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1. INTRODUCTION

Hemoglobin (Hb) is a tetrameric protein con-
sisting of two a- and two #-subunits. Each of these
subunits contains a heme group to which oxygen
can reversibly bind. Although the oxygen binding
sites are very similar in the a- and S-subunits, both
X-ray crystallographic studies [1] and spec-
troscopic studies [2—6] indicate subunit-specific
differences in the heme pocket. However, it has yet
to be fully explored to what extent these various
structural differences are functionally relevant.
Results of ligand binding studies on hemoglobin
[7-10] do suggest varying degrees of subunit
heterogeneity with respect to ligand reactivity. Re-
cent results [11—14] from transient Raman studies
on hemoglobin indicate a direct relationship bet-
ween the iron—proximal histidine linkage in
Hb*(#), the transient photoproduct occurring at a
time ¢ subsequent to the photodissociation of a
ligated hemoglobin, and the barrier height
regulating both geminate recombination [15—17]
and possibly the microscopic off rates. Therefore,
it is of interest to examine the subunit specificity of
the time evolution in the iron—proximal histidine
linkage over a time scale that is appropriate for
evaluating its effect upon geminate recombination
and spontaneous dissociation. Here, we describe
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results obtained using time-resolved Raman scat-
tering to follow the subunit-specific evolution of
the iron—proximal histidine linkage in transient
species derived from photodissociated carboxy
iron—cobalt hybrid hemoglobins.

2. MATERIALS AND METHODS

The Fe—Co hybrid hemoglobins were prepared
as in [2]. The carboxy derivatives were prepared by
first adding a few grains of dithionite to an oxygen
free solution of hybrid hemoglobin and then
saturating the solution with high purity CO. Only
the iron porphyrins bind the CO, consequently the
oxygen free solution contains hybrids that are half
saturated with CO. During the experiment, solu-
tions (~10~* M in heme) were maintained at 35°C
to minimize the yield of geminate recombination
which would complicate the measurements of the
structural relaxation [18].

An initial 10 ns laser pulse (1 mJ) at 4050 A
(Molection) was used to completely photolyze the
sample. An electronically delayed second 10 ns
pulse at 4350 A (~1 mJ) from an excimer laser
pumped dye laser (Lambda Physics 2002)
generated the Raman spectrum of the photolyzed
material. A detailed account of the experimental
apparatus is described in [14]. Using this excitation
frequency there are no detectable contributions in
the spectra from the cobalt porphyrins.
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3. RESULTS AND DISCUSSION

In fig.1 is shown the time evolution of the
Raman frequency of the Fe—His stretching mode
of the transient deoxy species derived from the
photodissociation of both a(carboxyFe),8(Co),
and a(Co)f8(carboxyFe), at pH 9 and pH 7.0.
Representative spectra of the photoproduct at
10 ns showing the Raman band associated with
Fe—His stretching mode are shown in fig.2.
Although the samples used for fig.2 were at 5°C,
there were no detectable temperature effects on the
frequencies of this Raman band in the 10 ns
spectra.

Fig.1 indicates that at pH 9 the initial frequen-
cies and subsequent relaxation of Fe—His mode in
both transient hybrids are the same. It is also seen
that at pH 7.0 in the presence of THP (3 mM) there
is a large difference between the two hybrids. The
frequencies from the pH 7 transient derived from
a(carboxyFe),5(Co), are, for all the delays,
substantially lower than from the other hybrid.
The frequencies at 10 ns from both pH 9 transients
and from the a(Co).8(carboxyFe); transient at pH
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Fig.1. The time evolution of the iron—proximal histidine

stretching mode in the deoxy photoproduct generated by

the photolysis of carboxy-Fe—deoxy-Co hybrid

hemoglobins. The times refer to the delay subsequent to

the 10 ns long photolysis pulse. The pH 7 solutions also
contained IHP (~3 mM).
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Fig.2. The Raman band associated with the

iron—proximal histidine stretching mode in several

transient hybrid hemoglobins occurring within 10 ns of

photolysis. The solutions at pH 7 also contained IHP
(~3 mM).

7.0 are all equivalent having a value of ~230 cm™!.

This is the same frequency observed for photolyz-
ed COHbA at 10 ns over the same pH range [14].
The time evolution [14,19] of this frequency in
HbA at pH 9 and and pH 7 also resembles very
closely the top two relaxation curves respectively
shown in fig.1. The frequencies on the bottom
curve are all considerably lower than any of the
values observed [14,19] between 10 ns and 10 us
for HbA over pH 9.0-6.2 (+ IHP).

Raman studies on steady states [6,20] and tran-

“ sient forms [11,13,21-23] of deoxy hemoglobin in-

dicate that the frequency of the Fe—His stretching
mode is sensitive to quaternary structure. For
equilibrium species, this frequency increases from
~215-222 cm™! on going from the 7—R quater-
nary structure. Time-resolved Raman studies
{10,13,23] have also shown that in addition to be-
ing sensitive to quaternary structure, the frequency
of the Fe—His stretching frequency reflects the re-

69



Volume 158, number 1

cent history (<10 xs) of the deoxy heme pocket
with respect to ligation. In comparing a deoxy Hb
to the corresponding deoxy Hb()*, the
photoproduct at time ¢, with both having the same
quaternary structure, the frequency of the Fe—His
stretching mode is invariably higher for the tran-
sient when ¢, the delay subsequent to photolysis, is
short compared to the protein relaxation time. For
example on going from 7 state deoxy Hb to 7 state
deoxy Hb* (10 ns) [e.g., photolyzed NOHbA or
COHDb (Kansas) at pH 6.5 + IHP] the frequency
increases from ~215—222 cm™!. Similarly, this fre-
quency increases from ~222-230 cm™! in going
from R state deoxy Hb [e.g., Hb(Kempsey) at pH
8.5] to deoxy Hb* (10 ns) [e.g., photolyzed
COHDbA or COHb (Kempsey) at pH 7 or higher}.
Thus, the protein changes induced by both ligation
and the 7—R quaternary state transitions result in
a protein configuration about the heme that is
associated with an increase in the frequency of the
Fe—His stretching mode. Similar behavior is
reflected in the frequency of the oxidation state
marker band at ~1355 cm™! [12]. This frequency
varies in an inverse linear fashion with that of the
Fe—His mode for both equilibrium {20] and tran-
sient species [23]. Since the frequency of this
marker band is sensitive to the IT electron distribu-
tion in the porphyrin macrocycle, the above cor-
relation supports the idea that variations in the
iron—histidine linkage can modulate the IT electron
density in the heme [24].

The sensitivity of the Fe—His mode to ligation
and quaternary structure induced changes allows
us to use the frequencies in fig.1 to unambiguously
establish the quaternary state of the initial ligated
hybrids. It is observed that the frequency of the
Fe—His mode is 230 cm™! for the transients at
10 ns derived from both a(carboxyFe),4(Co),
and a(Co)f(carboxyFe) at pH 9 and
a(Co)B8(carboxyFe), at pH 7 + IHP. This frequen-
cy is characteristic of deoxy Hb* (10 ns) derived
from ligated high affinity R state hemoglobins.
Thus, there is no doubt that the above half-ligated
hybrid hemoglobins are also R state species. On
the other hand, the low frequency of ~215 cm™
seen for the 10 ns transient derived from a(carbox-
yFe),8(Co), at pH 7.0 + IHP is well within the
range for a 7T state hemoglobin. These results
demonstrate that whereas at high pH, the static
heme environment for an R state ligated subunit is
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not detectably influenced by ligation in the other
subunits, at low pH the heme environment about
the ligated a-subunits is highly dependent upon the
degree of saturation in the #-subunits. Consistent
with this observation is the idea that heme—heme
interactions are mediated through the a;—4; inter-
face. At high pH, the stability of this interface for
partially or completely saturated Hb is primarily
determined by the heterotropic factor whereas at
low pH ligation plays a much greater role in
stabilizing the interfacial contacts. Our results
show that upon decreasing the external forces that
stabilize the R structure by a lowering of the pH
[25] and or adding IHP, the contribution to the R
state stability from ligand binding in the a-
subunits is significantly less compared to ligand
binding in the #-subunits. A similar conclusion was
reached using paramagnetic resonance techniques
[2,26]. This finding raises the interesting question
as to whether, under conditions favoring decreased
affinity such as low pH, there might be a subunit
specific variation in the ligand off rates which
would favor deligation of the #-subunits over a-
subunits. At pH 7, a partially ligated hemoglobin
with deoxy &-subunits would be more likely to
undergo the R — T quaternary switch. Indeed
there are studies indicating that the & subunit is
more likely to remain ligand free subsequent to
dissociation. It is observed [12] that under condi-
tions favoring the T structure, sub-ns geminate
recombination favors religation of the a-subunit
over the #-subunit. Similarly, measurements of off
rates also indicate that for oxyHb it is the &-
subunit which tends to more readily lose the ligand
via spontaneous dissociation [7,8]. Those partially
ligated intermediates with ligand free G-subunits
would then be most likely to undergo the R— T
switch which results in an increase in the off rates
for the remaining ligated sites. A manifestation of
this increased off rate in the 7 state species is in
evidence in the top spectrum of fig.2 where it can
be seen that the broad Raman band associated with
the T state transient (a(carboxyFe);8(Co);) has
considerable intensity extending towards
200 cm™ 1. Studies [6] on the steady deoxy hybrids
have revealed that the average frequency of this
mode for the deoxy a-subunit is between 200 and
210 cm™}. The line shape and position of the
Raman band of the 10 ns transient is consistent
with starting material that contains both ligated
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and spontaneously dissociated a-subunits. In con-
trast the spectrum of other hybrids, all in the R
state, show no evidence of a population of spon-
taneously dissociated carboxy hemes.

Aside from being useful in characterizing the
quaternary structure of both stable and transient
forms of Hb, the Raman spectrum contains infor-
mation directly linking structure with function. In
a recent analysis [13,14] of the Fe—His mode, it
was suggested that the variation in this Raman fre-
quency originates from changes in the tilt of the
proximal histidine with respect to the heme plane.
Increasing the tilt increases the repulsive forces
between the imidazole and the pyrrol nitrogens
which reduces the frequency of the Fe—His stretch-
ing mode. Furthermore, the increased repulsive
force makes it energetically more difficult to move
the iron in plane upon ligand binding [23]. Conse-
quently frequency changes of Fe—His mode should
be correlated with variation in both the heme-
associated potential energy barrier regulating
ligand binding and the stability of the ligated
heme. Such a relationship does appear to exist. It
has been noted [14] that for the 10 ns transients of
a given hemoglobin, an induced (pH, phosphate,
CI17) decrease in the frequency of the Fe—His mode
(or an increase in the oxidation state marker band
[12]) is associated with a decrease in geminate
recombination and an increase in the rate of spon-
taneous dissociation.

In fig.1 we see that on going from pH 9-7 the
R state species all have the same initial frequency
at 10 ns. Subsequent relaxation of the deligated
heme pocket represents a shift in the equilibrium
from the R state ligated heme pocket configuration
(230 cm™!) to the R state deoxy configuration
(222 cm™!) [14]. From fig.1 it can be seen that this
relaxation is faster for the above pH 7 sample.
Since this pH-related difference in the Fe—His
relaxation is evident even over the ~200 ns
associated with geminate recombination, there
should be fewer recombined sites for the low pH
sample. Because the dissociation-induced shift in
the R state equilibrium from the ligated to deoxy
heme pocket configuration is sustained by increas-
ing the interval over which the heme remains
ligand free, the effect of lowering the pH is to
create a shift in the averaged heme environment by
a dynamic decrease in the rebinding subsequent to
ligand dissociation. Thus observed [27,28] pH-
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induced differences in both ligand off rates and af-
finities in R state hemoglobin may originate not
from static structural differences but from pH-
related differences in the Kkinetic constants
associated with the ligated-deoxy tertiary structure
equilibrium within the R state.

.
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