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ABSTRACT  Using modulated excitation, we have measured the forward and reverse rates of the allosteric transition between relaxed (R)
and tense (T) quaternary structures for triply ligated hemoglobin (Hb), cross-linked between the « chains at Lys 99. Oxygen, carbon
monoxide, and water were used as ligands and were studied in phosphate and low CI™ bis-Tris buffers at neutral pH. Since the cross-link
prohibits disproportionation, triply ligated aquomet Hb species with ferrous 8 chains were specifically isolated by isoelectric focusing.
Modulated excitation provides rate pairs and therefore gives equilibrium constants between quaternary structures. To coordinate with
that information, oxygen binding curves of fully ferrous and tri-aquomet Hb were also measured. L, the equilibrium constant between
three liganded R and T structures, is determined by modulated excitation to be of order unity for O, or CO (1.1 to 1.5 for 30, and 0.7 for
3CO bound), while with three aquomet subunits it is much greater (=23). R — T conversion rates are similar to those found for HbA,
with weak sensitivity to changes in L. The L, values from Hby O, were used to obtain a unique aliosteric decomposition of the ferrous O,
binding curve in terms of K;, K, and L;. From these values and the O, binding curve of tri-aquomet Hby_, L; was calculated to be 2.7 for
the tri-aquomet derivative. Consistency in L, values between equilibrium and modulated excitation data for tri-aquomet-Hby, can be
achieved if the equilibrium constant for O, binding to the « chains is six times lower than that for binding to the 8 chains in the R state,
while the cooperative properties remain homogeneous. The results are in quantitative agreement with other studies, and suggest that the
principal effect of the cross-link is to decrease the R state and T state affinity of the a subunits with aimost no change in the affinity of the
8 subunits, leaving the allosteric parameters L and ¢ unchanged.

INTRODUCTION

In the attempt to find suitable blood substitutes, the no-
tion of using pure acellular hemoglobin (Hb)! has been
an attractive possibility for avoiding blood-borne disease
and the necessity of blood typing. While Hb tetramers
can deliver oxygen satisfactorily without being encased
in some type of cell, a formidable problem that must be
overcome is that the duration of a transfusion of acellu-
lar Hb is limited by the reversible dissociation of the
tetramer into dimers, which are removed from circula-
tion. Hb tetramers that are cross-linked to prevent disso-
ciation (1, 2) avoid this problem while still providing a
cooperative, functional oxygen delivery system.

Hb tetramers have been cross-linked at Lys 99« with
lowered affinity and cooperativity similar to normal
HbA (1-3). There has been much speculation as to the
source of the lowered affinity. Chatterjee et al. (1) found
that the increased p50 was due to the decrease in K with
a possible small increase in L. Larsen et al. (4) used
Raman spectroscopy of the cross-linked molecule to ar-
gue that the relaxed (R ) state had become more “T-like”
and hence had reduced affinity. Vandegriff et al. (5)
found functional heterogeneity, and, using kinetic meth-
ods, concluded that cross-linking lowered the affinity for
the last oxygen molecule sixfold for the « chains and
twofold for the 8 chains.

Modulated excitation provides a powerful tool for in-
vestigating the allosteric properties of this cross-linked
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' Abbreviations used in this paper: DPG, 2,3 diphosphoglycerate; Hb,
hemoglobin; MWC, Monod-Wyman-Changeux; R, relaxed; T, tense.

molecule. Modulated excitation methods use weak pho-
todissociation to study the R = T conversion rates with
three ligands bound (6). By observing the absorption
spectra characteristic of the structure change, and tuning
out the ligand rebinding rate, in most cases this provides
both forward and reverse rates of structure change, even
in the presence of rapid recombination rates, such as
found with oxygen as a ligand. Since rate pairs are deter-
mined, the method provides a model independent mea-
surement of the equilibrium between allosteric struc-
tures with three ligands. This can be advantageous in
describing such changes as cross-linking produces. Al-
though R and T structural endpoints are used, the
method of modulated excitation is independent of the
critical assumptions in the allosteric model, viz., that the
change in quaternary structure is the predominant
means by which affinity is changed, and that, without
quaternary change, affinity remains constant. Modu-
lated excitation does assume that there is a structure
change that can be observed by known absorption spec-
tra. This assumption has been recently strengthened by
the demonstration that the fluorescence quenching of a
DPG analogue follows this three-liganded spectral signa-
ture (7).

We report here the results of modulated excitation
studies on cross-linked Hb. Since the tetramers do not
dissociate, it is possible to isoelectrically focus partially
oxidized samples to separate them by number of ligands,
without disproportionation afterwards (8). Isoelectri-
cally focused triferric derivatives with 8 ferrous subunits
have been prepared and compared with ferrous cross-
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linked Hb with 3CO or O, ligands. The modulated exci-
tation results imply that the three-liganded T state is sig-
nificantly populated. L,, the ratio of T state to R state
population with three ligands, is about unity for CO and
O,. For three aquomet ligands on ferric hemes, the T
state is found to be dominant, and since k1 is too small
to be resolved clearly, even though kgt can be deter-
mined unambiguously, the method can only place a
lower limit on L,.

As an alternate means of determining L, for the tri-
aquomet derivative, binding curves were determined for
that derivative and the fully ferrous cross-linked mole-
cule. At this point, analysis requires a means of identify-
ing the T state oxygen binding constant at the last liga-
tion step of tri-aquomet Hb. We did this by equating it to
the T state binding of the first oxygen binding step in
fully ferrous Hby; . This explicitly invokes an allosteric
model.

The values of the two determinations of L, differ by at
least an order of magnitude. However, the differences
can be reconciled by one assumption, viz., that the in-
trinsic binding constant for the « chains has been low-
ered sixfold by the cross-link without effect on the 8
chains or the allosteric mechanism. By analyzing the
binding curve of the fully ferrous cross-linked derivative
with explicit inequivalence of subunits, we are then able
to interpret the binding curve of the aquomet derivative
in a way consistent with the modulated excitation re-
quirement of large L,. While more complicated sce-
narios, including the possible breakdown of the allosteric
model itself, are not excluded by the assumption of func-
tional heterogeneity of the subunits, it is consistent with
other work (5) and suggests that the cross-link may
lower affinity by a relatively simple means.

MATERIALS AND METHODS

Hb was purified as described elsewhere and stored frozen (8). Isoelec-
tric focusing produced ~80% S-ferrous of the triply oxidized mole-
cules. When stock solutions were thawed, 2 mM sodium dithionite was
added to reduce any methemoglobin present (except for tri-aquomet
samples), and the sample was then immediately passed through a small
preparative column (PD-10, 9 ml column of Sephadex G-25M [Phar-
macia Fine Chemicals, Piscataway, NJ]) to remove dithionite and its
products and to place Hb into the correct buffer. The column was
eluted with either 0.15 M phosphate buffer, pH 7.0, or 0.05 M bis-Tris
buffer, pH 7.0 (7-9 mM Cl17), and the Hb was then concentrated to
~1 mM using microconcentrators ( Centricon-30; Amicon Corp., Sci-
entific Sys. Div., Danvers, MA ). Samples so purified were used within
1 wk. Samples were sealed between coverslips in room air with a final
Soret absorbance of near 1 OD. Soret absorption spectra were regularly
monitored during the course of the experiments. Sample temperature
during the experiment was regulated by a thermoelectric controller.
Partially saturated HbO, samples were prepared by allowing room-
equilibrated samples to be exposed to a wet nitrogen atmosphere for
varied amounts of time in a refrigerated, nitrogen-purged glove
chamber, where the samples were finally sealed. For oxygenation mea-
surements, fully ferrous samples included a modification of the Haya-
shi reductase enzyme system in the proportions described by Sunshine
etal. (9).

The modulation apparatus is that described by Martino and Ferrone
(7). Three additional changes have been incorporated. First, the Ortec
(EG&G, PAR; Trenton, NJ) lock-in amplifier has been replaced by an
SR530 (Stanford Research Systems, Sunnyvale, CA) lock-in amplifier.
Second, to retain high sensitivity through the lowered absorbance of the
Soret band, a programmable high voltage supply was varied to keep the
phototube DC anode current constant. This feedback was accom-
plished by computer control in a step-and-read fashion, giving the high
voltage time to stabilize before a new reading is taken. Third, the acous-
tooptic modulator was replaced by an electrooptic modulator (Cam-
bridge Research and Instrumentation, Cambridge, MA ) with intrinsic
feedback stabilization. Instead of feeding back against a DC reference,
the feedback used a sine wave, thereby ensuring that the modulated
signal was precisely sinusoidal and thus devoid of harmonics. Since the
lock-in amplifier also uses linear mixing rather than square-wave mix-
ing, there are no problems of higher harmonic response.

Modulated absorbance spectra were collected between 400 and 450
nm; excitation was accomplished by a modulated argon-pumped dye
laser with emission at 573 nm. The level of excitation was monitored
and kept <2% photolysis of the hemes. Because modulated excitation
demands that only a small fraction of the sample be excited, the lower
quantum yield of oxyhemoglobin is not a significant problem. Oxygen
photolysis levels were typically <0.5%.

In modulated excitation, two types of measurement are performed
that differ most fundamentally in the tuning of the detection system
(6). In the first measurement, tuning is accomplished by setting the
monochromators to 436.5 nm, an isosbestic of the R and T spectra, and
adjusting the detection phase to bring the entire signal into the in-phase
channel. Thus, the in-phase signal is contributed equally by R and T
state populations, and the detection system is in tune with the result of
excitation. The out-of-phase spectrum (rotated 90° from the in-phase
spectrum) is, consequently, dominated by the spectrum arising from
the change between R and T. A spectrum of the modulated species is
measured at this phase, and excitation frequency, . T is used to denote
the ratio of the out-of-phase R-T signal to the in-phase ligand-loss
signal. This is the out-of-phase part of the ratio of molecules in the T
structure to the total excited population. T is related to the kinetic
processes that populate and depopulate the T state. For equivalent
subunits,

kaT

r= (kgr + keg + ke[ X])? + w? 7

(la)

In this expression, the rate constants kg, kg, and k¢ denote the rate of
transition from R to T, from T to R, and the rate constant for ligand
rebinding in the T state, respectively. [ X ] denotes the concentration of
free ligands (CO or O,). These rates are defined to be those that occur
with three ligands bound, which may differ from those at other ligation
states, particularly in the case of the R-T rates. Eq. la peaks at a fre-
quency «* equal to the sum of the rates (kg + kyg + ky[X]). The
maximum of T, i.e., T'(w*), is given by kgy/2(kgr + kir + kr[X]).
The product of w* and T'(w*) will give kgy/2. Separation of kyx and
k¢[X] requires determination of the latter. This can be achieved by
varying [ X']. When k[ X] is small, as it is for CO binding, the maxi-
mum of T is directly related to L; (=kgr/krr), the allosteric equilib-
rium constant between R and T with three ligands.

If there is inequivalence in the binding or R — T conversion rates,
the expression for I' is more complicated, albeit straightforward. If the
first harmonic oscillatory terms of the three liganded R and T states are
denoted as R, and T,, and similarly for the 8 subunits, then T is calcu-
lated by evaluating the expression

(1b)

P=—1m( I+ Ty )

R, +T, +R;+ T,
where Im denotes the imaginary part. It is worth noting that when this

equation is evaluated, R state ligand binding kinetics are removed from
the expression, and in particular, kinetic inequivalence in the R state
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per se has no effect on T" (though kinetic T state equivalence can influ-
ence T via kr.) If the simple form of T' (Eq. 1a) is used to analyze data
with inequivalence, instead of the correct Eq. 1b, the amount of allo-
steric conversion will be underestimated, and L; determined that way
will be a lower limit to the subunit-averaged value of L,.

The second measurement involves setting the detection monochro-
mator to the laser wavelength, 573 nm, and tuning the phase so that the
laser signal (rather than the observed population) is entirely “‘in-
phase.” This puts the detection system in phase with the source of the
excitation (the laser), so that phase shifts show the system response
relative to the excitation. In-phase and out-of-phase measurements are
then recorded at a single wavelength (436.5 nm). The ratio of the out-
of-phase to in-phase signal with this tuning is denoted than ¢ and is
dominated by the ligand rebinding rate in the R state, but is only
weakly affected by the kinetics of allosteric change and/ or rebinding in
the T state. For equivalent subunits, it can be shown ( 10) that

tan ¢
_ ole?+ (kr + ke + krr)® + kpr(ke — k1))
kgw? + (kp + kqg + kpp)[kr(kg + kgr) + kgkee]’

(2a)

where we have written kg and k; for kg[ X ] and k[ X ] for compactness.
(Note that tan ¢ is a negative number. In practice, we will plot this as a
sequence of positive numbers. This is formally equivalent to plotting
—tan ¢.) As w becomes large, tan ¢ - —w/kg[X']. When tan ¢ be-
comes proportional to w, the ligand binding rate is just the inverse of
the slope, and the values for R — T conversion do not enter that
computation. If tan ¢ is not proportional to w, it is still strongly sensi-
tive to R state ligand binding, but with observable contributions from
the R = T conversion rates, and determination of k; will depend on
the determination of the other rates in the problem. Since kg, k1g,and
kr are all set in the evaluation of T, fitting tan ¢ to data involves varia-
tion of a single parameter. In the case of inequivalent rates of ligand
binding to the subunits.

_Im(R + Ry + T, + Ty
Re(R,+ Ry + T, + Tp)’

tan ¢ (2b)

in which Re and /m indicate the real and imaginary parts of the expres-
sion. Again, this expression is straightforward to evaluate given the
rates.

Oxygenation experiments were performed on an apparatus of our
own design in which complete spectra are gathered at randomly chosen
values of po,, set by mass flow controllers and calibrated tanks of
diluted oxygen. The sample itself is mounted in a Gill-type cell (11}, in
which oxygen is exchanged through a membrane that confines a thin
Hb sample. By singular value decomposition (12), the spectral infor-
mation can be reduced to simple binding curves. The method will be
published in detail elsewhere.

RESULTS

Modulated excitation experiments were performed at
25°C at frequencies between 50 and 5,000 Hz. Cross-
linked, fully ferrous Hb was studied by photolysis of the
CO and O, derivatives. Although experiments on tri-
ferric derivatives were tried with CO and O, as the fourth
ligand, the CO experiments proved unstable. Over the
course of the several hours required to complete an ex-
periment, the samples showed consistent autoreduction
and traces of O,. Attempts to remove the O, without
reduction were unsuccessful. Thus, triferric derivatives
were all studied by the photolysis of oxygen.

The method of modulated excitation depends on the
correct quantitative identification of the observed spec-

tral signal. Singular value decomposition (12) is a sys-
tematic way of reducing a set of spectra to principal com-
ponents and effectively summarizing the spectra of a
given experiment. Fig. 1 shows the principal in-phase
(a-c) and out-of-phase spectra (d-f") for three complete
experiments in which the remaining ligands were CO,
0O,, and H,0 (met). For the triferric experiment, the
photolyzed ligand was oxygen. The most representative
component is the one drawn in filled circles; the second
most representative spectrum is drawn with open circles.
As can be seen, the major components were very well fit
by the standard spectra consisting of: a) deoxy-minus-
CO or deoxy-minus-0, difference spectra, b) deoxy RT
difference spectra, and ¢) CO R-T difference spectra.
The in-phase signals were dominated by the ligand re-
binding and removal signal. The second most significant
component (open circles) contributes very little to the
in-phase spectra. 95% of the in-phase signal is described
by the first component (filled circles) for the fully
ferrous derivatives, and 90% for the triferric derivative.
In the out-of-phase spectra, the first component repre-
sents ~80% of the ferrous derivatives and ~50% of the
triferric derivatives. The second component is shown as
the open circles. It is also well fit by the standards,
though there is greater deviation in the case of the tri-
ferric experiments. The presence of higher order compo-
nents most likely means that the tuning for setting the
detection system is not perfect, as signified by the degree
to which ligand-binding difference spectra appear in the
out-of-phase channel. This can happen because of the
smallness of the out-of-phase signal, ~20-fold smaller
than the in-phase signal. ( Since the spectra obtained here
are difference spectra that are synchronous with the exci-
tation, they do not represent differences that can arise
because of long-term changes in the sample because of
oxidation or reduction, for example.) For analysis of the
R — T transition, the in-phase and out-of-phase spectra
at each frequency were fit with the standards described
above, and the coefficients of the standards were then
used in the subsequent analysis.

Fig. 2 a shows T, the fraction of out-of-phase T state
signal, as a function of excitation frequency w for
Hby,; CO in phosphate buffer. The curve is well fit by the
simple description of Eq. 1a. The maximum of T is nota-
bly greater than experiments performed on Hb,CO,
which means a much greater fraction of molecules
switch to the T structure. For Hb,, k; is small, i.e.,
~1.0X 10°M~'s™!. Bellelli et al. (12a) found k[CO]
also small in Hby, , viz., 1.5 X 103> M~! s~!. This gives
kgt =2.9X103s™!, and krg = 4.3 X 103s~! by fitting to
Eq. la. These values imply L; = 0.70. In Fig. 2 b, the
rebinding kinetics of the fourth ligand can be determined
by the tangent of absolute phase measured as a function
of excitation frequency. The closeness of the curve to a
straight line, particularly at higher frequencies, allows
kgr[CO] to be determined independent of values used to
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FIGURE 1 Principal spectra from modulated excitation experiments. @ and d show experiments with photolysis of Hby, CO; b and e show

photolysis of Hby; O,; c and fshow photolysis of oxygen bound to triferric aquomet Hby, . In each experiment, 10-20 spectra are collected: half are
in phase with the excitation as measured at 436.5 nm (a-c); half are out of phase (d-/"). In-phase and out-of-phase spectra are analyzed by singular
value decomposition to obtain the principal components in each experiment. The most significant spectrum is shown as the filled circles; the second
most significant spectrum is shown as the open circles. The spectra are fit, in turn, by standard spectra, and the fits provide the lines (solid or broken)
shown in the figure. Standard spectra consist of ligand bound minus deoxy spectra plus a T-R difference spectrum obtained from the literature (30).
In addition, for HbCO, a ligand-sensitive T-R difference spectrum is used (31). All Hb’s are cross-linked, in pH 7 phosphate buffer. Although the
spectra are shown normalized to the same amplitude, their contribution to the data set is drastically different. The following are the contributions for
the first three components (only two have been plotted), relative to the in-phase spectra, taken as unity: (a) 1.00, 0.04, 0.02; (b) 1.00, 0.06, 0.005;
(¢) 1.00,0.12,0.03; (d) 0.041, 0.012, 0.005; (¢) 0.047, 0.010, 0.008; and (/) 0.091, 0.047, 0.028. Absolute amplitude of the in-phase spectra is ~2
milli-OD. All out-of-phase spectra are shown magnified by a factor of 10. The quality of the fits indicates that the standard spectra provide a good

representation of the entire data set.

fit T'. This yields a rate of 3.7 X 103s~!, which gives a rate
constant kx = 3.7 X 105 M! s7!, assuming that the
solution was fully saturated at 1 mM free CO. The curve
shown is computed from Eq. 2a, and includes the param-
eters of the fit from Fig. 2 a, in addition to the rate con-
stant kg, to which tan ¢ is particularly sensitive.
Oxyhemoglobin samples were prepared in both bis-
Tris (low C17) and phosphate buffers. As discussed in
Methods, while kg is uniquely determined, the value of
krgr depends on the determination of k:[O,]. This is
done below for the tri-aquomet samples by variation of
[O:], and the results are used throughout the analysis.
To give an overview, however, all the oxygen photolysis
results will be described qualitatively, and thereafter the
numerical results and the assumptions used will be de-
lineated. T" is shown as a function of w for Hby; O, in Fig.
3 a for phosphate buffer (open squares) and bis-Tris
buffer (filled circles). The increase in T when phosphates

are present means that the ratio kgr/(kyg + k[ O;]) has
increased. This is to be expected if phosphates increase
L, leaving k;[O,] relatively unaffected. The maximum
value of T" (denoted T" (w*)) and the frequency at which
the signal peaks, w*, are close to the values for CO. Since
kgt = 2w* ' (w*), it follows directly that kxy is close to
its value with CO ligands.

Fig. 3 b shows the tan ¢ as a function of frequency for
O, binding to Hby, in phosphate and bis-Tris buffer. As
expected, the rate of O, binding to Hby; (open squares)
is faster than that for CO (Fig. 2 b), giving a lower tan ¢
at high frequencies. There is a slight dependence of the
ligand binding kinetics on buffer, though the error bars
of individual points overlap.

It is also interesting to compare these results with those
obtained for Hb, (13). Fig. 3 ¢ shows that the tan ¢ for
Hby; O, (open squares) is clearly higher than that of
Hb, O, (filled triangles). Both data sets are obtained in
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FIGURE 2 Modulated excitation of Hby, CO in phosphate buffer. (a)
T is shown as a function of excitation frequency, w. T is the out-of-
phase allosteric conversion, given by the size of the out-of-phase R-T
spectrum (e.g., Fig. 1 d) normalized by the in-phase ligand binding
spectrum (e.g., Fig. 1 a). Error bars are determined by the accuracy of
the fit of the constituent spectra. (b) tan ¢ vs. excitation frequency w.
The phase angle is that between the out-of-phase and in-phase ligand-
binding signals obtained when the system is in tune with the laser exci-
tation. Since the asymptote of the tan ¢ curve is almost directly propor-
tional to w, determination of kg depends little on the parameters used
to describe I'. For a and b, curves are drawn with the following parame-
ters: kg = 3.7 X 10" M~ s k= 1.5 X 103 M~ 57! kgr = 2.9 X 103
sV kg =42 X 103571,

phosphate buffers. This implies that cross-linking has
lowered the effective R state ligand binding rate.
Triferric (aquomet) samples were prepared with oxy-
gen on the fourth (primarily 8) heme, as described by
Fowler et al. (8). Allosteric conversion in the presence
and absence of inorganic phosphates is described by the
fractional out-of-phase signal shown in Fig. 4 a. The
magnitude of T' is significantly greater than seen for
Hby, O, in Fig. 3 a. The frequency at which the maxi-
mum TI' appears is also greater, and therefore kgz has
increased from its value for Hby; O,. Unlike Fig. 3 a,
where inorganic phosphates increased T, the effect (if
any) of phosphates on the aquomet sample is to decrease
I'. The error bars in the aquomet modulation experi-
ments are sufficient to allow a single curve to be drawn
that is within the range of both data sets (with and with-

out phosphate), although the best-fit parameters do
show small differences. This is consistent with the data
on fully ferrous Hby, (Fig. 3 a) if inorganic phosphates

0.3 T

=
-9
c
[
bt
0 . 1
0 10000 20000
® (s7hH
4 r r
©
[y
[\
e
0 L L
0 10000 20000

w (s7t)

FIGURE 3 Modulated excitation of HbO,. (a) T vs. excitation fre-
quency w. I' is the out-of-phase allosteric conversion, given by the size
of the R-T spectrum out of phase (e.g., Fig. 1 ¢) normalized by the
in-phase ligand-binding spectrum (e.g., Fig. 1 b). Open squares are for
Hby,; O, in phosphate buffer, while filled circles are for bis-Tris. Phos-
phate buffer produces noticeably more allosteric conversion. The solid
curve is the fit for phosphate buffer (kgp = 3.0 X 103s™!; kyg = 2.0 X
10357 kg, =23 X 107 M ™' s7! kg =41 X 10" M™'s7% ky, =4.5 X
106 M~ s7' and kr; = 8.0 X 108 M~ s7'), while the dashed curve is
obtained in bis-Tris (kgr = 2.1 X 10357 kyg = 2.0 X 103575 kg, =
19X 10" M™ s7 ks = 4.1 X 10" M~ s71 kg, = 4.5 X 106 M ™' s7!
and krz = 8.0 X 108 M ™' s7'). (b) tan ¢ vs. excitation frequency w for
Hby, in phosphate buffer (open squares) and bis-Tris buffer (filled
circles). (¢) Comparison of tan ¢ vs. excitation frequency w for Hb,
and Hby, in phosphate buffer. Open squares are for Hby; O, (same
data as in b); open circles are for tri-aquomet Hby, , from which oxy-
gen is photolyzed and rebinds (also shown in Fig. 4 b; filled triangles are
for Hb, O, (13). Tan ¢ is larger for Hby, O,, implying slower average
ligand binding rates than Hb, O, . Tri-aquomet Hby; has essentially the
same values as found for Hb, . Thus we assume that the 8 chains, which
represent the majority of the tri-aquomet data, are the same as both
chains in Hb,.
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FIGURE 4 Modulated excitation of tri-aquometHby, O,. (a) T is
shown as a function of excitation frequency, w. I is the out-of-phase
allosteric conversion, given by the size of the R-T spectrum out of
phase (e.g., Fig. 1 /) normalized by the in-phase ligand-binding spec-
trum (e.g., Fig. I ¢). Data for phosphate buffer are shown as the open
squares; data for bis-Tris buffer are shown as filled circles. Error bars,
which arise from the precision of the spectral fits, are large enough to
suggest that there may be no effect upon the addition of inorganic
phosphates. (b) tan ¢ vs. excitation frequency w. Similarity in the data
comparing the solid circles (bis-Tris) and empty squares ( phosphate
buffer) argues that the R state ligand binding kinetics do not change as
the buffer is changed. For g and b, solid curves are for phosphate buffer,
using the following parameters: kg = 4.1 X 107’ M™'s™'; k; = 8.0 x 108
M™'s7!: kpr = 4.8 X 103 s7!; kyg = 100 s™'. Dashed curves are for
bis-Tris buffer, using the following parameters: kg = 4.1 X 10'M~'s™';
ke =80X 10°M™' s kgr = 6.0 X 10357 kg = 10571,

primarily affect kg, and if the dominant escape path
from T, in the aquomet sample is through ligand rebind-
ing, i.e., if in that case k[ O,] > kqr. This would mask
changes in kg, keeping I' about the same in spite of
changes in L, due to phosphates.

The rate of oxygen binding to the aquomet derivative
also showed very little sensitivity to the presence of inor-
ganic phosphates, similar to our results for ferrous
Hby; O,. This is shown in the plot of tan ¢ as a function
of w (Fig. 4 b). However, the rate of oxygen binding to
the aquomet derivatives is different from the binding
rate to fully ferrous Hby; O,. In Fig. 3 ¢, tan ¢ for oxygen
binding to tri-aquomet Hby,; is compared with ferrous
Hby,; and Hb,. The high frequency parts of the tan ¢
curves for the aquomet cross-linked derivatives are signif-
icantly less than obtained for Hby; O,, but they are al-
most identical to those obtained for Hb,O,. The differ-

ence between metHb,,; binding of O, and Hby; O, bind-
ing of O, must arise from the presence of ferrous «
chains, since the ferrous hemes in tri-aquomet Hb XL are
contained in the 8 subunits. An attractive and simple
hypothesis, therefore, is that the § subunit R state bind-
ing kinetics are unchanged by the cross-link, and that the
rate of O, binding to Hb, is fairly homogeneous despite
differences in primary structure between « and 8 chains.

From Eq. la it is clear that fitting I" will only give kg
and the sum kz + kr[O,]. To separate k; from k.5 for
the triferric molecule, a series of experiments was con-
ducted in which the oxygen partial pressure was varied.
Because the samples are made by applying a few micro-
liters to a coverglass, it is difficult to control the concen-
tration of oxygen at values intermediate between room
and zero oxygen pressure. Although it is easy to prepare a
mixture of variously saturated solutions, it is hard to en-
sure the absence of oxygen exchange with the ambient
gas in the glove box where the sample is prepared. Thus
the final oxygen concentration was treated as a variable,
rather than as a given. A series of partial saturated solu-
tions was prepared, and both I and tan ¢ were measured
as a function of w. Fig. 5 shows the result of this experi-
ment. From the changes in the tan ¢ data, it is evident
that the partial pressure has been changed. Changes in T’
are also evident. Since the asymptotic slope of tan ¢ at
high frequency is dominated by kx[ O, ], that slope could
be used to determine the various oxygen concentrations
relative to atmospheric pressure. Rather than assume
simple linearity, which requires that the asymptotic re-
gion has actually been reached, we fit both I" and tan ¢
simultaneously to Egs. 1 and 2, whereby the concentra-
tion-dependent rates could be uniquely determined. We
deduce that, for oxygen binding to the 8 subunits, kg =
4.1x10"M's'and kr = 8.0 X 10 M~! s~ in phos-
phate buffer (using air concentration as 0.26 mM O,).
kg is found to be 4.8 X 103s7!,

This gives kr[O,] = 2.1 X 103 s7!, and within the
error limits accounts almost entirely for the sum of kg +
k:[0,] (= 2.2 X 103 s7"), implying that the rate kg is
essentially unresolved. The largest k;p allowed by the
estimate of uncertainty is ~10% of k[ O,]. This uncer-
tainty includes not only the random errors shown in Ta-
ble 1 as errors in the fitting procedure, but also our esti-
mate of systematic error, sample variation, and the like.
Thus, it is possible for ki to be as large as ~208 s~!.
With kgr = 4.8 X 102 57!, this constrains L;* > 23,
where we adopt the notation that L; for the tri-ferric
derivative is denoted L;*.

The tri-aquomet I values give kzy = 6.0 X 103s7!in
bis-Tris buffer. Though T is systematically greater for
bis-Tris than phosphate buffer in the tri-aquomet experi-
ments, the uncertainty here is considerable. 10% uncer-
tainty allows the plausible range for kgt in bis-Tris to
overlap the range of kg1 in phosphate buffer. In bis-Tris
buffer, k; was essentially the same as in phosphate
buffer, and we shall assume the k; is similarly insensi-
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FIGURE 5 Modulated excitation of tri-aquomet Hby; O, in phosphate
buffer for different concentrations of free O,. (a) T vs. excitation fre-
quency, . (b) tan ¢ vs. excitation frequency w. All curves use the
following parameters: kg = 4.1 X 10’M™'s™'; k; =8.0 X 10°M~'s!;
ker = 4.8 X 103s7"; kg = 100 s™". Decreasing the free ligand concen-
tration has an enormous effect on tan ¢ but its effect is much smaller
onTl.

tive to the presence of inorganic phosphates. Setting
kr[O,] = 2.1 X 103 s™! means kyy is highly uncertain for
bis-Tris buffer, as for phosphate. Thus, as a conservative
estimate, we shall take L,* > 23 with and without phos-
phates.

The ligand binding rates determined for the triferric
molecule would be expected to apply to the fully ferrous
Hb as well. Returning to the tan ¢ data for fully ferrous
Hby,; O, shown in Fig. 3 b, we see that this is not the case.
The kg determined for the triferric Hb,,; will give atan ¢
much smaller than observed, as seen by comparing the
open circles and open squares in Fig. 3 ¢. Since the tri-
ferric molecules are predominantly g-ferrous, the differ-
ences may be explained by heterogeneity in ligand bind-
ing kinetics. In such a case, the asymptotic slope of a
tan ¢ curve is related to the mean of the rates. We set the
triferric value for kg equal to that for the 8 subunits in
Hby, O, and fit the data for Hby; O, of Fig. 3 to Egs. 1b
and 2b to yield kg, = 2.3 X 107 M~! s7! in phosphate
buffer, and 1.9 X 107 M~ s™! in bis-Tris. From Fig. 3 a
and Eq. 1a we found kgy = 3.0 X 103 57!, and this is
unchanged with inequivalence of binding kinetics.

Given inequivalence in rate of O, binding to the R
state, it is plausible to expect inequivalence in the T state
as well. From the triferric data a value of kg; was ob-
tained. To complete the analysis of the ferrous Hby; data

requires a value for k1,. We assume that the T state rates
are heterogeneous in the same proportion as the R state
rates, i.€., kt,/kys = kgo/krg = 0.57. This requires that
ki, = 4.5 X 106 M~ 57! and therefore kg = 2.0 X 103
s~!. So long as the rate ratio is not dramatically different,
the effects on the allosteric kinetics will be small. For
example, if the T state oxygen-binding rates are equal for
both subunits, kyg = 1.5 X 103 s™!'. Thus, krgy is not
highly sensitive to this assumption that the T state in-
equivalence is proportional to that which we find in the
R state. This then specifies the rates for Hby; O, in phos-
phate buffer. We find kzy = 3.0 X 10% s7! and kg =
20X 103 s7!, with Ly = 1.5. These are precisely the
values obtained in Hb,O,.

Finally, we turn to Hby; O, in bis-Tris buffer. From
the experiments in Figs. 3 b and 4 b, the R state oxygen-
binding rate constant is essentially independent of phos-
phates. With the assumption that the oxygen-binding
rate in the T state is likewise phosphate independent, &k,
and kg, can be assigned in bis-Tris buffer, and the R-T
rates thereby resolved. We find kgr = 2.2 X 103s~! and
krg = 2.0 X 103s™!, with L; = 1.1. The results are sum-
marized in Table 1.

Because the modulated excitation data provided only
an upper bound for L;, an equilibrium binding curve for
triferric Hby, was also measured. A noncooperative
curve is expected, the binding curve of which is given by

__K'[0,]
Y= 1+ K, [0,]° (3)

where the effective equilibrium constant K,* is given by

_ Ke+ LKy _
1+ L,

1 + Li*c

+ - 2
K R+ Lt

(4)
Since the triferric species has essentially only 8 subunits
available for binding, the equilibrium constants mea-
sured this way are subunit specific. Note that ¢ in Eq. 4
refers to the ratio of equilibrium constants for oxygen
binding to the 8 subunits and does not refer to the ratio
of binding constants of the ferric subunits. Assuming
that the oxygen affinity of a given subunit does not de-
pend on the nature of the ligands on the other subunits
but only on the quaternary structure, and assuming the
subunits bind with equivalent affinity, the binding con-
stants K and K; in Eq. 4 can be determined by measur-
ing the oxygen binding curve for the fully ferrous deriva-
tive. Fig. 6 shows a Hill plot of both the fully ferrous
cross-linked Hb ( filled circles) and the triferric aquomet
derivative (open circles), taken in phosphate buffer at
11°C. A cooperative Hill plot has asymptotes for which
the intercepts with the log p = 0 axis are log K and
log K. The triferric derivative displays a linear Hill plot,
which lies between the asymptotes for Kg and K. This is
expected as a consequence of having a mixture of R and
T state molecules, and directly suggests some conversion
to the T state with three aquomet ligands. Small sample
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TABLE 1 Allosteric rates and equilibria (25°C)

kg ky
Ligand Buffer* « 8 a I+ Kt krr L,
M7 x 107 MI1s!ix107° s x 1077 sTx 1077
HbL
0o} P - 1 - 8.0+ 0.1 48 +0.1 =<0.2 =223
0, B - - 8.0 +0.1% 6.0 0.7 =<0.2 =23
Hby,,
Cco P 37+£06 0.1 2906 42+05 0.70
0, P 23+ 1 1+1 45+0.2 8.0 +0.1% 3.0+0.1 20+04 1.5
0, B 19 +1 1+1 45+0.2 8.0+0.1% 22+0.2 20+03 1.1
Hb,
co' P 6.0 0.1 1.5 39 0.38
CO** B 6.5 0.1 34 21.0 0.16
o, P 40 5.6 3.0 20 1.5

Error estimates are based on increasing x2 by 1 while holding other parameters fixed. In computing x 2, the standard error for each point was
obtained by evaluation of the noise level in each experiment. These are the random errors of each experiment. We anticipate that other sources of

error lie in the 10% range for most parameters.
* P = (.15 M phosphate, B = bis-Tris, with 7-9 mM CI~.

* For three aquomet ligands, the photolyzed ligand was O,, and is selected to be on the 8 subunits by isoelectric focusing (8).

§ Set equal to the metHby, phosphate value.

" Determined by assuming the same ratio between « and 8 for ky as for kg.
1 Data from Zhang et al. (13). For Hb,O,, the solubility of O, in water was taken as | mM rather than 1.25 mM. Hence, the original rate constant has

been reduced by a factor of 1.25.
** Data from Martino and Ferrone (7).

drift, mainly due to methemoglobin formation, ac-
counted for no more than 1.3%/h, and is corrected out
of the analysis (since the sequence of pressures is not
monotonic).

While it is possible to describe a binding curve in
terms of Ky, K1, and L, it is difficult to obtain a unique
decomposition since the values of K and L, are highly
correlated. Fitting the fully ferrous oxygenation data to
an unconstrained MWC model gives K7 = 0.081 + 0.03
mmHg™', Kz =13+ 12mmHg !,and L, = 5(x19) X
107. Ky and L, have large uncertainties, as expected.
These parameters gave an L, = 12, with considerable
uncertainty (+56).

To avoid these problems, we adopted the following
strategy. L, for oxygen binding is determined by modu-
lated excitation, and so the MWC equation for the frac-
tional oxygen saturation Y ( 14) was rewritten in terms of
L, instead of L,, and then L, was set as a constant in the
fit. This left only Ky and K+ as free parameters. The
equilibrium data of the fully ferrous derivative was fit to
obtain these parameters. Fixing L, = 1.5, the fit to the
ferrous binding curve gives K1 = 0.077 +0.03 mm Hg™!
and Ki = 2.2 + 0.3 mm Hg ™! so that ¢ = 0.04. The fit is
indistinguishable from the unconstrained, three-parame-
ter fit.

These parameters were then used in analyzing the
aquomet derivative to give L;*. That derivative had a
K,* =0.55 £ 0.02 mm Hg™!, which then, using Eq. 4,
gives an L,* = 2.7 + 0.7. This clearly depends on the
initial setting of L, for the ferrous data. If we fixed L, =
5.0 instead of 1.5, then the L;* becomes 11.3 (£0.3)

instead of 5.4. (Fixing L; = 5 also gives K1 = 0.080 mm
Hg™!, which is almost unchanged, and Kg = 5.9
mm Hg™!).

The equilibrium binding and modulated excitation de-
terminations of L,* differ substantially (2.7 and >23,
respectively), suggesting that some assumption has bro-
ken down.? Since we have already observed kinetic heter-
ogeneity in the ligand binding rates kg, it is plausible that
the subunit affinity is also heterogeneous. For simplicity,
let us assume that the subunit heterogeneity occurs
solely in the binding affinity for the R state, and that the
allosteric parameter ¢ (and therefore L,) is the same for
a and S chains. This, of course, requires heterogeneity in
the T state affinity, in proportion to that in the R state.

Kgrus) Will denote the R state affinity of the o or 8
subunits. Consistent and good-quality fits are obtained
with ¢ = 0.015, Kgs = 9.8 mm Hg ™', and Kg,, = 1.7 mm
Hg ™! using our results that K,* = 0.55 mm Hg ™!, L;* =
23, and L; = 1.5. The ratio K4/ Ky, = 5.8. The solid
curve in Fig. 6 is drawn with these parameters. This, of
course, does not prove that subunit inequivalence is the
source of the differences in equilibrium and modulation
results,® but the similarity to the data of others (see be-

2 The difference in temperature of the equilibrium and kinetic data is
not likely to be significant here. Modulated excitation data on HbA
find L, independent of temperature (13), while the work of Bellelli et
al. (12a), in which the binding curve was observed over a wide tempera-
ture range, argues that adjusting the data to a common temperature
will, if anything, increase the differences observed.

3 It is also possible that the discrepancy in L, values originates in the
presence of cooperative binding within the T state. K determined from
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FIGURE 6 Hill plot for oxygen binding to fully ferrous Hby, (filled
circles), and tri-aquomet Hby, (open circles) in phosphate buffer. Yis
the fractional oxygen saturation. The tri-aquomet curve is a straight
line that lies between the asymptotes of the fully ferrous sample, indica-
tive of some degree of mixing of R- and T state affinities. By fitting the
fully ferrous oxygenation data to an unconstrained MWC model, we
obtained K = 0.081 = 0.03 mm Hg ', Kz = 13 = 12 mm Hg™', and
Lo = 5(£19) X 107. The equation for Y was rewritten in terms of L,
instead of L. and L; then set constant. With Ly = 1.5 (cf. Table 1),
Ky =0.077 £0.03 mm Hg ' and Kz = 1.8 + 0.3 mm Hg~'. The fitis
indistinguishable from the unconstrained, three-parameter fit. Kz and
K are used in analyzing the aquomet derivative to give L;* (cf. Eq. 3).
The triferric derivative is characterized by a single affinity constant,
Kyt = 0.55 £ 0.02 mm Hg™'. Using Eqs. 2 and 3, these data imply
Lyt = 2.7 £0.7. This disagrees with the limit set by modulated excita-
tion experiments (L,* > 23), but the discrepancy can be rectified by
the assuming that the subunits have different oxygen affinities. The
curve in the figure is drawn using a model in which the subunit affini-
ties differ, but cooperativity operates by a single mechanism. Parame-
tersare ¢ = 0.015, L3* =23, L; = 1.5, Kgs = 9.8 mm Hg ™', and Kg,, =
1.7 mm Hg™'. The binding curve generated by these parameters is
extremely close to the fit using a simple MWC formulation; both
curves fit the data well within its precision.

low) strengthens that hypothesis. The value of 23 for L,*
is a lower limit. Enlarging this value increases Kz but
does little to Kg,,.

DISCUSSION

Allosteric kinetics

The presence of the cross-link, which is formed in the T
structure, might be expected to steer the allostericR - T
transition and so enhance its rate. This expectation is
borne out in the R, — T, transition (5), which is about
six times faster due to the cross-link, and in the R; = T,

the ferrous heme binding curves is dominated by the binding of the first
ligand, whereas the triferric derivative is sensitive to the fourth ligand
alone. Hence, in Eq. 4, the use of the K from the ferrous binding curve
represents the assumption of full conformity with the MWC model. If
this variation in ligand affinity is uniformly distributed, each subse-
quent ligand should bind to the T state with 1.8 times the affinity of its
predecessor. In studies on ligand binding to HbA crystals in the T state,
however, no cooperativity is observed. (29)

for CO, which is about two times faster. For HbO, in
phosphate buffers the rate of the R, = T; transition does
not appear to be affected by the cross-link.

The effect on the R — T rate of additional ligands can
be systematically described by plotting the log of the rate
as a function of the log of the equilibrium constant, as is
done for linear free-energy relationships (15). Fig. 7
shows the dependence of the R = T rates on the equilib-
rium constant L, (where # is the number of ligands) for
Hby, (filled circles) and Hb, (open circles) in 0.1 M
phosphate buffers or 0.1 M Cl1™ tris. (Cl~ and phosphate
buffers have similar effects on the allosteric equilibrium
[14].) This viewpoint is supported by the degree to
which the C1~ data (open circle with the error bars) fol-
lows the same line as the phosphate data (remaining
open circles). It is interesting that the cross-link has sensi-
tivity to the rate constant kg, similar to the change in
equilibrium constant L, but consistently more rapid
rates. This might indicate that while some steering by the

-1
)

log K gy (s

log L,

FIGURE 7 The dependence of the R — T rates on the equilibrium
constant L for Hby, (filled circles) and Hb, (open circles and triangles)
with CO as a ligand. Circles show phosphate buffer; the circle showing
xand yerror bars is for 0.1 M Cl~ buffer; triangles are for Hb, in <0.01
M CI1~ buffer. Error bars represent the range of averaged determina-
tions of the given parameter measured by different investigators; error
bars from the modulated excitation experiments are smaller than the
symbols in the figure. The triliganded point for Hb,CO in low Cl~ is
taken from reference 7; the triliganded point for Hb,CO in phosphates
is taken from reference 13. The triliganded point for Hby, CO is the
phosphate buffer data taken from this study. The rates for zero-li-
ganded Hb in 0.1 M Cl™ are taken from references 5 and 18; in phos-
phate buffer they are from references 16-18; in low Cl they are from
reference 32. The L, values for Hby, are taken directly from reference S
or by using the analysis in this paper, which gives values of L; and c.
The L, values for Hb, are taken from reference 5; from our analysis as
above for Hby, ; and from Ackers and Johnson (33). The rates for all
three equilibrium measurements are the same, and the variation in L,
is taken as a measure of uncertainty. The L, value for Marden’s lower
C1~ conditions is taken from Imai (34); the L, value for phosphate is
taken from an analysis ( 31) of the data of Imai and Yonetani (35). The
best-fit slope through the cross-linked data ( filled circles) is 0.30; the
best-fit slope through the Hb, data (open circles) is 0.18; the line
through the triangles (Hb,, low C17) has a slope of 0.025.
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FIGURE8 Correlation of the R — T rate and number of ligands. Zero
ligand data for phosphate buffer is taken from Hofrichteretal. (17)and
Cho and Hopfield (16). Single ligand data is HbA with fluoride bound
to a single heme ( 16); three-liganded data is for aquo-met Hby, , taken
from this paper. The slope is —0.30. To compare with Fig. 7, note that
the equilibrium constants between structure with 7z ligands, L,, is given
by L, = Loc®, so that log L, is proportional to » log c.

cross-link occurs, the variation of rate has a connection
to the allosteric mechanism, which is largely unchanged.

For comparison, data on lower Cl~ concentrations
(<0.01 M) for Hb, are also shown as the triangles.
Though the rate of structure change without ligands is
faster with effectors present, the reverse is true when
three ligands are bound.

The data on metHb can be examined in a similar fash-
ion, Since L, the equilibrium constants between struc-
ture with n ligands, is equal to Lyc", then log L, =
log L, + nlog c. Therefore, log L, is proportional to n.
The data from this work measure R, — T, rates with
aquomet ligands; a number of others have measured
R, = T, kinetics in phosphate buffer (16-18). Cho and
Hopfield (16) also measured R, — T, rates for high-
spin, single-met molecules. Although the three-liganded
data shown have been taken on cross-linked Hb, while
the other points are on Hb, , the R; = T’ rate for oxygen
bound is identical for Hb, and Hby, , as noted above.
The resulting graph is shown in Fig. 8 and exhibits very
good correlation. The slope here must be multiplied by
log c(met), which is <0, in order to compare it quantita-
tively with the slopes shown in Fig. 7. The data of Fig. 8
provide the first direct support for the conjecture of Sa-
wicki and Gibson (19) that the rate of structure change
decreases by a constant factor for each additional ligand.

Equilibrium results

Allosteric equilibrium

Modulated excitation measurements provide a particu-
larly precise way to determine L,. Both Hb, and Hby,

have L, > 1, so that the switch in quaternary structures
occurs after three ligands have bound. This is signifi-
cantly different from the switchpoint value of 2.3 de-
duced from equilibrium binding studies (3 ), and the dif-
ference can be important in interpreting measurements
on the binding of the last ligand, which will exhibit a
mixture of R and T properties.

When the liganded subunits are aquomet, the allo-
steric equilibrium is substantially altered. Cooperativity
is particularly affected in high spin derivatives. Szabo
and Karplus (20) analyzed early work on metHb hy-
brids, concluding that fluoromet Hb, had a value of ¢
that is 2.4 times larger than the ¢ for cyanometHb and
~35.7 times larger than azido-metHb. In agreement with
prior findings, more recent experiments on partially oxi-
dized Hb, found a value for ¢ for the fluoromet deriva-
tive that is 3.5 times that of the cyanmet derivative (21,
22). Analysis of an ensemble of binding curves of varied
fractions of ferric material led Marden et al. (21, 22) to
conclude that the L;* for aquomet Hb should be ~11
near neutral pH, in bis-Tris buffer with 0.1 M C1~. This
is in excellent agreement with our results, given the dif-
ferences in conditions, and supports our observations
that L;* > L, in Hby, . This further strengthens the con-
tention that cooperativity functions in the same way in
the cross-linked derivative.

Ligand-binding equilibrium

Cross-linked Hb shows cooperativity but reduction in
oxygen affinity. Initial analysis of equilibrium binding
curves for Hby; reported a 3.7-fold decrease in the T
structure binding constant compared with Hb, , and pos-
sible shift in the allosteric equilibrium constant L, (1).
However, it is generally possible to increase or decrease
Ly and Ky in tandem over a considerable range with little
discernible effect on the ability of the theoretical curve to
represent the equilibrium data. A subsequent study of
Hby, binding curves (3) concluded that the cross-link
decreased the binding constant for the first ligand (and
thus K7 ) by a factor of 2.1.

Vandegriff et al. (3) have recently attempted to deter-
mine the fourth ligand binding constant by kinetic
means. This avoids various experimental difficulties that
attend to equilibrium measurements in the limit of high
saturation (23). Kinetic data were fit to two exponen-
tials, and the subunits were identified by noting which
relaxation changed upon addition of pMB, which is
known to bind to the 8 subunits. They concluded that
the subunits had different affinities, with binding con-
stants of 1.2 and 0.37 mm Hg™! for 8 and « chains,
respectively.

Clearly, the determination depends on the correct reso-
lution of kinetic data. On the basis of model-indepen-
dent modulated excitation results, there will be a mix-
ture of R and T state molecules in any partial photolysis
experiment, creating multiple exponential relaxations.
Given the mixture of allosteric species, it is doubtful that
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the addition of pMB will affect only the 8 chains as in-
tended. There is evidence for a quaternary sensitivity of
the 893 region, implying that perturbations induced
there will affect the allosteric equilibrium, and so change
the relaxation kinetics by affecting the degree of R and T
mixing (14). In addition, the use of 20% photolysis in
that work further complicates analysis by incorporating
significant doubly liganded species.

If, despite the difficulties described above, the kinetic
methods provide reasonable estimates for the effective
binding constants for the last ligand, we can use the L,
values obtained in this study to resolve the R state contri-
butions. Thus we would interpret Vandegriff et al.’s data
as giving an R state affinity of 2.8 and 0.52 mm Hg ! for
B and « subunits in the cross-linked tetramer. Our data
yield 9.8 and 1.7 mm Hg ™! for 8 and « subunits. Differ-
ences between the two determinations may also arise
from solution conditions, since our work is in phosphate
buffer at pH 7 while that of Vandegriff et al. isin 0.1 M
Cl bis-Tris at pH 7.5. The differences in conditions will
not alleviate the difficulties of interpretation of the pulse
kinetic data, however, for we have observed (unpub-
lished results) for Hb, that there is still a substantial con-
version to the T state at 0.1 M Cl, pH 7.4 Tris. Interest-
ingly, the subunit-averaged binding constant determined
kinetically does agree with that found by equilibrium
methods (5). Our effective binding constant for the last
oxygen in Hby, is 1.2 mm Hg™' when the subunits are
appropriately averaged, in very good agreement with 1.5
mm Hg ™! of Vandegriff et al. The ratio of subunit affini-
ties Kgq/ K, is also quite similar, viz., 5.4 for the pre-
vious work versus 5.8 for this work.

If both subunits of Hb, are equivalent and have the
same affinity as found in this study for the 8 subunits of
Hby, , then K, would be 4.0 mm Hg™! for Hb,. This is
well within the range of accepted values. Philo and Lary
(24) obtained 4.8 mm Hg ™' by kinetic methods. Using
equilibrium methods, Chu et al. (25) got 5.2 mm Hg !,
while Mills et al. (26) obtained 4.7 mm Hg™'. Vande-
griff et al. (5) determined K, for Hb, to lie between 7.6
(equilibrium methods) and 5.9 mm Hg ™! (kinetic meth-
ods), while Chatterjee et al. (1) obtained 1.4 mm Hg™!.
It is thus plausible that the only effect of the cross-link is
to decrease the intrinsic ligand affinity of the « subunit,
leaving the 8 subunit affinity and the cooperative mecha-
nism intact.

The last comment warrants elaboration. The coopera-
tive mechanism in Hb entails the reduction of affinity
with change in quaternary structure by diminishing the
energy usually available for the iron ligand bond. The
decrease in energy represents energy stored in some part
of the molecule. If that energy is the same with and with-
out cross-linking, then the ratio of T state to R state
affinity will be the same, irrespective of the initial ligand
affinity.

If the cooperative mechanism is left intact, the ratio of
K1/Kg is the same for both subunits. A reduction in «
chain affinity by a factor of 5.8, as seen in these data,
implies a change in average K; by a factor of 1.7, very
close to the factor of 2.1 observed by Vandegriff et al.
(5). This supports the idea that the allosteric constant ¢
has not been changed, i.e., that cooperativity works in
essentially the same way with the cross-link present.

We have been able to describe the allosteric behavior
of triply ligated Hb,, by the assumption that both sub-
units function allosterically equivalently. With that as-
sumption, the allosteric properties for HbO, are identi-
cal with and without the cross-link: kgt and k;g, and
thus L;, are the same. The reduced ligand affinity can be
completely described by a single change, viz., reduction
of the « subunit affinity. This does not exclude more
complicated mechanisms in which the allosteric proper-
ties also differ for different chains. However, the addi-
tion of extra parameters does not seem required by these
data.

It is worth noting that another simple model is ex-
cluded by known data. It might be tempting to assume
that cross-linking has affected only K, making the sub-
unit R state affinities different, but has left K1 un-
changed and homogeneous. This is directly contradicted
by the observations that the binding constant for the first
ligand has changed with the cross-link.

Structural considerations

It is interesting to think of the deoxy o heme pocket as
having been in some way distorted in the process of
cross-linking. By opposing this distortion, ligation would
result in a weakened iron-ligand bond. Such a distortion
could still be irrelevant to the allosteric performance of
the molecule for either of two reasons. One reason is that
allosteric and cross-link—induced distortions could affect
different coordinates. For example, suppose the iron-
heme plane distance is a critical determinant of affinity.
Cross-linking could pull the proximal histidine in one
direction, while the cooperative mechanism produces a
pull in a perpendicular direction. Pulling in either direc-
tion constrains the ease with which the iron enters the
plane. Alternatively, the distortion may remain in the
“elastic limit” so that the allosteric and cross-linked re-
duction in affinity can be simply superimposed.
Chatterjee et al. (1) found the T state x-ray structure
essentially the same as that of Hb,, while a change in
Bohr effect was attributed to an R state pK change. Lar-
sen et al. (4) studied the behavior of Hby, by resonance
Raman scattering. They found that the low frequency
iron-histidine stretching frequency, which is held to be
diagnostic of R structure behavior at the heme, had
shifted toward the T structure. Moreover, the shift oc-
curred without any evidence of heterogeneity. For the R
structure, the ion-histidine frequency is 230 cm™,
whereas for the T structure it drops to 216 cm™!. This
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14-cm™! shift corresponds to a reduction in affinity of
roughly a factor of 70. However, it is not established
whether the shift is linear in the change in affinity. The
movement of the marker line by 7cm™!, which is seen in
the cross-linked derivative, represents half the difference
between R and T. If the frequency changes were linear in
the free energy RT In ¢, the cooperative free energy
would have been halved, and ¢ thereby increased to 0.3.
Thus it is unlikely that the changes are linearly related.
Given that the remaining 7 cm™! of lineshift corresponds
to roughly the same 70-fold reduction in affinity change
between R and T, it is then not unexpected that reducing
the affinity of one of the subunits by a mere factor of 5.8
does not show discernible heterogeneity in the line. It
could, of course, be argued that the resonance Raman
signal responds to enthalpic, rather than entropic, effects
and that it is this interplay that is being seen here. On the
other hand, changes in the heme pocket geometry may
not store much of the cooperative free energy. It would
be very interesting to discover the origin of this fre-
quency perturbation in the resonance Raman signal. In
the study of Larsen et al. (4), the difference in front face
fluorescence upon oxygenation was also observed to
change. This has similar calibration problems, in that it
is hard to know how energetically significant the changes
are that underlie the fluorescence changes.

Further issues

A number of issues remain in explaining the behavior of
this cross-linked Hb, particularly the triferric derivative.
Fowler et al. (8) found biphasic relaxations in flow or
flash, suggestive of R and T rates for ligand rebinding.
From the R to T rates determined above, and the low
protein and ligand concentrations used by Fowler et al.,
it is clear that in this case allosteric equilibration will be
much more rapid than ligand binding. Therefore, the
CO association rates observed must be mixtures of R and
T ligand binding rates. Each of the rates observed by
Fowler et al. is of the proper order of magnitude, and
displays the anticipated sensitivity to the fractional T
state, which can be estimated from Marden et al. (21,
22). However, the rapid conversion rates should pro-
duce a single apparent rebinding rate in the range ob-
served by Fowler.

This leads to the intriguing question of the origin of
the second phase. A solution of the rate equations gives
two exponentials, with one being roughly the sum of all
the rates. Given our measured values for kpt and k;g,
the faster of the two exponentials must have a value far
too rapid to be either of the two observed values (and
possibly faster than the resolution of the experiment).
Interestingly, the CD marker band at 287 nm does not
show evidence for the T structure (and also exhibits a
different 300-nm shoulder). And, finally, chemical mod-
ification studies that are sensitive to quaternary confor-
mation show rates typical of R, rather than T, structures

(27). Thus, while the equilibrium and modulation stud-
ies show clear and mutually consistent evidence for con-
version to the T state, the CD spectra and the presence of
additional slow relaxations point to a more complex pic-
ture.
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