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ABSTRACT: The water-filled central cavity of human adult hemoglobin (Hb A) is the binding or interaction
site for many different allosteric effectors. Oxygen binding titrations reveal that pyrenetetrasulfonate (PyTS),
a fluorescent analogue of 2,3-diphosphoglycerate, behaves like an allosteric effector. The ligation state,
pH, and concentrations of other effectors (IHP, L35, and chloride) alter PyTS fluorescence for both solution-
phase and sol-gel-encapsulated Hb samples. These conditions also alter the resonance Raman spectra
and rates of geminate recombination of CO-ligated Hb. Together, these results demonstrate that there are
conformational and functional consequences resulting from interactions between specific domains of the
central cavity and individual effectors as well as from long-range synergistic effects that are mediated
through the central cavity.

The reactivity of many proteins is subject to modulation
through the binding of small ions or molecules termed
effectors. The most dramatic examples of this class of
phenomena include allosteric effectors that alter the equi-
librium distribution of functionally distinct quaternary struc-
tures. The allosteric modulation by inorganic phosphates,
protons, and anions of the binding of a ligand to hemoglobin
(Hb) is one of the best-studied examples of this general
phenomenon. A significant component of this effect is readily
explained by preferential binding of an effector to a given
quaternary structure. This preferential binding induces a shift
in population between high- and low-affinity quaternary
states and has been the basis for explaining the most obvious
functional changes induced in Hb upon effector binding. It
has also been observed that the reactivity of Hb maintained
within a given quaternary state is subject to modulation by
the addition of effector molecules (1-4). The mechanism
of how effectors alter ligand reactivity for the low-affinity
T and high-affinity R quaternary states of hemoglobin is not
fully understood. The issue of how effector binding modu-
lates reactivity within a given quaternary state raises intrigu-

ing questions about the conformational and functional
plasticity that exists within a given protein structure.

A full picture describing in detail the mechanism through
which a given effector alters the reactivity of a protein within
a given quaternary state must identify (i) where and how
strongly the effector binds, (ii) the conformational and
dynamical consequences of effector binding, and (iii) how
these conformational and dynamical changes affect ligand
reactivity. This study focuses on these questions with respect
to how several different allosteric effectors interact with
human adult hemoglobin (Hb A),1 primarily in its fully
ligated form.

The three effectors that have been studied are inositol
hexaphosphate (IHP), L35{2-[4-(3,5-dichlorophenylureido)-
phenoxy]-2-methylpropionic acid} (5), and chloride (Cl-).
For deoxy Hb A, all three effectors operate through interac-
tions with residues lining the water-filled central cavity of
Hb A. IHP binds to theââ end of the central cavity at the
same site to which the physiologically important effector
DPG (2,3-diphosphoglycerate) binds (6, 7). This site is often
termed either the DPG binding site or theâ cleft of the
central cavity. L35, a modified and more potent version of
bezafibrate (8), has primary binding sites toward theR end
of the central cavity as well as weaker binding sites toward
theâ end of the central cavity (5). Crystallographic evidence
has been presented for inorganic anion binding sites at the
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N-termini of theR subunits of human deoxyhemoglobin in
addition to sites in the central cavity (86). However, except
in instances where Hb A mutations produce especially
favorable binding sites, Cl- does not bind tightly enough to
be visualized in X-ray crystal structures (1, 9-12).

It is well established that these three effectors decrease
the oxygen affinity of Hb at the midpoint of oxygen binding
(P50) and at 5% low saturation (P5), where the protein is
typically in its T-state quaternary conformation. The structure-
specific effects are hard to discern from oxygen affinity
measurements because the contributions of the different
species that comprise the equilibrium population of Hb A
under oxygen titration conditions cannot be separated. In
contrast, the geminate recombination of CO to photodisso-
ciated CO-ligated Hb A in solution under ambient conditions
occurs within a temporal window of a few hundred nano-
seconds (9-11). As a result, the geminate recombination
overwhelmingly reflects the properties of the initial popula-
tion of CO-ligated Hb A. It has been shown that the fraction
of photodissociated molecules undergoing geminate recom-
bination, the geminate yield (GY), is highly responsive to
Hb conformation (12-16). Using double-pulse techniques,
iron-metal hybrids, and effector-loaded partially ligated
forms, it has been inferred that the GY varies from∼0.50
in the R state to close to zero in the T state. More recently,
porous sol-gels were used to trap the CO-bound T state of
Hb A and directly confirm this conclusion (17-19). Many
of these studies also show that in the presence of allosteric
effectors, the GY decreases for the ligated, R state, of Hb
A. We build upon these results in this study, where the GY
is used to monitor the functional consequences of added
effectors with an emphasis on competitive and synergistic
effects between different effectors.

The results of the functional studies are correlated with
the conformational consequences of added effectors as
reflected in frequency changes ofν(Fe-His), the iron-
proximal histidine stretching mode, observed for the 8 ns
photoproduct of CO-ligated Hb A. As with the GY, this
frequency (which for the 8 ns photoproduct reflects the initial
conformation of the unphotolyzed ligated Hb A population)
is highly responsive to the Hb conformation (13, 20-27).
The highest observed frequency at∼230 cm-1 occurs for
the photoproduct of an effector-free sample of CO-ligated
Hb A (pH 6.5-9.0), whereas the lowest frequency occurs
for T-state deoxy Hb A at∼215 cm-1. Intermediate values
are observed for the photoproducts of ligated T-state species
trapped in porous sol-gel matrices (28) and for deoxy or
effector-bound R-state species (17, 21, 24, 29-31). Perturba-
tions of both R- and T-state species result in intermediate
values that correlate with ligand reactivity, especially as
reflected in the GY of the species in question (17, 23, 32,
33).

The binding of an effector to Hb A can be followed
directly when the binding produces a clear-cut change in
either an effector or Hb-specific spectroscopic marker or a
measure of some aspect of reactivity. Binding that does not
engender such changes is not easily monitored since the
effectors are often optically silent. An approach to studying
effector binding that has proven to be successful utilizes
fluorescent analogues of DPG (34-38). Upon binding, these
analogues exhibit a large decrease in their fluorescence
intensity and lifetime due to excited-state quenching by the

nearby heme groups. The initial studies utilized HPTS (8-
hydroxy-1,3,6-pyrenetrisulfonate). The use of HPTS is
complicated in some instances because of the pH dependence
of its fluorescence spectrum. The use of pH insensitive PyTS
(1,3,6,8-pyrenetetrasulfonate) eliminates this potential com-
plication (38). The previous studies addressed the binding
of these analogue effectors to Hb A as a function of different
ligation and oxidation states. Competition experiments in
which the analogues were displaced from Hb by stronger
binding effectors such as IHP were also described.

This study describes a more complete set of effector
competition experiments using PyTS. Whereas the GY and
Raman measurements expose the impact of different added
effectors upon the heme and heme environment, the PyTS
studies probe the DPG binding site. The premise behind these
PyTS experiments is that the fluorescence changes provide
a direct window into status of the DPG binding site as a
function of not only heme ligation state but also the addition
of effectors such as L35 that interact with Hb A as sites
distal to the DPG binding site. Changes in the fluorescence
intensity of PyTS bound to deoxy and CO Hb A upon
addition of IHP, L35, or Cl, either individually or in
combination, are observed. These data are used to assess how
either individual effectors or combinations of effectors
influence binding at the DPG binding site. Both competitive
and additive effects are observed, providing evidence for
relatively long-range communication pathways within the
central cavity.

The PyTS studies in solution are restricted to equilibrium
species. Encapsulation of Hb’s within porous sol-gel
matrices followed by the addition or removal of ligand has
been shown to be a viable mechanism for trapping interme-
diate species of Hb A (e.g., ligated T or deoxy R) for
sufficiently long periods to enable functional and spectro-
scopic characterization (18, 19, 28, 39-42). The study
presented here also seeks to establish the feasibility of using
PyTS as a probe of the DPG binding site in nonequilibrium
states generated through encapsulation techniques. The results
clearly demonstrate the compatibility of the two techniques,
thus opening the door for future studies of binding of
effectors to species likely to be functional intermediates.

MATERIALS AND METHODS

Materials. The fluorophore PyTS was purchased from
Molecular Probes and used without further purification. The
concentration of the probe in solution was determined using
an extinction coefficient of 48.7 mM-1 cm-1 at 375 nm.
Purified L35 was obtained as a generous gift from Dr. I.
Lalezari.

HPLC-purified Hb A was prepared as previously described
(43). Concentrated solutions of the protein were dialyzed
against appropriate buffers to prepare samples at specific pH
values. Also examined is the cross-linked derivative of Hb
A prepared using bis(3,5-dibromosalicyl)fumarate in a reac-
tion with deoxy Hb A. X-ray crystallographic studies (44)
show that the fumaryl cross-link connects the Lys99 residues
in R1R2 subunits, thus spanning the central cavity of the
tetramer. Both of these lysines are located within a cluster
of charged residues very near the middle of the Hb molecule.
This site is also a significant part of the primary binding
site for L35. This cross-linked Hb, designatedRRXL Hb A
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in this study, was prepared using the original published
protocol (44).

CO-ligated Hb derivatives were prepared by gently passing
chemically pure carbon monoxide gas over the surface of
solutions of the starting oxy Hb samples. Deoxy Hb was
prepared by first flushing an oxy Hb sample with pure
nitrogen gas and then adding between 1 and 2 equiv of
sodium dithionite. Complete conversion of the samples to
either the deoxy or CO derivative was verified using the
visible absorption spectrum, which was also used to establish
Hb concentrations. Hb samples containing any of the
effectors, including PyTS, were prepared by adding small
aliquots of a concentrated stock solution of effector to the
much larger volume of the Hb solution to generate samples
that were 0.50 mM in heme with varying stoichiometric
amounts of added effector. The experiments designed to test
the effect of added nonfluorescent effectors on the binding
of PyTS utilized a starting sample of Hb A with 1 equiv
(based on the concentration of tetramer) of added PyTS.

Sol-gel-encapsulated Hbs (as either deoxy or CO deriva-
tives) were prepared from tetramethoxylsilane (TMOS) using
a previously described protocol in which a small amount of
glycerol is added to the standard starting ingredients (18,
28). The sol-gel samples were prepared as a thin (e1 mm)
layer on a single inner surface of a stoppered 10 mm quartz
cuvette. The effector-free sol-gel samples, once appropri-
ately aged, were immersed in buffer to which aliquots of a
concentrated effector solution could be added to achieve the
desired effector:tetramer concentration ratio within the gel.
In all of the sol-gel measurements, a waiting period of up
to several hours was used to ensure full equilibration.
Although immediate changes in the fluorescence intensity
indicated rapid diffusion of the added effectors (including
PyTS) into the sol-gel matrix, in some instances the
fluorescence continued to evolve over periods as long as a
few hours due to the slow diffusion of the negatively charged
effectors into the sol-gel matrix.

Oxygen Binding Measurements.Equilibrium oxygen bind-
ing curves for Hb A were determined tonometrically as
described previously (1-4). For these studies, the HPLC-
purified Hb was fully stripped of effectors and oxygen
binding was then assessed in 0.05 M Bis-Tris in the presence
and absence of added PyTS and/or DPT at several concen-
trations. Oxidized Fe3+ (met) Hb levels in these studies did
not exceed 5%.

Geminate Recombination Measurements.Geminate re-
combination measurements were taken with an apparatus that
uses the 8 ns second harmonic (532 nm) output pulses of a
Nd:YAG laser running at 2 Hz to photodissociate the
solution-phase COHb samples (0.8 mM in heme) contained
in a 1 mm cuvette. The CO rebinding kinetics were
monitored using the accompanying change in absorption of
a 442 nm probe beam from a CW He:Cd laser that
continuously interrogated the sample. The details of the
apparatus, experimental conditions, and data analysis are
found in previous publications (17, 18, 28).

Visible Resonance Raman Spectroscopy.The Soret band-
enhanced resonance Raman spectrum of the 8 ns photoprod-
uct of COHb in the presence and absence of allosteric
effectors was produced using 8 ns pulses at 435 nm. These
pulses are the first anti-Stokes shifted Raman lines generated
by passing the 20 Hz second harmonic output of a Nd:YAG

laser through a pressurized hydrogen cell. Details of the
sample preparation, the apparatus, and the data processing
are extensively described in earlier publications (23). Briefly,
the samples for these experiments were approximately 1 mM
in heme, poised at pH 6.5 using Bis-Tris acetate buffer, and
saturated with CO before being loaded into a custom sample
cell consisting of two windows mounted in a spinning holder
cooled to∼4 °C to avoid sample heating and photodegra-
dation.

UV Resonance Raman Spectroscopy.The UV resonance
Raman spectra of CO-saturated derivatives of Hb A and
RRXL Hb A as a function of added L35 were generated using
a previously described apparatus (45). The Hb samples were
all at a concentration of 0.5 mM heme in 50 mM Bis-Tris
acetate buffer at pH 6.5. Data were collected on spinning
and/or rastored samples contained within a 10 mm diameter
quartz NMR tube chilled to 10( 4 °C to minimize
photodamage. The excitation wavelength was 229 nm, and
the incident laser power was 1.8 mW. Three 3 min acquisi-
tions were gathered for each ligation state of each Hb variant
over a frequency window of 820-1670 cm-1. Absorption
spectra were collected before and after exposure to the UV
laser beam to confirm the absence of photodamage.

Fluorescence Measurements.The changes in the 355 nm
excited fluorescence spectrum (scanned from 360 to 450 nm)
of PyTS were monitored using a Shimadzu fluorimeter fitted
with a front face excitation accessory. The commercially
available front face accessory was further modified both to
accommodate cuvettes and to yield reproducible intensity
measurements. A front face excitation configuration was
required to eliminate self-absorbance complications resulting
from the high absorbance of the samples. The high absor-
bance of the samples was a consequence of the high Hb
concentration required to minimize Hb dissociation intoRâ
dimers. Solution-phase measurements were taken on samples
contained within 1 mm cuvettes, while the∼1 mm thick
sol-gel samples were contained on the inner face of a 10
mm cuvette. All measurements were repeated multiple times
to ensure that the spectrum represented the fully equilibrated
sample. Again, for the sol-gel samples, it often required
tens of minutes, and occasionally hours, to reach a stable
state.

RESULTS

Functional Studies of Geminate Recombination.Figure 1
shows the variation in the geminate recombination of CO
Hb A at 25 °C and pH 6.5, with the addition of varied
amounts of IHP to separate CO Hb A samples. As previously
reported, IHP at a level of 5:1 (trace D) relative to effector-
free Hb tetramers (trace A) reduces the geminate yield
(fraction of heme sites undergoing geminate recombination,
the rebinding of CO before it exits the protein) from a value
of 27% in the native Hb to approximately 20% (a 26%
reduction in the GY) (13, 17, 46, 47); however, it can also
be seen that with higher levels of IHP, the effect is lost (traces
C and D). With IHP at 20:1 relative to Hb tetramers (trace
B), there is almost no discernible effect of IHP on the
geminate yield relative to the effector-free sample (trace A).

Figure 2 shows the geminate yield progressively decreases
with increasing levels of L35. Additions of L35 above a ratio
of 10:1 relative to Hb tetramers did not produce an
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experimentally significant change in the GY, so unlike the
IHP case, there is no evidence of a reversal of the initial
GY changes. Figure 3 displays data that indicate that the
decrease in the geminate yield occurring with L35 at 5:1
can also be induced with Cl- at 1000:1.

Figure 4 indicates that the addition of L35 to CO Hb A in
the presence of IHP at 20:1 over the Hb tetramer concentra-
tion reverses the self-inhibitory effect of IHP (as seen in
Figure 1) with respect to changes in the geminate yield.
Regardless of whether the concentration of IHP is below or
beyond the point where the reversal begins, the further
addition of L35 reduces the geminate yield.

Conformational Effects Indicated by Resonance Raman
Spectra.Figure 5 shows the 435 nm excited resonance
Raman spectra of the 8 ns photoproduct of CO Hb A at pH
6.5 as a function of added allosteric effectors. The trends in
the frequency of the iron-proximal histidine stretching mode,
ν(Fe-His), parallel those seen in the geminate recombination
measurements. The previously reported (17, 21, 22, 48)

effector-free value forν(Fe-His) of 229 cm-1 is reduced to
∼226 cm-1 with the addition of IHP at both 5:1 and 10:1
effector:tetramer ratios (traces c and d). The presence of IHP
at a 20:1 ratio relative to the Hb tetramer reverses the initial
IHP effect (trace b), yielding a spectrum that is virtually
identical to that of the effector-free sample (trace a). In
contrast, the addition of L35 produces a decrease in the
frequency ofν(Fe-His) with no reversal as its concentration
is increased (traces e-g). The presence of L35 at 20:1 along
with IHP at 20:1 (trace h) reverses the self-inhibitory effects
of high levels of IHP. Last, the maximum frequency
reduction, to a value of∼221 cm-1, is achieved with either
L35 at∼10:1 or a combination of both LC5 and IHP, similar
to what was observed in the geminate data. Other effectors
such as Cl- at∼1000:1 or PO42- at∼200:1 produce similar
but smaller decreases in the frequency ofν(Fe-His) for the
8 ns photoproduct of CO Hb A at pH 6.5.

Conformational Alterations Indicated by UV Resonance
Raman Measurements Showing L35 Interactions within the
Central CaVity. The T-state binding site for L35 in deoxy
Hb A has been well established using X-ray crystallography.

FIGURE 1: IHP dependence of the CO geminate recombination,
expressed as a change in optical density with time, for CO Hb A.
Sample conditions were 0.8 mM heme, Bis-Tris acetate buffer (50
mM, pH 6.5) at 25°C. The trace labels correspond to the following
IHP:Hb tetramer ratios: (A) 0:1, (B) 20:1, (C) 10:1, and (D) 5:1.

FIGURE 2: L35 dependence of the CO geminate recombination of
CO Hb A. Conditions as in Figure 1. The trace labels correspond
to the following L35:Hb tetramer ratios: (A) 0:1, (B) 5:1, and (C)
10:1.

FIGURE 3: L35 vs Cl- effects on the CO geminate recombination
of CO Hb A. Conditions as in Figure 1. Effector:tetramer ratios
were as follows: (A) 0:1, (B) L35 at 5:1, and (C) Cl- at 1000:1.

FIGURE 4: Combination effects of IHP and L35 on the CO geminate
recombination of CO Hb A. Conditions as in Figure 1. The effector:
Hb tetramer ratios are as follows: (A) 0:1, (B) IHP at 20:1, and
(C) both IHP and L35 at 20:1.
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It is less clear where and how L35 binds to the liganded R
state of Hb A. The UV resonance Raman spectrum of Hb A
contains features that are responsive to allosterically relevant
perturbations within the central cavity and thus spectroscopic
tools for evaluating the interactions of L35 with R-state
solution-phase forms of CO Hb A. Figure 6 shows changes
in the high-frequency region of the 229 nm excited UV
resonance Raman (UVRR) spectrum of CO Hb A and the
CO derivative ofRRXL Hb A with the addition of L35. The
intensity of the weak band at∼1511 cm-1, tentatively
assigned to the 2xW18 mode (49), responds to quaternary
structure change (deoxy T to ligated R) (50-52). Intensity
changes in this mode appear to be reflective of changes
involving Trp37â in the hinge region of theR1â2 interface
(53). The asymmetric band at∼1560 cm-1 is the W3 band.
The central component of this band is derived from Trp14R
and Trp15â in the A helix (50, 51, 54, 55). This component
shows very little change in either intensity or frequency in
going from deoxy T to ligated R. In contrast, the low-
frequency shoulder at∼1555 cm-1, derived from Trp37â
(50, 51, 54-56), shows a loss in intensity in going from
deoxy T to ligated R. This intensity change is attributed to
changes in the interaction between Trp37â and Asp94R. The
tyrosine-associated Y8a band at∼1620 cm-1 shifts to a lower
frequency (∼2 cm-1) in going from deoxy T to ligated R
(50). This shift originates primarily from the R-T sensitive
H bonding interaction between Tyr42R and Asp99â in the
switch region of theR1â2 interface (54, 57, 58). Intensity
changes without frequency shifts in the Y8a band of modified
Hb and R-T intermediates have been attributed to changes
in the hydrogen bonding associated with penultimate ty-
rosines, Tyr140R and Tyr145â (32, 45, 59).

It can be seen in Figure 6 that the addition of L35 to CO
Hb A (panel a) results in two changes in the spectrum. There

is a clear L35-induced increase in the intensity of the Trp37â-
associated low-frequency shoulder on the W3 band at∼1555
cm-1. This change is very similar to the change that occurs
in this band in going from R to T. In this situation where
L35 is added to CO Hb A, the other Rf T signatures in
the UV resonance Raman spectrum are absent. Neither the
intensity of the 1511 cm-1 band nor the frequency of the
Y8a band changes with the addition of L35. Instead, the only
other change is an intensity increase in the tyrosine Y8a band
with the addition of L35. It can be seen from the figure that
for the cross-linked Hb, L35 still induces the changes in the
shoulder of W3 (albeit a less pronounced change), but the
intensity changes in Y8a are no longer apparent. As will be
described in more detail below, this pattern of spectral
changes is consistent with L35 interacting with residue side
chains within the central cavity even in the liganded R-state
population despite the volume limitations implied by crystal-
lographic studies.

Influence of PyTS on the Binding of Oxygen to Hb.To
evaluate the efficacy of PyTS as an effector, parallel oxygen
binding studies were carried out at varied PyTS and DPG
concentrations. As shown in Figure 7, the effect of PyTS is
clearly like that of DPG in that it decreases the oxygen
affinity at both pH 6.5 and 7.5, with greater changes at pH
7.5.

Some interesting differences in effector potency, revealed
by the titrations shown in Figure 7, helped us define
conditions that are appropriate for studies of competitive
binding to this site. The objective is to be certain that the
concentration conditions that are chosen correspond to having
PyTS bound primarily at the DPG binding site and not at

FIGURE 5: Excited resonance Raman spectrum (435 nm) of the 8
ns photoproduct of CO Hb A as a function of added allosteric
effectors. Conditions as in Figure 1 except the temperature was
maintained at approximately 4-10 °C and the Hb concentration
was 1 mM in heme. The traces correspond to the following effector:
Hb tetramer ratios: (a) 0:1, (b) IHP at 20:1, (c) IHP at 5:1, (d)
IHP at 10:1, (e) L35 at 5:1, (f) L35 at 10:1, (g) L35 at 20:1, and
(h) both L35 and IHP at 20:1. The line designated as sapphire is a
reference signal originating from a sapphire window used as one
of the two optical disks that sandwich the solution. FIGURE 6: UV-excited (229 nm) resonance Raman spectrum of

CO Hb A (a) and CO ofRRXL Hb A (b) as a function of added
L35 relative to tetramer concentration: (s) no added effectors, (‚
‚‚) L35 at 2:1, and (- - -) L35 at 4:1. Conditions as in Figure 1 but
with the temperature maintained at approximately 4-10 °C.
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weaker nonspecific anion binding sites. Notably, although
PyTS is a polyvalent ionic effector, at a 1:1 effector:tetramer
ratio, it decreases oxygen affinity only∼25% as much as
DPG does (at both pH 6.5 and 7.5). At pH 6.5, a 1:1 PyTS:
Hb tetramer ratio brings about only∼50% of the shift
observed when the effector concentration is increased 50-
fold. Similar differences are apparent at pH 7.5. Because
the highest-affinity binding of PyTS to the tetramer can be
confidently ascribed to its polyionic binding to the DPG
binding site, we were able to examine the effects of ligation
and competitive ions on the DPG binding site by examination
of competitive effects when PytS was present at the low 1:1
effector:tetramer ratio.

Changes in PyTS Fluorescence upon Addition of Other
Effectors.The following paragraphs describe in detail the
changes in PyTS emission upon addition of IHP, L35, and
Cl- to both the CO and deoxy Hb A derivatives at pH 6.5,
7.5, and 8. Figure 8 shows several representative PyTS
fluorescence spectra that illustrate the pattern of intensity
change occurring with the sequential addition of effectors
to a 1:1 PyTS/CO Hb A sample at pH 6.5. Table 1
summarizes the fractional changes in the PyTS intensity for
CO Hb A, deoxy Hb A, and sol-gel-encapsulated CO Hb
A at pH 6.5. Figure 9 shows these and the relative changes
in additional samples in graphical form. In both Table 1 and
Figure 9, the relative PyTS emission intensity is normalized
to the signal observed for the 1:1 PyTS/CO Hb A sample at

pH 6.5. The values are the end point values, representing
the maximum change occurring for a given combination of
added effectors. The solution-phase results can be sum-
marized as follows. For both the CO and deoxy derivatives,
the addition of IHP (in slight excess over the tetramer
concentration) or Cl- (in large excess) increases the mag-

FIGURE 7: Effects of PyTS on oxygen binding by Hb A. Effects
of PyTS and DPG on oxygen binding curves at pH 6.5 (A) and 7.5
(B). Solution conditions were 60µM Hb A at pH 7.5 in 0.05 M
Bis-Tris buffer at 20°C with DPG (b) or PyTS (O).

FIGURE 8: Effector-induced changes in the fluorescence spectrum
of a 1:1 PyTS/CO Hb A tetramer solution (Hb at 0.5 mM in heme)
at room temperature. Traces correspond to the following effector:
Hb tetramer ratios: (a) no additions, (b) L35 at 2:1, (c) L35 at 4:1,
(d) L35 at 6:1, (e) L35 at 6:1 and IHP at 2:1, (f) L35 at 6:1 and
IHP at 4:1, and (g) L35 at 6:1, IHP at 4:1, and Cl- at 1000:1.

Table 1: Fractional Change in the Front Face Fluorescence
Intensity of PyTS in a 1:1 PyTS/Hemoglobin Solution (pH 6.5) as a
Function of Added Effectors and Corresponding Percentage of
Bound PyTS in Parenthsesa

added effector CO Hb A deoxy Hb A [CO Hb A]

PyTS 1.0 (87) 1.0 (87) 1.0 (87)
PyTS and Cl- 2.5 (54) 1.7 (72) 0.85 (90)
PyTS and IHP 2.1 (63) 1.5 (76) 1.6 (74)
PyTS and L35 0.7 (93) 0.5 (98)
PyTS, IHP, and Cl- 2.8 (48) 1.4 (78)
PyTS, IHP, and L35 1.6 (74) 1.1 (85) 1.0 (87)
PyTS, IHP, L35, and Cl- 1.8 (70) 1.3 (80) 0.6 (96)

a All values are referenced to the 1:1 PyTS/CO Hb A emission
intensity. In each case, the value is for the sample under conditions
where the maximum effect is observed. The bracket notation refers to
a sample encapsulated in a porous sol-gel matrix that is immersed in
buffer (pH 6.5).

FIGURE 9: Summary of effector-induced changes in the fluorescence
spectra of a 1:1 PyTS/Hb A tetramer sample (samples in solution
and in a sol-gel matrix).
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nitude of the fluorescence signal from PyTS, whereas the
addition of L35 decreases the fluorescence in both the
absence and presence of IHP or Cl-. The IHP effect
decreases with increasing pH, with the pH dependence being
much greater for the CO derivative. The L35 effect exhibits
a minimal dependence upon pH.

PyTS Fluorescence of Sol-Gel-Encapsulated CO Hb A
at pH 6.5.Addition of IHP and L35 (alone and in combina-
tion) to a pH 6.5 sol-gel-encapsulated 1:1 PyTS/CO Hb A
sample produced results similar to those observed in solution.
IHP enhances the fluorescence, with a maximum change of
approximately 60% for IHP at 5:1 (Table 1, relative intensity
of ∼1.6). The subsequent addition of L35 appears to exactly
offset the IHP-induced enhancement (relative intensity of 1).
Whether the expected amount of effector enters the gel pores
remains an open question, but this agreement with the
solution results strongly indicates that with a sufficient
equilibration time the anticipated effector:tetramer ratio is
achieved.

Remarkably, when Cl- is added to the sol-gel samples,
the fluorescence intensity decreases. This result is opposite
in direction to that observed for samples in solution where
the addition of Cl- always increases the fluorescence
intensity. This behavior contrasts to effects observed for IHP
and L35, which induce a similar PyTS response in solution
and sol-gel samples. The addition of 0.6 M Cl- to an IHP-
and L35-free sample of CO Hb A at pH 6.5 resulted in an
immediate and persistent reduction of the fluorescence
intensity on the order of 15% (relative intensity of 0.85). A
similarly sized decrease occurred when addition of 0.6 M
Cl- was made to a sample containing IHP at 6:1 relative to
Hb tetramer (relative intensity of 1.4). The addition of 0.06
M Cl- to a sample containing both IHP and L35 at 6:1
produced a much smaller reduction in fluorescence (on top
of the reduction induced by adding L35 to the IHP-treated
sample). Overall, it appears that for the sol-gel samples,
the addition of a large excess of Cl- mimics the behavior
brought about by addition of stoichiometric amounts of L35.

DISCUSSION

PyTS Is an Allosteric Effector. The effect of PyTS on
binding of oxygen to Hb A is clearly like that of DPG,
implying that it too stabilizes the low-affinity T-state
conformation of Hb. This is an expected result, since the
PyTS structure is in many ways analogous to DPG and other
anionic effectors that have been shown to bind in a 1:1
effector:deoxy Hb ratio at a positively charged site between
the twoâ chains (6, 7). The pH-dependent PyTS effect on
oxygen binding is also consistent with a progressively larger
difference in PyTS binding affinity between deoxy and
liganded Hb at higher pH, as reflected in the fluorescence
intensity changes reported in this paper.

Because the highest-affinity binding of PyTS to the
tetramer is plausibly ascribed to its polyionic binding to the
DPG binding site orââ cleft, we were able to examine the
effects of ligation and competitive ions on the DPG binding
site by examining the effects when PyTS was present at a
1:1 effector:tetramer ratio. Support for this assertion regard-
ing the DPG binding site comes from our very recent studies
(manuscript in preparation) on Hb with an electrostatic
modification of theââ cleft caused by 3-phospho-2-hydroxy-

propylation of Val1â. This modified Hb (to be termed G3P-
Hb A) is IHP insensitive with respect to oxygen binding and
shows little or no binding of PyTS (both CO and deoxy
derivatives) with the PyTS fluorescence showing no change
upon addition of either IHP or Cl- to a 1:1 mixture of G3P-
Hb and PyTS. The conclusion from these findings is that
under the conditions employed in this study, PyTS occupies
the DPG binding site of Hb A.

Effect of Ligation State on Binding of PyTS to Hb A. As
in a previous study (38), we have observed herein that in
general PyTS binds more effectively to deoxy Hb A than to
ligated Hb A, which underlies its ability to act as an allosteric
effector and lower oxygen affinity. This preferential binding
to the deoxy state is pH-dependent, with both ligated and
unligated states showing a decrease in the level of PyTS
binding with increasing pH, as expected due to partial
deprotonation of residues in the DPG binding site at high
pH. The difference in PyTS binding affinity between deoxy
and CO-ligated Hb is close to zero at pH 6.5 but becomes
progressively larger at higher pH so that by pH 8 no binding
is seen for the CO derivative, as reflected in the fluorescence
intensities.

IHP and Cl- CompetitiVely Inhibit Binding of PyTS to Hb
in Solution.The addition of either IHP or Cl- to the 1:1
solution of PyTS and Hb (deoxy or CO) results in an increase
in PyTS fluorescence, indicative of an increase in the relative
concentration of free PyTS as it is being displaced at the
DPG site by IHP. This result is consistent with the earlier
proposal that the DPG binding site is the strong binding site
for PyTS (38) and the recent results cited above regarding
the absence of PyTS binding for G3P-Hb A.

IHP Exhibits a Self-Competition Effect when Added to CO
Hb A. Addition of stoichiometric amounts of IHP to CO Hb
A at pH values between 7 and 6 results in a decrease in the
geminate yield and a decrease in the frequency ofν(Fe-
His) in the nanosecond photoproduct Raman spectrum. On
the basis of the PyTS results, it can be assumed that at these
concentrations, the IHP is binding to the DPG binding site
despite the ligation status of the sample.

Increases in the IHP concentration above a ratio of 10:1
relative to the Hb tetramer result in a complete reversal of
the changes in the geminate yield and the Raman spectrum
such that they very nearly have the same values as when no
IHP is bound. The simplest explanation for this effect is that
the high-affinity binding site for IHP is still the DPG binding
site, despite the ligation status of the Hb A, but that there
are also weaker IHP binding sites that only become populated
when there is an appreciable amount of IHP present in an
excess of the tetramer concentration. It should be noted that
the changes in Raman spectra and the geminate yield under
conditions of excess IHP are not consistent with IHP inducing
extensive dimer formation (23, 60). The high concentration
of CO Hb also precludes the possibility that high IHP levels
are creating a large population of dimers, which is seen to
occur at much lower Hb concentrations (61-63).

A recent X-ray crystallographic study (64) indicates that
the narrowed R-stateââ cleft still is sufficiently flexible to
accommodate the binding of DPG-type effectors. This study
shows that phosphates can bind to the DPG site in fully
ligated R-state Hb. The reported structure also reveals
perturbations to the R structure required to expand the
normally narrow R-stateââ cleft. These type of changes,
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which are in the direction of the R to T quaternary transition,
are likely to be responsible for the changes reflected in the
IHP-induced (and phosphate, E. S. Peterson, U. Samuni, and
J. M. Friedman, unpublished results) reduction in GY and
Raman frequency reported in this and previous studies. These
results support the notion that there is sufficient plasticity
within the R structure to accommodate binding of effectors
at the DPG binding site. Plasticity within the DPG site within
the T state has also been observed (65). In this instance, the
overall T-state conformation is retained despite progressive
narrowing of theââ cleft in the deoxy Hb derivative due to
different lengths of a cross-linker between the two Lys82â
residues.

The self-induced loss of the kinetic and spectroscopic
signatures of binding of IHP to theââ cleft in CO Hb A at
high IHP concentrations can possibly be explained by the
eventual binding of IHP at its lower-affinity sites as more
IHP is added to the solution. Potential candidates for these
additional sites are sites within the central cavity other than
the DPG site at theââ cleft. Binding of IHP to its low-
affinity site could alter binding at the strong binding site
due to strong repulsive electrostatic interactions between the
DPG site IHP molecules and the loosely bound central
cavity-bound IHP. Alternatively, the binding of IHP to the
weaker site (or occupancy in the central cavity without a
specific well-defined binding site) could induce a heretofore
undetected conformational change in the central cavity that
increases the energy cost of binding of IHP to theââ cleft.
As discussed in the next paragraphs, the L35 results support
ascribing the weaker IHP sites to the central cavity.

L35 Enhances PyTS Binding.Unlike IHP, L35 does not
reduce the level of PyTS binding for either deoxy or fully
ligated Hb A between pH 6.5 and 8. Addition of L35 always
decreases the PyTS emission no matter what other effectors
are present, indicating that L35 binding increases the affinity
of PyTS for theââ cleft site. Other studies have indicated
that bezafibrate-type effectors enhance the allosteric impact
of DPG site effectors (66, 67). The absence of competition
between PyTS and L35 is also in accord with the crystal-
lographic studies on deoxy Hb A (5-7) showing that L35
occupies sites within the central cavity that are distinct from
the ââ cleft where DPG, IHP, and PyTS all bind. For L35
(5), there is in addition to this primary strong binding site
(68-70), a secondary site that extends toward but does not
quite reach theââ cleft DPG site. It is not yet clear what
role, if any, this secondary site plays in modulating Hb
reactivity. The enhanced binding of PyTS upon addition of
L35 indicates that the occupancy by L35 of some or all of
these potential binding sites within the central cavity results
in a more favorable PyTS binding site at theââ cleft of the
central cavity. These potential L35 binding sites are discussed
further below in light of the combined effects of L35 and
IHP.

L35 Partially ReVerses the Effect of Cl- on PyTS Binding.
The partial reversal of the Cl- effect (reduced level of PyTS
binding in the presence of Cl-) by L35 likely results from
two effects. The first discussed above is that L35 makes the
DPG binding site more favorable for the binding of PyTS.
The second proposed effect is L35 effectively competing with
Cl- for occupancy within the central cavity. The displace-
ment of PyTS by the large excess of Cl- likely arises from
the presence of Cl- not only at the DPG binding site proper

but also via more long-range electrostatic interactions from
Cl- ions loosely localized in the central cavity near the DPG
binding site (71, 72). It is probable that L35 displaces the
negatively charged chloride ions from the central cavity sites
distal to the DPG site. As a result, the longer-range
electrostatic repulsive interactions between Cl- and PyTS
would be reduced.

L35 Reduces the Effect of IHP on PyTS Binding and
ReVerses the Self-Competition Effect of IHP.This study
shows that binding of L35 preferentially enhances the affinity
of PyTS for theââ cleft over that of IHP as evidenced by
the weakened ability of IHP to displace PyTS when L35 is
present. Evidence that L35 exerts an effect on the DPG
binding site in CO Hb A from “below” also follows from
the observed effects of IHP and L35 on both the geminate
recombination and photoproduct Raman spectra. The addition
of L35 to a sample containing a 20:1 IHP:Hb tetramer ratio
results in the elimination of the IHP self-competition effect
and concomitant reappearance of a reduced geminate yield
andν(Fe-His) frequency. The most straightforward explana-
tion for the loss of the IHP self-inhibitory effect through the
addition of L35 is that L35 binds in sites that interfere with
IHP binding in its low-affinity sites. As discussed above, it
is the presence of IHP in these secondary sites that is
proposed to be the cause of the self-inhibitory effect. It is
possible that these sites are the same or in the proximity of
each other, in which case they are both likely within the
central cavity since this is where several L35 sites have been
found (Vide supra). Synergistic effects between bezafibrate-
type molecules (including L35) and IHP have been previ-
ously reported (5, 66, 67, 73) and adduced as evidence
supporting long-range communication within the central
cavity. Also consistent with this picture is the recent report
of calorimetric measurements showing evidence for one
strong and two weak IHP binding sites on CO Hb A and
showing that the presence of L35 eliminates one of the weak
sites (74).

L35 Binding Site in CO Hb A.The similarity in the results
of the CO Hb A and deoxy Hb A competition experiments
with L35, IHP, PyTS, and Cl- suggests that L35 exerts its
influence via the same pathway for both unligated and ligated
Hb. The behavior of L35 is most easily explained in terms
of a model in which it binds within the central caity. While
the X-ray data clearly indicate that L35 binds within the
central cavity of deoxy Hb A, there are not such structural
data for the ligated derivative. Indeed, a recent X-ray
crystallographic study revealed bezafibrate binding to sites
on CO Hb (horse) external to the central cavity (75). Given
the similarity in how L35 affects binding of PyTS to deoxy
and CO Hb A, it seems implausible that the same effect could
arise from L35 binding to either of two very different sites.
The UV resonance Raman data presented herein support
interpretations in which L35 binds in the central cavity in
both instances.

X-ray crystallographic studies reveal that there is a well-
defined binding site in deoxy Hb A toward theRR end of
the central cavity for L35 (5), bezafibrate (8), and other
bezafibrate-type effectors (68-70, 76, 77). Several key
interactions are evident between L35 and residues in its
primary binding site in theR end of the central cavity. Two
of these contacts in the deoxy structure can account for the
observed L35-induced changes in the UV resonance Raman
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spectrum of CO Hb A and are therefore also presumed to
be present for L35 bound in ligated Hb. The first of these
contacts involves the methylpropionic acid moiety of L35
which is in position to hydrogen bond with Arg141R. The
reduction in oxygen affinity associated with the binding of
these bezafibrate-type effectors is attributed to the stabiliza-
tion of the interactions of the C-terminus of theR subunits
as can be seen in reducedB factors for Tyr140R and
Arg141R (69). For the T state, the reduced mobility of
Tyr140R has been directly linked both to the stability of the
hinge region of theR1â2 interface (78) and to the degree of
proximal strain at the heme of theR subunits, which in turn
is directly related to the ligand binding barrier (23, 79). The
L35-induced intensity change observed in the tyrosine Y8a
Raman band likely reflects the linked response of Tyr140R
and Arg141R arising from the latter residue’s hydrogen
bonding to L35. This interaction in turn results in stronger
hydrogen bonding between the phenolate proton of Tyr140R
and the carbonyl of Val93R due to the greater stability in
this region upon L35 binding (Vide infra). The non-central
cavity binding site observed for bezafibrate in crystals of
horse COHb cannot account for the observed spectroscopic
changes in any obvious fashion.

The second relevant contact between L35 and the central
cavity involves a hydrophobic contact between the phenoxy
ring of L35 and Trp37â, which explains the intensity changes
seen in the low-frequency shoulder of the W3 band. This
intensity change is also seen for deoxy Hb A and half-ligated
derivatives of Fe-Zn hybrids of Hb A (80).

In theRR cross-linked CO Hb A, the fumaryl cross-linker
between the two Lys99R residues results in the loss of the
L35-induced intensity change in the tyrosine Y8a band
attributed to Tyr140R, but the changes seen in the W3 band
remain. The carbonyl in the center of the L35 effector
hydrogen bonds with the amino side chain of Lys99R. The
interaction with Lys99R is viewed as being critical for
stabilizing this class of effectors in their primary binding
site (77). There are two plausible explanations for the changes
in the UVRR spectrum due to the cross-linker. One pos-
sibility is that the cross-linker alters the primary binding site
located in the region of residue 99R in a manner that does
not prevent L35 binding (hence the change in W3) but does
prevent or precludes the hydrogen bonding of L35 to
Arg141R and therefore eliminates the changes in the Y8a
bands. Alternatively, the cross-link may directly stabilize the
hydrogen binding between Tyr140R and Val93R so that
further stabilization of this region upon binding of L35 does
not occur. Evidence for this latter interpretation is apparent
in the increased Tyr Y8a intensity in the cross-linked Hb
spectrum relative to that seen in the native spectrum (Figure
6). Furthermore, a previous UVRR study (81) showed a
direct coupling between interactions affecting Lys99R and
intensity changes in Y8a. A convincing argument was made
that these intensity changes arose from modulation of the
hydrogen binding between Tyr140R and Val93R through
interactions associated withR99.

Summary of the L35 Mechanism.Earlier studies have
shown that IHP and bezafibrate-type effectors such as L35
act synergistically with respect to oxygen affinity (5, 8, 15,
47, 66). Both effectors independently affect ligated Hb A as
reflected in the reduction in the geminate yield and in the
frequency ofν(Fe-His) for the CO Hb A photoproduct,

indicating that earlier conclusions regarding the two effectors
clearly extend to the properties of fully ligated Hb A. These
results support the assertion that the L35-enhanced binding
of PyTS to CO Hb A is in part due to a perturbation of the
ligated Hb A structure that makes the DPG binding site more
accessible to DPG site effectors and the protein more
responsive to these effectors. Despite the reduction in the
volume of the R-state central cavity, the data are most
consistent with a picture in which L35 interacts with the
central cavity of both T- and R-state family members. The
L35, by virtue of occupying (or otherwise affecting) the
central cavity, might actually induce an increase in the overall
volume of the R-state central cavity that facilitates binding
at theââ cleft. The synergistic effects with IHP may also
result from the specific interactions between L35 and the
residues lining the central cavity. The individual effects of
L35 on the geminate yield and the Fe-His stretching
frequency are likely to be the direct consequence of the
interactions linking L35, Arg141R, and Tyr140R as well as
Trp37â, all of which influence the proximal response at the
heme of theR subunit in a manner that reduces ligand
affinity.

In contrast to the situation with CO Hb A, the addition of
L35 does not perturb the frequency ofν(Fe-His) for the
deoxy T state (data not shown). The recently published high-
resolution X-ray study of deoxy Hb A with an L35-like
effector localized within the central cavity reveals that the
overall quaternary and tertiary structure of deoxy Hb A is
not altered; however, as described above, L35 does impart
greater stability to several functionally important domains
within the globin (69). These results support the premise that
L35 enhances binding of PyTS to deoxy Hb A at pH 6.5 by
stabilizing conformational substates within the T quaternary
structure that bind DPG-type effectors more tightly. This
conjecture is also consistent with our recent observations that
L35 is very effective (much more so than IHP) in slowing
the conformational evolution of the deoxy T-state structure
for sol-gel-encapsulated deoxy Hb A upon addition of CO
(U. Samuni, D. Dantsker, L. Juszczak, and J. M. Friedman,
unpublished results). Alterations in the distribution of
thermally accessible conformational substates have previ-
ously been invoked to account for the effect of Cl- on both
the T-state ligand binding and T-state reactivity of the 93â
sulfhydryl group (1).

Binding of PyTS to Sol-Gel-Encapsulated Hb A.Encap-
sulation of proteins in porous sol-gel matrices offers the
promise of being able to add and remove potentially
interactive substrates and study their interaction with both
equilibrium and nonequilibrium forms of Hb A. This study
shows that studies of effector binding to sol-gel-encapsu-
lated Hb are feasible and informative. The results show that
care must be given to allow for the equilibration of added
anions into the sol-gel matrix. Earlier diffusion studies (82-
84) revealed that appropriately sized cations and neutral
solvent soluble molecules can diffuse into porous sol-gel
matrices at rates indicative of free diffusion, whereas anions
diffuse more slowly, presumably due to the excess negative
charge associated with the sol-gel polymers. This study
clearly demonstrates that anionic effectors can diffuse
through the sol-gel matrix (albeit slowly) and access
encapsulated Hb.
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Anomalous Cl- Effect for Sol-Gel-Encapsulated Hb A.
The properties of binding of PyTS to deoxy Hb A and CO
Hb A as a function of pH in solution are also seen in the
corresponding sol-gel-encapsulated samples. The IHP and
L35 effects observed in solution are similarly manifested in
the sol-gel matrix. The single seemingly anomalous obser-
vation is the increase in the level of PyTS binding with the
addition of Cl- to both IHP-free and IHP-bound samples of
encapsulated Hb A.

A possible explanation for this solution versus gel differ-
ence in the Cl- effect might be based on the limited solvation
volume surrounding encapsulated proteins (53, 82, 85). As
the sol-gel matrix forms, the growing polymers form a
template around the protein. The end result is a relatively
tight fitting cage around each protein molecule. Although
the protein still retains a hydration shell, the limited volume
may preclude the presence of a high concentration of solvated
ions within the restricted volume. The solution-phase effect
in which Cl- displaces PyTS was proposed to be due to an
electrostatic shielding of the DPG binding site by a large
excess of Cl- on the surface of the protein and within the
central cavity. Through both the reduction in the available
volume and the negative polarity of the different Si-O
moieties that line the pores of the sol-gel matrix, we propose
that the sol-gel matrix reduces the surface population of
Cl- but has little effect on the population of Cl- situated
within the central cavity. In this scenario, Cl- loses its
efficacy on the surface but retains its “internal” effects. With
the reduction of the surface effect, Cl- may behave more
like L35 and thus enhance PyTS binding at both high and
low pH values through a central cavity-induced conforma-
tional change at theââ cleft that then strengthens PyTS
binding. In addition, it can be argued, purely on the basis of
the electrostatic consideration, that the presence of an excess
of negative charge within the central cavity but not on the
surface should preferentially reduce the level of IHP binding
at the DPG binding site with respect to PyTS given the added
anionic groups on IHP.

CONCLUSIONS

These results support the growing body of literature
showing that allosteric effectors not only shift the equilibrium
between quaternary states but also directly perturb the
functional and conformational properties of the individual
quaternary states. Furthermore, it is apparent that the central
cavity of Hb A is capable of supporting a spectrum of
allosteric interactions, including both synergistic and com-
petitive effects that seemingly arise from relatively long-
range communication pathways mediated by reactions within
the cavity, including effector binding, covalent cross-linking,
and nonspecific binding of anions. In particular, the observa-
tion that L35 enhances PyTS binding indicates that PyTS
can be used to rapidly compare different bezafibrate-type
effectors with respect to central cavity interactions and
thereby help expose those elements of structure that are
responsible for such effects.

How T-R intermediate states of Hb A, such as possible
transition-state species, respond to allosteric effectors is an
important element in establishing the detailed mechanisms
associated with allostery. In this study, sol-gel encapsulation
of Hb A, a method for the trapping of nonequilibrium states,

was used in combination with PyTS to explore the feasibility
of probing the binding of an effector to sol-gel-encapsulated
species. The results clearly indicate that the solution-phase
protocols associated with the use of PyTS can be extended
to sol-gel matrices. PyTS, IHP, and L35 bring about effects
in the sol-gel-encapsulated Hb that are similar to effects
observed in solution. In contrast, Cl- exhibits a complete
reversal of behavior in the gels. In solution, Cl- displaces
PyTS, whereas in the sol-gel samples, it behaves like L35,
as reflected in its enhancement of the binding of PyTS to
Hb A. It is proposed that this new effect stems from the
sol-gel matrix limiting the concentration of Cl- on the
surface of Hb but not in the interior of the central cavity.
By eliminating the surface effects that dominate the solution-
phase studies, the sol-gel matrix allows exposure of the
more subtle anionic effects arising from the central cavity
of Hb A.

Several of the proposed mechanisms that most directly
account for the observed competitive and synergistic behavior
of added effectors on the functional and conformational
properties of ligated Hb A are in conflict with much of the
X-ray crystallographic data from ligated Hb A. The structural
data imply that the dimensions of the central cavity, including
the ââ cleft, are not adequate for accommodating effector
binding. This seeming conflict raises important questions
about what functionally important dynamical features of a
protein are likely to be missed in the crystal studies that likely
examine one of possibly many conformations accessed in
solution under equilibrium conditions.
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