filled domains of the protein. Such
effector-induced alterations of Hb’s oxygen affinity are
thought to arise from preferential binding of the effector to
a particular quaternary state which shifts the equilibrium
between high- and low-affinity structures. In most cases, the
population of the low-affinity T (deoxy) quaternary state is
favored by the presence of the effector molecules which
decreases the oxygen affinity of the Hb solution (1). The
binding pocket for the allosteric effector 2,3-diphosphoglyc-
erate (DPG), whose binding lowers the oxygen affinity of
HbA within the red blood cell, is located among a cluster of
eight positive charges at theâ end of the central cavity that
is more accessible in the T state. Previous studies have also
indicated that some effectors can bind to the ligand-bound

states of Hb and thus potentially affect the structure and
properties of the canonical R state (2-5).

Hemoglobin Presbyterian (HbP) is a naturally occurring
single-site (perRâ dimer) mutant (â108 Asnf Lys) (6). In
the presence of chloride ions, this hemoglobin variant has a
substantially reduced oxygen affinity (as measured by values
of P50) with normal cooperativity, compared to wild-type
HbA, whereas in the absence of chloride HbP and HbA have
nearly identical oxygen affinities. The mechanism whereby
binding of chloride is communicated to the oxygen binding
sites at the heme groups has not been determined. However,
the influence of theâ108 Asnf Lys substitution is muted
when the protein is cross-linked at its DPG binding pocket
using bis-sulfosuccinimide suberate (7). A comparative
mapping of the various functional and structural domains of
the mutant protein and an integration of such structural
information are critical to establishing the molecular basis
of the chloride-induced low oxygen affinity of this protein.
HbP is currently involved in continuing investigations of
hemoglobin-based, acellular oxygen carriers (blood substi-
tutes) (8). In addition, the added positive charge in a key
region of the central cavity has made HbP a focus of studies
undertaken to better understand both allosteric transitions and
the communication pathways between the effector binding
site and the oxygen binding sites at the heme moieties (7).

A recent X-ray crystallographic study has revealed a new
T-like structure, designated the B state, for a liganded
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derivative of a cross-linked HbP variant (9). This variant,
designed as a blood substitute, differs from normal HbP by
the presence of a glycine bridge between the C-terminus of
one R chain and the N-terminus of the otherR chain, as
well as the substitution of methionine instead of valine at
the N-termini of both globin chains. It is not certain to what
extent the cross bridge contributes to the stabilization of the
new structure. This new structure determined for the cya-
nomet HbP variant is distinctive from both the classic R
structure (10) and several recently described liganded R-like
structures [R2 (11) and Y (12)]. As in the different liganded
R structures, the heme ligand binding sites do not appear
strained. Nonetheless, the overall conformation of the central
cavity in the B structure is T-like. Most significant is the
fact that the DPG binding site, normally closed to effector
binding in the liganded R quaternary state (10) and open in
the deoxy T state (13), is open and accessible in the new
liganded B state. If this quaternary structure is characteristic
of liganded HbP, and not due to the glycine bridge, then it
would be expected that liganded HbP would also have an
open DPG pocket and conceivably a higher affinity for DPG
site substrates than liganded HbA.

In this study, we tested the above hypothesis on solution-
phase HbP derived from transgenic swine. A novel method
for quantification of free and bound ligand, based on
fluorescence lifetimes of a DPG analogue, was used to
compare the binding affinity of theââ cleft in the deoxy
and CO ligation states of HbA and HbP. In addition, the
Hb-catalyzed hydrolysis ofp-nitrophenyl acetate, associated
with theâ2His andâ82Lys residues located in theââ cleft
(14, 15), provides additional information regarding the
conformational and electrostatic changes due to the mutation
in the central cavity of HbPresbyterian.

The effector binding at theââ cleft of the Hb tetramer is
difficult to probe directly since both the common effectors
that bind there (naturally occurring DPG and the commonly
used inositol hexaphosphate), as well as the coordinating
protein residues, are spectroscopically silent. Gibson and
colleagues (16, 17) demonstrated that a pyrene derivative,
8-hydroxy-1,3,6-pyrene trisulfonate (HPTS, also known as
pyranine), binds to the DPG site and mimics the functional
characteristics of the allosteric effectors DPG and IHP. The
binding of the probe was confirmed and quantified by the
drastic reduction in its fluorescence intensity due to quench-
ing by the nearby heme groups. In a recent study (4), we
showed that the measurement of the probe’s time-resolved
fluorescence is a useful extension of this technique. The
fluorescence intensity can be fit to a decay model consisting
of distinct populations of emitting probe molecules each with
a resolvable lifetime. In particular, since at each concentration
of added ligand the absolute fractions of bound and free
ligand are determined, there is no need to rely on saturation
of the binding site to provide the maximal change in the
fluorescence intensity. As will be shown, the spectra of the
individual species (free and bound) can be measured as well.
Finally, nonspecific binding of the probe can be monitored
and excluded from the titration analysis. This study is distinct
from that reported earlier in that a different pyrene derivative,
1,3,6,8-pyrenetetrasulfonate (PyTS), was used to eliminate
the effects of the photoexcited proton-transfer reaction of
HPTS.

MATERIALS AND METHODS

Materials. The fluorophore PyTS (Figure 1) was purchased
from Molecular Probes and used without further purification.
The concentration of the probe in bis-tris buffer solution was
determined by absorption spectroscopy using the extinction
coefficient of 48.7 mM-1 cm-1 at 375 nm.

Hemoglobin A was prepared from erythrocytes obtained
from the whole blood of an AA individual. The cells were
washed with phosphate-buffered saline (PBS) at pH 7.4 and
lysed using an equal volume of distilled water. The lysate
was freed from the cell debris by centrifugation and dialyzed
against 0.05 M tris-acetate buffer at pH 8.3. HbA was
purified from the lysate on DE-52 which was developed
using a pH gradient (pH 8.3 to 7.3). The main HbA peak,
identified by reverse-phase HPLC (RPHPLC) and isoelectric
focusing (IEF), was isolated and rechromatographed on CM-
52. HbA was eluted with a linear pH and ionic strength
gradient using equal volumes of 10 mM phosphate buffer
(pH 6.5) and 15 mM phosphate buffer (pH 8.3). HbPresby-
terian was purified from the erythrocytes of transgenic swine
expressing the mutant hemoglobin (DNX Biotherapeutics,
Inc.). Hemolysate was prepared as described for HbA and
purified on DE-52 with a pH gradient (pH 8.1 to 7.3). HbP
elutes from the column earlier in the gradient than HbA with
a >95% purity as analyzed using RP-HPLC and IEF.

Concentrated solutions of the proteins were dialyzed
against 50 mM bis-tris buffer for both pH 7.2 and 6.35
samples. COHb was prepared by gently passing chemically
pure carbon monoxide gas over the surface of the Hb
solution. DeoxyHb was obtained by passing pure nitrogen
gas into an anaerobic vessel containing the Hb solution which
was then anaerobically transferred to a fluorescence cuvette
containing 1-2 equiv of sodium dithionite. For deoxy
samples, aliquots of PyTS were also added under a nitrogen
atmosphere. Complete conversion to the CO or deoxy forms
was verified by the absorption spectrum, and the concentra-
tions of both HbA and HbP were determined using the
extinction coefficients (per heme) of 13.4 mM-1 cm-1 at 540
nm (CO) and 12.5 mM-1 cm-1 at 555 nm (deoxy) (18).

Time-ResolVed Fluorescence Measurements.The fluores-
cence lifetime of the PyTS probe was measured using time-
correlated single-photon counting as described previously (4,
19). For front-face fluorometry, the optically dense sample
was placed in a triangular quartz cuvette which was rotated
such that the direction of excitation was 34° with respect to
the surface normal (20). Emission at 400 nm (excitation at
355 nm) was collected through a subtractive double mono-
chromator (16 nm spectral bandwidth) and digitized using
an analog-digital converter/multichannel analyzer. For some
experiments, 285 nm excitation was used, and the PyTS
emission was found to be independent of the excitation

FIGURE 1: Chemical structure of 1,3,6,8-pyrenetetrasulfonate
(PyTS), a fluorescent DPG analogue.
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wavelength. The instrument response function was typically
32 ps [full width at half-maximum (fwhm)]. Time-gated
fluorescence spectra were obtained by step-scanning the
monochromator while counting only those emission events
at each wavelength that fall into a predefined temporal region
of interest in the fluorescence decay. In this manner, spectra
with a time resolution of∼100 ps could be measured.

Titration Data Analysis.Decays were fit to a discrete sum
of exponentials using a nonlinear, least-squares fitting routine
(Marquardt algorithm):

where theRi values are the pre-exponential factors (ampli-
tudes) and theτi values are the fluorescence lifetimes.
Determination of the quality of fit was judged from the value
of the reducedø2, the runs test, the residuals, and the
autocorrelation of the residuals (21). Estimation of the error
in the fitting parameters was carried out using the support
plane method (ø2 surface) (22).

The lifetime components (b being bound, n nonspecific,
and f free) were assigned to individual probe populations
on the basis of the expected quenching due to binding of
the probe in the vicinity of the heme moieties and the
observed dependence on probe concentration (4). The
shortest lifetime component (τb ) 25-35 ps) is assigned to
the PyTS probe bound to the DPG site. Previous results from
our group and others (4, 16, 17, 23) using the comparable
probe HPTS have demonstrated, through competitive dis-
placement by 2,3-diphosphoglycerate and inositol hexaphos-
phate (IHP), that the pyrene-based probes do bind to the DPG
site at theâ end of the central cavity. The longest lifetime
component (τf ∼ 6 ns) arises from the PyTS free in solution.2

Last, an intermediate lifetime component (τn ) 200-500
ps) has previously been assigned to contributions from
nonspecifically bound probe (4).

As will be shown, the emission spectrum is invariant with
binding of the probe, allowing the amplitude factors (Ri) to
be used directly to calculate the fractional concentrations of
the probe in the different populations. These amplitudes are
equated to their fractional population in the sample and the
titration data fit to the independent, nonequivalent, two-
binding site model (24):

whereB andF are the bound and free probe concentrations,
respectively,Kd

(i) values are the equilibrium dissociation
constants, andBmax

(i) values are the binding site concentra-
tions for each distinct value ofKd.

Esterase ActiVity Measurements. Kinetic studies of the
hydrolysis ofp-nitrophenyl acetate (p-NPA), obtained from
Sigma and used without further purification, were performed
at room temperature (23°C) in a Shimadzu double-beam
spectrophotometer measuring the increase in absorption at

400 nm due to the production ofp-nitrophenol. A stock
solution ofp-NPA (generally 50 mM) was freshly prepared
in acetone on the day of use and kept cold in an ice bath.
The esterase activities of oxygen-ligated HbA and HbP were
measured in phosphate-buffered saline at pH 7.4 unless
otherwise noted. The extent of hydrolysis ofp-NPA in the
buffer alone was measured continuously for a period of about
6 min to serve as a control for the Hb-mediated hydrolytic
reaction. The progress of the hydrolysis ofp-NPA in the
presence of Hb was corrected by subtracting the extent of
buffer hydrolysis and expressed as the change in absorption
at 400 nm. The esterase activity was determined at least twice
for each protein concentration (3-15 µM). To establish the
influence of the phosphate and chloride concentrations on
the esterase activity, phosphate buffers with a specific
molarity and 10 mM phosphate buffer containing the desired
amount of sodium chloride were prepared and used in place
of the usual PBS buffer.

To determine whether the irreversible or reversible hy-
drolytic pathway is influenced by the presence ofâ108Lys
in HbP, protein samples were incubated withp-NPA at
concentrations approximately 10 times higher than that used
for the kinetic studies. After reaction for 30 min, the proteins
were subjected to gel filtration on a Sephadex G-25 column
equilibrated with PBS. This separates Hb from the reagents
and the hydrolysis products. The Hb peak was pooled,
concentrated, and then subjected to isoelectric focusing. The
isoelectric focusing of the Hb samples was carried out using
precast Resolve gels from Isolab. The samples were applied
to the agarose IEF gels with a blend of pH 6-8 Resolve
ampholytes and electrofocused for 45 min to separate the
components in the sample.

RESULTS

Lifetime-Detected PyTS Titration.A typical set of titration
data (deoxyHbA, pH 6.35) for a protein concentration of 160
µM in tetramer and probe at concentrations in the range of
22-300µM is shown in Figure 2. The data clearly illustrate
the multiple lifetime components corresponding to the
molecular species described above and the changes in their
relative populations. As the concentration of PyTS increases
and the binding sites become saturated, the fraction of free
probe (indicated by the amplitude of the long-lived tail of
the fluorescence decay) increases. The short lifetime of the
bound species is the result of quenching by the heme groups.

The assignment of the short lifetime component in the
PyTS fluorescence intensity decay is based on several pieces
of evidence. First, substantial previous work by Gibson and
co-workers (16, 17), using the closely related probe HPTS,
has identified the binding site as the DPG pocket in theââ
cleft of the Hb central cavity. We have previously confirmed
this conclusion using time-resolved fluorescence measure-
ments (4). Competitive binding experiments with IHP, which
is known to bind preferentially to the DPG site, show
displacement of PyTS from its binding site as judged by the
decrease in the amplitude of the quenched emission com-
ponent (see below). Last, the oxygen affinity of Hb is reduced
in the presence of PyTS, consistent with its binding to an
allosteric effector site (C. Bonaventura, personal communica-
tion).

InVariance of the Probe Spectrum.To ensure that the pre-
exponential factors can be used to represent the true

2 The actual value of the PyTS fluorescence lifetime in the absence
of protein was found to be slightly higher than that of the free population
in the binding experiments. The reduction in the value of the free probe
lifetime in Hb solution is probably due to excited state collisional
quenching with the high concentration of protein molecules.

I(t) ) Rb exp(-t/τb) + Rn exp(-t/τn) + Rf exp(-t/τf) (1)

B )
Bmax

(1) F

Kd
(1) + F

+
Bmax

(2) F

Kd
(2) + F

(2)
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populations in a quantitative manner, the emission spectra
of the solution-phase PyTS must not be altered by its binding
to the protein. If that were the case, then the measured
fractional populations would depend on the observation
wavelength, which is an undesirable complication in the
analysis. Figure 3 shows time-gated emission spectra of the
bound (time< 100 ps) and free (time> 500 ps) PyTS. These
spectra were collected by scanning the emission monochro-

mator while counting only those photons that arrive at the
detector within a specified time window compared to the
reference pulse from the excitation laser (set to time zero).
While not a rigorous measure of the spectra of the free and
bound species, because most of the emission at times of
<100 ps originates from the bound fluorophore, while that
observed at times of>500 ps originates from the free
fluorophore, these spectra are reasonable approximations. The
observation that the spectra are nearly identical, particularly
in the vicinity of the detection wavelength at 400 nm, implies
that the fractional populations of the three species can be
extracted directly from the fitting amplitudes without cor-
recting for spectral changes.

Fit of Decay Data.At each concentration of added probe,
corresponding to a separate decay curve as shown in Figure
2, the decay is fit to the sum of exponentials whose
component amplitudes are assigned to the bound, nonspecific,
and free probe populations (eq 1). An example fit is shown
in Figure 4 where it is compared to the single-exponential
decay of PyTS in the absence of any Hb. Errors in the
fractional populations are estimated by performing a rigorous
error analysis. In this method, nonlinear fitting of the data
is repeated for different values of a single fixed parameter
and plotted against the resultingø2 values. TheF test is used
to calculate one and two standard deviation limits forø2

which then provide a confidence interval for the parameter
of interest. An example of this analysis is shown in Figure
5 for the data whose fit is displayed in Figure 4.

The presence of a low concentration of heme-free Hb
subunits due to the dynamic equilibrium between globin-
bound and free heme has been shown to have an impact on

FIGURE 2: Example of time-resolved fluorescence from PyTS
titrated into a solution of deoxyHbA [0.17 mM tetramer in 50 mM
bis-tris (pH 6.35)]. The top panel shows the fluorescence decay
curves for seven PyTS concentrations [22 (bottom) to 300µM (top)]
on a logarithmic intensity scale. The bottom panel expands the time
axis and displays the data on a linear intensity scale. Emission was
collected at 400 nm (16 nm spectral bandwidth) with excitation at
355 nm. IRF is the instrument response function.

FIGURE 3: Time-gated spectra of PyTS (5µM) in a solution of
deoxyHbA [0.16 mM tetramer in 50 mM bis-tris (pH 7.2)]. The
top panel shows the absorption spectrum of PyTS (in water) with
285 and 355 nm (excitation wavelengths used in this study) denoted
with arrows. The emission spectra (excitation at 355 nm) were
collected for time ranges of 0-100 ps (- - -) and 500 ps to 20
ns (s). The inset shows these time ranges displayed schematically
on a decay curve labeled as regions 1 and 2, respectively.

FIGURE 4: (A) Decay of free PyTS (5µM, pH 6.35) and an example
fit of one set of decay data from the titration shown in Figure 2
[44 µM PyTS and 0.17 mM deoxyHbA in 50 mM bis-tris (pH
6.35)]. The data are shown as dots, and the fits are shown as solid
lines through the data. The instrument response function is labeled
IRF. (B and C) Residuals for the fits to the data for PyTS in the
absence and presence of deoxyHbA, respectively. For free PyTS
(single-exponential),τ ) 6.1 ns (ø2 ) 1.28). For PyTS/deoxyHbA
(fit to eq 1),τb ) 34 ps,Rb ) 90.5%,τn ) 261 ps,Rn ) 5.2%,τf
) 5.7 ns,Rf ) 4.3% (ø2 ) 1.16).
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the distribution of fluorescence lifetimes from the tryptophan
residues in HbA (25, 26). Thus, the possibility arises that
the intermediate (200-500 ps) lifetime component may result
from reduced quenching of PyTS bound to the DPG site in
a Hb molecule which possesses less than four heme moieties
or PyTS bound directly to an empty heme pocket in a globin
subunit.3 This was tested by monitoring the PyTS lifetime
component amplitudes (in the presence of HbA) upon
addition of excess heme (as hemin dicyanide). No significant
change is observed in the intermediate (nonspecific) com-
ponent; however, with a large excess of heme, a small
amount of displacement of the probe from the DPG site (short
lifetime) and release into the solvent is seen (data not shown).
Thus, although the exact nature of the nonspecific PyTS
binding has not been determined, heme loss appears not to
play a dominant role.

Binding Isotherms ReVeal Two Binding Sites.In a previous
report of quantitative measurements of ligand binding in the
DPG pocket of COHbA at low pH, we were able to fit the
titration data with a single-binding site model (4). That set
of experiments, which used the probe HPTS, was made more
difficult by the photoexcited proton-transfer reaction of this

probe (27). In this study, we have examined the binding of
a related pyrene, PyTS, which lacks the photoactive acidic
hydroxy group. Although the data for binding of PyTS to
the pH 6.35 COHbA sample could still be fit to a single-
binding site model, the titration data for all the other Hb
samples examined in this report required a fitting model with
two independent, nonequivalent binding sites (eq 2). An
example of the fitting, for deoxyHbP (pH 6.35), is shown in
Figure 6. TheBmax parameter is defined as the concentration
of bound ligand when the binding site is saturated. For a
single site, this is equal to the protein concentration. As can
be seen, a single-binding site model withBmax fixed at the
protein concentration is grossly inadequate for fitting the data
points. However, if two separate binding sites with non-
cooperative binding are allowed and the individual binding
site concentrations fixed at the protein concentration, then
the quality of the fit is quite good. It should be noted that in
this model only the values of the two dissociation constants
(Kd) are variables.

Binding of PyTS to HbA and HbP.A plot of the saturation
binding curves for PyTS binding to HbA and HbP under
the different ligation and pH conditions is shown in Figure
7. The initial slopes of the binding curves, which are
determined by the high-affinity dissociation constant, provide
a qualitative means of comparing the data. The data indicate
a higher affinity of the probe for HbP than for HbA under
all conditions. In addition, binding of the probe to the tight
binding site in HbP is nearly independent of ligation state
or pH. Table 1 lists the dissociation constants for both the
strong and weak binding sites from the fitting of the data
shown in Figure 7 to the two-binding site model. The values
of the binding affinity for HbA are consistent with those
previously observed for the similar probe HPTS (4, 16, 17).
As anticipated, deoxyHbA has a greater affinity for effectors
at the DPG site than does liganded HbA, although at acidic
pH even COHbA has measurable binding affinity. The
binding affinity for the CO derivatives drops dramatically
as the pH is increased. In addition, the observed increase in
binding affinity for deoxyHbA as the pH is decreased from

3 HPTS has been shown to bind reversibly to the heme pocket in
apoMb (35).

FIGURE 5: Error analysis of the fit shown in Figure 4. (A) Semilog
plot showing the confidence intervals for the decay time parameters
illustrating the temporal separation of the components providing
for precise estimates of their amplitudes. (B and C) Confidence
intervals for the bound fraction (Rb) and the free fraction (Rf) of
PyTS exhibit absolute errors of much less than 1% in the recovered
parameters. The two dashed lines correspond to one-standard
deviation (67%) and two-standard deviation (95%) confidence
intervals, respectively.

FIGURE 6: Example fit of the saturation binding data illustrating
the inadequacy of a single-binding site model. Data are for PyTS
binding to deoxyHbP (pH 6.35). Freedom of both theKd andBmax
parameters produces the dashed line fit which goes through the
data but results in a value ofBmax (275 µM) which is not in
agreement with the known protein concentration (175µM). If the
Bmax parameter is fixed to the Hb concentration in the fitting
function of a single-site model, then the dotted line results, which
is obviously a poor fit to the data. The best model, with only two
variable parameters, is one with two independent binding sites per
hemoglobin tetramer (solid line through the data points).

DPG Pocket of HbPresbyterian Biochemistry, Vol. 38, No. 35, 199911311



neutral to slightly acidic is as expected due to protonation
of titratable residues in the DPG pocket.

The pH dependence of PyTS binding to the nonliganded
(deoxy) proteins was further examined over the pH range
of 6.5-8.0. Figure 8 shows the fractions of bound and free
probe in identical solutions of 20µM PyTS and 100µM Hb
tetramer. Between pH 6.5 and 7.5, there is no change in the
extent of binding for HbP, while HbA exhibits a decreased
affinity for the probe due to the titratable His residues in
the ââ cleft. The invariance of the binding affinity in HbP
with pH suggests an electrostatic and/or steric interaction
between the added positive charge (â108Lys) and a titratable
residue at the binding site whose pKa is increased as a result.
Thus, even though the site of mutation is in the middle of

the Hb central cavity, its effects are communicated over a
long distance to the DPG binding site.

Hydrolysis of p-Nitrophenyl Acetate.A comparison of the
time-dependent hydrolysis ofp-nitrophenyl acetate top-
nitrophenol and acetic acid by oxyHbA and oxyHbP (under
identical conditions) is shown in Figure 9A. The rate of
hydrolysis of the ester by HbP is approximately 5-6 times
faster than that by HbA. The higher esterase activity of HbP
was observed over a wide range of protein concentrations,
and reflects the presence of significant differences between
the conformational aspects of theââ cleft in HbP and HbA.

The presence of chloride ions reduces the oxygen affinity
of both HbA and HbP. The influence of increasing concen-
trations of chloride on the esterase activity of oxyHbA and
oxyHbP is shown in Figure 9B. As the concentration of
chloride is increased, the esterase activity of both proteins
is reduced in a comparable manner. A similar decrease in
the esterase activity is seen with an increase in the concen-
tration of phosphate buffer (Figure 9B inset).

Gel filtration of the hydrolysis mixture after 30 min was
used to quantify thep-nitrophenol liberated by HbA and HbP.
Consistent with the results of the kinetic studies, HbP
released nearly 5-6 times morep-nitrophenol than did HbA.
The proteins, separated from the reactants and products by
gel filtration, were then subjected to isoelectric focusing. The
IEF pattern of HbP revealed that the 6-fold higher rate of
hydrolysis of the ester (Figure 9A) was not accompanied by
a higher level of irreversible acetylation of the protein (data
not shown). Thus, the increased esterase activity of HbP
appears to be achieved through an increase in the rate of a
catalytic pathway (reversible acetylation) involving the
participation of one or more His residues within theââ cleft.

DISCUSSION

The experimental results presented here establish the
differential sensitivity of theââ cleft to effector analogue

FIGURE 7: Titration data and fits for the binding of PyTS to HbA
(black symbols) and HbP (white symbols). All data were fit to the
two-site model, with the exception of the data for COHbA (pH
6.35) which were found to fit to a single-site model; however, the
possibility of a second binding site with very weak binding affinity
cannot be excluded. The values of the dissociation constants
obtained from these data and fits are given in Table 1.

Table 1: Dissociation Constants (µM) for Binding of PyTS to HbA
and HbPa

deoxy at pH 7.2 deoxy at pH 6.35 CO at pH 6.35

HbA 15.49( 0.58 7.40( 0.30 29.31( 1.61
680.5( 69.5 201.0( 14.5

HbP 2.29( 0.087 2.27( 0.087 2.21( 0.238
93.23( 7.25 38.33( 1.87 104.10( 18.97

a All samples were in 50 mM bis-tris buffer at the indicated pH. Hb
concentrations were 150-200 µM in tetramer as determined spectro-
photometrically. Dissociation constants are presented as the nonlinear
regression best-fit parameter( the standard error.

FIGURE 8: Fractions of bound (9 and0) and free (b andO) PyTS
(total concentration of 20µM) in the presence of deoxyHbA and
deoxyHbP (100µM tetramer) as a function of pH (50 mM bis-tris;
50 mM bis-tris-tris for pH 8.0). Error bars represent the two-standard
deviation (95%) confidence interval.

FIGURE 9: (A) Kinetics of the hydrolysis ofp-NPA by oxyHbA
and oxyHbP. The evolution ofp-nitrophenol was followed at pH
7.4 in phosphate-buffered saline at room temperature by monitoring
its absorption at 400 nm. Data were corrected for the background
hydrolysis by the buffer. The concentration ofp-NPA was 1 mM,
and the concentration of Hb was 3µM. (B) The influence of
chloride ion concentration on the esterase activity of HbA and HbP.
The rate of hydrolysis is expressed as the change in absorption at
400 nm per minute for the linear region of the kinetic data. The
inset depicts the influence of phosphate buffer concentration.
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binding in HbPresbyterian and HbA. There are three principal
differences between the binding of PyTS to HbP and HbA.
The first observation is that the mutation in HbP (â108Asn
f Lys), which is located in the interior of the protein
approximately 15 Å from theââ cleft, affects the binding
of the effector analogue at the DPG binding pocket. The fact
that there is any linkage between the mutation in the middle
of the central cavity, with its additional positive charge, and
the binding of effector molecules at the opening of the cavity
implies long-range communication between these two well-
separated sites. Second, the affinity of HbP for the PyTS
ligand is consistently higher than the corresponding affinity
of HbA under each of the solution conditions examined in
this study. Even under conditions expected to produce R state
hemoglobin (carbon monoxide ligation), as defined by the
X-ray crystal structure (10), a difference in affinity for the
probe is observed. At pH 8.0, COHbP possesses a greater
affinity for the PyTS probe than does CO-ligated HbA
(Figure 10). Both mutant and wild-type proteins exhibit a
significantly lower affinity for probe by the DPG site in the
R state (CO-liganded, pH 8.0) than in the deoxy-T or low-
pH, CO-liganded (altered R) states. This result is also
consistent with both proteins exhibiting the expected allos-
teric effect due to stabilization of the T state relative to the
R state by the bound effector at the DPG site. Last, the
mutation of â108 at theR1â1 interface alters the normal
dependence on pH for binding of effector analogues to the
ââ cleft in deoxyHbP. These results have implications,
consistent with the recently determined crystal structures of
cross-bridged HbP (9), for understanding the mechanism
whereby the ligation state of the hemes is transmitted into a
change in the global quaternary state of the protein resulting
in cooperative and allosteric ligand binding behavior.

One unexpected result based on the titration analysis
presented here is that the PyTS probe binds to two
independent sites with very different dissociation constants.
It is most probable that the high-affinity site is, in fact, the
DPG binding site found at theâ-chain end of the central
cavity. Previous effector binding results using the DPG
analogue HPTS, which is closely related to PyTS, and steady
state (16, 17, 23) or time-resolved (4) fluorescence indicate
only a single binding site. Furthermore, competitive binding
experiments with IHP show complete replacement of the

HPTS with 1 mol of the IHP (4). However, in similar
experiments with PyTS as the effector analogue, addition
of IHP to both PyTS-bound HbA and HbP results in only
partial replacement of the PyTS (D. S. Gottfried, A. S.
Acharya, and J. M. Friedman, unpublished data). Conversely,
if a sample of HbA or HbP is preloaded with a stoichiometric
amount of IHP, titration with PyTS indicates that its preferred
binding site is blocked and inaccessible, although some
fraction of short-lived fluorescence is measured. This sug-
gests that one binding site for PyTS is in the DPG pocket,
where it can be displaced by added IHP, while the second
as yet unknown site exists elsewhere within the Hb tetramer,
and is immune to IHP binding. Other possible binding sites
include theR end of the central cavity which is known to
bind chloride ions, protons, and carbon dioxide, or the interior
of the central cavity which has been shown to be the
preferred binding site for effectors related to clofibric acid
(28). We are examining these possibilities through additional
competitive binding experiments. This apparent difference
between the actions of PyTS and HPTS may possibly be
due to the additional negative charge of PyTS (-4) compared
to HPTS (-3) which would enhance the electrostatic
interactions associated with binding.

The dissociation constants obtained using the fluorescence
methods described here are qualitatively supported by other
experimental studies of HbP. We have measured both UV
and visible resonance Raman spectra of HbA and HbP in
the absence and presence of added IHP, which binds strongly
at the DPG pocket (29). UV Raman spectra of Hb, which
are sensitive to the environment and H-bonding of the Tyr
and Trp residues of the protein, exhibit characteristic features
in the T and R states. Spectra of COHbP in the presence of
50 mM phosphate have many traits that are suggestive of a
T-like quaternary state, even though the tetramer is fully
ligated. The enhanced binding of effector analogues to HbP
is further supported by visible Raman spectra of the heme
groups. A lower stretching frequency of the proximal Fe-
His bond is observed for HbP than for HbA when phosphate
is bound in the DPG pocket. The decrease in the frequency
of this Raman band is associated with a shift in quaternary
structure toward a T-like state (2). NMR and resonance
Raman measurements have also been taken for both HbP
and the double recombinant mutant Hb(R96Val f Trp/
â108Asnf Lys). Quaternary structure markers indicate that
when the CO-ligated, R state forms of these Hbs are exposed
to IHP they are switched to a T-like state (30). It has been
suggested by Bonaventura et al. (31) that the additional
positive charges in the central cavity introduced by the
analogousâ139Asnf Lys mutation (Hb Hinsdale) lead to
repulsive interactions which widen the central cavity and
result in lower oxygen affinity. A similar effect may be
operative in HbP. Thus, theâ108 region may be involved
in the mechanism of ligand-induced communication across
the R1â1 interface.

The increased esterase activity of oxyHbP compared to
oxyHbA further suggests that steric and/or electrostatic
effects at theââ cleft are influenced by theâ108Asnf Lys
mutation. Hb, like many other proteins, hydrolyzesp-
nitrophenyl acetate. This catalytic activity is generally
considered to be a reflection of the unique conformation of
one or more surface His or Lys residues. In the case of Hb,
this esterase activity has been suggested to be primarily

FIGURE 10: Titration of COHbA (black symbols) and COHbP
(white symbols) (0.15-0.20 mM tetramer) with PyTS (5-40 µM)
at pH 8.0 (50 mM Hepes) and pH 6.35 (50 mM bis-tris). The
fraction of bound (quenched fluorescence lifetime) probe per
hemoglobin tetramer is plotted vs the fraction of total added probe
per tetramer. At pH 8.0, the CO-liganded proteins are expected to
assume a normal R state conformation.
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associated with the high density of positive charge in the
ââ cleft region of Hb. Two of the four positively charged
residues of the DPG binding pocket, namely,â2His and
â82Lys, have been implicated as the functional groups
responsible for the hydrolysis ofp-nitrophenyl acetate. It has
been suggested that catalytic hydrolysis ofp-NPA by Hb is
a useful probe of the conformational state of theââ cleft
(15).

Two modes of hydrolysis of thep-NPA have been
postulated to explain the esterase activity of HbA (15). In
one scheme, theâ2His imidazole catalyzes the formation of
a reversible intermediate (acyl Hb) that is subsequently
hydrolyzed to acetate and Hb. No irreversible modification
of the protein takes place in this catalytic mode of hydrolysis.
The second scheme involves the irreversible modification
of the protein requiring the participation ofâ82Lys and
formation of a stable acetylated Lys residue. Since the
formation of an acetylated Lys residue results in the loss of
some positive charge of the protein, an isoelectric focusing
gel of the protein incubated withp-NPA can provide a
quantification of the protein involved in this reaction. The
IEF indicates that only the reversible, catalytic process is
accelerated in HbP, and this leads to the conclusion that
â2His is perturbed either conformationally or electrostatically
by the presence of theâ108Lys mutation. Although the
altered pH dependence of PyTS binding to the deoxy proteins
(Figure 8) is suggestive of an altered pKa for a His residue
(â2 or â143) in HbP, the exact mechanism by which the
additional positive charge in the central cavity accomplishes
this change over such a long distance is uncertain.4 In
particular, since the X-ray crystallographic deoxy conforma-
tions of both HbA and HbP appear to be the canonical T
state (9), subtle differences in hydrogen bonding, salt bridges,
and/or equilibrium conformational states dynamics must be
responsible for the observed action at a distance.

The effector analogue binding results presented here
suggest that, whereas in HbA there is a connection between
the occupancy of the heme ligand binding sites and the
conformation at theâ end of the central cavity, in the mutant
HbP there appears to be some decoupling of the heme
ligation state and the affinity of the DPG binding site for
effector molecules. The high-pH, CO-liganded R states of
both mutant and wild-type proteins exhibit little affinity for
the effector analogue (Figure 10), consistent with the X-ray
crystallographic structure of R state-liganded hemoglobin
which reveals a central cavity that cannot readily accom-
modate the binding of effectors in the DPG binding site.
However, the difference in the extent of analogue binding
between the deoxy T state and the low pH, CO-liganded state
observed for HbA is not seen in HbP (Figure 7 and Table
1). The X-ray crystallographic B structure, observed for the
liganded (cyanomet) derivative of the glycine cross-bridged
variant of HbP (9), provides a plausible framework for
understanding the origin of this decoupling. The B structure
has several features distinct from the previously described
R and T structures (10, 13). The B state heme sites are at
least partially relaxed from the deoxy T state tertiary
conformation toward the normal liganded R state conforma-

tion. Upon switching from the T to the R quaternary
structure, the central cavity undergoes a change in dimensions
which leaves theâ end narrower while theR end is slightly
expanded. The substantial decrease in the affinity of effectors
for binding to the DPG site in R state Hb is attributed to
this reduction in the size of theâ end of the central cavity.
This preferential binding can also be viewed as the source
of stabilization of the T state by the presence of DPG or
analogue effectors.

The change in the DPG pocket which accompanies the T
f R transition arises from a screw axis located between the
dimers at a point near theR end of the central cavity which
allows theRâ dimers to rotate (13.5°) and translate (1.5 Å)
with respect to one another. In contrast, the screw axis
associated with the Tf B transition is located closer to the
â end of the central cavity and is rotated by nearly 90° from
the T f R screw axis. Thus, ligand binding at the hemes
results in only an 8.7° rotation and 0.1 Å translation of the
dimers, producing significantly reduced changes at the DPG
binding site (J. Kavanaugh and A. Arnone, personal com-
munication). The B structure also retains many T state-like
interactions within theR1â2 interface. Thus, the B structure
is likely to have a moderately high oxygen affinity (inter-
mediate between T and R) even though it displays several T
state-like features, including the accessible and accommodat-
ing DPG binding site.

The binding of organic phosphates to liganded Hb has been
observed in earlier studies (32, 33) and was used to conclude
that there is a dynamic equilibrium between different ligand-
bound quaternary structures: those which allow effector
binding (open central cavity) and those which are resistant
to effector binding (closed central cavity). Many of the
spectroscopic and functional properties of solution-phase
liganded hemoglobins in the presence of DPG-type effectors
can be explained by assuming that it is, in fact, the B and R
state structures which are in equilibrium. In the absence of
effectors or at high pH, the predominant species is R (or
R2); however, upon binding of an effector to the DPG site,
the B structure predominates. The difference between
liganded HbA and liganded HbP is likely to be the relative
stability of the B state compared to that of the R state. The
PyTS binding results presented in this study are a natural
consequence if, in HbP compared to HbA, the B state is more
stable and is more readily accessible (lower energy barrier
for formation) from the R state. Thus, the Hb tetramer’s
binding affinity for allosteric effectors (and analogues) is
not determined primarily by the ligation state of the hemes
(oxy vs deoxy) but rather by the quaternary state of the
tetramer and how this dictates the conformation of the
effector binding site and its electrostatic interactions with
substrate.

A model, based on X-ray structural data for several Hb
variants with mutations at theâ37Trp residue (34), is
proposed which is consistent with our observations. These
oxygen-ligatedâ37 mutants appear to exist in a B state
quaternary conformation analogous to the cyanomet deriva-
tive of HbP observed by Kroeger and Kundrot (9). The study
of these high-affinity T-like states in Hb is being used to
separate the quaternary state-induced structural changes from
those induced by ligand binding within the T state. Arnone
suggests that through a sequence of tertiary conformational
changes starting at the heme iron atom and leveraged into a

4 Preliminary experiments in our lab, using UV resonance Raman
spectroscopy to measure the number of protonated histidine residues
(36), provide evidence of a qualitative difference between HbA and
HbP as a function of pH.
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1.5 Å movement of the FG corner, ligation of theR-globin
heme produces a bending of theRâ dimers which destabilizes
the hinge region of theR1â2 interface and facilitates the
quaternary state reorganization. The degree of dimer bending
is directly correlated with the magnitude of dimer rotation
about the screw axis which alters the DPG pocket. The
residue atâ108 is intimately involved in the bending of the
Râ dimer, so mutation at that region likely leads to a
perturbation in the ligation-induced hinge motions. The lysine
mutation atâ108 in HbP forms a new hydrogen bond with
Tyrâ35 in the deoxy state which is broken in the transition
to the liganded form of the protein (9). In the B state,
Lysâ108 is exposed to the solvent of the central cavity.
Conceivably, this alteration in theR1â1 hinge region could
lead to a lower barrier for the formation of the B structure
from the liganded R state and to greater stability for this
conformation once it is formed. An alternative mechanism
for releasing ligand binding-induced strain is also supported
by observations with crystals of HbP. Crystals of deoxyHbA,
on exposure to air, are shattered by the disordering induced
by the Tf R quaternary transition. Neither deoxyHbA in
the presence of the effector IHP nor deoxyHbP (without
bound effector) shatters with air exposure, indicating that
HbP, like effector-bound HbA, is predisposed to maintaining
a T-like ligand-bound quaternary state, namely, the B state.
Likewise, crystals of the deoxy T stateâ37 mutants, upon
exposure to oxygen, exhibit only small quaternary state
changes and remain T-like. It may be that mutations at both
â108 andâ37 in human Hb result in high-affinity, T-like
liganded structures (B state) through similar, though distinct,
mechanisms: in the former through loss of communication
across theR1â1 hinge region and in the latter through a
weakened or disruptedR1â2 interface.

In summary, the mutation within theR1â1 dimer interface
of HbPresbyterian appears to have long-range structural and/
or electrostatic consequences that can be monitored through
the accessibility of a DPG analogue to the binding pocket at
the ââ cleft of the central cavity. The quaternary state
conformational change due to ligand binding at the heme
groups in hemoglobin is the result of a sequence of finely
tuned changes in amino acid positions. Disruption of this
mechanism through mutation allows the protein to populate
conformational states, such as a high-affinity T state, that
are not normally accessible but which exist within the
dynamic families of the R and T structures.
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