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Transient absorption spectra in the Soret region have been measured following the photolysis of human MbCO in 75%(w/w) 
glycerokwater at 250,270, and 290 K. The peak of the transient difference spectrum near 436 nm shifts from low to high energy 
on the nanosecond time scale. The spectral changes are quantitatively analyzed using an approach based on singular value decom- 
position, and the results are interpreted in terms of a structural relaxation of the protein. The kinetics of the relaxation and hgand 
rebinding are nonexponential in time. At all three temperatures, the relaxation is complete prior to the end of the geminate phase 
of recombination. At 250 K the transient spectra have relaxed to the equilibrium deoxyMb-MbCO spectrum after 10 us. At 290 
K the relaxation is faster and is complete on the ns time scale. The kinetics of the ge.minate recombination following the spectral 
changes are single exponential. 

1. Introduction 

The binding of diatomic ligands to heme proteins 
is accompanied by rearrangements in tertiary [ l-5 ] 
and, in the case of hemoglobin (Hb), quatemary 
structure [ 6,7 1. of particular interest is the role of 
protein dynamics in these reactions. One of the sim- 
plest and best characterized protein-ligand reactions 
is the recombination of CO to myoglobin (Mb) fol- 
lowing photolysis of the iron-CO bond. The role for 
protein dynamics arises naturally in at least two as- 
pects of the recombination reaction: in the diffision 
of the ligand between the heme pocket and solvent 
[ 3,8] and in the relaxation of the protein structure 
on going from the ligated to the unligated form. 

Since the seminal experiments of Gibson [ 9 1, the 
recombination of CO to Mb following photolysis of 
the Fe-CO bond has been extensively investigated by 
a variety of spectroscopic techniques over a wide 
range of timescales, temperatures, and solvent con- 
ditions [ lo- 13 1. In glycerol : water glasses at temper- 
atures below 200 K, the kinetics of the recombina- 
tion process are highly nonexponential and 
independent of ligand concentration [ 10 1. A charge 
transfer band near 760 nm in deoxyMb (but not 

#’ To whom correspondence should be addressed. 

present in MbCO) has been shown to be shifted to 
low energy in the photoproduct spectrum compared 
with the equilibrium spectrum at 4 K [ 141. Values 
reported for this shift range from 116 cm- ’ [ 15 ] to 
over 200 cm-’ [ 141. At temperatures up to 200 K, 
this band exhibits a time-dependent shift from low to 
high energy following photolysis [ 16 1. This was ini- 
tially interpreted as a structural relaxation based on 
the difference between the photoproduct spectrum 
and the deoxyMb spectrum [ 141 and on the time- 
dependent shift [ 161. Subsequent experimental [ 171 
and theoretical [ 181 work showed that the changes 
in the first and second moments of the band were 
consistent with a reactive line-narrowing interpreta- 
tion (also called kinetic hole burning). These exper- 
iments suggest a correlation between electronic tran- 
sition energies and the rate of rebinding such that 
molecules with lower transition energies react faster 
giving rise to a shift and narrowing of the band. A 
time dependent shift in the Soret region at 40 K has 
also been reported, but the correlation between the 
shift and kinetics was said to be weak [ 191. Evidence 
for relaxation in the liganded state has been reported 
[ 201. Multiple relaxation processes in the response 
of MbCO to a sudden change in pressure have been 
observed near the glass transition temperature of 
glycerol : water [ 2 11. These relaxation processes in- 
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elude the interconversion amongst the various CO 
conformers [ 20,2 11. 

These observations contrast with the much simpler 
behavior in aqueous solution at room temperature. 
Ultrafast transient absorption measurements have 
shown that a photoproduct with a deoxy-like absorp- 
tion spectrum appears within 350 fs [22]. Vibra- 
tional cooling of the photoproduct occurs in less than 
10 ps [ 231, and a transient spectrum similar to the 
equilibrium deoxyMb-MbCO spectrum is observed 
at 30 ps [ 241. Although other diatomic ligands such 
as O2 and NO exhibit picosecond recombination pro- 
cesses, no recombination has yet been observed for 
CO on this time scale. In a careful study of the tran- 
sient absorption spectra at room temperature on the 
ns to ms time scale, Henry et al. [ 25 ] observed a 4% 
geminate process for CO with a time constant of 180 
ns. Most of the dissociated CO molecules escape into 
bulk solvent, and a subsequent recombination pro- 
cess (dependent on the concentration of CO) is 
observed. 

Transient absorption and resonance Raman spec- 
tra of photolyzed MbCO in aqueous solution at room 
temperature are very similar to the equilibrium spec- 
tra by 30 ps [24-271. A few reports, however, have 
indicated the possibility of unrelaxed intermediates 
on the ns [ 25,281 and ps timescales [ 291. A 700 ns 
process has been observed in photoacoustic experi- 
ments [ 301, and recently evidence for structural re- 
laxation of the globin on the ps time scale has been 
obtained from transient grating [ 3 1 ] and transient 
CD experiments [ 32 1. Local structural changes on the 
ps time scale involving the iron-proximal histidine 
coordinate have also been suggested based on molec- 
ular dynamics simulations and the nonexponential 
rebinding of NO [ 33 1. 

In addition to the experimental data, several theo- 
retical models have been put forward to explain the 
rebinding of CO to Mb. In the two-dimensional model 
of Agmon and Hopfield [ 341 all conformational de- 
grees of freedom are lumped together in a single co- 
ordinate. Srajer et al. have proposed a more specific 
model which treats the iron out of plane displace- 
ment as an important and independent degree of 
freedom [ 35 1. Recently, Steinbach et al. [ 15 ] have 
developed an empirical model based on a large num- 
ber of experimental observations including distrib- 
uted rebinding, kinetic hole burning, the spectral 

evolution of the 760 nm band, and the anomalous 
temperature dependence of the rebinding kinetics in 
the region of the glass transition temperature. Al- 
though parameters from these models have been ex- 
trapolated to room temperature, detailed experimen- 
tal data in the temperature range between 220 K and 
room temperature have been limited primarily to the 
measurement of single wavelength kinetics [ lo,15 1. 
Consequently, little direct experimental information 
on the relaxation processes is available in this tem- 
perature range. 

The present study examines the transient absorp- 
tion spectra of photolyzed MbCO on the ns to ms time 
scale in a 75%(w/w) glycerol:buffer solvent system 
between 250 and 290 K. The transient spectrum at 
10 ns is not fully relaxed and analysis of the data by 
singular value decomposition reveals that the tem- 
poral evolution of the metastable photoproduct spec- 
trum is characterized by a single spectral change. The 
results are interpreted in terms of a structural relax- 
ation which is connected with the process of ligand 
recombination. A comparison is made with the relax- 
ations observed in sperm whale Mb and MbCO be- 
low 220 K [ 15,20,2 1 ] and with the deoxy Hb speo 
tral changes observed in aqueous solution at room 
temperature [ 36-381. These results set the stage for 
related experiments on a variety of human Mb mu- 
tants to be presented elsewhere [ 391. 

2. Experimental 

2.1. Sample preparation 

Details of the expression and purification of hu- 
man Mb were described earlier [ 40,4 11. The recom- 
binant human Mb protein used in these experiments 
is a site specific mutant of the wild-type protein in 
which the cysteine at position 110 has been replaced 
with alanine in order to eliminate the problem of cys- 
teine oxidation during purification. Alanine is the 
naturally occurring residue at this position in nearly 
all other Mbs including sperm whale Mb. The prop 
erties of this mutant are very similar to those of the 
native protein and, hereafter, it will be referred to 
simply as Mb. A concentrated stock solution of the 
protein was prepared by anion exchange chromato- 
graphy on a DE-52 column (Whatman) which had 
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been equilibrated with 5 mM Tris buffer at pH 9.0. 
The protein was eluted as a single band with 100 mM 
potassium phosphate buffer at pH 7.0. A small ali- 
quot of the concentrated metaquo Mb solution was 
diluted into a deoxygenated solvent system of 
75%(w/w) glycerol/water buffered with 100 mM 
potassium phosphate, pH 7.0. The glycerol solvent 
was deoxygenated by stirring under argon for 1 day. 
For MbCO samples, the glycerol solution was stirred 
for an additional day under 1 atm of Co. The protein 
was reduced by addition of sodium dithionite to a fi- 
nal concentration of 10 mM. 

2.2. Transient absorption measurements 

Samples of MbCO in 1 mm path length quartz cells 
were excited at 532 nm with 8 ns fwhtn pulses from a 
Q-switched Nd: YAG laser (Quantel). The energy 
density of the pulses was 40 ml/cm* at the sample. 
Broadband cw light from a 500 W xenon arc lamp 
was focused onto the entrance slit of a 0.22 m single 
monochromator (500 nm ruled grating). Light from 
the exit slit of the monochromator was collimated and 
focused to an image at the sample. The power density 
of the probe light was 200 pW/cm’ and had a spec- 
tral bandwidth of 4.5 nm. The detector was protected 
from scattered excitation light by two 80 run fwhm 
interference filters with maximum throughput at 400 
nm. Signals were detected in transmission using an 
FND- 100 silicon photodiode (EG&G ) reverse biased 
at 45 V. A CLG205 hybrid opamp (Comlinear) in 
the inverting configuration was used to convert the 
small photodiode current to a voltage with a trans- 
resistance of 2.5 kR. A second CLG205 was used in 
the non-inverting configuration to provide a 20-fold 
amplification. In order to optimize performance, the 
components were assembled on a custom designed PC 
board inside an aluminum chassis which served as an 
rf shield. An L-C filter on the power supply lines to 
the detector eliminated tfpickup from the tlash lamps 
of the laser. Transient signals were digitized on a dual 
time base using a Tektronix DSA602 oscilloscope. 
Acquisitions were triggered by retkcting a small por- 
tion of the exciting pulse onto a second photodiode. 
The trigger jitter was < 1 ns. Signals were averaged 
128 to 1000 times at a repetition rate of 2-10 Hz. 
The impulse response of the detector measured with 
an 80 ps laser diode has a fkhm of 4 ns. The instru- 

ment response (including timing jitter), measured by 
scattering a small amount of light from the YAG laser 
excitation source onto the detector, has a nearly 
Gaussian profile with a fwhm of 9 ns. The step re- 
sponse of the instrument was measured using a sam- 
ple of heme-CO in 100 mM Tris buffer at pH 9.0. 
The step response consists of an overshoot of l-295 
which settles to within 1% of its final value in 22 ns 
and within 0.2% (the limit of detection) within 50 
ns. 

2.3. Acquisition of transient spectra 

Transient spectra were reconstructed from single 
wavelength measurements taken at 1 nm intervals in 
a pseudo-random order. Typical data sets consisted 
of transient absorption measurements at 61 wave- 
lengths between 399 and 459 nm requiring approxi- 
mately 2 h to acquire at a repetition rate of 10 Hz. 
The data collection process was fully automated by 
using an IBM PC as the controller to drive the mono- 
chromator and to optimize the vertical settings for 
the oscilloscope at each new wavelength. Transmit- 
ted intensities I(& t ) were converted to LLP according 
to: 

M(A, t)=-log,o[Z(& t)l&e3.(~)1 9 (1) 
where Zk(n) is the transmitted intensity prior to the 
excitation pulse. Zero time was chosen to correspond 
to the midpoint of the rising edge of the trace with 
the highest S/N ratio. In order to obtain computa- 
tionally manageable data sets, the number of points 
in the time domain was reduced from 4096 (2048 on 
each time base) to 256 by selecting points on a log 
scale. This was done without averaging adjacent 
points to avoid possible smoothing artifacts. 

2.4. Correction for spectral bandwidth 

A small distortion in the shape of the spectra is 
present as a result of intensity averaging over the fi- 
nite spectral bandwidth. Because the effect is small 
( c 3% at any wavelength), a zeroth-order approxi- 
mation for the distortion can be obtained from the 
difference between the measured intensities and the 
convolution of the measured intensities with the slit 
function of the monochromator. When the measured 
intensities are corrected using this xeroth-order ap 
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proximation to the distortion, the rank of the data 
matrix as assayed by singular value decomposition 
(see below) is reduced from three to two accom- 
panied by the disappearance of a slight wavelength 
dependence previously observed in the kinetics of the 
bimolecular process. 

A,4 (2, t) to a sum of exponentials. The nonlinear pa- 
rameters (the rates) are treated globally while the 
linear parameters (the amplitudes) are treated inde- 
pendently for each wavelength. This approach suf- 
fers from the disadvantage that the number of linear 
parameters scales directly with the number of wave- 
lengths included in the fit. 

2.5. Correction for photoselection 

In order to account for the photoselection intro- 
duced by the linearly polarized excitation pulses 
[42,43],therawLL4(1, t) datawerecorrectedforthe 
decay of the initial anisotropy. The correction has the 
form: 

A&&, 0=2u(& 0/[2+r(Ol , (2) 
where r(t) is the value of the reduced anisotropy 
measured at 440 nm: 

An alternative approach, which we shall adopt, is 
based on the supposition that & (A, t) is likely to be 
highly singular. The singular value decomposition 
(SVD) [ 44,45 ] of AA (1, t) can be used to determine 
the size of the null space and to construct a set of or- 
thonormal basis spectra which will span the range of 
A4 (2, t). The application of SVD to the analysis of 
transient spectra has been described in detail [ 36,371, 
and only the salient features are summarized here. 
According to the theorem of SVD, A,-t(Iz, t) can be 
written as the product of three matrices 

(3) 

The subscripts w and I refer to the polarization of the 
electric field vector of the probe light with respect to 
that of the exciting light. Data corrected in this fash- 
ion give good agreement with the isotropic average 
calculated from 

A&“(I, 0=f]A‘4,,(L t)+U*(& t11 . (4) 

The ruled grating in the monochromator introduces 
a slight degree of polarization into the otherwise iso- 
tropic probe light. The measured polarization ratio 
in the 400 to 460 nm region has a maximum value of 
I,lI, - - 1.28. Consequently, its contribution has been 
neglected in calculating the correction. The good 
agreement of the corrected data with the isotropic av- 
erage confirms that the slight polarization of the probe 
light can be neglected. All data shown below have been 
corrected for both photoselection and spectral band- 
width, and for simplicity we shall drop the subscript 
and refer to the corrected data as A4 (A, t). 

2.6. Method of analysis 

A/t(& t)=USvr (6) 

U is an m x n matrix of orthonormal columns which 
form a complete set of basis spectra from which the 
bA spectrum at any time can be represented. The col- 
umn of U with the largest singular value is the best 
single-component representation of ti(1, t) in the 

i least-squares sense. The first two columns constitute 
the best two-component representation, and so on. S 
is an nx n diagonal matrix with nonnegative ele- 
ments called the singular values. v is the transpose 
of an n x n matrix V having orthonormal rows and 
columns. Each row of SVT contains the set of time- 
dependent linear coefficients corresponding to each 
basis spectrum. The tremendous utility of this ap- 
proach is realized when only a few components are 
found to be significant. In this case the remainder 
represent noise and can be considered for all practi- 
cal purposes to lie in the null space of A,4 (1, t ) . In the 
present application, only a few basis spectra are ex- 
pected to make significant contributions to A,4 (2, t ) . 
We consider the contribution of a basis spectrum to 
be significant based on two criteria: the magnitude of 
its singular value and the autocorrelation of the cor- 
responding column of V. 

The transient spectra at different times can be A third approach to the data analysis is to relate 
viewed as the columns of an m x n matrix AA (A, t ). the transient difference spectra to the equilibrium 
Several approaches have been described for the global absorption spectra for deoxyMb and MbCO. For 
analysis of transient spectral data. The most straight- small spectral changes, this can be accomplished by 
forward approach proceeds by fitting the rows of representing the transient difference spectra as linear 
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combinations of the equilibrium spectra and their first 
and second derivatives. The first derivative contri- 
bution is a measure of the band shift, and the second 
derivative is a measure of the band broadening. If it 
is assumed that the spectral changes conserve the in- 
tegrated oscillator strength, then the contributions of 
the equilibrium spectra are proportional to the sur- 
vival probability for unligated hemes. 

3. Results 

3.1. Transient absorption spectra 

Transient spectra following photolysis of human 
MbCO were measured in the Soret region at 250,270, 
and 290 K in 75%(w/w) glycerol:buffer, pH 7.0. A 
small subset of spectra from a 250 K data set are 
shown in fig. IA. These spectra were extracted from 
the original data set at evenly spaced intervals on a 
logarithmic time scale. The equilibrium absorption 
spectra of human deoxyMb and MbCO are also 
shown in fig. 1 along with the difference spectrum 
deoxyMb (eq )-MbCO (eq ) . It is clear that the tran- 
sient spectra at all times resemble the deoxyMb (eq)- 
MbCO (eq) spectrum. 

A closer inspection of the transient spectra in fig. 
1A reveals a shift of the positive feature near 436 nm 
from low to high energy as time progresses. The shift 
is quantified in fig 2A where the position of the peak, 
y(t), has been obtained by interpolating from a fit of 
15 points of the data in the region of the peak to a 
fifth-order polynomial. The magnitude of the shift at 
any time is represented by the quantity 

Av(t)=v(t)-v(m), (6) 

where Y( co) is the peak position at a time which is 
long compared to the time scale of the shift. The mag- 
nitude of Av at 12 ns ranges from = 50 cm- ’ at 250 
K to x20 cm-’ at 290 K. Because the instrument 
response is 9 ns fwhm, it is expected that these values 
represent a lower limit for the initial Au. As seen in 
fig. 2B, the position of the negative feature near 423 
nm does not shift significantly with time. It is there- 
fore likely that the observed shift arises from a change 
in the deoxyMb spectrum 

400 420 440 
Wavelength (nm) 

460 

Fig. 1. (A) Transient AA spectra at various times following pho- 
tolysis of MbCO at 532 nm with 8 ns pulse-s. The transient spec- 
tra shown cover the range from 12 ns (largest M) to 10 ms 
(smallest AA) at evenly spaced times on a logarithmic scale. These 
spectra constitute a small subset of the total data set which con- 
sists of 5200 spectra. (B ) Absorption spectra of deoxyMb (- ) 
and MbCO(p). (C) The difference spectrum deoxyMb- 
MbCO. All spectra at 250 K. 

3.2. Singular value decomposition 

In order to obtain a measure of the ligand rebind- 
ing progress curve and to further quantitate the na- 
ture and time course of the observed spectral changes, 
the singular value decomposition of M(& t) is uti- 
lized as described in the previous section. The basis 
spectra (columns of U ) will be referred to as U,, U,, 
. ..) the corresponding amplitude vectors (columns of 
V) as v,‘1, v2, ..a> and the corresponding singular val- 
ues as S,,, S22, . . . . respectively. The five largest sin- 
gular values at each temperature are tabulated in ta- 
ble 1. The remaining singular values are smaller and 
tend monotonically to zero. SVD of a matrix com- 
posed of the points preceding the excitation pulse 
yields singular values which begin near 0.02 and de- 
crease steadily to zero. This provides a scale for dis- 
tinguishing signal components from noise compo- 
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Fig. 2. Time dependence oftbe low to high energy band shift of 
the peak near 436 nm in the transient AA spectrum following 
photolysis of MbCO. (A) Position of the peak near 436 nm at 
250 K (-), 270 K (m), and 290 K (0). (B) Position ofthe 
negative peak near 423 nm at 250 K (-), 270 K (m). and 290 
K (0). 

Table 1 
Singular values 

250 13.0 0.308 0.0411 0.0275 0.0208 
270 13.8 0.234 0.0403 0.0307 0.0249 
290 15.1 0.157 0.0288 0.0232 0.0206 

nents on the basis of the magnitude of their singular 
values. Based on this criterion, S, , and S,z are clearly 
distinguishable from noise while the rest of the sin- 
gular values are too small to be distinguished from 
noise components. A second criterion for distin- 
guishing signal components from noise is based on 
the autocorrelation of the columns of V. As was the 
case with the singular values, V, and V, vary smoothly 
in time, whereas the remaining columns of V cannot 
be distinguished from noise. Consequently, a highly 

accurate representation of the signal contribution to 
A.4 (A, t) can be obtained from a truncated set of ba- 
sis spectra composed only of U, and U,. The remain- 
ing components can be considered to lie in the null 
space of AA (A, t ) to within the signal-to-noise. 

The two basis spectra which represent the signiti- 
cant range of &I (,I, t ) are shown in fig. 3, and their 
time dependences, contained in the rows of SW, are 
shown in fg. 4. U, resembles the deoxyMb(eq)- 
MbCO(eq) spectrum. Consequently, V, is expected 
to provide a zeroth-order approximation to the li- 
gand rebinding progress curve. Because U, crosses 
zero near 440 nm, V, corresponds to the decay of the 
induced absorption at this wavelength. Uz has prom- 
inent features in the region of the deoxyMb band, but 
only small features in the region of the MbCO band. 
This is consistent with the low-to-high energy shift 
shown in fg. 2. Thus, the most straightforward inter- 
pretation of U, is that it corresponds to a change in 
the deoxyhlb absorption spectrum. V, is therefore 

tl I I I I I I -a I I I . II 
400 420 440 460 

Wavelength (nm) 

Fig. 3. Singular v&ue decomposition of the data sets at 250 K 
(-),270K(-),and29OK(O).Thetwoorthonormalbasis 
spectra (columns of U ) which have the wt singular values are 
shown (seetable 1). (A) Thebasisspectrumwiththelarpestsin- 
gular value. (B ) The basis spectrum with the second largest sin- 
gular value. 
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10-8 10-7 10-6 10-5 10-4 10-3 10-a 
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Fig. 4. The time dependent coefficients of the basis spectra (col- 
umnsofSV). Data (...),model (-). (A) Timedependence 
of the first basis spectrum at 250, 270, and 290 K. (B) Time 
dependence of the second basis spectrum at 250,270, and 290 K. 

expected to contain the time dependence for the 
deoxyMb spectral change. Note that even if the rela- 
tive contributions of U, and U, do not change, the 
amplitude of V, still diminishes with time as the 
overall signal decays due to ligand rebinding. There- 
fore, V, contains information regarding not only the 
deoxyMb spectral evolution, but also rebinding to 
both unrelaxed as well as relaxed species. 

A more concise representation of the time courses 
for the basis spectra can be obtained by simultane- 
ously fitting the columns of V to a sum of exponentials 

Ci(t)= C UijCXp[-t/Tj] , 
i 

(7) 

where Ci( t) is the model function for the ith column 
of V. The time constants rj are varied globally over 
the columns of V while the amplitudes, a,, are found 
independently for each column. The number of time 
constants was chosen to give a good tit to V,, and the 
same set of time constants also provides a good fit to 

Vz. The parameters from the simultaneous tits are 
listed in table 2 and the model traces are overlaid with 
the data in fig. 4. 

The observation of two significant basis spectra 
implies the existence of a minimum of two spectral 
components, D, (A) and D,(A), which will subse- 
quently be referred to as unrelaxed and relaxed 
deoxyMb, respectively. If the spectra for both com- 
ponents were known beforehand, it would be possi- 
ble to calculate the time course for the corresponding 
populations directly from the experimental data by 
finding the linear combination of these two spectra 
A&(1, t) which best fits the transient spectra at each 
time 

A&,(& t) =b, (t)D, (A) +&(t)Dz(A) . (8) 

The spectrum for relaxed deoxyMb D2(A) corre- 
sponds to the spectrum observed during the bimolec- 
ular recombination process. This spectrum is readily 
calculated as a linear combination of the basis speo 

tra with coefficients determined from the bimolecu- 
lar amplitudes in table 2. This spectrum is then nor- 
malized to unit population assuming that Y, is 
proportional to the fraction of unliganded Mb. The 
spectrum of unrelaxed deoxyMb D, (A), on the other 
hand, is not specified uniquely from the data alone. 
Assuming unit population for the unrelaxed deoxyMb 
at zero time, two cases will be considered. In the first 
case, it is assumed that all of the relaxation occurs 
within the time window of observation. The spec- 
trum of unrelaxed deoxyMb is then calculated using 
eq. (7) as 

D,(A)=C,(O)U, +G(O)G. (9) 

These spectra and their corresponding population 
time courses are shown in figs. 5 and 6. In the second 
case we consider the possibility that some of the re- 
laxation occurs during the laser pulse and is therefore 
not observed. Assuming that the initial shift of the 
unrelaxed deoxyMb band does not depend on tem- 
perature, the unrelaxed deoxyMb spectrum is esti- 
mated from the data in fig. 2 using 

&(A, 12ns)=cuD,(rZ)+(l-cu)Dz(l), (10) 

where a=Av( 12 ns)/Av(O). Because the value of 
Au(O) is not determined in this experiment, we use 
a value of 140 cm-’ reported for the shift of 
deoxyMb* at cryogenic temperatures [ 461. This value 
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Table 2 
Summary of model parameters 

7-W) Parameter ‘) Exponential component 0) 

1 2 3 4 5 

250 a, 0.06 0.17 0.15 0.27 0.35 
azJ 0.032 0.020 0.017 -0.011 -0.012 
ati 0.40 0.30 0.25 -0.02 0 
a, -0.33 -0.13 -0.11 0.29 0.35 
5 46 ns 370 ns 2.4 ps 31 ps 2.2 ms 

270 alj 0.01 0.07 0.09 0.17 0.66 
aI1 0.024 0.027 0.018 -0.005 -0.010 
0, 0.36 0.40 0.28 -0.03 0 
4j -0.34 -0.34 -0.18 0.20 0.66 
=J 17ns 134ns 840 ns 5.8 FS 1.1 ms 

290 a, 0.01 0.05 0.09 0.85 
av 0.025 0.023 -0.002 -0.006 
a, 0.54 0.50 -0.04 0 
ad -0.53 -0.44 0.12 0.85 
q 31 ns 210ns 1.2 FS 710 KS 

a) a,, and ay are the amplitudes and T, is the time constant from the simultaneous tit of eq. (7) to the columns of SV in ii& 4. The 
amplitudes a, and ad were calculated for the unrelaxed and relaxed populations in fig. 6 using the time constants from the simultane- 
ous tit to sv. 

is likely to represent an upper limit on Av(0). The 
spectra and corresponding population time courses 
for this case are shown in figs. 7 and 8. 

The normalized time course of the first SVD com- 
ponent provides an approximation to the ligand re- 
binding progress curve. Evidently the accuracy of this 
approximation increases as the relative contribu- 
tions from the other basis spectra decrease. The un- 
certainty depends not only on the magnitude of the 
spectral changes but explicitly on their shape as well. 
The ability of 1/i to approximate the time course for 
ligand rebinding is determined by how similar the 
least-squares spectral change (V,) is to the actual 
spectral change. After some time, the transient spec- 
tra have attained the shape of the final intermediate, 
and Vi then faithfully monitors ligand rebinding. The 
greatest uncertainty in V, occurs at early time. In or- 
der to estimate the magnitude of the uncertainty in 
Vi, A4 (2, t) was fit to a linear combination of 
AMvlbCo(& t), A,,(& t), and first and second deriva- 
tives of &,(I, t). In test cases, the coefficients of 
A MM30 (I, t ) were generally a good monitor of ligand 
rebinding. As expected, the approximate ligand re- 
binding curves obtained by these two methods agree 
quantitatively on the long-time scale. The overall 

agreement is best at 290 K and worst at 250 K. At 
250 K the maximum discrepancy occurs at early time 
where it appears that the two estimates differ by 3%. 

4. Discussion 

The results of the preceding analysis are consistent 
with the division of the recombination reaction into 
three kinetic stages. This is most clearly evident in 
the data at 250 K. During the first stage, ligand re- 
combination is accompanied by a change in the 
deoxyMb absorption spectrum. The kinetics of the li- 
gand recombination as well as the spectral change are 
both multi-exponential. No significant spectral 
changes are observed during the subsequent kinetic 
stages and the transient spectra are indistinguishable 
from the equilibrium deoxyMb-MbCO spectrum. 
Single exponential kinetics are observed during the 
intermediate stage. The final kinetic stage is distin- 
guished from the others both temporally and by its 
dependence on the concentration of CO (data not 
shown). This stage can be immediately identified with 
the process of bimolecular recombination of CO from 
bulk solution. Under the conditions of our experi- 
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Fig. 5. AA spectra of unrelaxed (-) and relaxed (-) deoxyMb 
at (A) 250 K, and (B) 290 K. The spectrum of the unrelaxed 
intermediate was calculated from the simultaneous fit to V, and 
V, assuming that the entire relaxation has been observed. 

merits ( [CO ] xa [Mb ] at all times), the kinetics arc 
pseudo-first order and consequently a single expo- 
nential decay is observed. These results are qualita- 
tively similar to the data for sperm whale Mb ob- 
tained under similar experimental conditions 
[ 10,151. 

Several experiments have demonstrated the exis- 
tence of metastable intermediates following the pho- 
tolysis of MbCO at cryogenic temperatures [ 14- 
16,19,27,46]. At low temperatures, spectral changes 
in band III of the MbCO photoproduct have been 
shown to result from a kinetic hole burning mecha- 
nism [ 171. Near the glass transition of 75% glyc- 
erol : water ( 180-220 K), relaxation also contributes 
to the spectral changes [ 15,461. Steinbach et al. [ 151 
have used a stretched exponential model for the re- 
laxation of Mb* which agrees well with their data for 
sperm whale Mb, particularly in the region of the glass 
transition. The relaxation function has the form 

@(t, T) =exp{- [dWIB} , 
where 

(11) 

Unrelaxed 

10-8 10" 10-6 10-s 10-4 10-3 10-2 
Time (set) 

Fig. 6. Time dependence of the deoxyMb intermediates (see fig. 
5)at250K(-),270K(+),and290K(O). (A)Timede- 
pendence of the unrelaxed deoxyMb intermediate. (B) Time de- 
pendence of relaxed deoxyhrlb. 

tc( T) =A exp[ - (E/RT)2] . 

UsingtheirvaluesofA=10’8s-‘,E=10kJ/moland 
+0.24, the relaxation predicted by eq. ( 11) is ov- 
erlaid with the population time courses in fig. 8. At 
250 K, the relaxation predicted by eq. ( 11) appears 
to agree reasonably well with the time course for the 
decay of unrelaxed dcoxyMb. At higher tempera- 
tures, however, the model deviates significantly from 
the observed relaxation. This is not entirely unex- 
pected since K(T) tends to a physically unreasonable 
rate of lOI s-’ in the high-temperature limit. Be- 
cause ligand rebinding to the unrelaxed deoxyMb also 
contributes to the population time course, the actual 
discrepancy may be larger. If A v (0 ) is less than 140 
cm-’ then the discrepancy will be larger at all three 
temperatures (c.f. fig. 6A). if A v (0) is greater than 
140 cm-’ then the agreement becomes worse at 250 
K while improving somewhat at the higher 
temperatures. 
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0.2- A 250 K 

--- Unrelaxed - 
- Relaxed 

400 420 440 
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460 

Fig. 7. AA spectra of unrelaxed (-) and r&xed (-) deoxyMb 
at (A) 250 K and (B) 290 K. The spectrum of the unrelaxed 
intermediate was calculated based on the assumption that some 
portion of the relaxation occurs on a timescale to fast to be ob- 
served in this experiment. See text for details. 

Another important observation is that only two 
significant components are obtained from the SVD, 
even though the kinetics for the spectral evolution are 
multi-exponential. This sort of behavior is also seen 
in the spectral changes which accompany structural 
relaxation in Hb [ 38 1. In fact, strong qualitative sim- 
ilarities exist between the spectral changes in Mb and 
the spectral changes which have been reported in the 
Soret region of Hb [ 36 ] and iron-cobalt hybrid Hbs 
[ 371. The most significant similarity is in the overall 
shape of the spectral change. In both cases, the sec- 
ond basis spectrum, U,, exhibits a strong feature near 
the peak of the deoxy band, and a feature of the op 
posite sign which occurs to the red of this while little 
change is observed near the peak of the absorption 
for the CO form. This lends further support to the 
suggestion that structural relaxations of the protein 
are coupled to the heme electronic transitions via a 
common coordinate [ 38,461. One reasonable pro- 
posal is that the deoxyMb spectral changes result from 
changes in the out-of-plane displacement of the heme 

A Unrelaxed 

- 250 K 
2 0.2t t \\ * 270K 

L \\\ 0 290K 

.O  

.S 

.O 
Id 

10-8 10-7 10-6 10-5 10-4 10-3 10-2 
Time (set) 

Fig. 8. Time dependence of the deoxyMb intermediates (see fig. 
7)at250K(-),270K(+),and290K(O). (A)Timede 
pendence ofthe unrelaxed deoxyMb intermediate. Overlaid with 
the data are the model curves for the stretched exponential relax- 
ation function from Steinbach et al. [ 15 1. (B ) Time dependence 
of relaxed deoxyhrlb. 

iron along the iron-proximal histidine bond coordi- 
nate [ 35,38,46]. 

4.1. Origin of the deoxy Mb spectral changes 

The physical origin of the spectral changes will ul- 
timately determine their functional significance. 
There are at least two distinct mechanisms which have 
been shown to contribute to spectral evolution in Mb: 
kinetic hole burning and structural relaxation. Al- 
though rebinding to unrelaxed intermediates of 
deoxyMb (kinetic hole burning) probably contrib- 
utes to the observed spectral evolution [ 171, it is 
likely that a significant (if not the predominant) 
contribution in the temperature range above 220 K 
arises from a structural relaxation of the protein. The 
driving force for these relaxations is provided by the 
difference in free energy between deoxyMb at equi- 
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librium and deoxyMb distorted along the coordi- 
nates which take it into the structure of MbCO. This 
difference in free energy is a function not only of the 
tertiary structure of the protein but also involves re- 
organization of the solvent in response to the struc- 
tural changes. The relaxations might be coupled to 
solvent dynamics either through exchange dynamics 
amongst solvent molecules associated with the pro- 
tein [ 47-491 or through the damping of protein mo- 
tions under the influence of solvent viscosity [ 50,5 11. 

4.2. Coupling of structural relaxation and kinetics 

An important and as yet unresolved question con- 
cerns the coupling between the structural relaxation 
and the kinetics. One possibility is that the structural 
relaxation alters the barriers for rebinding [ 15,341 
and is thus partly responsible for the multiexponen- 
tial kinetics that are observed for the rebinding pro- 
cess. In this case, the barriers for rebinding during the 
first kinetic stage are not involved in determining the 
rates of recombination to the thermally averaged 
protein. An alternative is that spectral changes are the 
passive response to ligand migration in the protein 
[ 36-381, perhaps as the result of exchange of the li- 
gand and solvent molecules between the protein in- 
terior and solvent, or collapse of the hydrophobic 
protein interior into the void that is left behind as the 
ligand escapes into the solvent. In this case the relax- 
ation is not expected to affect the rates of recombi- 
nation or escape, but rather the rate of escape is ex- 
pected to determine the rate for structural relaxation. 

In conclusion, the spectral changes in Soret band 
of deoxyMb are indicative of protein structural relax- 
ations which are coupled to and therefore detectable 
via electronic transitions. The fact that a significant 
amount of ligand rebinding occurs on the same time- 
scale as the spectral evolution suggests that kinetic 
hole burning may also contribute. As is the case in 
Hb, the character of the deoxyMb spectral changes is 
complex and cannot be interpreted as a simple band 
shift. The similarity between the spectral changes in 
Hb and Mb (corresponding to different structural 
changes) provides additional evidence that the Soret 
spectral changes are indirectly coupled to the struc- 
tural relaxations by a common coordinate [ 38 1. The 
nonexponential kinetics and spectral changes ob- 
served during the first kinetic stage can be inter- 

preted in terms of an underlying inhomogeneous dis- 
tribution of solvent/protein environments which is 
unrelaxed on a timescale less than about r3. On a 
timescale which is longer than r3, the distribution is 
effectively averaged insofar as l&and rebinding and 
the Soret spectral changes are concerned as suggested 
forspermwhaleMb [15]. 
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