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ABSTRACT: The near-infrared charge-transfer transitions at  -760 nm in photodissociated hemoglobin and 
myoglobin display very different time dependences. In photodissociated myoglobin a t  room temperature 
the transition has fully relaxed to its deoxymyoglobin value by 10 ns. In photodissociated hemoglobin, the 
transition is shifted by 6 nm to longer wavelengths a t  10 ns. It relaxes about halfway back to the deoxy- 
hemoglobin value by about 100 ns but subsequently changes very slowly out to about 100 p s  when the signal 
intensity becomes too small to follow any further. The intensity of this transition, present in only five- 
coordinate hemes, is found to follow the same time dependence as the wavelength change. Consequently, 
there appears to be a correlation between a structural property of the heme (as inferred from the wavelength 
of the charge-transfer transition) and a functional property (the CO recombination) of the protein (as inferred 
from the intensity of the transition). Possible origins for this correlation are considered. 

H e m o g l o b i n  and myoglobin have a well-known charge- 
transfer transition in the near-infrared at  759 and 761 nm, 
respectively (Eaton & Hofrichter, 1981). Several years ago 
Iizuka et al. (1974) studied the properties of this transition 
in the photoproducts obtained by photodissociating the CO- 
bound complexes of these proteins at 4 K. In both hemoglobin 
and myoglobin they found a substantial shift of this line to 
lower energy in the photoproducts as compared to the deoxy 
preparations under the same conditions. Recently, other 
groups have confirmed these low-temperature differences 
(Ansari et al., 1985; Fiamingo & Alben, 1985). Moreover, 

since these seminal studies of the low temperature stabilized 
photoproducts, studies of other spectroscopic (Ondrias et al., 
1983b; Rousseau & Ondrias, 1985; Rousseau & Argade, 
1986) and structural (Chance et al., 1983; Powers et al., 1984) 
properties have been reported. In addition, many studies of 
the properties of the photoproducts generated at ambient 
temperatures with transient techniques have been carried out 
(Henry et al., 1983a,b; Hofrichter et al., 1983; Scott & 
Friedman, 1984; Findsen et al., 1985a,b; Friedman, 1985; 
Dasgupta et al., 1985; Rousseau & Argade, 1986). From these 
many studies it has been found that at room temperature the 
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optical spectrum and the resonance Raman spectrum of the 
photoproduct of myoglobin are fully relaxed to the equilibrium 
deoxy values within 10 ns. In contrast, the 10-ns time-resolved 
photoproduct of hemoglobin has optical absorption and reso- 
nance Raman spectra that are very distinct from those of 
deoxyhemoglobin. 

At low temperature, substantial differences between the 
resonance Raman spectrum of the carbon monoxide photo- 
product and the deoxy preparation have been observed in both 
hemoglobin (Ondrias et al., 1983b; Rousseau & Ondrias, 
1985) and myoglobin (Rousseau & Argade, 1986; Sassaroli 
et al., 1986). Ondrias et al. (1983a) demonstrated that these 
differences in hemoglobin at cryogenic temperatures are the 
same as those reported at room temperature using transient 
techniques. More recently, Rousseau and Argade (1986) 
found that changes in the region of the Raman spectrum that 
is sensitive to the porphyrin core size between the carbon 
monoxide myoglobin photoproduct and the deoxy preparation 
were the same at 4 K as those found by Dasgupta et al. (1985) 
at room temperature with 30-ps pulses. Sassaroli et al. (1986) 
have examined the low-frequency region of the resonance 
Raman spectrum of the photoproduct at  cryogenic tempera- 
tures and have found substantial differences between it and 
the deoxy preparation, especially in the line that is assigned 
as the iron-histidine stretching vibration (Argade et al., 1984). 
No corresponding changes have been reported at  room tem- 
perature by transient techniques on a time scale as fast as 30 
ps (Findsen et al., 1985b). 

In spite of the large number of spectroscopic studies that 
have been published on the photoproducts of myoglobin and 
hemoglobin at low temperature and at room temperature, there 
have been no reports of the near-infrared optical spectrum of 
the photoproduct at room temperature by time-resolved 
techniques. The only measurement of any time dependence 
of the 760-nm transition was that reported recently by Ansari 
et al. (1985) on myoglobin at  low temperature. An exami- 
nation of the behavior of this charge-transfer transition at room 
temperature with time-resolved optical absorption is important 
in order to fully characterize the properties of the hemoglobin 
and myoglobin photoproducts. This will lead to a better un- 
derstanding of the differences between the far from equilibrium 
photodissociated molecules and the equilibrium deoxy proteins. 
Such information will also lead to a better understanding of 
the relationship between the low-temperature metastable 
species and the room-temperature transients. Finally, the 
relation between the spectroscopic parameters of the photo- 
products and the ligand rebinding processes (Austin et al., 
1975) must be determined. With these objectives in mind we 
have generated the photoproduct of carbon monoxide hemo- 
globin and myoglobin with 10-ns pulses from a Nd-YAG laser 
and compared the near-infrared absorption spectra to those 
of the deoxy preparations. We were able to monitor the 
wavelength of the transition, which is a property of the heme 
structure. We were also able to measure the intensity of the 
transition, which depends on the deoxyheme population, which 
in turn depends on the amount of carbon monoxide recom- 
bination. The intensity variation is thereby a monitor of a 
functional property of the proteins. 

EXPERIMENTAL PROCEDURES 
For the experiments reported here, the hemoglobin and 

myoglobin samples were maintained at concentrations of 0.75 
mM and were buffered with 0.1 M phosphate at pH 7. 
Myoglobin was Sigma type I1 (sperm whale). It was filtered 
with a 2-pm Millipore filter prior to use. Hemoglobin was 
isolated from human, and after purification, it was stored as 

the CO form under liquid nitrogen until ready for use. The 
samples of both hemoglobin and myoglobin were reduced and 
deoxygenated in an anaerobic atmosphere with minimal di- 
thionite. Following reduction they were divided in half. Half 
(the deoxy preparation) was placed in a 1 cm path length 
cuvette, which was sealed for the experimental run. The other 
half was flushed with carbon monoxide and then also sealed 
in a cuvette. 

Two types of experimental setups were used to obtain the 
data reported here. In the first the frequency-doubled output 
(20-50 mJ/pulse at 532 nm) from a Nd-YAG laser was split 
into two beams. One beam was focused on a quartz capillary 
tube through which a mixture of dyes [oxazine, DOTC 
(3,3’-diethyloxatricarbocyanine), HITC (1,1’,3,3,3’,3’-hexa- 
methyl-2,2’-indotricarbocyanine), and DODC (3,3’-diethyl- 
oxadicarbocyanine)] was circulated. The fluorescence output 
from the dyes was focused through the 1-cm optical cell 
containing the samples. A red filter was placed between the 
capillary containing the dyes and the heme protein sample to 
remove light emitted in the visible and scattered laser light, 
both of which contributed to some photodissociation. The 
other Nd-YAG beam at 532 nm was partially focused with 
a cylindrical lens on the sample crossing the probe beam il- 
lumination. In these experiments the photolysis and the probe 
light pulses were temporally coincident and had a 10-ns width. 
The dyes were chosen to give high intensity in the 700-800-nm 
region with 532-nm excitation. The mixture was found to be 
useful both to fill in the valleys between individual dyes and 
also to transfer energy from the dyes with outputs in the 
-600-nm range to the near-infrared dyes. The optimum 
concentrations and proportions were determined empirically 
by obtaining as flat an output as possible in the 760-nm range. 

In the second arrangement used to obtain the time evolution 
data, the probe pulse was generated by a Xenon Corp. Na- 
nopulser arc lamp that was modified to allow control of the 
gas atmosphere. In the experiments reported here the lamp 
was operated in an atmosphere of pure xenon to yield a 
spectrum with little structure in the 760-nm region. The 
remaining optical path was the same as that in the time-syn- 
chronized experiments. The pulse from the Nanopulser lamp 
is asymmetric with a primary pulse width of -50 ns and a 
tail of -200 ns. The time delay between the lamp and the 
photolysis laser beam could be varied continuously with a delay 
generator and was measured before each experiment with a 
fast photodiode. The broad time spectrum of the output from 
the Nanopulser restricted its time-resolution capabilities to 
the 100-ns range. 

Samples of the CO-bound preparations were examined at  
the start of each run with the photolysis pulse blocked to assure 
that the probe lamp was not photodissociating any of the 
ligand-bound protein. If it was, the intensity was adjusted to 
minimize this effect. In all experiments the contribution from 
the probing light was less than 5% of the signal from the 
photoproduct at  zero time delay. 

The transmitted light from the probe pulse was focused on 
the entrance slit of a 1.25-m monochromator and detected with 
a Princeton Applied Research intensified reticon array. In- 
tegration times were typically 15 min. The absorbance was 
calculated by taking the natural log of the blank divided by 
the sample transmittance. For the deoxy preparations the 
blank was a water sample. For the photodissociated samples 
the blank was the sample without the photolysis pulse. 

The absorbance spectrum obtained from the procedure 
described above generally had a sloping background. A 
multipoint polynominal fit to this background was made, and 
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FIGURE 1: Comparison of absorbance at -760 nm between deoxy- 
myoglobin and photodissociated carbon monoxide myoglobin (MbCO) 
obtained with 10-ns pulses. The center of both lines is at 761 nm 
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FIGURE 2: Comparison of absorbance at -760 nm between deoxy- 
hemoglobin and photodissociated carbon monoxide hemoglobin 
(HbCO) obtained with IO-ns pulses. The value of the transition is 
759 nm in deoxyhemoglobin and 765 nm i n  the photoproduct. 

it was subtracted from the absorbance spectrum, leading to 
a flat spectrum over the absorbance line. Peak positions and 
wavelength shifts were determined from these reduced data 
by calculating the deoxy photoproduct difference spectra, lo- 
cating the line center by taking the first derivative of the line, 
or measuring the midpoint of the full width a t  half-maximum 
(FWHM). By these techniques we obtained a sensitivity of 
better than f l  nm. 

RESULTS 
Zero Time Delay. In experiments with the synchronized 

10-ns dye lamp and Nd-YAG pulses, both hemoglobin and 
myoglobin were examined. The results for myoglobin are 
shown in Figure 1. We place the peak of the infrared tran- 
sition at 761 nm for both the deoxy preparation and the carbon 
monoxide photoproduct. Within our sensitivity, no difference 
in the wavelength of the transition between the photoproduct 
and the deoxy species could be found. The measurements were 
repeated several times to verify their validity. The intensity 
of the 761-nm line in the photoproduct was found to be the 
same as that in deoxymyoglobin. 

For hemoglobin, the charge-transfer transition of the pho- 
toproduct is at 765 nm at 10 ns compared to deoxyhemoglobin, 
which has the transition a t  759 nm (see Figure 2). As in the 
myoglobin, the intensity of the photoproduct in the hemoglobin 
was also approximately the same as that in deoxyhemoglobin. 
To assess the frequency shift quantitatively, we have also 
obtained the difference spectrum (Figure 3) between the 
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FIGURE 3: Difference spectrum of photodissociated HbCO minus 
deoxyhemoglobin. The 6-nm separation between the peaks in the two 
spectra (Figure 2) yields a 24-nm separation between the peak and 
valley in the difference spectrum. 
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FIGURE 4: Change in wavelength vs. time of the “760-nm” absorbance 
in hemoglobin. The curve is only to guide the eye. 

photoproduct and the deoxy preparation. The separation 
between the peak and the valley in the difference spectrum 
is -24 nm. This separation, which is much greater than the 
peak-to-peak separation in the indiviaul spectra, is the expected 
result for a difference spectrum. The line width for the in- 
frared absorption line in hemoglobin is - 30 nm. The peak- 
to-peak separation in the difference spectrum is expected to 
be (1/31/2)r for a Lorentzian line (r is the full width a t  
half-height) and to be r/(2 In 2)’i2 for a Gaussian line 
(Rousseau, 1981). For a 30 nm wide line these give expected 
separations of 17 nm for a Lorentzian line and 25 nm for a 
Gaussian line. Thus, the 760-nm line with its 24-nm separation 
in the difference spectrum has a Gaussian shape. 

Time Evolution of Hemoglobin Photoproduct. A series of 
measurements were made on hemoglobin to follow the time 
evolution from zero delay (10 ns) to 1 ms. No time decay 
measurements were made in myoglobin since no shifts were 
detected a t  the shortest times examined. By maintaining an 
identical optical arrangement for each of the different time 
slots and by randomizing the order in which the time delays 
were chosen, we were able to follow both the wavelength 
change and the intensity change as a function of time after 
photolysis. A plot of the wavelength change over the range 
examined is shown in Figure 4. At “zero” delay time the 
wavelength of the infrared transition in the photoproduct has 
already decayed from 765 nm (seen with the 10-ns dye lamp) 
to about 763 nm. We attribute this shift at zero delay as being 
due to the broad time width of the Nanopulser probe lamp. 
At longer times there is a gradual relaxation of the peak 
position toward the deoxy value. Reliable peak wavelength 
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FIGURE 5 :  Change in intensity vs. time of the 760-nm transition in 
hemoglobin. The curve is only to guide the eye. The break in the 
curve is included to indicate that the IO-ns point was obtained with 
the dye emission and the remaining points with the xenon arc. 

assignments could not be made for delay times beyond 50 ps ,  
due to the lowered intensity of the transition. 

The relaxation of the spectral position of the infrared line 
with time shows a large change between lo-* and lO-’s to a 
value just below half of the maximum shift, followed by a 
plateau region with only a slight decrease in frequency until 
times longer than s. During the relaxation of the position 
of the infrared peak, no change in its width was detected. A 
value of 30 f 2 nm for the line width (FWHM) was measured 
throughout the time decay. However, the actual width change 
anticipated for the sum of two Gaussian lines of equal intensity 
is substantially less than the separation between them. Spe- 
cifically, the addition of two lines 6 nm apart and 30 nm wide 
yields a composite line less than 1 nm wider than the individual 
lines. Thus, within our sensitivity, we cannot distinguish be- 
tween the case in which the line shifts continuously from its 
wavelength in the photodissociated protein to its wavelength 
in the deoxygenated protein from the case in which there are 
only two wavelengths for the line, one at  the photodissociated 
value and one a t  the deoxy value. 

The integrated intensity of the infrared transition was also 
followed as a function of time. As shown in Figure 5, the decay 
of the intensity appears to take place with the same general 
biphasic behavior as the wavelength decay. For the intensity 
data, reliable measurements could be made out to longer time 
delay values (between lo4 and s), allowing a more com- 
plete relaxation curve to be determined. In the data in Figure 
5, the curve between the first point, obtained with the 10-ns 
light source, and the following points, obtained with the Na- 
nopulser, is broken because the different light sources could 
result in intensity errors due to alignment differences. To 
minimize such errors, the sample volume projected on the 
entrance slit of the spectrometer was substantially smaller than 
both the probe beam size and the photolysis beam size. 

DISCUSSION 

The 760-nm line is present in deoxy- 
hemoglobin and deoxymyoglobin but absent in the six-coor- 
dinate forms of these proteins, in which there is no spectral 
structure in this region (Eaton & Hofrichter, 1981). Thus, 
it serves as a reliable marker of the change from six- to 
five-coordination. In a study of the optical properties of 
hemoglobin, Eaton et al. (1978) assigned the 760-nm line as 
a charge-transfer transition between the porphyrin ?r system 
and the iron a system [a2”(x) - dyz]. This assignment was 
based on circular dichroic, magnetic circular dichroic, and 
single-crystal polarized absorption data. In a later study by 

Assignments. 

Makinen and Churg (1983) on myoglobin, the line was as- 
signed as a d,2-y2 - eg(r*) transition on the basis of polari- 
zation data. Resolution between these different interpretations 
will be important for the eventual determination of the mo- 
lecular mechanism of the shifts that are seen under certain 
conditions in the photoproducts. At present it is sufficient to 
simply note that the line is a charge-transfer transition. 

Hemoglobin us. Myoglobin. The behavior of the 760-nm 
line at  cryogenic temperatures in both hemoglobin (Hb) and 
myoglobin (Mb) was originally described by Iizuka et al. 
(1974). They reported that the line shifted from 758 nm in 
deoxymyoglobin to 772 nm in its photoproduct and from 750 
nm in deoxyhemoglobin to 772 nm in its photoproduct. Shifts 
in the 760-nm line in myoglobin at low temperature have more 
recently been confirmed by Ansari et al. (1985) and by 
Fiamingo and Alben (1983, although in both cases the shifts 
were somewhat smaller than originally reported by Iizuka et 
al. (1974). 

The 6-nm shift that we detect in hemoglobin with 10-ns 
pulses is of the same order as that observed in myoglobin in 
recent low-temperature studies (Ansari et al., 1985; Fiamingo 
& Alben, 1985). In addition, for this size of a shift in Gaussian 
lines that are -30 nm wide, we would predict a separation 
between the peak and the valley in the difference spectrum 
of -25 nm, which is the same as our observed value within 
the experimental uncertainty. The room temperature values 
for hemoglobin thereby suggest that the same unrelaxed 
structure is present in the room temperature photoproduct as 
in the low-temperature photoproduct. 

Our observation that there is no shift in the 760-nm line in 
myoglobin but a significant shift in hemoglobin in the com- 
parison between the photoproducts and the corresponding 
deoxy preparations at  10 ns is consistent with a large body of 
other spectroscopic data. The optical absorption spectra 
(Henry et al., 1983b) and the resonance Raman spectra 
(Findsen et al., 1985b; Rousseau & Argade, 1986) of the 
myoglobin photoproduct also demonstrate that on the 10-ns 
time scale the photoproduct has fully relaxed. In contrast, by 
the same techniques (Henry et al., 1983a; Hofrichter et al., 
1983; Scott & Friedman, 1984; Friedman, 1985), it has been 
found that the hemoglobin photoproduct does not relax on this 
time scale. This difference in relaxation behavior of these two 
similar proteins has been rationalized as a consequence of the 
difference in the F-helix displacement upon going from the 
six-coordinate state to the five-coordinate deoxy state in these 
two proteins (Dasgupta et al., 1985; Sassaroli et al., 1986). 
The displacement is - 1 %, in hemoglobin (Baldwin & Chothia, 
1979) but is smaller in myoglobin (Takano, 1977; Phillips, 
1980). Since the heme is linked to the F-helix by the proximal 
histidine, such a difference in the extent of F-helix motion 
between the two proteins is expected to result in significant 
differences in the time scales of relaxation at  the heme, 

Alternatively, there may be a significant change in the 
protein dynamic freedom in comparing monomeric myoglobin 
to tetrameric hemoglobin, or tertiary structure differences in 
the heme pockets could be significant. One or both of these 
factors could make it much more difficult for the hemoglobin 
to relax from its ligand bound to its deoxy structure. Ex- 
periments on isolated hemoglobin subunits should clarify this 
point. 

Origin of Wavelength Changes. The above arguments imply 
that the histidine-heme conformation is involved in the optical 
changes reported here. Since the proximal histidine links the 
F-helix to the heme, this is a reasonable possibility in that the 
760-nm optical transition is a charge-transfer transition be- 
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tween the porphyrin orbitals and the d orbitals of the iron 
atom. Changes in the properties of the iron-histidine bond 
would affect the energies of the iron d orbitals. 

Changes in the histidine-heme conformation have been 
invoked to explain the frequency shifts in certain modes of the 
resonance Raman spectra of both the hemoglobin (Freidman 
et al., 1982; Freidman, 1985) and the myoglobin (Sassaroli 
et al., 1986) photoproducts. In the resonance Raman data a t  
cryogenic temperatures, it has been found that in both hem- 
oglobin (Ondrias et al., 1983b; Rousseau & Ondrias, 1985) 
and myoblogin (Sassaroli et al., 1986) the iron-histidine 
stretching mode is shifted to higher frequency in the photo- 
product as compared to the deoxy preparation. A similar shift 
has been detected with 10-11s pulses a t  room temperature in 
hemoglobin (Friedman, 1985), but no shifts were detected in 
the frequency of this mode in myoglobin in IO-ns and in 35-ps 
experiments (Findsen et al., 1985b). 

The observed shifts in the iron-histidine stretching mode 
in the resonance Raman spectra of hemoglobin and myoglobin 
have been attributed to the difference between the histidine 
tilt angle in the deoxy preparations and that in the six-coor- 
dinate species (Friedman et al., 1982; Ondrias, 1983b; 
Rousseau & Ondrias, 1985; Friedman, 1985; Sassaroli et al., 
1986). When hemoglobin or myoglobin is six-coordinated, the 
heme is planar and the proximal histidine takes on an orien- 
tation perpendicular to the heme plane. In the five-coordinate 
case the iron moves to an out-of-plane position and the 
proximal histidine becomes tilted with respect to the heme 
plane normal. The motion of the histidine requires motion 
of the F-helix (to which the histidine is linked) with respect 
to the heme plane. Consequently, in the photoproduct studied 
under conditions in which the protein is not allowed to relax, 
an intermediate is generated in which the iron atom has moved 
to an out-of-plane position but the histidine has not yet tilted. 
This orientation is more favorable for the iron-histidine bond 
strength than the tilted case, where the bond is slightly de- 
stabilized by the repulsive interactions between the histidine 
and the heme. A higher frequency (stronger bond) is the 
consequence of the more favorable orientation. We propose 
that the change in the histidine-heme conformation, in addition 
to being responsible for the changes in the resonance Raman 
spectrum, is also responsible for the changes in the optical 
absorption spectrum reported here. Changes in the histi- 
dine-heme orientation would no doublt influence the iron d 
orbitals. Thus, this interpretation of the origin of the wave- 
length changes is compatible with either assignment of the 
charge-transfer transition, since both involve d orbitals. 

Time-Dependent Recombination Rates and Structural 
Changes. There have been several reports of ligand rebinding 
in hemoglobin and myoglobin a t  both room temperature and 
cryogenic temperatures. The reported time dependence of 
ligand rebinding in both hemoglobin and myoglobin at room 
temperature is summarized in Figure 6. Two systems were 
well studied recently in hemoglobin: the rebinding of 0, (Scott 
& Friedman, 1984) and the rebinding of CO (Hofrichter et 
al., 1983; Henry et al., 1983b). Several observations about 
these data may be made: (1) the qualitative features of O2 
and CO rebinding in hemoglobin are the same. ( 2 )  The time 
dependence of the rebinding in hemoglobin is characterized 
by rapid recombination (possibly exponential) between lo-' 
and IO-' s. This is followed by a time period with very little 
rebinding. At  longer times, 10-2-10-5 s, ligand binding re- 
sumes. (3) Myoglobin rebinding with CO does not have a 
significant amount of the early (10-8-10-7 s) process that 
hemoglobin has. The early rebinding in hemoglobin has been 
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FIGURE 6 :  Ligand rebinding as a function of time for MbCO (Henry 
et al., 1983b), HbCO under various conditions (Hofrichter et a]., 1983), 
and HbOz (Scott & Friedman, 1984). The labels for the photolyzed 
HbCO experiments were taken from the original reference (Hofrichter 
et al., 1983): experiment b, hemoglobin sample fully saturated and 
100% photolyzed; experiment c, sample fully saturated but only 22% 
photolyzed; experiment d, sample only 10% saturated and 100% 
photolyzed. The partial saturation allows the hemoglobin to stay in 
the T (low-affinity) structure. 

TIME ( s i  

attributed to geminate recombination of ligand molecules that 
have not escaped from the heme pocket (Hofrichter et al., 
1983). The fact that this binding process does not continue 
and lead to full saturation is presented as evidence for diffusion 
of the ligand away from the heme pocket. At longer times, 
bimolecular recombination accounts for the eventual resatu- 
ration of the protein. 

Attempts to establish a correlation between heme structural 
parameters and the rebinding processes have not met with 
success due to the difficulties associated with obtaining reliable 
time evolution data from structure-sensitive optical transitions. 
However, it appears also difficult to obtian a structural cor- 
relation from the resonance Raman data because the time 
dependences of the various structure-sensitive lines do not agree 
with each other (Rousseau & Friedman, 1987). The quali- 
tative similarity of the two curves in Figures 4 and 5 to those 
in Figure 6 points to the need for additional experiments on 
the 760-nm line obtained with a higher density of points. A 
second laser currently being set up in our laboratory, replacing 
the xenon lamp, will make such measurements possible. 

Ansari et al. (1985) studied the time dependence of the 
760-nm line in the myoglobin photoproduct a t  cryogenic 
temperatures. They observed that the decay of the line position 
in the myoglobin photoproduct a t  low temperature was not 
exponential in time. The changes in frequency and intensity 
of the charge-transfer transition we report here for hemoglobin 
are also nonexponential. The processes are no doubt more 
complicated though because hemoglobin is known to have a 
more complex relaxation pathway than myoglobin. In addition 
to the study of the time dependence of the wavelength position 
of the 760-nm line after photodissociation as a function of 
temperature by Ansari et al. (1989,  recombination data as 
a function of time and temperature have also been reported 
for MbCO (Ansari et al., 1986). In Figure 7, we present data 
for the time dependence of the wavelength shift of the 760-nm 
line for myoglobin subsequent to CO photolysis (Ansari et al., 
1985) and also for the recombination as a function of time for 
various temperatures (Doster et al., 1982). It is clear from 
these data that the time constant for recombination is faster 
than the time constant for the structural relaxation. Thus, 
from these data there is no obvious relationship between the 
structural relaxation and the CO recombination. 
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FIGURE 7: Structural change of the heme in low-temperature myo- 
globin after photodissociation determined from the position of the 
760-nm line (solid lines, left axis) from Ansari et al. (1985) and 
recombination of CO with myoglobin after photodissociation (dashed 
lines, right axis) from Doster et al. (1982). 

We must conclude from the low-temperature experiments 
on myoglobin that the processes which occur in myoglobin at 
cryogenic temperatures differ from those that occur in hem- 
oglobin at  room temperature. We do not find this especially 
surprising since the relaxation properties of hemoglobin and 
myoglobin are very different a t  room temperature (Sassaroli 
et al., 1986; Rousseau & Friedman, 1987). It would be in- 
teresting to follow the relaxation of the 760-nm line and the 
C O  rebinding at cryogenic temperatures in hemoglobin in 
order to determine if the differences discussed above result 
from differences between hemoglobin and myoglobin or dif- 
ferences between room temperature and low-temperature re- 
laxation processes. 

Mechanism for Correspondence between Recombination and 
Relaxation. In the data reported here for hemoglobin at room 
temperature, there is a correspondence between the recom- 
bination and the conformational relaxation. It is also note- 
worthy that in myoglobin, in which the structural relaxation 
occurs very rapidly, as evidenced by no differences between 
optical properties of the photoproduct and the deoxy species 
at 10 ns, no significant early recombination takes place (in 
the 10-8-10” s range as seen in hemoglobin). Taken together, 
these results indicate that there is a strong correlation between 
the conformational relaxation process and the CO recombi- 
nation. There are three mechanisms by which this correlation 
could occur. 

One possibility is that in hemoglobin it could be more 
difficult for CO to leave the heme pocket than in myoglobin 
and the presence of C O  could inhibit any structural relaxation 
(Hofrichter et al., 1983, 1985). In this scenario C O  would 
have to escape from myoglobin on a time scale shorter than - 1 ns so that the heme would not be prevented from relaxing 
to its deoxy conformation by the distal pocket. In hemoglobin, 

CO would remain in the pocket, preventing any relaxation until 
10-8-10-7 s. On that time scale, in some molecules geminate 
recombination would occur (Figures 5 and 6) and in others 
CO would escape, allowing partial relaxation. Additional 
protein constraints must be hypothesized that prevent full 
relaxation at  the longer times. For this case, the corre- 
spondence between the conformational relaxation and the 
geminate recombination results from the presence of CO in 
the heme pocket. 

A second possibility to account for the observed corre- 
spondence would have the conformational change controlling 
the recombination rate (Hofrichter et al., 1985; Friedman, 
1985; Rousseau & Friedman, 1987). In myoglobin the con- 
formational relaxation would occur very quickly, reaching a 
state of the heme with a significant barrier for recombination. 
Consequently, even though CO may be present within the 
pocket, recombination would not readily occur because of the 
high barrier. In hemoglobin the conformational relaxation 
would be postulated to be slower, so the recombination would 
proceed (in the 10-8-10-7 s region) until the relaxation is 
complete. For this possibility, the presence of CO would not 
influence the structural relaxation rate and would presumably 
diffuse away from the heme on the 10-7-10-6 s time scale. 

To account for the correspondence between the recombi- 
nation rate and the conformational change, the above two 
models implicitly assume that there is a homogeneous popu- 
lation of molecules. However, in low-temperature studies on 
myoglobin there is substantial evidence that the population 
is heterogeneous (Frauenfelder, 1983). For myoglobin at room 
temperature a rapid interconversion among the heterogeneous 
substates occurs. Thus, a third possible explanation could 
involve an inhomogeneous population of CO-bound molecules 
in hemoglobin. Upon photodissociation an inhomogeneous 
distribution of photodissociated molecules could be generated, 
resulting in a composite line in the 760-nm region. Unlike 
myoglobin, it must be postulated that in hemoglobin the 
substates within this inhomogeneous population do not in- 
terconvert at room temperature over the observed time scale. 
Consequently, for hemoglobin, those molecules with fast re- 
binding kinetics would display a wavelength near 765 nm or 
even longer while those with slow rebinding kinetics would have 
the transition near the deoxyhemoglobin value (-759 nm). 
As a consequence, when recombination occurs, the center of 
the inhomogeneous line shifts from longer to shorter wave- 
lengths. For myoglobin, rapid structural relaxation and rapid 
interconversion between substates are assumed in this model 
so that photodissociation yields a near homogeneous distri- 
bution with a 760-nm transition at the same wavelength as 
that in deoxymyoglobin. Recombination to this state is pre- 
sumed to be very slow. 

The three models proposed above to account for the data 
reported here are qualitatively different. In the first, the 
conformational change can only occur when CO diffuses out 
of the pocket. In the second, the conformational change de- 
termines the rebinding rate of the heme. In the third, the 
absorbance wavelength is a characteristic of each substate with 
its unique rebinding kinetics. It is clearly important to dis- 
tinguish between these three models as they have strong im- 
plications concerning the structure/function relationship in 
hemoglobin and myoglobin. Indeed, for hemoglobin the dis- 
tinction between these models is especially important in order 
to determine the molecular basis for cooperativity. One would 
hope that the resonance Raman data would be able to clarify 
these models. However, the Raman data are not internally 
consistent, making any quantitative determinations extremely 
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difficult (Rousseau & Friedman, 1987). The present data 
show a correspondence between recombination and relaxation 
and thereby underscore the need to resolve the uncertainties 
in other data so as to understand these important mechanisms. 
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