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Abstract

Ž . Ž .A fluorescent analogue of diphosphoglycerate DPG , hydroxy-pyrenetrisulfonate HPT , was used as a probe of the
allosteric equilibrium of methemoglobin. Like DPG, HPT binds, one per tetramer, with a higher affinity to deoxyHb than to
oxyHb. Once bound, the HPT fluorescence is quenched by energy transfer to the hemes. HPT can thus serve as a probe of
the conformational state of the hemoglobin tetramer: a higher quenching indicates a stronger binding and therefore, more of
the deoxy conformation. Since HPT binds to the same site as DPG, it can be displaced by DPG in order to determine the
fluorescence intensity of the free HPT under the same conditions, to correct for the inner filter effect. The high spin ferric

Ž .ligands, such as water and F, showed less fluorescence more of the deoxy state than low spin cyano-metHb. The
aquo-metHb samples showed a reversion to the oxyHb conformation above pH 7, as expected due to the acid–alkaline
transition forming hydroxy-metHb. Effectors such as bezafibrate, which do not bind to the same site as DPG, show an
increase in the deoxy-like characteristics. q 1998 Published by Elsevier Science B.V.
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1. Introduction

The allosteric equilibrium in Hb is usually deter-
mined indirectly, from ligand binding studies. From
the cooperative oxygen equilibrium curves, it is clear
that Hb tetramers switch from a low affinity deoxy

w xconformation to a high affinity structure 1–3 . Kinet-
ics of ligand recombination also show resolved phases

w xfor the two conformational states 4 . However, esti-
mations of the fraction of the two allosteric forms, at
each ligation level, are based on model dependent
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simulations of the ligand binding data. Signals unique
to the allosteric transition are difficult to isolate. One
method is to study absorption changes near the isos-
bestic point for the ligand binding; a small ab-
sorbance change after ligand photolysis was observed

w xon the time scale of 100 ms 5 . The absorption
w xsignals or Raman spectra 6,7 usually involve a

superposition of the ligand binding and other tertiary
and quaternary changes, making it difficult to quan-
tify the fraction of the allosteric forms independently
of ligand binding. After photodissociation, the frac-
tion geminate recombination is also sensitive to the

w xquaternary state, and can thus serve as a probe 8 .
Another method is the use of a fluorescent ana-

logue of the natural effector DPG. Although a weaker
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effector than DPG, HPT also shows a higher affinity
for the deoxy form of Hb, with one binding site per

w xtetramer 9,10 . Kinetic studies have shown that the
fluorescence changes track mainly the allosteric tran-

Ž .sition, while the protein heme absorption changes
w xare dominated by the ligand binding signal 5,10 . In

this study we make static fluorescence measurements
to quantify the allosteric equilibrium in metHb.

2. Materials and methods

Human hemoglobin was purified using whole blood
from the local blood bank. Samples in the oxy form
were frozen in liquid nitrogen until a few days before
the experiments. Aquo-metHb was obtained by addi-
tion of ferricyanide; the excess ions were then stripped
using a Sephadex G-25 column. The other ferric

Ž .forms were obtained by addition of KF 20 mM or
Ž .KCN 2 mM .

Low protein concentrations are better to avoid
inner filter effects for the fluorescence experiments.
On the other hand, high concentrations insure more
of the tetrameric form of Hb. However, for these
studies of effector binding, the protein concentration
is not a free parameter. One must work at a concen-
tration where the difference in affinity of the oxy and
deoxy conformations for the effector will result in an
observable difference in the fraction bound. Thus too
high a concentration will result in effector binding to
both conformations. After trial and error experiments,

Žwe used 10 mM effector and 30 mM Hb on a heme
.basis , although the best value is pH dependent. At

this protein concentration, about 17% dimer is ex-
Žpected for the liganded form with dissociation coef-

.ficient of about 1 mM ; however, since oxyHb is used
as reference state, the comparative value is less af-
fected.

2.1. Fluorescent probe

The fluorescent effector, 8-hydroxy-1,3,6 pyrene-
Ž .trisulfonate Kodak, laser grade was prepared in

ethanol and kept in the dark until use. The concentra-
tion was determined at pH 10 from the absorption at
455 nm with es25.3 mMy1 cmy1. The 10 mM stock
solution was successively diluted with buffer to ob-
tain a 100 mM solution at the desired pH, and subse-

quently diluted in the sample solution at the same pH
to a final effector concentration of 10 mM.

Fluorescence spectra were measured with an
SLM-Aminco 8000 spectrometer. Spectra at 2 nm
resolution were measured in several spectral regions.
Both excitation and emission spectra were made at
several wavelengths to determine the best conditions
to avoid the inner filter effect. One series of measure-
ments was made in quartz cuvettes of inner dimen-
sion 4=10 mm, which accept a serum cap to allow
control of the gas phase. Excitation was along the
4 mm axis.

2.2. Capillary cuÕette

Since heme protein samples cause large inner filter
effects, we made a special capillary cuvette to mini-
mize this effect. A block of plexiglass was first cut to

Žfit snugly in the cuvette holder square cross section
.of 13 mm on a side . A 1 cm diameter hole was

drilled in the upper portion and the exterior made
circular to accept a serum cap, for control of the
atmosphere. The hole was continued with a smaller

Ž .diameter of 1 or 2 mm for the sample. The exterior
surfaces exposed to the excitation and emission light
paths were reduced, to avoid scratching of these
surfaces and to minimize absorption of the excitation
light. The reflection and light dispersion was not a
major problem: the ratio of HPT fluorescence to that
of buffer alone was over 100. Using a glass capillary
tube caused problems with scattered light, and with
alignment of the tube. The plexiglass cuvette used in
the present study reduces these effects since the
exterior surfaces are flat as for normal optical cu-
vettes. With this cuvette, higher concentrations of Hb
could be used without a high inner filter effect.

2.3. Effector replacement

Since HPT binds to the DPG site on Hb, but with a
lower affinity, one can add an excess of DPG or

Ž .inositol hexakisphosphate IHP to displace the HPT.
For each sample, DPG or IHP was added to deter-
mine the fluorescence intensity with and without
bound HPT under the same absorbing conditions.
Thus the ratio of HPT fluorescence with and without
IHP provides an additional control of the inner filter
effect. After several series of experiments, it became
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apparent that addition of DPG may be more reliable;
while IHP has a higher affinity, it also may induce a
larger perturbation of the system. This is apparent for
oxyHb samples exposed to the air, where IHP may
lower the oxygen affinity enough to induce a signifi-
cant fraction of deoxyHb which changes the absorp-
tion spectrum; this causes a change in fluorescence
through the inner filter effect. For each Hb species,
studies were also made versus protein concentration
to calibrate the inner filter. With both HPT and IHP
present, addition of Hb decreases the fluorescence
due to the inner filter effect. This curve could be used
as a first order correction to the inner filter effect,

Ž .which at 100 mM on a heme basis was about 20%
for the capillary cuvette. For normal cuvettes, the
inner filter effect can exceed a factor of 10.

After addition of a second effector, a correction
may be necessary for the dilution of the sample. This

Ž .dilution can be kept small -2% , but note that the
correction depends on the inner filter effect, and
should be calibrated by adding an equivalent volume

Ž .of water. For normal 1 cm cuvettes, addition of
buffer decreases the inner filter effect which may
compensate for the lower fluorophore concentration.

3. Results

3.1. Fluorescence emission

As shown in Fig. 1, HPT fluoresces with a maxi-
mum emission near 510 nm. This is near a relative

Ž .minimum for oxyHb absorbance Fig. 1 , but even
the weak bands near 540 and 580 nm can produce
significant inner filter effects when using normal
optical cuvettes.

Choice of the excitation wavelength is more com-
plicated; as seen in Fig. 2, there are several bands in
the excitation spectrum. The band near 460 nm avoids
the Soret absorption band of Hb, but this HPT band is
highly pH dependent.

As previously observed, there is a higher level of
fluorescence quenching for HPT in solutions of de-

Ž .oxyHb relative to the liganded forms Fig. 2 . This
indicates that HPT binds preferentially to the deoxy
conformation, as does the natural effector DPG; the
fluorescence properties of this analogue can thus be

w xused to study the allosteric equilibrium of Hb 9,10 .

ŽFig. 1. Absorption spectrum of oxyHb for a 30 mM sample, on a
.heme basis and the fluorescence emission spectrum of hydroxy-

Ž .pyrene-trisulfonate HPT . Experimental conditions: 258C, Tris
buffer at pH 6.8, excitation of 10 mM HPT at 368nm.

As expected the intensity for aquo-metHb is interme-
diate to the oxy and deoxy samples.

The spectra in Fig. 2 show the uncorrected fluores-
cence intensities. At pH 6.8 there is little binding of
HPT to oxyHb; the observed decrease for the oxyHb
sample is due to the inner filter effect, about 20% for
the capillary cuvette. This inner filter effect varies
slightly for the different Hb forms, since they have

Ž .Fig. 2. Fluorescence excitation emission at 510nm and emission
Ž .excitation at 368nm spectra of HPT. The emission spectra of
HPT in solutions of oxyHb, metHb, and deoxyHb are also

Žshown: conditions were 10 mM HPT, 30 mM Hb on a heme
.basis , pH 6.8, 258C.
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unique absorption spectra. The observed intensities
were corrected for the inner filter effect, before esti-
mation of the fraction of the quaternary forms.

3.2. pH dependence

The overall peak emission versus pH is shown in
Fig. 3. For these measurements with the capillary
cuvette, the data were corrected for the inner filter
effect using the reference curves versus Hb concen-
tration; similar results were obtained by taking the

Žratio of the observed intensity without other effec-
.tors to that after addition of DPG or IHP. The

overall difference between the oxy and deoxy was
also similar for measurements with the larger cuvette
Ž .corrected by addition of a second effector , but in
this case the sample to sample variation was larger,
and the emission spectra were distorted since the
inner filter effect is wavelength dependent. The data

Žfor deoxyHb show the least fluorescence Fig. 3 and
.4 ; the increase in the fluorescence above pH 7

corresponds to the decrease in affinity between HPT
w xand deoxy Hb 9 . At the other extreme is oxyHb

Ž .which corresponds to the liganded or R-state Hb
conformation; the pH dependence again follows the
change in affinity of oxyHb for HPT as previously

w xdetermined 9 . HbCO and cyano-metHb show simi-

Fig. 3. Fluorescence intensity of HPT versus pH, for the various
Ž . Ž .Hb solutions: v aquometHb, I fluoro-metHb. The intensity

was corrected for the inner filter effect. Conditions were 10 mM
Ž . Ž .HPT, 30 mM Hb on a heme basis , 258C, with Bis Tris pH-6.5

or Tris–HCl buffer.

Fig. 4. Fluorescence emission spectra of HPT at varying concen-
trations of bezafibrate, a drug which binds to a site different from
the DPG site. From top to bottom are 0 to 3.2 mM bezafibrate, in
steps of 0.4 mM. The HPT concentration was 10 mM in solutions

Ž .of 30 mM in heme metHb at pH 6.8. The decrease in fluores-
cence corresponds to a shift towards the Hb T-state conformation.

lar results to oxyHb. At pH 7, these three liganded
Ž .forms oxy, CO, and CN showed little HPT binding;

slight variations could be attributed to the inner filter
effect. For the normal optical cuvette, the ratio of the
emission spectra, with and without IHP, showed some
wavelength dependence - apparently due to a small
shift in absorbance induced by IHP; excitation at
330 nm provided the least distortion of the emission
curves.

3.3. Spin transition in metHb

The high spin ligands H O and F show intermedi-2

ate values for the fluorescence intensity. The aquo-
metHb sample showed about 20% T-state behaviour
at low pH, which disappears above pH 7, probably
due to the transition to the low spin hydroxy metHb
form. The fluoro-metHb sample showed about 25%
T-state conformation at acid pH.

Since HPT is a weak effector of Hb; the allosteric
equilibrium determined should, therefore, correspond
to a value intermediate to those for Hb with and
without DPG. The shift in allosteric equilibrium due
to the presence of DPG or IHP cannot be determined
by this method, since they compete for the same
binding site with HPT.
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3.4. Temperature dependence

Measurements were also made at 158C, but the
difference in HPT fluorescence between the oxy and
deoxy forms was not increased. The measurements at
lower temperature revealed additional experimental
difficulties. First, as for most fluorophores, the emis-
sion intensity is temperature dependent, and a long
equilibration time is necessary. Second, the pH is
temperature dependent for Tris buffers; phosphate
buffers are less temperature dependent, but diminish
the effect of effectors like DPG. This pH effect is
especially sensitive for excitation of the HPT band
near 450 nm; the inner filter effect was lower in this

Ž .region of excitation see Fig. 1 , but the results are
less consistent due to the pH problems.

3.5. Double effector: HPT and bezafibrate

Since bezafibrate does not bind to the same site as
w xDPG 11 , its influence could be tested. The HPT

fluorescence emission in metHb solutions decreased
Ž .with increasing concentrations of bezafibrate Fig. 4 ,

suggesting a shift towards the T-state. However con-
trol experiments with HPT alone also showed a de-
crease in fluorescence. The actual shift in allosteric
equilibrium is smaller, in agreement with ligand bind-

w xing studies 12 .

4. Discussion

Previous absorption studies indicated a transition
w xin metHb upon addition of IHP 13,14 ; however, it

was difficult to determine the extent of the transition.
For metHb there is no guarantee of having pure R or
T reference states. In fact use of multiple effectors
Ž .IHP plus bezafibrate showed larger absorption
changes than for IHP alone, indicating that IHP alone

w xdid not induce a full conversion to the T-state 14 .
Studies with partially oxidized samples helped de-

termine the allosteric parameters for the tetrameric
forms with 1 to 3 oxidized subunits, but an extrapola-
tion is then required to estimate the properties of the

w xfully oxidized forms 3 . Since each ligand accounts
for approximately a 100-fold change in the allosteric
equilibrium, the extrapolation can easily have an
error of a factor of two. While the extrapolation

Žestimated an IHP induced transition of 44% from
. w x28% to 72% T-state for fluoro-metHb 3 , Raman

w xstudies indicate a change of about 66% 6 . These
values are probably in agreement within the precision
of the two methods, both corresponding to a shift in
allosteric equilibrium by over an order of magnitude.

The same Raman method applied to valency hy-
w xbrids of Hb 7 indicated only a small change in

allosteric equilibrium, while functional studies of CO
w xbinding still showed a large shift 15 . The CO bind-

ing studies showed that the rapid phase, characteristic
of R-state tetramers, disappeared upon addition of

w xIHP 15 ; note that while IHP may induce new R’ and
w xT’ states 16,3 , the ligand binding properties for the

two allosteric conformers are still easily separated,
differing by over a factor of 50 for the rates for CO
association and by a factor of 100 for the oxygen
affinities.

Another technique that provides a probe of struc-
w xtural changes is the use of hydrogen exchange 17 .

The kinetics for hydrogen exchange are sensitive to
protein structure and can be used as a probe of the
allosteric conformation. A partial shift towards the
T-state induced by IHP was observed using this
technique, as well as the synergistic effects of IHP

w xwith bezafibrate 17 .
Evidence for a difference in liganded R-states was

recently reported using the lifetime of the Hb bound
w xHPT as probe 18 . These kinetic studies showed a

short lifetime, indicating a weak fluorescence yield
for the bound HPT. Their study also shows direct
evidence that the effector binds not only to the deoxy
form, but also to the oxy or CO forms of Hb.

In all cases, use of an effector as probe is a
perturbing method. The observed fraction of T-state
Hb is overestimated since the effector has a higher
affinity for the deoxy conformation and shifts the
allosteric equilibrium. There is thus a need for al-
losteric probes of Hb which show a good correlation
with the functional studies. The technique presented
here also has its limitations, and requires strict con-
trols: slight variations in pH, temperature, or sample
concentration all effect the observed fluorescence.
However, once the best sample conditions and spec-
tral wavelengths are found, a series of measurements
gave reliable differences for the oxy and deoxy sam-
ples. The fluorescence intensities can easily be deter-
mined to within 1%, and the total difference between
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Ž .oxy and deoxy is 30% in the best case at pH 6.8 .
With a careful correction for the inner filter effects,
this method provides a probe of the allosteric confor-
mation of Hb.
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