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RECOMBINATION KINETICS FOLLOWING NANOSECOND LASER PHOTOLYSIS OF

CARBONMONOXYHAEMOGLOBIN
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The kinetics of the ultrafast ligand recombination following 347 nm laser photolysis of aqueous solutions of
carbonmonoxyhaemoglobin have been investigated. The process is biphasic and the rate constants for the two
processes as functions of temperature have been used to give activation energies of 6--3.9 kJ- mol ! for the
fast process and 31+4.8 kJ -mol ' for the slow process. Frequency factors have also been calculated. The
two processes are discussed in relation to both low-temperature studies and model calculations on the rate of

entry of carbon monoxide into haem proteins.
Introduction

Nanosecond photolysis studies of carbon-
monoxyhaemoglobin (HbCO) were first reported
by Alpert et al. [1,2]. The results were interpreted
on the basis of protein conformational changes.
Subsequent investigations have conclusively shown
that these absorbance changes on the nanosecond
timescale are solely due to ligand recombination
[3-5]. In the original work it was stated that the
process followed first-order kinetics [2]. Subse-
quently, the same group have claimed that an
exp(—kt'/?) rate law is applicable [6]. In a Raman
study of the same process the analysis was based
on first-order kinetics [7].

Frauenfelder and co-workers [8-10] have in-
vestigated recombination at low temperatures for
single-chain haem proteins using microsecond flash
photolysis. They found step-wise recombination
processes. Extrapolation of their data indicated
that the fastest recombination they observed corre-
sponded to nanosecond timescale recombination
at ambient temperature. At low temperatures the
kinetics were non-exponential, but above approx.
200 K normal exponential rate laws were observed.
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The rates of the fast recombinations were indepen-
dent of CO concentration. The rates of recombina-
tion to the a and B chains predicted at ambient
temperature were sufficiently different for (at least)
biphasic kinetics to be expected in nanosecond
laser photolysis studies.

The present investigation by non-linear least-
squares analysis of the kinetics of recombination
of CO to haemoglobin was carried out in an
attempt to resolve the contradictions in these find-
ings.

Materials and Methods

Solutions of human carbonmonoxyhaemoglo-
bin of, typically, 50 pM haem concentration in
0.1M potassium phosphate (pH 7.0) buffer were
prepared and photolyzed with 30 ns half-width,
347 nm pulses as described previously [4]. The
oscilloscope traces were photographed at ap-
proximately X1 magnification and digitized di-
rectly from the photographs using an adapted XY
recorder. This has a manually operated magnifying
eye-piece and was directly connected to a Prime
400 computer. Data files containing about 100
points each were transferred to the CDC 7600
computer at the University of Manchester Re-
gional Computing Centre where the non-linear
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least-squares fitting program is stored. The pro-
gram is a substantially extended and modified
version (Catterall, R. and Duddell, D.A., unpub-
lished data) of that described by Dye and Nicely
[11].

In the present study there are three areas in
which the kinetic model is approximate and could
lead to systematic error in the analysis. The first
concerns the pulse-width of the excitation. The
effect of this on kinetic studies has been quantified
on the basis of synthesized data [12]. The half-life
of the fast component in these decays exceeds the
pulse-width for all but the highest-temperature
experiment and the analyses have been based on
data collected from a point just below the peak of
each kinetic trace. Thus the values obtained for the
fast-component rate constants will be systemati-
cally low because of the neglect of the convolution
of the decay with the excitation pulse function, but
with an error substantially less than 5%.

The second possible systematic error is in the
neglect of conformational changes in the protein
that are taking place concurrently with the ligand
recombination. It should first be noted here that it
has been claimed that the interpretation of the
original nanosecond laser studies, which used a 30
ns pulse [1,2], was incorrect because “the spectral
evolution of the free Hb and the ns recombination
partially overlap each other”, thus “it was not
possible to separate the two processes” [S]. This
claim cannot be substantiated, however, because
the spectra obtained with a 30 ns pulse, which
were used to demonstrate that recombination was
occurring [4], are identical to those subsequently
obtained with a 7 ns pulse [13]. Nonetheless, the
kinetic analysis could be affected by this partial
overlap. Fortunately, however, the wavelengths
used for observation in this work, 416 nm and 438
nm, which show maximum absorbance change
during recombination, are two at which Hb and
Hb* are essentially isosbestic. Therefore the kinetic
analysis of the recombination will not be in error
because the conformational change is ignored.

Finally, there will be an error if the different
stages of recombination are treated separately
when in reality they overlap. Fig. 1 shows a trace
obtained over an extended timescale of some 5 ps.
It shows that after approx. 3 us, when the initial
absorbance change is more than 99% complete, the
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Fig. 1. 500 ns/division oscilloscope trace for photolysis of

aqueous HbCO at 278 K with analysis wavelength 438 nm.

trace approximates well to a horizontal line. Thus,
recombination at slower rates is insignificant over
the timescale of the analysis of the nanosecond
recombination.

A vital aspect of non-linear squares analysis is
the weighting of the data in accordance with the
errors in the measurements [14]. Since the signal
measured from a photomultiplier is dependent on
the number of photons reaching the detector, there
will be a Poisson error associated with the voltage
measured. In this case the weight given to each
y-coordinate measurement should be indepen-
dently determined from the value of the y-coordi-
nate itself [15]. However, in these experiments,
where the transmission of the sample was mea-
sured, small changes in a relatively high photon
count were detected and so the weights for each
y-coordinate can be considered to be the same.
That this approximation is a reasonable one can
be seen from the residual plot in Fig. 6. This was
obtained for a model that fits the data well. It does
not show the wedge-shape that would be expected
if the weights were dependent on the value of the
y-coordinate.

Reasonable estimates of the errors have been
made which reflected the relative inaccuracy of the
y-coordinates, due to the noise on the data, with
respect to that of the x-coordinates. Because the
distribution of these errors was not determined
experimentally, the value of the reduced chi-square
statistic obtained by the fitting process cannot
itself be used as a measure of goodness-of-fit.
However, the values obtained for the same set of
data fitted with different models can be compared
by means of an F-test [15].



Results

Because the extent of nanosecond recombina-
tion increases with decreasing temperature, the
best kinetic traces were obtained at the lowest
temperature studied, 278 K. Fig. 2 shows a typical
example. A suitably sensitive vertical scale was
chosen for this so that the decay essentially filled
the oscilloscope screen. The appropriate value of
I, and of the final level of absorption for the
analysis of this trace were calculated by compari-
son with a trace such as that shown in Fig. 1. This
was obtained under identical experimental condi-
tions but with different oscilloscope settings.

Analysis of this particular trace as a single-ex-
ponential decay gave a value of k =3.50-10°s™".
The value of the reduced chi-square statistic was
1.9 (for 135 degress of freedom). The plot of the
residuals for this analysis is shown in Fig. 3. It has
been suggested (Hasinoff, B.B., personal com-
munication) that these curves might have a kt'/?
dependence of the type found for high-viscosity
experiments [16]. The residuals for the fit of this
model, which gives a chi-square of 0.76, are shown
in Fig.4. The exp(—kt'/?) random-walk model
proposed by Lindqvist et al. [6] fits with a
chi-square of 0.26 and gives the residual plot shown
in Fig.5. Although the ¢'/? models do give im-
proved fits compared with the single-exponential
model, it is clear from the strongly systematic
residual plots that neither is correct. However,
when a double-exponential model is used an excel-
lent fit is found with a chi-square of 0.11 and a
completely random residual plot (Fig. 6). It must
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Fig. 2. 100 ns/division oscilloscope trace for photolysis of
aqueous HbCO at 278 K with analysis wavelength 438 nm.
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Fig. 3. Residual plot for analysis of Fig.2 data as a single-
exponential decay.

be emphasized that this better fit is not due to
over-parameterization of the model. This is shown
by the highest pair-wise correlation coefficient
being only 0.778.

Now that an appropriate kinetic model has
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Fig. 4. Residual plot for analysis of Fig.2 data to the model
1 /conc.= kt'/? +1 /conc. (t =0).
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Fig. 5. Residual plot for analysis of Fig.2 data to the model
rate a exp(— kt'/?).
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Fig. 6. Residual plot for analysis of Fig.2 data as a double-
exponential decay.

been established the parameters values obtained
can be considered. At each temperature a number
of traces have been analyzed: one set at 416 nm,
where the absorbance increases with increasing
ligand recombination, and one set at 438 nm,
where absorbance decreases. The results from the
double-exponential analysis are presented in Ta-
blesI and II. For each temperature, values of both
the weighted mean and standard error of the mean
are quoted for the rate constants and also for the
pre-exponential ratios. The range of values ob-
tained in each case is also given.

Although, as discussed above, these experi-
ments were essentially free from certain sources of
systematic error, two others remained. These arose

TABLE
RATE PARAMETERS FOR ANALYSES AT A =416 nm

because it was not possible to obtain a trace which
at the same time allowed measurement of all ex-
perimental parameters and was suitable for kinetic
analysis. Instead, values of I, and of the final-level
absorption were measured separately from the co-
ordinates. Errors in either of these would lead to
systematic errors in the estimated rate constants.

The possible magnitudes of such errors were
investigated by running a series of analyses on the
same set of data with different constant values of
I, or final level. The results showed that the values
estimated for the rate-constant parameters were
little affected by the constant value supplied for
1. For example, a change of 20 mV, i.e., 10%, in I,
led to only a 1% change in the rate constant.
However, the value supplied for the final-level
parameters was much more critical. A change of
1.5 mm in the final-level coordinate led to a change
of approx. 7% in k, and approx. 25% in k,. This
dependence was also illustrated when the final-level
parameter was treated as an adjustable parameter
in the fitting equation. The results of the analysis
showed high pair-wise correlation coefficients, in
particular between the final-level parameter and
k,.

Because the error in the final level parameter
used is likely to have been at least =1 mm, it is
clear that the quoted values of standard deviations
for the best-fit parameter estimates are not
meaningful quantities. This is evident in many
cases where the range of values obtained exceeds

Temperature ky(s7hH ky(s™h) Pre-exponential ratio
Mean 2.32E7=0.109E7 0.752E6 + 1.89E6 17.5 = 7.89
308 K

Range 2.11E7—2.81E7 —3.78E6— 1.02E6 8.95 —31.0
Mean 1.37E7+0.0765E7 4.99E6+0.254E6 1.61 = 0.140
298 K '

Range 1.22E7—3.00E7 1.29E6—7.01E6 0.623— 4.95
Mean 1.78E7+0.0692E7 2.71E6+0.154E6 1.76 = 0.0947
288 K

Range 1.40E7—2.23E7 2.49E6—3.11E6 1.16 — 1.94
Mean 1.38E7+0.0561E7 2.58E6+0.119E6 1.37 = 0.312
278 K

Range 1.21E7—1.84E7 1.51E6—3.06E6 0.994— 2.82




TABLE II
RATE PARAMETERS FOR ANALYSES AT A =438 nm
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Temperature ky(s™hH ky (s Pre-exponential ratio
Mean 3.96E7+0.743E7 8.25E6+1.65E6 1.64+0.503
308 K

Range 3.46E7-5.26E7 5.51E6-9.12E6 1.19-2.39
Mean 2.12E7=0.162E7 4.58E6+0.734E6 2.83+0.539
298 K

Range 1.90E7-2.52E7 2.53E6-5.75E6 1.92-5.06
Mean 1.85E7+0.0640E7 3.20E6+0.105E6 1.96 +0.829
288 K

Range 1.47E7-2.17E7 1.72E6-4.54E6 1.58-4.55
Mean 1.65+0.0375E7 1.85E6+0.0375E6 1.62+0.0331
278 K

Range 1.56E7-1.73E7 1.64E6-2.23E6 1.48-1.75

that which would be consistent with the quoted
errors. However, there is no reason to suppose that
the values used for the final-level parameter were
not subject to random error. Thus, it was meaning-
ful to average the results of repeated experiments.

The errors in rate-constant values due to errors
in the final-level parameter values would also
account for the apparent discrepancies evident in
certain cases between the mean rate-constant val-
ues for the sets of measurements at the two differ-
ent wavelengths. Thus, the results cannot be taken
to suggest that the processes observed at 416 nm
differ from those observed at 438 nm. In conse-
quence, the data have been combined for fitting to
the Arrhenius equation to produce activation
parameters.

Discussion

It would be desirable to be able to compare
these results with those from the low-temperature
studies of the individual single-chain proteins [9].
Unfortunately, it is not possible to compare criti-
cally the values for the rate constants obtained.
The values obtained in this work are subject to
considerable uncertainty, but they are extremely
well-defined in comparison with the values calcu-
lated by extrapolation from the low-temperature
studies. This uncertainty in extrapolation arises
from the large errors in the Arrhenius frequency
factors calculated from the rates measured at low

temperatures. The converse is also true. The large
errors associated with the values of the Arrhenius
frequency factors calculated from the present study
preclude meaningful extrapolation of these results
outside the temperature range actually studied.

It is possible, however, to compare the values
obtained for the activation energies. The faster
process measured in the present study, having rate
constant k,, is found to have an activation energy
of 6 =3.9 kJ - mol . In the low-temperature work
the fastest recombination step was designated B —
A and the activation energies for this were found
to be 4.6 and 4.3 kJ - mol ! for the a and B chains,
respectively. This last potential energy barrier in
ligand binding occurs in the haem pocket and is
assumed to be present at all temperatures. The
actual nature of the barrier was associated with the
energy needed to bring the iron atom from its
out-of-place configuration (deoxy or T state) to its
position in the plane of the porphyrin ring system
(carbonmonoxyhaemoglobin R state) [9]. It would
be very tempting to assume that, in view of the
agreement between the activation energy value for
our faster rate and that of the B— A recombina-
tion (observed in the low-temperature studies), we
are looking at the same process.

The change from the stable R state to the stable
T state involves movement of the iron atom out of
the haem plane [17]. The question as to when this
movement takes place is naturally intimately con-
nected with the study of ligand photodissociation
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and recombination. Some early Raman spec-
troscopy studies were claimed to show that iron
movement took place within a few nanoseconds
following photodissociation [18,19]. However,
other workers were less sure of their conclusions
[20]. More recently the results of a picosecond
resonance Raman investigation have been inter-
preted differently. Using 30-ps pulses from a syn-
chronously pumped mode-locked cavity dumped
dye laser (576 nm) to both photodissociate and
probe a jet stream of carbonmonoxyhaemoglobin,
they conclude that the spectrum of the photoprod-
uct is already developed within 30 ps following
photolysis, and furthermore remains unchanged
for at least 20 ns after the pulse [21,22]. The
spectra indicate that the iron atom in the photo-
product is high-spin, but is much closer to the
haem plane than in deoxyhaemoglobin. The possi-
bility of the larger high-spin iron (II) atom remain-
ing in the haem plane is strongly supported by the
recent X-ray structural determination of a stable
porphyrin complex containing high-spin iron (II)
in a pseudo-octahedral ligand geometry [23]. We
must therefore conclude that both activation en-
ergies that we measure are due to other potential
barriers present in the haem pocket, and that
absorption changes observed on longer timescales
and attributed to the R to T structural transition
[24,13] must surely arise from the movement of the
iron atom out of the plane. In other words Hb* is
a species which could have a structure virtually
identical to that of HbCO except for minor per-
turbations of the porphyrin structures due to the
larger size of the high-spin iron (II) atom.

If this interpretation is correct, it is clear that
the recombination scheme proposed to rationalize
the results of the low-temperature photolysis stud-
ies is ill-founded, in that it assumes that the haem
geometry has relaxed to the stable deoxy geometry
before recombination occurs. The possibility of a
metastable structure with an in-plane iron (II)
atom has also been ignored in a recent theoretical
treatment of ligand recombination [25]. More gen-
erally, the existence of this structure would mean
that any detailed recombination scheme devised to
explain the processes taking place close to the
haem following photodissociation would not nec-
essarily be applicable to the naturally occurring
thermal ligand combination process.

Since we do measure two distinct activation
energies (the one for the slower process having a
value of 31 +4.8 kJ - mol™', which is in line with
the values obtained at low temperatures for a type
C — B activation energy in the proteins so far
studied), can we correlate them with recombina-
tion either to individual @ and B chains or by
different pathways within a single chain? For ex-
ample, it is well known from X-ray studies that the
haem pocket is bigger in the « chain [17]. This type
of datum has previously been used to correlate
entropy factor differences between a and B chains
for the B — A potential energy barrier in low-tem-
perature studies [9]. The constancy of the pre-ex-
ponential ratio in Tables I and II would support
two parallel processes. On the other hand, recent
theoretical trajectory calculations based on X-ray
crystal structures have demonstrated that groups
of atoms have to relax in order to let small ligands
such as oxygen and carbon monoxide escape from
a myoglobin haem pocket [26]. Two major path-
ways were found, one parallel to the haem group
through the E helix, the other perpendicular to the
heme and out through the B helix. Calculations of
the energy barriers along the parallel pathway give
approximate values for the outer one of 25 kJ-
mol ! and for the inner one of 55 kJ - mol~'. Our
data at present do not allow a decision as to which
of the alternatives is correct (reaction with individ-
ual chains or reaction via two pathways to an
individual chain), but perhaps data with mutant
haemoglobins [27] or with mixed ligand systems
(carbon monoxide and non-photolabile nitric
oxide) will enable a distinction to be made.

Finally, we believe that this study indicates that
there is potentially far more information to be
gained from detailed investigations at tempera-
tures at and near to ambient temperature than the
proponents of the low-temperature approach
would have us believe [9]. When such direct ob-
servations are possible the results will be more
reliable in that they do not involve extrapolations
using an Arrhenius equation with very uncertain
frequency factor estimates.
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