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the ligand in the two binding sites when the protein coordinates 
become available. 
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ABSTRACT: Picosecond time-resolved absorption spectroscopy and low-temperature studies have been un- 
dertaken in order to understand the nature of the intrinsic quantum yields and geminate recombination of 
carbon monoxide and oxygen to hemoglobin and myoglobin. W e  find that  the photoproduct yields a t  40 
ps and long times (minutes) after photolysis a t  8 K are similar; however, the yield of oxygen photoproducts 
is 0.4 f 0.1 while the yield of carbon monoxide photoproducts is 1 .O f 0.1 for both myoglobin and hemoglobin. 
Measurements in the Soret, near-infrared, and far-IR are used to quantitate the photoproduct yields. These 
results call into question previous cryogenic kinetic studies of O2 recombination. Significant subnanosecond 
geminate recombination is observed in oxyhemoglobin down to 150 K, while below 100 K this geminate 
recombination disappears. The  lower photoproduct yields for oxyheme protein complexes can be attributed 
to both subnanosecond and subpicosecond recombination events which are  ligand and protein dynamics 
dependent. 

Characterization of the photolytic reactions of ligand-bound 
hemoglobin and myoglobin is essential for understanding the 
kinetics and reactivity of heme reactions (Gibson, 1959; An- 
tonini & Brunori, 197 1 ; Gibson & Antonini, 1967). In general, 
the photoproduct yields are quite ligand-specific with the 
observed yield of photolysis products for NO and 0, invariably 
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lower than those for C O  ligand. For example, the photopro- 
duct yield for horse CO myoglobin on microsecond time scales 
is 1 .O, while those for O2 and NO ligands are 0.03 and 0.001, 
respectively (Antonini & Brunori, 1971). In addition, observed 
yields are affected by temperature, solution conditions, and 
protein structure (Gibson & Ainsworth, 1959; Saffran & 
Gibson, 1977; Brunori et al., 1973; Noble et al., 1967). 

A major advance in the study of ligand-heme protein 
photodissociative events occurred with the discovery that 
geminate recombination on the 100-ns time scale contributes 
to the observed differences in longer time photoproduct yields 
(Duddell et al., 1979; Alpert et ai., 1979; Friedman & Lyons, 
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1980). In  fact, the differences in the yield of C O  photolysis 
on microsecond and longer time scales between hemoglobin 
and myoglobin originate almost entirely from differences in 
geminate recombination processes (Friedman & Lyons, 1980; 
Hofrichter et al., 1985). Subsequently, picosecond (Chernoff 
et al., 1980; Cornelius et al., 1983; Friedman et al., 1985) and 
femtosecond (Martin et al., 1983; Jongeward et al., 1987) 
studies have demonstrated ligand-specific geminate phases 
occurring over a wide range of time scales. 

The room temperature solution-phase studies have clearly 
exposed the role of both intraprotein dynamics and the en- 
ergetics of heme-ligand recombination processes contributing 
to the overall observed photolysis yield a t  longer times. In  
addition, they provide a link between photoproduct yields under 
ambient conditions and the cryogenic studies of Frauenfelder 
and co-workers that also deal with protein dynamics and the 
various barriers to ligand recombination within the protein at  
low temperatures (Austin et al., 1975; Alberding et al., 1978; 
Doster et al., 1982; Ansari et al., 1985, 1986). These cryogenic 
studies reveal several cryogenic processes in series that con- 
tribute to the overall ligand recombination dynamics. Below 
180 K, only a single intraprotein recombination process is 
operative. This geminate phase, termed “process I”, is char- 
acterized by a distribution of recombination rates controlled 
by a distribution of potential energy barrier heights. The 
structural basis of the barrier distribution is asserted to be a 
distribution of conformational substates that are similar in 
overall structure but differ in their microscopic details and in 
their rebinding rates. Recent kinetic hole-burning experiments 
(Campbell et al., 1987; Agmon, 1988) provide spectroscopic 
support for this picture that conformational substates are 
responsible for the distribution in rebinding rates in photo- 
dissociated MbCO. 

A significant focus of both ambient and cryogenic studies 
is to discern the molecular basis for the large differences in 
reactivity between CO and O2 in their interactions with H b  
and Mb. For ambient solution-phase experiments, the lig- 
and-specific differences are manifest in the reduced photolytic 
yield and enhanced geminate yield for O2 over CO.  

Martin et al. (1983) have shown that the disappearance of 
liganded states occurs immediately upon photolysis (<50 fs), 
while deoxy-like Soret species are observed later, after 300 fs. 
Recently, femtosecond transient absorption investigations by 
Petrich et al. (1 988) have provided evidence for ultrafast 
(subpicosecond) recombination of O2 and NO ligands with 
hemoglobin and myoglobin. They attribute these ultrafast 
processes to decay of an electronically excited geminate pair. 
This model suggests that observed yields are influenced by 
electronic processes a t  early times ( < 5  ps). 

I n  this context, the early time photolytic yield would ori- 
ginate from ligand-dependent branching ratios for (at least) 
two relaxation pathways, one leading to a deoxy-like photo- 
product and the other to the initial ligand-bound species. 
Alternatively, it has been suggested (Agmon & Hopfield, 
1983) that the distribution of barrier heights controlling 
geminate rebinding at  either cryogenic or ambient tempera- 
tures can include contributions from conformational substates 
having a near-zero or zero barrier height. Such conformational 
substates would presumably recombine on ultrafast time scales. 
A relevant question is to what extent is the distribution of 
barrier heights different for 0, and CO? Is the 0, distribution 
tilted in favor of states that have little or no barrier to re- 
binding? 

The literature concerning the low-temperature kinetics of 
0, and C O  recombination with hemoglobin and myoglobin 
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is extensive and has included the monitoring of recombination 
in the Soret, near-infrared, and far-infrared regions of the 
spectrum (Austin et al., 1975; Doster et al., 1982; Ansari et 
a]., 1985, 1986, 1987; Chance et  al., 1987). On the basis of 
such studies, it was concluded that M b 0 2  and MbCO have 
a very similar distribution of enthalpic barrier heights and 
similar entropic contributions (preexponentials) (Doster et al., 
1982; Frauenfelder & Wolynes, 1985). This apparently would 
rule out the hypothesis derived from Agmon and Hopfield 
(1983). 

However, these cryogenic kinetic analyses typically probe 
the photoproduct population surviving on time scales of several 
hundreds of nanoseconds and longer after photolysis. A strict 
accounting for the presence of unphotolyzed material is gen- 
erally absent. For CO kinetic analysis, this is not a problem, 
since as we show here, and has been shown previously by us 
and others (Saffran & Gibson, 1977; Brunori et al., 1973; 
Noble et al., 1967; Chance et al., 1987; Ansari et al., 1987; 
Chance et al., 1983; Powers et al., 1987; Alben et al., 1982; 
Iizuka et al., 1974; Campbell et al., 1987), photolysis of C O  
bound to myoglobin at all temperatures is relatively complete; 
Le., the observed photoproduct yield a t  short times and below 
I O  K exceed 95%. For O2 photolysis, the situation at  ambient 
temperatures is quite different. 

In an attempt to address the origin of ligand-specific dif- 
ferences in photolytic yield and the origin of recombination 
differences between 0, and CO, we have undertaken a tran- 
sient absorption study with subnanosecond resolution of the 
photodissociation process a t  cryogenic temperatures. This 
study has measured the fraction of the total sample observed 
as photoproducts and the subnanosecond geminate recombi- 
nation of photolyzed 0, and CO ligands with hemoglobin and 
myoglobin from ambient to cryogenic temperatures. Using 
a combination of visible, near-infrared, and far-infrared ab- 
sorption measurements, we have determined the 40-ps and 
long-time photoproduct yields a t  liquid helium temperatures 
for heme protein-ligand complexes. Finally, we examine to 
what extent the photolysis yields (both intrinsic and observed) 
are correlated with heme pocket structural parameters. 

We show that for O2 adducts, substantial quantities of 
material are either trapped in nondissociative states or re- 
combine on ultrafast time scales. This poses a potential 
problem in the interpretation of the previous low-temperature 
kinetic data for 0, and the contention that for MbO, and 
MbCO the distribution of barrier heights and the preexpo- 
nential factors for recombination are similar (Frauenfelder 
& Wolynes, 1985). 

EXPERIMENTAL PROCEDURES 
Picosecond transient absorption spectroscopy a t  low tem- 

perature was performed by using an actively/passively 
mode-locked Nd:YAG laser. The configuration is shown in 
Figure 1. A fraction of the frequency-doubled pulse (532 nm) 
was anti-Stokes Raman shifted in a hydrogen cell to provide 
the 436-nm probe pulse. This frequency was near the peak 
of the absorbance of the stable low-temperature photoproducts 
(see below). Cross-correlation of the 532-nm pump pulse and 
the 436-nm probe pulse was 540 ps, the average power was 
220-250 m W  at 532 nm, and the repetition rate was 10 Hz. 
A movable stage (Klinger) provided the optical delay between 
pump and probe. The probe beam was split near the sample 
and measured with a photodiode to provide a reference signal. 
The probe beam was spatially overlapped with the photolysis 
beam and directed through Janis liquid helium immersion 
Dewar to control the temperature of the sample. The output 
beam was detected with an identical photodiode, and the two 



O2 and C O  Reactions with Heme Proteins Biochemistry, Vol. 29, No. 23, 1990 5539 

KDP 
c\ Nd YAG Laser H, Cell r\ 

3OOpsi I 

Delay Stage 

Dichroic Mirror A 
Y 

Sample He Dewar Reference Diode 

Computer Averager Monochromator 

FIGURE 1 : Diagram of picosecond transient absorption spectrometer. 
Details described in text. 

diode outputs were ratioed with a Princeton Applied Research 
boxcar averager. The boxcar output was digitized and aver- 
aged in a computer. Data points for the picosecond transient 
experiments were taken every 100-200 ps with dwell times of 
between 2 and 5 s. Smoothed data were averaged in two 
separate regions, from +300 ps to +4 ns and from -500 ps 
to -100 ps using a mild Savitsky-Golay smoothing routine. 

A large number of control experiments were carried out to 
establish the differences in  behavior of the C O  and O2 low- 
temperature photoproducts. The photoproduct yields were 
determined on the basis of sample concentrations calculated 
from published and reverified extinction coefficients (at am- 
bient and cryogenic temperatures) of the liganded material 
before photolysis (Antonini & Brunori, 1971; Srajer et al., 
1986; Leone et al., 1987; Eaton et al., 1978). The results were 
based on dozens of measurements and many different prepa- 
rations of Mb and Hb. No major inconsistencies among the 
various spectroscopic probes were found using this approach. 

The extinction coefficient of the low-temperature Soret 
photoproduct band was required in order to correctly use the 
436-nm single-wavelength probe to measure photoproduct 
concentrations. This extinction coefficient is not well estab- 
lished (Iizuka et al., 1974). A diode array spectrometer 
configuration described previously was used to measure lig- 
anded and photoproduct Soret spectra of MbCO and MbO, 
(Campbell et ai., 1987). These spectra yielded the extinction 
coefficients at various wavelengths, allowing photoproduct 
yields to be calculated according to eq 1 where P* = the 

p* = log ( z ~ / ~ ) ( l / ~ ( l / c m ) / ( € p p  - EL) (1) 

photoproduct yield, Z = the signal voltage, Z, = the detector 
voltage at negative time on the optical delay stage for transient 
absorption experiments or voltage before any illumination for 
picosecond titration experiments, C = the sample concentration 
(millimolar), and cm = the path length of the sample; this was 
0.158 cm for all the Soret measurements. Since 436 nm is 
close to the measured photoproduct peak, the observed voltages 
drop as the photoproduct concentration increases. tpp is the 
millimolar extinction coefficient of the photoproduct at 436 
nm; tL is the millimolar heme protein-ligand extinction 
coefficient at 436 nm. 

Since the C O  samples were fully photolyzable, their tpp 
values could be observed directly with no correction for lig- 
anded material. The photoproduct peak was observed at 439 
nm (Figure 2b), and the difference extinction coefficient, tpp 

1.2, 1 
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WAVELENGTH (nm) 
FIGURE 2: MbCO, MbOz, and photoproduct spectra at 8 K. Spectra 
a are M b 0 2  and its photoproduct (52 pM).  Spectra b are MbCO 
and its photoproduct (61 WM concentration). Spectra shown are 
unsmoothed, and a cubic polynomial base line is subtracted from the 
data as described previously (Campbell et al., 1987). The photoproduct 
was generated by 15-min illumination from a tungsten projector. The 
peak of the MbCO photoproduct is a t  439 nm. The MbOz photo- 
product spectrum has at  least two apparent components centered a t  
420 and 439 nm. The dashed line in spectra a is a two-Gaussian fit 
to the MbOZ photoproduct spectra. The fit indicates a 42% loss of 
liganded material in the photoproduct. 

- tL, for MbCO at 436 nm and 8 K was estimated to be 78 
f 8 ODU mM-I cm-'. However, for MbO,, it can be seen 
in Figure 2a that significant amounts of liganded material 
remain even after extended CW illumination sufficient to fully 
photolyze the MbCO sample. Other experiments at tem- 
peratures as low as 2 K did not alter the result. Therefore, 
since cpp for O2 cannot be observed directly, we estimated its 
value from the loss of liganded material and the rise in the 
photoproduct band. The dashed line in Figure 2a represents 
a two-Gaussian fit with no parameters fixed to the M b 0 2  
photoproduct data. One Gaussian had a peak position equal 
to the position of the MbO,-liganded band. The second 
Gaussian had a peak position at the frequency of the MbCO 
photoproduct band. The area and height of the first Gaussian 
corresponded to 58% of the fully liganded species. This implies 
that 42% of the sample remains photolyzed under these con- 
ditions. The height and area of the second Gaussian corre- 
sponded to 36% of the area and height of the 100% MbCO 
photoproduct peak. Therefore, the tpp for MbOz at 8 K must 
be very close to the value for MbCO; they are certainly equal 
within the errors of measurement. Assuming they are equal, 
tpp - tL for M b 0 2  at 436 nm and 8 K is estimated to be 99 
f 9 ODU mM-' cm-I. The difference at 436 nm for M b 0 2  
is greater than for MbCO because of the red shift of the 
MbCO peak compared to Mb02.  It is not possible with the 
present data to evaluate the possible changes in tpp as a 
function of temperture. Although the peak absorbancies of 
MbCO and M b 0 2  vary somewhat with temperature from 10 
to 150 K, the effects at 436 nm are negligible compared to 
other uncertainties. Thus, we feel that these difference ex- 
tinction coefficients can be applied to all the transient ab- 
sorption data seen in the paper. 

In order to confirm that the single-wavelength absorbance 
data from the picosecond transient absorption experiments 
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FIGURE 3: Picosecond titration of a HbCO sample of 21 pM. Each 
point represents additional single pulses of a the 532-nm picosecond 
laser at 15-mW average power. This represents a photon concentration 
of 53 pM per pulse. Considering the sample OD at the pump 
wavelength, 6.4 pM photon is absorbed by liganded states in the first 
pulse. The absorbance change (extinction) is calculated at the 436-nm 
probe wavelength, which was so weak as to not photolyze the sample. 
The liganded material remaining after a pump pulse is calculated from 
the absorbance change at the 436-nm probe wavelength, and the 
absorbed photon concentration for the next pump pulse at 532 nm 
is calculated based only on 532-nm absorption by liganded states. This 
process is repeated for each pulse, so that the absorption contribution 
of photoproduct states is subtracted out in the calculation of absorbed 
photons. The x axis represents the net photon concentration absorbed 
by liganded states only. The sample reaches 95% photolysis when 
95% of the liganded states have been interrogated (20 pM absorbed 
photon concentration). Subsequent multiple flashes increase the 
extinction to the Soret calculated value of 78 

agreed with the Soret data, we carried out a number of pho- 
totitration experiments with 40-ps pulses. Representative 
results are seen in Figure 3. Phototitration experiments were 
performed by measuring the absorbance changes a t  436 nm 
and 8 K pulse by pulse, Le., titrating the absorbance changes. 
Initial experiments simply compared the probe 436-nm de- 
tector voltages before illumination and after a large number 
(100 or more) of 532-nm photolyzing pulses for various 
MbCO, Mb02 ,  HbCO, and H b 0 2  samples a t  8 K. This 
consistently gave photoproduct yields close to those of the Soret 
experiments carried out with myoglobin. In Figure 3, we show 
a careful titration of the absorbance changes in order to si- 
multaneously test the conjunction of power measurements, 
sample concentrations, path lengths, and detector linearity. 
The total absorbance change at  the pump wavelength is small, 
since the photoproduct and liganded absorbance are within 
20%. 

One feature of such a titration is that photon absorption by 
already photolyzed molecules does not further contribute to 
increases in the photoproduct yield. As such, typical titration 
curves show successively smaller increases in 436-nm probe 
absorbance with every flash. For Figure 3, we calculated the 
remainder of liganded material after each pump pulse, and 
therefore the x axis represents the net concentration of photons 
absorbed only by liganded states. The result is plotted against 
the total absorbance (extinction) of the sample at  436 nm. The 
linear result shows that for each pulse, the production of 
photolyzed states (absorbance increase) is directly proportional 
to the number of liganded species which absorb photons (in 
the limit of low concentration). If the ordinate axis is 
transformed into the concentration of photolyzed HbCO by 
use of our calculated extinction coefficients, the slope of the 
line in this experiment is close to 1. Each liganded molecule 
needs absorb only one photon to become photolyzed. If the 
slope of the line was substantially less than 1, this would imply 
that it requires a multiphoton process to generate the MbCO 
photoproduct state. This establishes that optical pumping into 
long-lived states is not a major component of the conversion 
to stable photoproducts. Figures 2 and 3 represent a fraction 

Table I :  Stable Photoproduct Yields of Hemoglobin and Myoglobin 
at 8 K after CW Photolvsis‘ 

far-IR 
sample Soret 760 nm (1950 cm-I) 

horse MbCO 1.0 f 0.1 0.95 f 0.05 0.95 f 0.05 
human HbCO 1.0 f 0.1 0.90 f 0.1 N / A  
horse MbO, 0.4 f 0.1 0.45 f 0.05 N / A  
human HbO, 0.4 f 0.1 N / A b  N I A  
The rows represent the sample type; the columns represent the 

spectral region used to measure the vield. b N I A .  not vet available. 

of the control experiments carried out to ensure the accuracy 
of the results. 

The transient absorption experiments used a range of 
photons per molecule with no significant changes in the results. 
Near-infrared spectra (760 nm) were taken with a diode array 
spectrometer as described previously (Campbell et al., 1987). 
Near-IR spectra were normalized by fitting a cubic polynomial 
to the blue and red edges of the spectrum removed from the 
760-nm absorption band. This curve corresponds to the tail 
of the visible absorption band and was subtracted from the 
near-IR data. FT-IR spectra data are from Chance et al. 
(1987). 

Horse myoglobin was prepared according to standard 
methods (Antonini & Brunori, 1971) and human hemoglobin, 
the A. form, was the gift of Dr. Robert Noble. All samples 
contained 50 m M  potassium phosphate buffer (pH 7.5) and 
75% glycerol. 

RESULTS 
We calculated the stable quantum yields of photolysis for 

oxy and carbonmonoxy complexes using three different 
spectroscopic markers at  8 K (Table I). All the samples were 
photolyzed with C W  light; then the light was extinguished and 
an appropriate weak probe light was used to examine the 
spectra. All these values represent the stable or “permanent” 
yield. The Soret column includes the permanent yield with 
C W  light as ascertained with ”full” spectra, as seen in Figure 
2a,b, and the permanent yield after multiple flashes of the 
532-nm laser, using a 436-nm probe, as in Figure 3. The 
results were identical within the errors. The yield of stable 
photoproducts was 90-100% for MbCO and HbCO with each 
technique. The spectroscopic markers used included a liganded 
mode undisturbed by deoxy markers (far-IR), a deoxy ab- 
sorption band distinct from any liganded influences (near-IR), 
and the Soret region, where liganded and deoxy absorption 
bands overlap. The results for M b 0 2  and H b 0 2  showed 
considerably less photolysis, averaging 40-45% when three 
kinds of measurements (diode array and single wavelength in 
the Soret and near-IR) and two different spectroscopic markers 
were used. 

The subnanosecond kinetics of rebinding for photolyzed 
HbOz and HbCO showed little variation between room tem- 
perature and 150 K. For photolyzed Hb02,  60% of the Soret 
absorption a t  436 nm decays within 2 ns. By comparison, 
HbCO exhibits only 10-15% recombination on this time scale. 
Comparable measurements on M b 0 2  proved difficult in that 
the sample stability a t  the higher temperatures was lower; 
nonetheless, it is clear that photolyzed MbOz shows much less 
subnanosecond recombination than Hb02.  The MbCO sam- 
ples showed little recombination over the 2-11s time frame. 

In  Figure 4, the geminate recombination for HbOz and 
HbCO is shown a t  150 K. The 75% glycerol sample is frozen, 
and the sample fully recombines within 0.1 s. The figure shows 
the raw absorbance changes, using the sample concentration, 
path lengths, and difference extinction coefficients; the pho- 
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FIGURE 4: Picosecond transient absorption spectra of HbCO and Hb02 
at 150 K. Average laser power is 50 mW. The O2 sample (curve 
B) is 150 pM, and the CO sample is 130 pM (curve A). Data are 
unsmoothed. 
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FIGURE 5: Temperature dependence of geminate recombination for 
Hb02 Laser power is 15 mW; sample concentration is 137 pM. Data 
are smoothed as described. Considering the concentration of absorbed 
photons per pulse (30 pM), an extinction of 24 ODU mM-’ cm-’ or 
a photoproduct yield of 0.25 f 0.1 is indicated for these experiments. 
Curve A,  70 K; curve B, 100 K; curve C, 150 K. 

toproduct yield a t  50 ps for the HbOz sample is 0.2 f 0.1; for 
the CO sample, it is 1 .O f 0.1 (see other figures for repre- 
sentative calculations). Figure 4 clearly shows significant 
differences in absorbance jump and photoproduct yield for two 
samples of equal concentration a t  identical laser powers. To 
minimize the experimental differences, we used a double cell 
with an 0, sample mounted directly above a CO sample in 
the Dewar. The two samples could be moved vertically to 
bring one or the other into the beam in a matter of seconds 
for experiments closely spaced in time. This minimized any 
changes in temperature or laser power. The results consistently 
showed these relative differences for HbOz compared to 
HbCO. The fast phase of geminate recombination for HbO, 
a t  150 K shows that approximately 60% of the absorbance at  
436 nm has decayed within 2 ns, similar to results a t  250 K 
(Friedman et  a]., 1985). Fits to single exponentials were 
unsuccessful, double-exponential fits were quite good, but the 
longer lifetime was above 2 ns. More decades in time are 
needed to adequately analyze the kinetic parameters. How- 
ever, it is clear that at  150 K, the photoproduct yield for H b 0 2  
a t  2 ns is 0.08 or less, while for HbCO it is effectively 0.85 
(1 5% has recombined). Thus, the nanosecond photoproduct 
yield for H b 0 2  begins to approach the microsecond yields of 
approximately 0.03. 

These geminate processes for HbCO and H b 0 2  are  rela- 
tively unaffected by temperature in the range 190-150 K, and 
the observed curves are overlapping. From 150 to 70 K, the 
rate of geminate recombination for H b 0 2  decreases signifi- 
cantly while the absorbance jump remains constant. Figure 
5 shows experiments a t  150, 100, and 70 K. Clearly, the fast 
geminate process is reduced a t  100 K and is absent at  70 K. 

I I 

____._---. 20’51 i 
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1 I I - 1.0 0 1.0 2.0 3.0 4.0 
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FIGURE 6:  Temperature dependence of HbCO geminate recombi- 
nation. Samples are 130 pM; laser power is 50 mW average. Data 
are unsmoothed. Curve A, 150 K curve B, 70 K, time C, 40 K; curve 
D, 20 K. Considering the concentration of absorbed photons per pulse 
(74 pM), an extinction of 81 ODU mM-’ cm-’ or a photoproduct yield 
of 1.0 f 0.1 is implied for this experiment. 
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TIME (ns) 

FIGURE 7: Power dependence of Hb02 geminate recombination at 
150 K. Curve A, 50 mW; curve B, 15 mW; curve C, 5 mW average 
power. Sample concentration is 154 pM; data are smoothed as 
described. The transient absorbance changes across zero time taking 
into account the different laser powers and numbers of absorbed 
photons are 16, 24, and 17 ODU mM-’ cm-I for curves A, B, and 
C, respectively. 

At or below 70 K, H b 0 2  recombination resembles HbCO 
geminate recombination (see below). 

In Figure 6, the temperature dependence of the HbCO 
recombination is shown. At  temperatures lower than 90 K, 
the overall recombination rate slows to the extent that some 
of the molecules do not recombine before the next laser pulse. 
Thus, the “baseline” absorbance in the transient absorption 
experiment rises with decreasing temperature, while the ab- 
sorbance jump across zero time drops. Curve 6B shows the 
beginnings of this process. At 20 K (curve 6D), the absorbance 
jump is very small, and the base line is correspondingly high 
since 90% of the sample does not recombine within 0.1 s. 

Figure 7 shows the power dependence of the picosecond 
geminate recombination of H b 0 2  a t  150 K. The absorbance 
jump scales with the number of absorbed photons, and the 
kinetics are  similar regardless of the power. Similar experi- 
ments with HbCO also showed no variations in the kinetics 
at  different powers. 

For HbCO, the photoproduct yield data indicate that at  very 
low temperature (8 K), 90-100% of the sample can be con- 
verted to photoproducts that do not recombine between laser 
pulses. This implies that one should not observe a significant 
absorbance jump across zero time a t  this temperature when 
the delay stage is scanned, since the sample is fully photolyzed 
or pumped by the 10-Hz laser. We  find that when the stage 
is scanned across zero time, no significant change in absor- 
bance is observed for both HbCO and MbCO. For H b 0 2  and 
Mb02,  the photoproduct yield (at 8 K) is on the order of 40% 
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so that 60% or more of the sample is unphotolyzed. Here, 
the absorbance jump across zero time is on the order of 5%, 
but no recombination is observed out to 4 ns. Therefore, this 
5% fraction recombines between 4 ns and 0.1 s. A large 
fraction of the sample apparently recombines (or does not 
photolyze) within the pulse duration. Variations in laser power 
did not change the result. These results show that the ob- 
seruable photoproduct population of MbO, recombines slightly 
faster than that of MbCO, consistent with earlier observations 
(Doster et al., 1982). 

For HbCO and MbCO, we achieved complete photolysis 
both a t  long times and low temperatures (8 K) and a t  short 
times (40 ps) and higher temperatures. For 02, the results 
were quite different. At 150 K, 80% of the MbO, and HbO, 
samples do not appear as photoproducts after 40-ps laser 
pulses. For HbO,, the 20% that does appear as photoproduct 
undergoes temperature-dependent recombination. As the 
temperature is dropped, for 0, samples the yield of stable 
photoproducts rises, so that at  8 K ,  close to 40% of the MbO, 
and H b 0 2  samples appear as photoproducts. At 8 K for O,, 
5% of the population recombines within 0.1 s, while for CO 
<5% recombines. 

DISC uss ION 

Photoproduct Yields at Cryogenic Temperatures. Previous 
solution-phase picosecond transient absorption studies on 
hemoglobin using photolysis pulses of 30-ps duration have 
demonstrated that whereas CO undergoes little geminate re- 
combination within the first few nanoseconds of photolysis, 
0, exhibits a substantial geminate phase over several hundred 
picoseconds (Freidman et al., 1985). In the present study, the 
above oxy/carbonmonoxy difference is observed not only for 
room temperature solution-phase samples but also for frozen 
samples well below 200 K. This persistence in the pattern of 
subnanosecond geminate recombination for the HbO, samples 
even at  150 K is significant for several reasons. At cryogenic 
temperatures, the observation of distributed kinetics and kinetic 
hole burning has supported the idea of conformational subtates 
(Austin et al., 1975; Doster et al., 1983; Ansari et al., 1985; 
Campbell et al., 1987; Agmon et al., 1988). These states 
represent distinct molecular species that interconvert only 
slowly a t  these temperatures. They are distinct, and react with 
distinct rate constants, because of differences in atomic co- 
ordinates that are responsible for controlling the rebinding. 
Below 180 K, escape of ligands from the vicinity of the heme 
pocket ceases (Austin et al., 1975; Ansari et al., 1986). Re- 
combination a t  this temperature and below is exclusively from 
within the protein, and consequently, the kinetics should be 
dominated by this quasi-frozen distribution of conformations 
and energy barriers. The observation of this subnanosecond 
rebinding process in HbO, down to 150 K shows (1) that this 
rebinding is clearly from within the heme pocket and (2) the 
relevance of these cryogenic studies to room temperature 
processes. 

The kinetic data of Frauenfelder and co-workers (Austin 
et al., 1975; Alberding et al., 1978; Doster et al., 1982; Ansari 
et al., 1985) suggest that their process I, recombination from 
within or near the heme pocket, for CO and 0, recombination 
is similar but exhibits measurable although not substantial 
differences in the average barrier to recombination and the 
distribution shape (Doster et al., 1982). Our results demon- 
strate processes that are drastically different in C O  and 0, 
rebinding, requiring a reexamination of these earlier conclu- 
sions. 

The yield of photoproducts a t  40 ps for HbOz and MbOz 
is consistently less than unity at  all temperatures between 200 
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and 2 K. It is important to understand the reasons why such 
a fast recombining or unphotolyzable population is present for 
0, ligands but absent for CO. Although there are difficulties 
in comparing the absolute absorbance changes for frozen 
samples of this type, the consistently of the results and the large 
differences observed umambiguously indicate significant 
differences between the ligands. Clearly, the full distribution 
of carbonmonoxy heme protein substates contributes to the 
measured properties of the photoproduct, whereas only a 
fraction of the oxy population is contributing. 

A key question is to what extent is the apparently less than 
unity quantum yield for the oxy derivatives either a function 
of the intrinsic yield or due to picosecond or faster recombi- 
nation events. Further, considering the existence of confor- 
mational substates a t  cryogenic temperatures; (a) does each 
distinct state have a fixed probability of photodissociating when 
illuminated, or (b) is the intrinsic yield a distinct feature of 
each molecule determined by its conformation, or (c) is the 
yield for each and every substate unity and a fraction of the 
molecules are in conformational substates that experience 
essentially no barrier to recombination, so that they can re- 
combine within a 40-ps pulse duration a t  8 K? Possibility (a) 
seems to be ruled out by the absence of significant pumping 
of the sample at  low temperature. If there were simply a fixed 
probability of being photolyzed into a stationary state, ulti- 
mately the entire sample would become photolyzed. Possi- 
bilities (b) and (cj remain the important ones to distinguish. 
The present results suggest that possibility (c) is the most viable 
model. 

From 190 to 70 K, the photoproduct yield (0.2) is un- 
changed for HbO,, while the subnanosecond recombining 
population decreases significantly. Further decreases in tem- 
perature to 8 K result in a doubling of the photoproduct yield 
to 0.4. Eighty percent of the sample population was not ob- 
served as photoproduct a t  70 K and above; however, the ki- 
netics of some portion of these “unphotolyzable” states have 
been slowed into the observed photoproduct population a t  8 
K. Therefore, a portion of the “unphotolyzable” population 
is clearly photolyzable, and the temperature-dependent re- 
combination of this fraction accounts for the rise in photo- 
product yield to 0.4 at  8 K. For MbCO and HbCO below 10 
K, essentially the entire population is converted to stable 
photoproducts, whereas for HbO, and MbO, ca. 55% is un- 
photolyzable (with 40-ps pulses), 5% recovers between pulses, 
and 40% is stable photoproduct. Previous observations (Petrich 
et al., 1988), that subpicosecond recombination is significant 
for oxyheme protein species, support the idea that the dif- 
ferences in observed yield may be entirely due to ultrafast 
relaxation. However, the data here suggest that relaxation 
from an electronically excited geminate pair is not the full 
explanation for the observed 0, yields, unless this relaxation 
is temperature dependent. At  the very least, these results 
provide no direct evidence for differences in the intrinsic yield. 

Our results are apparently a t  odds with the data of Valat 
and Alpert ( 1 9 8 9 ,  who measured the 30-ps quantum yield 
of HbO, as 0.65 f 0.15. We believe they have overestimated 
the 30-ps yield since there are several problems with their 
calculation. They base their quantum yield determination on 
the slope of a plot of O D  change versus laser power a t  low 
power levels. Although this is reasonable in principle, in this 
case it is subject to several errors. One problem, they admit, 
is that the true H b  spectrum of the deligated species is not 
known. This is a problem for our analysis also, although we 
can measure the low-temperature photoproduct directly. 
Another is the lack of consideration of the overlap of the deoxy 
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and liganded absorbance at the probe wavelength of 576 nm. 
Unfortunately, the slope of the power curve at both low light 
levels and small absorbance changes in subject to quite large 
errors. However, closer examination of their raw data shows 
some agreement with our results. They show a power curve 
demonstrating the saturation of OD changes with increasing 
power; the maximum OD change can be read off their curve. 
Using this OD value, their path length and concentration, and 
estimating the difference extinction coefficient at 576 nm based 
on room temperature deoxy and liganded spectra (Antonini 
& Brunori, 1971), we calculate a photoproduct yield value of 
0.36 f 0.15, equal to our result of 0.2 f 0.1 at 150 K within 
the error. 

Another feature of the results to be considered is the in- 
variance of the photolytic yield from 190 to 70 K. One 
mechanism which could make the absorbance jump constant 
in this region would involve a fraction of the sub-40-ps re- 
combining states slowing into the nanosecond regime while 
an equal fraction of nanosecond recombining states slows out 
of the observation window. Since the entire sample recovers 
between pulses in this range, we have no data to demonstrate 
this. If this is true, then nanosecond to millisecond recom- 
bination data should reflect it. In summary, for both MbO2 
and H b 0 2 ,  subpicosecond processes contribute to the lower 
microsecond yields observed compared to CO adducts at all 
temperatures. In  addition, the subnanosecond geminate re- 
combination for HbOz is substantial even at 150 K. 

Ligand Specificity of Recombination Kinetics. Previous 
studies by Doster et al. (1 982) and Frauenfelder and Wolynes 
(1985) have determined that the barriers to the heme for 0, 
and CO are quite similar. The preexponentials and the peak 
activation enthalpies of MbCO differ from those of MbO, by 
less than 10%. This was reasonably considered surprising, since 
the free ligands are quite different electronically. The 
preexponentials, on the order of lo9, were substantially lower 
than the canonical value of lo',. This was not necessarily 
considered evidence of nonadiabaticity, since entropy losses 
on binding and frictional forces can also reduce the preexpo- 
nential. The general conclusion was that the electronic dif- 
ferences in the ligand rebinding were overcome by steric factors 
in the protein that rendered the observed binding similar 
(Frauenfelder & Wolynes, 1985). The results presented here 
are inconsistent with these conclusions. 

The picosecond geminate recombination of HbO, is a pro- 
cess with a rate on the order of 5 X lo9 s-'. The subpicosecond 
recombination seen for both MbO, and HbO, is even faster. 
Thus, a fixed preexponential value of lo9 is inconsistent with 
processes this fast. Therefore, these subnanosecond and 
subpicosecond processes cannot be an extension of the lo9 
preexponential process I of Frauenfelder and co-workers to 
faster times than previously observed (Doster et al., 1982; 
Ansari et al., 1985). If the lo9 preexponential is adjusted 
upward, then the estimated barrier heights of Doster et al. 
(1982) will necessarily change. Following this line of rea- 
soning, it could then be imagined that the ultrafast geminate 
processes we observe represent the lower barrier edge of the 
process I distribution. That is, with a preexponential of 1O1O 
and a barrier height of 0.2 kcal/mol at 150 K, the implied rate 
is reasonable. However, this still cannot account for the fact 
that 60-80% of the O2 population at all temperatures recom- 
bines within 40 ps and that the subnanosecond geminate 
process for HbO2 at 150 K recombines 60% of the surviving 
photoproducts. This makes it difficult to preserve the process 
I barrier shape and size. 

Biochemistry, Vol. 29, No. 23, 1990 5543 

Our results do support the idea that the photoproduct 
populations for 0, and CO observed by Doster et al. (1982) 
are similar, with O2 rebinding slightly faster. For example, 
at 8 K, the presence of an absorbance jump of 5% for the 
M b 0 2  sample compared to <5% for the MbCO sample in the 
transient absorption experiments indicates that the observed 
MbO, photoproduct population is slightly faster as previously 
observed. Our concern is with the significant fraction of the 
population not observed by these previous experiments. 

Another factor distinguishing the 0, kinetics from that of 
process I is the temperature dependence of the picosecond 
rebinding phase. The picosecond geminate recombination of 
HbO, has similar kinetic curves in the region from 190 to 150 
K. The origins of this apparently non-Arrhenius behavior are 
unclear. The fast phase is lost in a gradual transition from 
140 to 80 K, and is completely gone at 70 K. The temperature 
dependence of process I in no way resembles these results. In 
addition, if this process did represent the low barrier edge of 
process I, it would show significant and continual slowing in 
the region 190-70 K. The temperature dependence of this 
phase indicates that the rebinding structures must be altered 
as the temperature drops. 

Previously, we and others have observed significant kinetic 
and spectroscopic changes in heme proteins centered at 100 
K (Powers et al., 1987; Campbell et al., 1987; Agmon, 1988). 
For example, from 8 to 100 K, the proximal histidine stretching 
frequency of deoxymyoglobin and its photoproducts is invar- 
iant; above 100 K, it begins to shift to the room temperature 
equilibrium deoxy value, and the shift is complete by 180 K 
(Powers et al., 1987). Agmon (1988) has also observed a 
"kink" in the temperature dependence of the near-infrared 
recombination data of Ansari et al. (1985). This transition 
may be indicative of the onset of structural relaxation processes 
contributing to frequency shifts in the near-infrared band. We 
have previously observed that structural relaxation monitored 
by this near-infrared absorption band is not observed below 
60 K (Campbell et al., 1987) and probably is also minimal 
below 100 K. Friedman et al. (1985) have shown that the fast 
geminate phase of O2 kinetics is solvent and protein structure 
dependent. There obviously is a transition region where the 
temperature begins to slow the fast geminate phase. We 
speculate that specific degrees of freedom related to the 
proximal histidine and control of iron displacement are frozen 
out in this temperature region. In summary, a substantial 
fraction of the 0, photoproduct population is distinct from the 
process I described by Frauenfelder and co-workers, while the 
photoproducts surviving beyond 4 ns clearly recombine by a 
process I mechanism. 

Ligand Specificity of Initial Photodynamics. Petrich et al. 
(1 988), using femtosecond time-resolved absorption studies 
at room temperature, found evidence for ligand-specific var- 
iations in the proportion of excited states that evolved into 
either the starting liganded material or the fully dissociated 
deoxy-like photoproduct. Excited-state photophysics may be 
partially responsible for ligand-specific differences in observed 
photoproduct yields. If the branching ratio is the same for 
all substate conformations, then continued photolysis of 0, 
adducts would drive the photolytic yield toward unity at 8 K 
since they would be trapped once photolyzed. Our results 
indicate that if branching ratios are present at cryogenic 
tempertures, they are a strong function of substate structure, 
with some structures predisposed toward the pathway leading 
to ground-state recovery, while other structures are predisposed 
toward the pathway leading to stable photoproducts. Essen- 
tially, if branching ratios of electronic excited states are im- 
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For MbCO a t  pH 3, the proximal histidine-iron bond is 
cleaved, and the frictional forces opposing rebinding should 
be low. Using picosecond time-resolved Raman studies, it can 
be seen that a substantial fraction of the pH 3 MbCO re- 
combines within picoseconds of photodissociation (I. Iben, B. 
Cowen, and J. Friedman, unpublished observation). Appar- 
ently, a significant fraction of the molecules have very fast 
rebinding. 

This analysis centers on control by the proximal side; how- 
ever, 0, rebinding is also influenced by distal interactions. It 
is well accepted that O2 hydrogen bonds to a water molecule 
or the histidine in the distal pocket; this may also be involved 
in the differences observed between 0, and CO reactivity 
(Kitagawa et al., 1982; Dickerson & Geis, 1983). Jongeward 
et  al. (1987) have observed differences in the geminate re- 
combination of MbCO and MbO,, with Mb0 ,  exhibiting a 
faster rebinding phase as seen here. However, they conclude 
that the rebinding differences are related to the trajectory of 
the photolyzed ligand. For the slower rebinding phase, the 
ligand "wanders" in the heme pocket. 

Recently, Postlewaite et al. (1988) have shown that in the 
absence of proximal strain CO exhibits substantial recombi- 
nation with protoheme on the picosecond time scale over a wide 
variety of temperatures. This process is apparently very small 
or absent for protein-CO reactions since we observe a pho- 
toproduct yield of 1 .O at 40 ps. The actual photoproduct yield 
in the measurements of Postlewaite et al. is unclear; however, 
the absence of an ultrafast processes for pro te inX0 complexes 
is suggestive of an inhibitory role for the protein relative to 
ultrafast CO recombination in protoheme. This inhibitory role 
may be the frictional forces alluded to above, lowering the 
preexponential in the protein-CO reactions. Apparently, the 
proximal heme pocket plays a key role in determining the 
barrier for C O  recombination. Since 0, may recombine more 
easily to a nonplanar heme, low-barrier or barrierless recom- 
bination is more probable than for CO-protein complexes. 

CONCLUSION 
Prior nanosecond and longer kinetic experiments reporting 

M b 0 2  and HbO, recombination a t  cryogenic temperatures 
essentially probed only a small part of the kinetic distribution. 
At and above 150 K, for HbO,, the 40-ps photoproduct yield 
is 0.2. Since 60% of these observed photoproducts recombine 
within 2 ns, the fraction of molecules recombined on nano- 
second time scales is over 90%. For MbO,, where there is less 
subnanosecond geminate recombination, the fraction of re- 
combined species a t  150 K and 2 ns is closer to 80%. Also, 
the recombination rates and the temperature dependence of 
this O2 phase clearly have different parameters than process 
I described by Frauenfelder and co-workers. This phase 
represents the major pathway for 0, recombination a t  low 
temperatures and dictates the heme barrier for 02. In this 
light, we have reexamined the conclusions of low-temperature 
kinetic data on O2 recombination and its relationship to C O  
recombination. Essentially the longer time obserued popula- 
tions recombine similarly; however, a large fraction of the 0, 
population recombines by a different pathway or mechanism, 
which apparently is linked to the frictional forces of the 
proximal heme pocket. We  have shown that CO and O2 
low-temperature recombination kinetics are fundamentally 
different due to both subnanosecond and subpicosecond kinetic 
events which favor O2 rebinding. Since C O  is essentially a 
poisonous ligand, this may be an important kinetic mechanism 
for distinguishing between the two. The mechanistic basis for 
this discontinuity in the recombination processes between 0, 
and CO rebinding is essential to the understanding of the 

portant to quantum yields, they are strongly correlated to heme 
protein structure. 

It is reasonable that the proximal heme pocket configuration, 
both the iron displacement and the histidine configuration, 
could modulate branching ratios for different ligands through 
the energies and dynamics of the relevant short-lived excited 
electronic states. Alternatively, the nonphotolyzing population 
reflects conformational states having essentially a zero barrier 
for recombination. Such a barrierless population would appear 
nonphotolyzable due to ultrafast recombination. Agmon and 
Hopfield (1983) have asserted that the full distribution of 
rebinding rates includes some fraction of substates undergoing 
barrierless recombination. For O2 rebinding, the fraction is 
seemingly quite large. It remains to be established what role 
the proximal heme pocket and iron displacement have in these 
photoproduct yield and reactivity differences. 

Both X-ray crystallographic (Baldwin & Chothia, 1979; 
Dickerson & Geis, 1983; Perutz et al., 1987) and X-ray ab- 
sorption studies (Chance, 1986; Chance et al., 1986) have 
shown that in the equilibrium structures of MbO, and MbCO, 
the iron is ca. 0.2 A out of the heme plane in M b 0 2  and close 
to the plane of the heme for MbCO. The deoxy species are 
well established as having a significantly displaced iron 
(0.4-0.5 A). Soret studies by Srajer et al. (1986) and both 
X-ray and Mossbauer studies indicate that the iron coordinate 
in deoxy forms is significantly distributed (Frauenfelder et al., 
1979; Parak et al., 1984). For the 4 K MbCO photoproduct, 
the iron moves to 75% of its equilibrium deoxy displacement 
(Chance, 1986; Chance et al., 1986; Powers et al., 1987). 
Srajer et al. ( 1  988) have used this value to successfully sim- 
ulate the low-temperature data of Austin et al. (1975). In this 
model, the photolyzed population is represented by a distri- 
bution of iron displacements centered a t  0.35 A; states with 
increased iron displacement have a higher proximal barrier 
to recombination. Campbell et  al. (1987) demonstrated that 
the 760-nm band 111 of photodissociated MbCO, which is 
assigned as an a2,(a)-dy, transition, is inhomogeneously 
broadened by a distribution of substates. The substate pop- 
ulation with lower barriers to recombination comprises the red 
edge of band 111. More recently, Chavez et al. (1990) dem- 
onstrated correlations between the behavior of proximal sen- 
sitive resonance Raman bands and band 111 in a variety of T- 
and R-state hemoglobins. Band 111 is strongly correlated with 
the proximal heme pocket; therefore, a distribution of proximal 
histidine structures and iron displacements is correlated with 
reactivity. 

This suggests a possible explanation for the relationship 
between the slower and faster 0, rebinding phases, the sim- 
ilarity of CO rebinding with the slower phase of 02, and the 
meaning of the preexponential term. The small ( lo9) preex- 
ponential for rebinding can be rationalized in terms of large 
frictional forces or large entropy losses on binding (Frauen- 
felder & Wolynes, 1985). If the entropy changes for CO and 
O2 binding are similar, then differences in frictional forces may 
account for the differences in O2 reactivity. For the MbCO 
photoproduct, it is possible that virtually all the substates would 
experience such frictional forces opposing rebinding, since the 
iron must move fully in plane for rebinding. For 0, photolyzed 
states where iron is substantially out of plane, similar frictional 
forces would obtain, and this fraction of the population would 
also have a lower preexponential (IO9).  0, photoproduct states 
that have iron relatively close to the liganded position of 0.2 
A will exhibit substantially less friction upon rebinding. 
Therefore, a larger preexponential for this subpopulation is 
not unreasonable. 
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molecular reactivity and recognition processes of globin pro- 
teins. We have attempted to quantitate the rudimentary 
features of the differences between these ligands in the hope 
that it will stimulate further study of the origin of this re- 
activity behavior. 
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