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ABSTRACT. There remains a major controversy concerning the properties of asymmetric hemoglobin hybrids,
that is, doubly liganded tetramers consisting of an unliganded dimer and a liganded dimer. Different
experimental evidence leads to opposing conclusions. Based on-digtremmer equilibrium studies,
special “T-like” properties were assigned to this hybrid (species 21), while the other biliganded tetramers
were considered as similar to fully liganded Hb [Ackers et al. (18dnce 25554—63]. We report

here results for three types of experiment. In the first, the asymmetric hybrids are produced by
photodissociating CO ligands from [dimer-CO/dimer-azido-met] hybrids. Since the CO association rates
differ by over an order of magnitude for the two allosteric states, the CO kinetics are a sensitive probe of
the tetramer conformation. The results show mainly rapid R-like kinetics for CO rebinding to the
asymmetric hybrids. The second technique employs a stopped-flow apparatus to obtain a higher percentage
and a longer equilibration time of the asymmetric hybrid. In this case, sodium dithionite is used to remove
oxygen from a solution containing [dimer-oxy/dimer-azido-met] hybrids. After a fixed delay (but before
loss of azide ligands), a second mixing with a buffer equilibrated under CO allows observation of CO
binding to species 21. As for the flash measurements, the kinetics show predominantly rapid CO binding,
typical of the liganded (R-state) tetramer. The rapid CO binding is not in agreement with the predictions
of a T-like conformation for species 21. One possible explanation is that the long incubation times used
to study the dimertetramer equilibrium do not lead to a stable asymmetric hybrid, but rather a random
distribution of oxidized subunits due to electron transfer between the iron atoms of the subunits [Shibayama
et al. (1997Biochemistry 364375-4381]. We have repeated these experiments and confirm the valency
exchange in a mixture of Hb A and S (or C) parent forms, as evidenced by compensating amounts of
oxidation or reduction of the Hb parents.

A radical departure from the classic two-state modgl ( the liganded forms is necessary for the flash photolysis
for hemoglobin was proposed by Ackers et &l. 3) based studies.
on dimer-tetramer equilibrium studies. They observed
evidence that the asymmetric hybrid [dimer-deoxy/dimer- . . :
metCN] shows an Znhanced gtabilit[y relative t)g other has spent in the asymmetric stgtg: In_the flash p_hotonS|s
biliganded tetramers. This effect implies a preferred binding technique, the Hb tetramers are initially in the fully liganded
of the second ligand, the symmetry rule (SR), to the dimer or R-state conformation, a conformation which binds CO in
with one ligand already bound. The asymmetric hybrid ONly @ few milliseconds. One can then ask if enough time
(species 21) was classed as a T-state Hb, similar to the singlyvas allowed for the allosteric transition of the asymmetric
liganded tetramers; one would then expect ligand binding hybrid. To observe the slow T-like kinetics after photodis-
to species 21 to occur with the low T-state rate. sociation, two conditions are required: the T-state must be

In a previous study, we described a method to photo- the favored conformation for the photoproduct, and the
produce the asymmetric hybrids starting with CO/CN hybrids llosteric transition must be faster than the R-state recom-
(4). The CO recombination to the asymmetric hybrids did bl_natlon rate, which is about 1 ms for samples equilibrated
not show T-like Kinetics, a result not compatible with the With 0.1 atm CO (10(M free CO). Much lower CO levels
SR model. To explain this discrepancy, one needs to @re notan option since the photodissociated CO will maintain
consider the kinetics of transitions for the Hb molecule. A @ minimum level just after photolysis. Lower Hb and CO
major difference in the techniques is the time of sample concentrations might lead to dimers or unsaturated sites.

incubation. While the dimertetramer equilibrium studies Studies of HbCO flash kinetics at 1 atm versus 0.1 atm

require a 48 h incubation to allow for dissociation of the ¢ ghow different amounts of the slow phase. This indicates
stable deoxy tetramer, only several seconds for mixing of o+ the allosteric transition rates are on the same order of

magnitude as the CO binding rates (01l ms). Direct
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In the present study, we have repeated the flash photolysis Whenever possible, we used the experimental conditions
study with azide as the metHb ligand. We also report an and methods reported in the studies by Ackers et7l. (
alternate method of producing an asymmetric hybrid. Rathersuch as buffer “A™: 0.1 M Tris-HCI buffer, 0.1 M NacCl
than photodissociation of CO, dithionite is used to remove (for a total chloride concentration of 0.18 M), 1 mM Na

oxygen from an oxy/ferric hybrid. After a fixed incubation
time of the newly formed deoxy/ferric hybrid, CO association

EDTA, pH 7.4, at 21.5C. Hbs were equilibrated against
this buffer, by passing the sample through a Sephadex G-25

kinetics can be measured by stopped flow. The delay time column.

can be as long as permitted by the hybrid stability, which is

MetHb A was prepared by addition of a 20% excess of

a few seconds for use of azide. Thus, relative to the flash potassium ferricyanide to an oxyHb solution. For an
method, the incubation time is extended over 2 orders of phserved bimolecular rate coefficient for cyanide association

magnitude; the fraction of asymmetric hybrids is also
improved with the stopped-flow method since dithionite

to ferric Hb of 100 M? s71 (11), formation of cyano-metHb
has a time constant of 16 min at XM KCN; a ligand

removes essentially all the oxygen ligands whereas it is concentration of 1 mM was used to ensure binding within a

difficult to photodissociate more than about two-thirds of
the CO ligands with 10 ns laser pulses.

In light of the recent report of electron transfer between
Hb subunits §), we repeated this type of experiment under
slightly different conditions. This effect could explain why
results differ for experiments performed on different time
scales. The long incubation times of-482 h required for
the dimer-tetramer equilibrium studies2( 3, 7) could
involve other protein transitions.

MATERIALS AND METHODS

It is well established that the liganded forms oxyHb,
HbCO, and CN-metHb will rapidly exchange dimers fol-
lowing a binomial distribution. Unlike the deoxy tetramers
which are highly stabilized8), the dimer exchange for
liganded tetramers occurs within a few secorfjsdllowing

few minutes. After a 30 min incubation at room temperature,
the solution was passed twice through a Sephadex G-25
column to remove the oxidation side products. An absorp-
tion spectrum was recorded before and after addition of a
large excess of potassium ferricyanide to confirm that the
oxidation reaction was achieved. An alternate test is to
measure the absorption spectrum before and after addition
of CO, to detect a small fraction of ferrous hemes. An
aliquot was also injected into a buffered solution equilibrated
under CO and photodissociated immediately; this isolates
the signal for ferrous, CO hemes, as the ferric ligands (water,
CN, azide, OH) do not show signals on this time scale;
signals of less than 1 part per 1000 (relative to a HbCO
sample) were obtained.

Because ferrocyanide binds tightly to Hb, we tested
another method to prepare the cyano-metHb stock. OxyHb
A was autoxidized at 37C in buffer A in the presence of

a rapid preparation of liganded hybrids. A large excess of chloramphenicol (2Qug/mL). After 48 h incubation, the

the metHb parent will minimize the fraction of Hb{Q

solution was centrifuged (10 000 rpm af@), and a small

parent to ensure that the oxy dimers will be found predomi- Precipitate was removed. Over 90% of the hemes were

nantly as the oxy/met hybrid species. For a binomial
distribution of dimers of two types with “f’ the fraction of

oxidized, so the amount of ferricyanide necessary to complete
the reaction was not more than 20% of heme sites. The

ferrous dimers, then the relative tetramer populations ferrous/"€moval of side products was done following the same

ferrous, ferrous/ferric, and ferric/ferric will be f2f(1 — f),
and (1 — f)?, respectively; the fraction of ferrous sites
occurring within asymmetric hybrids is (% f).

The problem of obtaining the deoxy/liganded asymmetric

hybrid is removing the ligands from only one dimer. CN

procedure as described above. Both methods of oxidation
gave the same results concerning the experiments of electron
transfer.

Azido-metHb was prepared in the same manner as cyano-
metHb, but with buffer “B” (pH 7.2 at 258C) consisting of

and azide are “stable” ligands since they are not photodis-20 MM Bis-Tris, 100 mM NaCl, 1 mM N#&DTA, and 5

sociable and dissociate slowly from ferric iron. CO can be

photodissociated from CO/met hybrids to generate the

mM NaNs.
UV/Visible Spectra UV/visible absorption spectra of Hb

asymmetric form; alternatively, sodium dithionite can be used solutions were recorded with an SLM-Aminco (DW2000)

to remove the oxygen from oxy/met hybrids.
Hb Preparation Hb A was purified from hemolysate of

healthy donors, stripped of organophosphates, as previousl

spectrophotometer in a quartz cuvette of 4 mm optical path
length. The cyano-met species was used to determine the

>}1eme concentration, taking arnvalue of 11 mM* cm™? at

described10). Hb S or Hb C was separated from other Hb 240 nM (2.

components (mainly Hb A) by preparative isoelectric focus-
ing at 5°C, using granulated gel (Ultrodex) and ampholines

Azide Dissociation Kinetics To confirm that azide is a
stable ligand, the azide dissociation kinetics were monitored

(with a pH gradient from 6 to 8; no. 80-1125-93) purchased With a HP8453 diode-array spectrophotometer. Azido-

from Pharmacia Biotech. Oxidized fractions of Hb were

metHb was mixed with 20 mM sodium dithionite (dtn) in

discarded, and the purified oxyHb samples were stored in buffer “B” at 25 °C in an optical cuvette equilibrated under

liquid nitrogen. An additional analytical IEF at & was

performed in polyacrylamide PAGE (Pharmacia Biotech)
along a gradient from pH 6.5 to 8.5 with the LKB system to
check the purity of each Hb. The electrophoretic migration

0.1 atm CO gas.

In general, there are two pathways for this reactib):(
(1) ligand dissociation followed by reduction by dithionite;
and (2) a reduction of the ferric hemégand system

pattern of Hb variants was compared to standard Hb variantsfollowed by dissociation of the ligand from the newly formed

(A, F, S, and A) and found to be in agreement with their
theoretical p.

ferrous iron. For cyano-metHb, the second pathway is
kinetically favored; there is a transition from met-CNHb to
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1.00 CO. The detection wavelength was also varied to make sure
the observed reaction was in fact CO binding.
0.75 Experiment 3 Detection of Valency Exchange after a 50
AA, h Incubation The procedure of hybridization used by
0.50 | Ackers’ group ) was followed rigorously to obtain the

asymmetric speciestf SNBTCN/gdeoxypdeo] from the parent
species cyano-metHb A and deoxyHb S (or C). Both protein
samples were deoxygenated on ice under a humidified stream
o of nitrogen during 1 h, with gentle shaking. To prevent
cyanide dissociation from the liquid to gas pha®etitrogen
gas was humidified with successive bubblers, previously
L o o flushed overnight, containing water and buffer A with 100
Ficure 1: Kinetics of azide dissociation from LM metHb. The

initial rate is 0.01/s at pH 7.2, 2%C. The azido-metHb sample #M KCN. Typlcal sample concentrations were 0.8 mM.(on
was diluted in a buffer containing dithionite and CO; absorption @ heme basis). In parallel, the enzyme system from Sigma:
spectra were measured to follow the reaction. glucose oxidase (no. G-2133) withp(+)glucose (no.
G-5250) and bovine liver catalase (no. C-40) used to
ferrous-CN-Hb whose rate depends on the dithionite con- scavenge the {races and guarantee anaerobic conditions,
centration and may occur on the millisecond time sch. ( was deoxygenated. Note that no KCN was added to the
For the case of azide, dissociation is monophasic andenzyme buffer, since CN can dramatically decrease the
requires about 1000 s at low dithionite concentrations (first enzyme activity of catalase. The final enzyme concentra-
pathway), but at dithionite concentrations above 1 mM, the tions, and control of the enzyme activity of the catalase lot,
second pathway becomes competitive for at least one typewere as suggested by Ackers et &l). (In a glovebag at
of subunit. A spectrum between 350 and 450 nm was room temperature (near 22), the enzymes and Hb samples
recorded every 10 s; isosbestic points were found for the were mixed for a few minutes; near equal amounts of the
spectral transition from metHbgMo Hb-CO, indicating that  two parent species were added to a solution of buffer A,
no intermediate species were present such as ferrous heméading to a final concentration of cyanide in the anaerobic
bound to azide. The azide dissociation was biphasic (Figuresolution of 40uM. An aliquot was taken to assess the
1), with the rapid phase requiring about 100 s at 20 mM preincubation absorption spectrum at 21G&G Finally the
dithionite. Hb mixture was incubated in a septum-sealed conical vial,
Cyanide Dissociation KineticsCN displacement by azide itself protected from oxygen in a dithionite solution.
was monitored spectrophotometrically; analysis of the spectra Spectroscopic Analysis of Hb SpecieAfter 50 h of
indicates about a time constant for dissociation of about 6 h incubation, the vial containing the sample mixture was
with 10 mM azide in buffer A at 2°C. Without azide, removed from the dithionite solution and immediately stored
open beakers of metHbCN at room temperature (ned€25  onice. Then the protein solution was exposed to 1 atm CO
were stirred under a continuous flow of air to remove the gas to stabilize and protect the deoxy hemes from oxidation.
cyanide; the results showed a larger variationr-%3h) in The postincubation absorption spectrum was recorded im-
the time constant. mediately after diluting 1620 uL of protein solution into
Experiment 1 CO Binding to Photoproduced Species 21 1 mL of buffer A with no KCN. A small amount of dry
CO bimolecular kinetics were measured after flash photolysis KCN was then added; from the absorption spectra, with and
with a 10 ns YAG laser (Quantel) pulse delivering 160 mJ without added KCN, one can determine the total percent
at 532 nm 15). Samples were equilibrated under 0.1 atm oxidized and also the percentage aquo-metHb at the end of
CO in 1 mm optical path length cuvettes closed with a serum the incubation.
cap. With a detection wavelength at 436 nm, a typical kinetic ~ The separation of the parent Hb A species from Hb S (or
curve was obtained as the average of 10 measurements wittHb C) and the measurement of their spectroscopic charac-
pulses repeated every 2 s. Kinetics were first measured forteristics are fundamental to assess if electron transfer has
a HbCO sample. Azido-metHb was then added, and the occurred during the incubation. We did not use a preparative
mixture was photodissociated within 30 s. IEF to separate the Hbs because it generates as much as 10%
Experiment 2 CO Binding to[a N3+ Ns/gdeoxygdeoxy] py oxidation of the hemes during the focusing at®G. We
Stopped Flow Kinetic experiments were carried out with a chose rather to separate the Hbs by anion exchange chro-
Biologic (SFM-3) stopped flow equipped with three syringes matography 17). A 150 uL aliquot (in the original Tris
for double mixing. The methodology used to generate the buffer) was diluted 20-fold, reconcentrated, and diluted again
asymmetric hybrid ¢™NsgNs/adeoxy3deon] is similar to that in 0.2 M glycine buffer at pH 7.3, with 1 mM KCN, saturated
described by Sharmd ) for oxy/CO hybrids. Three stock  with CO gas. The sample was then loaded onto a micro
solutions at pH 7.2 were prepared: S1, buffer B containing column (1x 5 cm) of DEAE-cellulose equilibrated with the
20 mM dithionite; S2, a solution of 10M oxyHb and 160 same buffer. Hb S or C was eluted first, and Hb A was
uM metHb in buffer B; S3, buffer B containing 10 mM finally released from the column with 0.2 M glycine, 0.2 M
dithionite equilibrated under 20 torr CO, which corresponds NaCl, 1 mM KCN buffer at pH 7.3. This method is very
to about 25uM in dissolved CO. Solutions S1 and S2 are convenient and allows a separation of the two parent species
first mixed to generate the deoxy/met hybrids, which are then in a few minutes without developing a pH or salt gradient.
mixed with S3 to study CO binding. The purity of the two Hb fractions collected by chromatog-
Different mixing volumes could be used to study the raphy was checked by analytical IEF on polyacrylamide
dependence of the kinetics on the concentration of Hb or PAGE gel as described above. The postincubation absorp-
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Ficure 2: CO rebinding kinetics after photodissociation of samples
containing a mixture of 12M HbCO and azido-metHb; the values
indicated are the relative concentrations of HbCO to metiiRe
decrease in the fraction of slow phase, upon addition of azido-
metHb, confirms the formation of hybrids (through dimer exchange)
which have a lower fraction slow phase for the hybrid relative to
HbCO. Experimental conditions were 2&, pH 7.2.

tion spectrum of each Hb was analyzed by simulating the

Kiger et al.

dissociation and nanosecond geminate recombination. The
curve for HbCO in Figure 2 therefore represents a mixture
of the partially liganded forms.

The addition of azido-metHb decreases the fraction of the
slow phase (Figure 2), as previously reported for studies with
cyano-metHb 4). The change in the kinetics confirms the
formation of hybrids whose properties are different from
those of the parent HbCO.

Because the ferric sites are not photodissociable, there is
a decrease in the amounts of deoxy and singly liganded
tetramers which normally have the slow T-like rates. At
high ratios of metHb to HbCO, the main photoproduct is
the asymmetric hybrid, with some deoxy or singly liganded
Hb from the small fraction of the Hb(C®parent, and some
triply liganded forms since the photodissociation is not 100%
efficient. Since the ferric ligands are not dissociated, the
signal amplitude remains the same for ratios of metHb to
HbCO as high as 10 to 1, before a significant inner filter
effect occurs.

If the asymmetric hybrid has R-like CO binding rates, then
one would expect a decrease in the fraction of the slow phase
relative to the control HbCO. An increase in the slow phase
is expected based on the SR mod@Iwhich predicts T-like
properties for the 21 species. The simulated fractions are
shown in Table 1, taking into account dimers and partial
photodissociation of the hybrids. The amounts of dimer,

spectrum as a linear combination of the fully carboxylated (00 and co/azide hybrid were calculated:; the hybrid was
ferrqus and qyano-fernc spectra. Data S|mulat|qns WET€ frther decomposed into the amount of [dimer-deoxy/dimer-
carried out using the nonlinear least-squares routine of theazide] and triply liganded [(deoxy)(CO)/(azidEjetramers

softyvare program Scientist. . just after photodissociation. Dimers and triply liganded
Since the goal of these experiments was to detect valencyyrms were taken as rapidly reacting species; the experi-

exchange (and not the hybrid population), no attempts Were mantally determined fractions fast and slow of control
made with the low-temperature isoelectric focusing. The samples were used for Hb(CQgtramers. Two cases could
samples were stabilized by addition of CO followed by hen pe simulated: rapid CO binding to species 21 as for
separation of the two types of Hb. In addition to the spectral ¢ tyyo-state model (with allosteric parameters that yield less
properties, the CO rebinding kinetics qfter flash photolysis {han 509% T-state for the doubly liganded forms) and the SR
were measured before and after addition of an excess Ofyqqe| which predicts slow T-like properties of species 21.
dithionite. As for the previous study with cyano-metHb (Figure 4 in
ref 4), the present results favor a model with rapid R-like
RESULTS AND DISCUSSION CO binding to species 21. The observed decrease in the
These experiments were designed to take into accountfraction of slow phase is therefore not compatible with the
transformations in the protein state. The measurementsSR model.
therefore involve different time scales. The simplest and  The higher the ratio of azido-metHb to HbCO, the lower
most rapid experiment employs the flash photolysis tech- the fraction of slow phase (Table 1); the decrease in the
nique. Starting from solutions of HbCO and metHb, one fraction of slow phase versus the ratio of azido-metHb to
can study CO binding to the asymmetric hybrids in a few HbCO is consistent with a binomial distribution of dimers.
minutes. The large difference in the kinetics allows one to estimate
Experiment 1 Photoproduction of Asymmetric Hybrids  that CO binding to the 21 species has an R-like rate, as
The kinetics of CO rebinding to Hb are shown in Figure 2, expected for an R-state Hb or a mixture of R and T states in
for samples of HbCO before and after addition of azido- rapid equilibrium. In the latter case, one expects the R-state
metHb. HbCO alone shows nearly equal amounts of the rate modulated by the fraction of R-state. Note that the total
rapid and slow bimolecular phases. The rate of the slow Hb concentration increases upon addition of metHb, so the
phase (4x 10° M~1s™1) is characteristic of T-state Hb. The dimer contribution (which has no slow phase) decreases.
ratio of the rates of the rapid and slow phases was 20, asMetHb with azide as ligand is known to exist as a mixture
compared to typical values of 3®0 for the comparison of  of high- and low-spin forms; since high-spin ligands (water
the binding rates of the fourth to first ligand. Kinetics are or F~) shift the allosteric equilibrium less than the low-spin
rapid for triply liganded tetramers, which provide most of forms (18), use of azide might overestimate the T-like
the kinetic signal at low laser energies. Dimers also provide contribution, relative to low-spin ligands such as CN.
a rapid CO binding signal, considered a static contribution  Experiment 2 Generation of Species 21 by Stopped Flow
on this time scale. In the photolysis study at°25with 10 Double mixing experiments were performed to observe CO
ns pulses, only half of the hemes are dissociated at thebinding to an asymmetric [deoxy-dimer/liganded dimer]. The
beginning of the bimolecular phase, due to incomplete experimental scheme is shown in Figure 3. In the first
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Table 1: Simulations of Kinetic Data of CO Binding to Asymmetric Valency HyBrids

[metHb-Ns]/ % ferrous % signal % as slow phase
[HbCQ] as hybrid species 21 observed rapid 21 slow 21

flash photolysis 0 0 0 40 (40) (40)
1 46 23 23 21 44
2 62 31 17 14 45
4 75 37.5 11 9 46
8 85 42.5 7 5 47
10 87 435 5 4 48

stopped flow 0 0 0 90 (88) (88)
16 91 91 18 6 97

a Simulations consider three species initially containing ferrous hemes: Hl(@@®er(CO), and the hybrid [dimer(CQ)dimer(azide)] (second
column). For stopped-flow experiments, the ferrous hemes are initially oxygen-bound. Estimated contributions to the CO binding signal assume a
binomial distribution of ferrous and ferric dimers, and no signal from ferric subunits. 50% photodissociation was determined, which explains why
the flash signal for species 21 [dimer-deoxy/dimer-azide] represents only half of the potential signal for the hybrids. The last two columns are the
simulated percentage of slow CO rebinding kinetics, based on rapid binding (two-state model) or slow binding (symmetry rule) of CO to species
21.

S1 S2 S3 0.09 ¢
S1: S2: §3: —_ J
+dtn HbO,/metHb-N; +dtn + CO gas £ 0.06
(1:16) c
wn
[
I
Soos{} N
\Hb A + metHb-N, (1:16)
delay line
.D. 0.00 T T . e —
R - i 0.2 0.4 0.6 0.8 1.0
light of detection S1+82+83 > 0.0
=435 nm mixing chamber time time (S)

FIGURE 3: Stop_ped-flow '_scheme for double-mixing experiments. gcure 4: Stopped-flow kinetics of CO binding at 2&, pH 7.2.
Solution 2 consists of a mixture of oxyHb and metHb; a large excess o the control (upper) curve, oxyHb was first mixed with dithionite;
of metHb ensures that the oxy dimers occur mainly as part of the 100 ms later the resuitant deoxyHb was mixed with the CO solution
oxy/met hybrid. The first mixing with dithionite (dtn) produces the  ang shows mainly slow phase of ratex210° M~t s~L. For the
[deoxy-dimer/met-dimer] asymmetric hybrid. After a variable delay, hyprid solutions (lower curve), an oxy/azido-met Hb solution was
mixing with the third (CO) solution allows observation of CO first mixed with dithionite; after a 100 ms delay, the second mixing

binding to the asymmetric hybrids. allowed study of CO binding to the deoxy/azido-met hybrid. The
initial [oxyHb] = 10 uM for both cases; the initial [azido-metHb]
mixing stage, solution S1 containing the hybrid{s5+Ns/ = 160 uM to ensure that oxy dimers were mainly paired with

a%p%] is mixed with the buffered dithionite solution. ©xidized dimers; final concentrations were 4Bl CO and 3uM
During a delay time of at least 100 ms, the @ssociation in ferrous hemes.

from the hybrid is achieved (at 28, 1o ~ 20 ms), the
dithionite consuming the free n <1 ms. After the fixed

. ! reezh = . I
delay time, the third solution is mixed with the "™/ used to compensate the lower temporal resolution.

aceexiees] hybrids to study their reaction with CO. This result is similar to the stopped-flow kinetics showing
The CO binding kinetics are shown in Figure 4. Without about 30% slow phase for CO binding to symmetric deoxy/
the azido-metHb parent, the kinetics are predominantly slow, CN hybrids (9) and the study of asymmetric deoxy/CO
typical of CO binding to deoxyHb. For the hybrid solutions hybrids showing about 20% slow phase for CO bindih) (
at 1 ferrous to 16 ferric hemes, 18% slow phase was observedraken together, these results indicate that there is not a
(Figure 4, Table 1). Species 21 represents over 90% of thepredominance of slow deoxy-like kinetics to hybrids of either
CO blndlng signal, hlgher than for the flash phOtO'ySiS studies type_ As previous|y reportedle)' the two-state model
since dithionite efficiently removes oxygen eliminating the underestimates the amount of slow phase in the Stopped_
triply liganded hybrid species; the remaining contributions  flow experiment, as if there were some slowly interconverting
are 6% for CO binding to deoxyHb and 3% for CO binding forms.
to dimers. After correction for these contributions, the  Time-dependent changes during the 2200 ms delay
kinetics for the asymmetric hybrid would be about 13% slow time (between mixings) should be considered. Loss of azide
phase. is not expected on this time scale, based on the observed
As for the flash photolysis results, the stopped-flow kinetics of azide dissociation (Figure 1) which requires about
kinetics indicate that the asymmetric hybrid is not predomi- 100 s. Dissociation of azide ligands would produce ad-
nantly in a T-like conformation. The ratio of fast to slow ditional CO binding sites, since aquo-metHb is rapidly
CO binding rates was 15, slightly less than that observed reduced by dithionite. This would lead to an increase in
for the flash experiments. The full amplitude of the rapid CO binding signal size, which was not observed.

phase is more difficult to measure by stopped flow as
compared to flash photolysis; a lower CO concentration was
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After mixing with dithionite, the dimers and tetramers may
reestablish equilibrium under the deoxy conditions. Note
that deoxy tetramers require several hours for dissociation,
while liganded Hb forms dimers on the order of 1 s; tetramer
formation requires abau s at adimer concentration of 1 D
uM. The parameter of interest here is the dissociation rate
of species 21; two cases can be considered. If species 21 is
stable as predicted by the symmetry rule (over 100 s for
dissociation into dimers), then there could be significant loss
of deoxy dimers during 200 ms, but little change in the
contribution of species 21 (about 90% of the signal) even at
longer times since the final distribution would also be close
to binomial. If species 21 does not show an enhanced
stability, then one expects a loss of the hybrid due to AOD. o

accumulation of the more stable deoxyHb tetramers; with a //n—% N
tetramer to dimer rate of 1/s, about 10 s is required before [

deoxyHb accounts for over 50% of the ferrous dimers; one

would then expect a time-dependent increase in the fraction 475 500 525 550 575 600 625 650

of slow CO binding in the stopped-flow experiments. Such
an effect was reported for the experiments starting with oxy/

CO hybrids, but CO binding reactions were considered as FIGURE 5: Absorption spectra. Samples of cyano-metHb A and
an alternate explanation in that cadeé)( deoxyHb S were mixed (final concentrations of each were400

. L on a heme basis) and incubated for 50 h in buffer A at pH 7.4,
Experiment 3 Electron Transfer A modification of the 21.5°C. After incubation, the samples were exposed to CO, and

samples during the long 50 h incubation would certainly the Hb components A and S were separated. Top section: the initial
change the interpretation of the dimeetramer equilibrium  stock solutions showed the expected spectra for the pure CO (solid
data, and possibly explain the discrepancy with the ligand line, showing two bands) and CN (dotted line) forms. The small

bindi | o h f ion th h val circles show the spectrum of (the initially oxidized) Hb A, after
Inding results. One such transformation through valency e nation with deoxyHb S and subsequent separation: it shows a

exchange has recently been propos&l (To further significant ferrous CO contribution, compared here with a linear
investigate this effect, we made additional studies of these combination of 30% HbCO and 70% cyano-metHb (solid line

experiments by incubation of cyano-metHb A with deoxyHb running through the circles). The IEF (insert) confirms the
S or deoxyHb C. separation of Hb A (lane 3) and Hb S (lane 2) relative to the controls

L . . in lane 1. Difference spectra are shown in the lower section. The

Overall Oxidation of Hybrid Mixture Samples of @ |argest is the difference spectrum for 50% exchange, that is, half
mixture of deoxyHbS and cyano-metHb A were incubated of the difference of the pure forms (HbCO minus cyano-metHb);
for 50 h at final concentrations of 0.4 mM of each Hb (on this would correspond to a complete randomization of the oxidized
a heme basis) and an excess ofAKCN, Basedonthe _ Situnts, Tie smsler dfewence specta ars o 1o P ol e,
at?sorptlon spectra_ (before ar_1d after Incubqtlon) _O_f the fpor the originally ferrou% Hb S (dashed line, preincubation minus
mixture, there was little change in the total fraction oxidized. postincubation), indicating a valency exchange.

After the incubation, spectra of aliquots before and after

addition of KCN showed a small change in absorption observed for Hb S (preincubation minus postincubation). The
corresponding to a transition from aquo- to cyano-metHb gain in ferrous hemes by Hb A is compensated by the loss
for 4% of the total Hb, similar to the result of 3.9% reported of ferrous hemes of Hb S.

by Ackers et al. 7). This would imply that about 8% of the As a second measure of the fraction of ferrous hemes, an
ferric hemes were without CN at the end of the incubation. aliquot of the samples was exposed to CO and photodisso-
About half of this change was estimated to be CN loss due ciated; the amplitude of the CO kinetic signal of each type
to the dilution of the aliquot®); however, this assumes that of Hb confirmed the valency exchange of 30% (Figure 6).
the control sample before dilution was 100% saturated in Hb A (after incubation) showed about 30% of the signal for
CN. a fully ferrous HbCO sample, determined on the same sample

Oxidation State of Indidual Hbs After separation of by addition of dithionite to reduce the ferric hemes. The
the two types of hemoglobin, the postincubation absorption Hb S sample, after incubation, showed about 70% ferrous
measurements indicate that the Hb A was about 30% ferrous,form, relative to its control with dithionite (Figure 6).
while the Hb S decreased to about 70% ferrous form. The These results showing a valency exchange are in agree-
Hb A, originally fully oxidized, was therefore partially = ment with those of Shibayama et ab)(and support the
reduced during the 50 h incubation. The final spectrum of hypothesis of an electron transfer between the Hb subunits.
Hb A is shown in Figure 5, with reference cyano-metHb The actual transfer rates would depend on whether the
and HbCO spectra, and a linear combination (30% HbCO electron transfer is only intratetramer and the fraction of
plus 70% cyano-metHb) of the reference spectra. hybrid.

In the lower section of Figure 5, the difference spectra In the response to the electron-transfer hypothesis, data
are shown. A random mixture of ferric and ferrous hemes were presented showing additional bands in the IEF confirm-
would lead to 50% of each, depicted in Figure 5 as the ing this mechanism for deoxy/aquo-met hybrids, but the
difference (HbCO minus metHbCN) multiplied by 0.5. The authors insisted that the transfer does not occur for deoxy/
difference spectrum for Hb A (after incubation minus CN-met hybrids7). However, their evidence is the presence
preincubation) shows about 30% transition; the opposite is of only three bands in the IEF of the CO/CN hybrids; this

wavelength (nm)
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Ficure 6: Flash photolysis signals. After a 50 h incubation of
cyano-metHbA with deoxyHb S, followed by separation of Hb A
from Hb S, the Hb A fraction showed about 30% CO binding signal.
Similarly, the originally ferrous Hb S lost the same amount of
ferrous signal. Note that oxidized subunits show no CO rebinding
signal, since the metHb ligands are not photodissociable. As an
internal control of the fully ferrous form, both samples were
measured again after addition of dithionite.

argument is not valid since CO and met-CN have the same
isoelectric point; thus, a single band could consist of both
CO and metCN subunits.

Loss of CN Another observation for the electron-transfer
experiments is the loss of CN during the incubatién This
is due to the conflicting requirements of maintaining both
deoxy- and CN-bound subunits. Since CN is volatile,
purging the sample with nitrogen or argon to remove oxygen
will also remove excess CN. Either the gas should contain
CN or a solution of CN must be added.

Electron transfer between a deoxy and CN-met subunit
implies dissociation of CN due to the low affinity of ferrous
iron for CN (14). The newly oxidized subunit may then
rebind CN; however, since the CN association is very slow
(over 15 min at 10uM free CN), the average time for
rebinding may be longer than the time to escape from the
solution, which depends on the efficiency of the ghguid
exchange and sample stirring.

The kinetics of CN binding also demonstrate the difficulty
of maintaining Hb permanently bound to CN. Considering
the dissociation time constant of less than 6 h, the oxidized
subunits would lose their CN ligand many times during the
50 h incubation. Each time the CN reassociation is slow
(requiring 1000 s at 10uM free CN). At high Hb
concentrations, the fraction saturation in CN is the critical
parameter and corresponds to the fraction of time spent with
CN bound. At [metHb}= 1 mM and CN affinity ofKp =
1 uM, one expects about 97% saturation. As mentioned

above, the spectra of samples after incubation, before and

after addition of KCN, also indicate incomplete CN saturation
[92—96% of the ferric hemes with CN depending on the
contribution of the dilution step7j]. In other words, the
oxidized hemes spend about 3% of the time (dvé total)

as aguo-metHb, a form where there is agreement that electron

transfer occurs?). Electron transfer to aquo-met hemes

therefore cannot be neglected. Either the transfer also occurs

to CN-met subunits, or the transfer to aquo-met subunits
requires less than 1 h.

Conclusion Based on the dimertetramer studies, a shift
in the tetramer stability of a factor of 170 was reported for

Biochemistry, Vol. 37, No. 41, 19984649

the deoxy/CN-metHb hybrids relative to the other doubly
liganded forms 7). For the flash photolysis studies with
azide or CN ¢) as ligand, and the stopped-flow studies with
azide or CO 16) as second ligand, no major shift to a T-like
state was observed for CO binding to the asymmetric hybrids.
Also no major difference was observed between the sym-
metric and asymmetric hybridd§, 21). In the stopped-
flow study, the asymmetric hybrid was allowed to “incubate”
from 100 ms to a few second&@) before addition of CO,
a time long compared to the physiological oxygen binding
processes. Ligand binding studies and theoretical arguments
concerning the cooperativity of ligand bindin2dj have not
supported the symmetry rule prediction of a T-like confor-
mation for these hybrids. Cyano-metHb is probably a good
model for liganded Hb, but electron transfer which random-
izes the location of the oxidized subunits could be an
explanation for the near-binomial distribution of asymmetric
hybrids at long incubation times, which is the principle
evidence for the enhanced stability of the 21 species.
Electron transfer between heme groups is not simply a
novel in vitro phenomenon. In addition to the electron
transport chain of cytochromes, the oxidized subunits of Hb
are reduced by metHb reductase (cytochrd)ea hemo-
protein 2). Thus, part of the natural function of Hb is an
electron acceptor, in order to maintain a low overall
percentage of oxidation. Electron transfer between hemes
is thus natural and essential to the correct function of Hb
over long periods of time. More studies of this effe28),
and new controls on the dimetetramer equilibrium studies,
seem essential for a complete description of Hb function.
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