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ABSTRACT: Elementary steps or geminate states in the reaction of gaseous ligands with transport proteins 
delineate the trajectory of the ligand and its rebinding to the heme. By use of kinetic studies of the 765-nm 
optical “conformation” band, three geminate states were identified for temperatures less than - 100 K. 
Mb*CO, which is accumulated by photolysis between 1.2 and - 10 K, was characterized by our previous 
optical and X-ray absorption studies [Chance, B., Fischetti, R., & Powers, L. (1983) Biochemistry 22, 
3820-38291. Between 10 and -100 K, geminate states are also identified that have recombination rates 
of - lo3 s-’ and s-l (40 K). Thus, it is possible to maintain a steady-state nearly homogeneous 
population of the slowest recombining geminate state, Mb**, by regulated continuous illumination (optical 
pumping). Both X-ray absorption and resonance Raman studies under similar conditions of optical pumping 
show that the heme structure around the iron in Mb** is similar to that of Mb*CO. In both geminate states, 
the iron-proximal histidine distance remains unchanged (f0.02 A) from that of MbCO while the iron to 
pyrrole nitrogen average distance has not fully relaxed to that of the deoxy state. In Mb*CO the C O  remains 
close to iron but not bound, and the Fee-CO angle, which is bent in MbCO (127 f 4OC), is decreased by 
-15’ [Powers, L., Sessler, J. L., Woolery, G. L., & Chance, B. (1984) Biochemistry 23, 551945231. The 
CO molecule in Mb**, however, has moved approximately 0.7 A further from iron. Computer graphics 
modeling of the crystal structure of MbCO places the CO in a crevice in the heme pocket that is just large 
enough for the CO molecule end-on. Above approximately 100 K resonance Raman studies show that this 
structure relaxes to the deoxy state. 

%e search for and the characterization of intermediate states 
in the process of ligand binding to proteins are now the 
principal focus of a variety of studies since the static structures, 
prior and subsequent to ligand binding, have been well 
characterized. Kinetic studies are appropriate for identifying 
the time and temperature domains in which intermediate states 
can be isolated. The carbonyl, nitrosyl, and oxygen compounds 
of heme proteins have provided model systems for such studies 
(Austin et al., 1973; Iizuka et al., 1974a). The Yonetani group 
showed that the CO photoproducts of hemoglobin and myo- 
globin (Mb) at  low temperatures have near-infrared absorption 
spectra shifted from the deoxy species (Iizuka et al., 1974b; 
Yonetani et al., 1973). Subsequently, Frauenfelder and 
colleagues observed power law kinetics for the recombination 
reaction on time scales from to 1.0 s (Ansari et al., 1985; 
Austin et al., 1975; Frauenfelder, 1985). These results dem- 
onstrate the complexity of single-flash myoglobin kinetics and 
provide evidence for many possible intermediate states. 

Optical pumping, which employs regulated continuous il- 
lumination at a constant temperature, allows for the possibility 
of numerous photolysis turnovers producing steady-state 
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concentrations of intermediate states (Chance, B., et al., 1986). 
Specific intermediates isolated in steady-state concentrations 
depend only on the respective rates of recombination and the 
constant temperature illumination intensity: very labile states 
turn over rapidly and contribute negligibly to the steady-state 
populations. Using continuous illumination for various times 
and temperatures, we observe three intermediate states upon 
MbCO photolysis. At 40 K, a state with a recombination rate 
constant of 2 X 10-3/s is distinguishable from two slower states, 
both with rate constants of - 10-5/s but differing by a factor 
of 3.’ 

The purpose of this study is to further characterize the 
properties of these distinct kinetic populations of photodisso- 
ciated MbCO. X-ray absorption and resonance Raman 
spectroscopy are used to elucidate the structure of the heme 
and its environment whereas optical studies are used primarily 
for the kinetic assignments. The major focus of our attention, 
with respect to structure, is the influence and the role of the 
distal and proximal environments about the iron in determining 
the kinetically distinct species. The slower kinetic populations 
are designated, in order of increased recombination time, Mb* 
and Mb**. 

Mb*CO studied by the Yonetani group has been the focus 
of resonance Raman (Rousseau & Argade, 1986), Mossbauer 
(Spartalian et al., 1976), IR (Alben et al., 1982), and extended 
X-ray absorption fine structure (EXAFS) spectroscopies 

’ The terms “states” and “populations” are used interchangeably here 
to describe molecules having similar kinetic, spectroscopic, and structural 
properties which are isolated by optical pumping. 
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FIGURE 1: Configuration for the acquisition of X-ray absorption 
spectroscopy data with continuous optical pumping and X-ray detection 
on both sides of the sample. The aluminized mylar window transmits 
the X-ray beam. In this case, the spectroscopic measurement is not 
made simultaneously but is made by trapping the geminate state a t  
4 K and recording the optical spectrum with the pump light off as  
described in the text. 
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FIGURE 2: Typical protocol for the optical pumping of a n  M b C O  
sample (1.2 m M )  a t  25 and 40 K (see also Figure 4). The wavelength 
employed here is 764 nm (1.2 m M  MbCO, Wratten 88A, and Corning 
4010), a s  in Figure 1 of Chance et al. (1983). 

(Chance et al., 1983) as well as magnetic susceptibility 
measurements (Roder et al., 1984). Mb*CO is trapped by 
illumination of MbCO at very low temperature (<lo K) and 
has an absorption band at 765 nm2 (Ansari et al., 1985; Iizuka 
et al., 1974b;  Chance et al., 1983). The corresponding de- 
oxy-Mb peak is at 758 nm whereas MbCO is essentially silent 
in this spectral region. The EXAFS results for Mb*CO 
(Chance et al., 1983; Powers et al., 1984) indicate a heme 
structure that is different from deoxy-Mb with respect to those 
parameters to which it is sensitive, i.e.,first coordination shell 
bond distances. The Fe-proximal histidine distance resembles 
that of the liganded state, implying that the histidine has not 
relaxed. Also, the CO has not moved significantly away from 
the heme, but the change in angle suggests, in accordance with 
the optical spectrum, that it is no longer bonded to iron. The 
iron-pyrrole nitrogen distances are intermediate between deoxy 
and liganded, slightly closer to the deoxy value.  Resonance 
Raman spectra in the “core” sensitive regions of Mb*CO show 
the “core” to be more expanded t h a n  in deoxy-Mb (Rousseau 
& Argade, 1986), with the suggestion that the iron is not fully 
out of the heme plane, possibly reducing the iron-pyrrole 
nitrogen d i s t a n c e  re la t ive  to deoxy as seen in the EXAFS 
(Chance et al . ,  1983) .  I n  fact, ligand field indicator region 
(LFIR) of the X-ray absorption spectrum (Chance et ai., 1983, 

This band was originally observed at 772 nm, but more recent studies 
locate it at 764-766 nm (Ansari et al., 1985; Iizuka et al., 1974b Chance 
et al., 1983). 

1984;  Chance, B., et al., 1986)  shows iron to be 0.35 f 0.07 
A out of the heme plane, -0.1 A less than deoxy-Mb (Chance, 
1986).3 Mossbauer data (Spartalian et al., 1976; Marcolin 
et al., 1979) and magnetic susceptibility measurements (Roder 
et al., 1984) provide direct evidence of the high-spin (S = 2) 
nature of Mb*CO, confirming the bond-breaking process. The 
spectra show differences between deoxy-Mb and Mb*CO that 
are clear and reproducible but structurally uninterpretable. 
IR spectroscopy (Alben et al., 1982) shows that the CO 
stretching frequencies of the photoproducts observed at  low 
temperatures are nearly that of the free gas. In addi t ion ,  
relative changes in the IR intensity of bands associated wi th  
photolyzed CO species have been observed with changes in 
temperature. This is quite compatible with the EXAFS result, 
w h i c h  indicates that the CO can be close to the iron but not 
bonded (Chance et al., 1983; P o w e r s  et al., 1984). 

Optical studies presented here of the kinetics of the 765-nm 
band also demonstrate different species above 10 K. Both the 
EXAFS and Raman results indicate that the structure of the 
heme and proximal histidine change very little in going from 
Mb*CO to Mb**; the largest change is for the ligand that 
EXAFS results show has moved -0.7 further away.  This 

It should be noted here that the position of the CO in Mb*CO 
relative to the heme is identical with that of O2 in MbO,. X-ray ab- 
sorption studies of MbO, at 4 K (Powers et al., 1984; Chance, M., et al., 
1986) agree with the high-resolution crystallography results of Phillips 
(1980) that the Fe-0-0 angle is 115O, Fe-0 = 1.83 A, and the Fe is 
out of the plane -0.2 8,. In Mb*CO, the Fe-C-0 angle is 117 i 4O, 
and Fe-C = 1.97 * 0.2 A, but the Fe is -0.35 8, out of the heme plane. 
This places the CO in the same position as 0 2  with respect to the heme, 
and thus, the van der Waals repulsive forces from the heme are not 
unusual but comparable to those in MbO,. On the other hand, the O2 
is bound at a normal distance and angle for bonding of its 7 orbitals while 
the distance and angle are highly unusual for ?r bonding of the u orbital 
of CO. In addition, the Fe-N, average distance in Mb*CO is increased 
relative to MbCO with the Fe out of the plane, and this is consistent with 
the CO not bound, as the result of other investigations demonstrate. The 
reason the CO remains close but not bound to the iron i l l  this 4 K 
photoproduct is speculative, but several results are relevant. Steric factors 
from the pocket architecture influence the Fe-C-0 angle and Fe-C bond 
distance (Powers et al., 1984) as well as the CO and O2 binding prop- 
erties in model compounds (Collman et al., 1983). The Fe-C-0 angle 
in MbCO is significantly bent (Norvell et al., 1975; Powers et al., 1984; 
Kuriyan et al., 1986) from the linear CO position normal to the heme 
as found in open-cavity model compounds, and the Fe-C distance is 
-0.15 8, longer. This angle and bond distance of myoglobin, together 
with the CO and 0, association and dissociation rates, are similar to the 
distal side steric encumbered “pocket model” (Collman et al., 1983) and 
suggest that the pocket architecture plays a role in the position of the CO. 
The C O  is not H-bonded to the distal histidine as is 0, (Norvell et al., 
1975), but the CO is in similar proximity to both the heme and distal 
histidine (Kuriyan et al., 1986) which may represent a local energy 
minimum. Although the kinetic energy imparted to the CO on photolysis 
is not known, there are many mechanisms available to the heme for 
dissipation of this absorbed energy, and the action spectrum at 4 K 
(Chance et al., 1983) shows that photons having wavelengths extending 
into the infrared minor heme absorptions may be effective in the pho- 
tolysis of MbCO. The repulsive van der Waals force that results from 
the 3d,2 orbital of the iron heme and the u orbital of the photolyzed CO 
is difficult to evaluate. The electron probability distribution density 
(shape of the orbital) for the 3d,2 orbital of Ti(II1) is reduced to only 10% 
of its maximum at -0.9 8, in the z direction, reaching a maximum width 
of -0.6 8, at  -0.6 8, ( z  direction) on this constant electron density 
contour, while the 2p, orbital of C is reduced to this value at  - 1 .O A, 
reaching a maximum width of - 1.4 8, at -0.6 8, (Ogryzlo & Porter, 
1963). Although the 3d,z orbital of Fe(I1) is similar to that of Ti(III), 
it is reduced by the heme and proximal histidine and the 2p, is reduced 
by the triple bond to 0. The decrease of the Fe-C-0 angle in Mb*CO 
would further lower the repulsive force between them. It may be possible, 
then, if little kinetic energy is imparted to the CO on photolysis, that the 
rigid architecture of the pocket and lack of thermal energy of CO at 4 
K could balance the repulsive van der Waals forces, leaving the CO close 
but not bound to the iron. 
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is then removed and frozen over a liquid nitrogen bath. 
Physical Apparatus. Our studies have employed an Air 

Products helium cryostat. The sample and reference (buffer) 
are placed on the Cu cold finger [see Figure 1 of Chance et 
al. (1983)l inside the chamber. By use of the liquid-transfer 
helitran system and the temperature controller, any specific 
temperature in the range from 4 to 300 K can be obtained and 
held constant ( f l  K) by regulation of the heater element as 
calibrated by a thermocouple implanted in the sample. Our 
0.1-mL sample and small Cu holder are found to give a very 
small gradient (<2 K) between thermal element and sample 
when the radiation shield is employed. The sample chamber 
is under vacuum ( lo4 mmHg) and has mylar windows in each 
side to allow X-rays to pass. The outside surface of these 
windows are defogged with N2 gas. The measuring light comes 
from a monochromator (600-800 nm) through a 30-Hz os- 
cillating mirror which illuminates sample and reference al- 
ternatively and is synchronized with the split-beam detector. 
The split-beam detector takes the signal from the photo- 
multiplier tube as input, stabilized due to dynode voltage 
feedback, and gives the ratio of absorption of the sample and 
reference as output. The continuous light (tungsten lamp) or 
flash light (xenon flash lamp, 0.2 Hz) can illuminate the 
sample through the side windows when EXAFS data are not 
required; the rise in sample temperature is <1 deg. A No. 
88A Kodak Wratten gelatin filter allows the photomultiplier 
tube to record the near-IR absorbance changes, and a No. 
4010 Corning Glass filter ensures that minimal sample heating 
occurs during optical pumping. The absorption spectra can 
be recorded by scanning transmission spectroscopy (700-800 
nm) during continuous illumination [see Figure 1 of Chance 
et al. (1983)l. The tungsten lamps are water cooled, and the 
intensity can be continuously adjusted up to 6.8 A (45 W), 
appropriate for pumping at 40 K. This apparatus was em- 
ployed for both the kinetic and X-ray absorption and some 
of the resonance Raman studies. 

Combined X-ray, optical pumping, and near-IR absorption 
spectrophotometry requires sharing of optical pumping and 
IR monitoring at present. IR monitoring and EXAFS are 
readily combined via a film of aluminized mylar as shown in 
Figure 1. Since both side windows of the cryostat are occupied 
by X-ray detectors in this configuration, optical pumping is 
alternated with sample monitoring 5 min every 15 min or every 
1 h. Optical pumping lamps then occupy the back window, 
and the X-ray detector positions are as shown in Figure 1 
(detailed protocol appears in Figure 4). In order to ensure 
that the composition of the sample states obtained by optical 
pumping is maintained during optical monitoring, the sample 
temperature is abruptly dropped to 4 K as pumping is ter- 
minated and the optical spectroscopic measurements take 
place. After completion of the spectrum (5 min), the pump 
lamps are replaced, the temperature is ramped to 40 K, and 
illumination is restored. The region of 7 150 eV is examined 
before and after this “temperature jump” to ensure that the 
average state of the sample is unaltered (Chance et al., 1983, 
1984). This cumbersome procedure is feasible as shown below, 
providing special attention is paid to rapid temperature jumps. 
Sacrifices of the X-ray count rate are observed if the MnOz 
filter is moved away from the mylar window of the He cryostat 
to accommodate the aluminized mylar optical deflector. 

Extent of Photolysis. Two criteria for quantifying the 
extent of photolysis have been employed: optical and X-ray 
absorption spectroscopies. An optical absorption procedure 
is to measure a sample of 1.2 mM MbCO, to photolyze it 
completely at 4 K with multiple flashes from the xenon lamp 

difference in ligand position may be responsible for the dif- 
ferences in recombination rate constants. 

This paper reports the isolation of stable intermediates of 
MbCO recombination by optical pumping and their charac- 
terization with complementary techniques. The results expose 
novel properties of the myoglobin reaction and delineate a 
possible trajectory of the ligand and its rebinding to the heme. 

EXPERIMENTAL PROCEDURES 
PuriJication of Proteins. ( A )  Myoblobin (Mb).  Myoglobin 

from sperm whale (type I1 from Sigma) contains impurities 
as well as isoenzymes, and purification is employed. Low-salt 
preparations are needed to avoid artifacts due to the formation 
of eutectics that scatter X-rays and compromise the low-tem- 
perature EXAFS data. First, a desired amount of the protein 
is dissolved in 0.1 M phosphate buffer, pH 7.0, and dialyzed 
against the same buffer for 16 h with two to three changes 
in the cold room (4 “C). Then it is centrifuged in a refrig- 
erated centrifuge at 10000 rpm for 30 min, and the precipitate 
is discarded. The supernatant, which contains Mb, is further 
purified essentially according to the method of Rothgeb and 
Gurd (1978). The pH of the Mb solution is decreased to pH 
6.4, and the solution is passed through an ion-exchange column 
(Whatman CM-52) equilibrated with 0.1 M phosphate buffer, 
pH 6.5. The major fraction is collected and concentrated in 
an Amicon Diaflow apparatus to a concentration of 1-5 mM. 

( B )  Effect of Solvents. Often, cryoprotectants are added 
to the samples in order to obtain glasses a t  low temperature 
(Chance et al., 1983; Chance et al., 1984) or, in this case, to 
inhibit eutectic formation on freezing. By using highly purified 
and salt-free preparations, we are able to obtain acceptable 
EXAFS data without the use of any cryoprotectant [30% 
ethylene glycol or 50% glycerol (Chance et al., 1979)]. No 
differences were observed, however, between samples with and 
without 30% ethylene glycol in these studies. Fiamingo and 
Alben (1985) have reported incomplete photolysis with samples 
containing glycerol glasses even when illuminated for 11 h with 
a 500-W projection lamp. These samples showed less and less 
photolysis on recycling. 

(C) Effect of p H .  The effects of pH upon the pK of buffer 
systems are largely avoided by the 1-5 mM protein concen- 
tration, which is an effective buffer and results in a relatively 
small pH shift with temperature (Bray, 1964; Chance et al., 
1975). 
(D) Sample Preparation. All samples used for low-tem- 

perature studies are prepared in the following way: an Mb 
solution of desired concentration is loaded into the reaction 
vessel which is kept on ice to eliminate possible protein de- 
naturation during sample preparation. The vessel has four 
stainless steel tubes connected to it: (i) an inlet tube for Argon 
(Ar); (ii) an inlet tube for carbon monoxide (CO); (iii) a gas 
outlet tube; and (iv) a transfer tube with valve. 

Initially, Ar is passed over the protein solution with gentle 
stirring for about an hour. Then a slight excess of a con- 
centrated solution of sodium dithionite is added through the 
side with a syringe. CO is then passed over the protein solution 
for a t  least 30 min. The sample is finally loaded into the 
sample holder via the following steps. (1) The valve of the 
transfer tube is opened with sample holder on it, and the gas 
outlet tube is closed so that the sample holder is flushed with 
CO. The bottom of the transfer tube is above the meniscus 
at  this time. (2) The transfer tube is plunged into the protein 
solution with the gas outlet tube still closed. The pressure of 
the CO gas pushes the protein solution into the sample holder, 
and as soon as the sample holder is filled with the protein 
solution, the transfer tube valve is closed. The sample holder 
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with optical and X-ray observation as described above (Chance 
et al., 1983), and to calculate the extinction coefficient with 
respect to the MbCO base line or with respect to 740 and 790 
nm. Under these conditions, the extinction coefficient of 
Mb*CO a t  4 K is equal to that for the chemically prepared 
deoxy species (0.9 f 0.01 cm-' mM-' a t  4 K). This value is 
-2 times the value given by Fiamingo and Alben (1984). 

A second procedure involves continuous illumination on both 
sides of the sample plus transmission measurements through 
the sample to ensure quantitative measurement of the sample 
properties. The absorption of a 1 mm thick 5 mM sample is 
1.0 (10% transmission). This assay method, together with 
white light photolysis, either continuous or flash, which can 
be operative upon charge-transfer bands beyond 600 nm 
(Chance et al., 1983), ensures that the sample is uniformly 
photolyzed and that the degree of photolysis can be accurately 
determined. 

Typical kinetics of an optically pumped sample are shown 
in Figure 2, where a steady state of photolysis is established 
by optical pumping a t  40 K.  The kinetic properties of the 
population are assayed by turning the pump light off (Figure 
2), the measuring light being too dim and a t  a wavelength of 
too small an extinction coefficient to cause any significant 
photolysis. In addition, X-ray monitoring of the sample state 
a t  7150 eV is employed to ensure that X-ray and optical data 
are congruent. 

In our previous work, transmission spectroscopy in the 
765-nm region and X-ray fluorescence in the 7160-eV region 
show good agreement and indicate 90% photolysis with re- 
peated flashes of white light (Chance et al., 1983; Powers et 
al., 1984). Both the X-ray and optical beams penetrated the 
entire sample and thus afforded a paragon for measurement 
of photolysis through the sample [note the correspondence of 
the X-ray and optical data; see Figure 12 of Chance et al. 
(1983)]. Fiamingo and Alben (1984, 1985) report that their 
calculations of amount of photolysis (31-77%) differ from our 
experimental results (>90%), but they failed to repeat our 
X-ray or our optical experiments. Their suggestion that IR 
spectroscopy at 1945 cm-' could be used for sample monitoring 
under conditions of X-ray observation requires documentation. 
Our previous and current use of X-ray fluorescence detection 
and near-IR absorption spectroscopy in transmission for 1-5 
m M  samples in aqueous solution is adequate to quantify the 
extent of photolysis within 2~5%. 

Sample Integrity and Monitoring. Optical monitoring of 
the states trapped at 4 K is required to ensure sample integrity 
(Chance et al., 1982, 1983) and a lack of conversion to met-Mb 
(Fiamingo & Alben, 1985), an accurately measurable con- 
centration of photoproduct needed for X-ray absorption data 
analysis, and the capability for completion of photolysis a t  4 
K [repetitive xenon flashing (Chance et al., 1983)] or recom- 
bination at > 100 K. Optical monitoring of the continuously 
illuminated sample requires crossed filters (described below) 
to avoid interference of the excitation and measuring light 
beams. This is possible with optical monitoring a t  765 nm and 
optical pumping a t  500-700 nm. An alternative method of 
optical assay of the composition (especially a t  40 K) is to 
discontinue illumination, freeze trap the sample state a t  4 K, 
and record without crossed filters. Both methods yield the 
same result within our error. The latter method avoids any 
effect of temperature upon the absorption peak. 

X-ray Absorption Methods. The X-ray absorption data 
were collected a t  the Stanford Synchrotron Radiation Labo- 
ratory during dedicated operation of the SPEAR storage ring 
on beamline 11-2. The V-slits were adjusted to provide 2-3-eV 

resolution with Si1 11 monochromater crystals a t  7-8 KeV. 
These data were analyzed in the same manner as those de- 
scribed in Chance et al. (1983, 1984), including the model 
compounds and the constrained amplitude ratio two atom type 
fitting procedure. A detailed description is also given in Powers 
et al. (1 984). 

Resonance Raman Methods. Unlike the optical and X-ray 
absorption studies, where the amount of photolyzed sample 
was -SO%, it is observed that, for <40 K, the laser probe 
provided a nearly completely photolyzed sample. Duplication 
of the illumination intensity and data collection time used for 
the optical and EXAFS studies did not produce adequate 
signal to noise resonance Raman data. However, these con- 
ditions were approached so that 8% of MbCO was present at 
40 K and 20% was present a t  60 K. Since these variations 
in the amount of photoproduct did not alter the data of the 
photoproduct, and the degree of photolysis overlaps with that 
of the optical pumping protocol a t  higher temperatures, it is 
very likely that the photoproducts probed in the resonance 
Raman studies are the same as those of the optical and X-ray 
absorption studies. 

Raman studies were carried out under two conditions both 
of which yielded the same results: (1) employment of the same 
cryostat with a continuously variable temperature controller 
and steady-state illumination optics as were used in optical 
and X-ray absorption studies, and (2) employment of a Janis 
liquid helium immersion cryostat from which Raman spectra 
were obtained a t  temperatures from 2 to 220 K. 

To minimize scattering, optical-quality quartz windows 
replaced the mylar windows and excitation was obtained with 
a continuous wave (CW) helium/cadmium laser (4-40 mW, 
441.6 nm) focused on the sample to a spot 1 X 2 mm. Using 
a 90' collection geometry, light scattered from the surface of 
the sample was collected and focused into a 0.64-m (Instru- 
ments SA, Model 640) spectrograph containing a single 2400 
groove/" holographic grating. The output was focused onto 
an image intensified Reticon (Princeton Instruments) inter- 
faced with an AT&T PC. The frequency was approximately 
350 cm-', and the entrance slit width of 75 ym ensured a 
resolution of 2-3 cm-'. Stray light interference was minimized 
by transmission notched filters covering the regions of interest 
(Barr Associates) a t  the spectrograph entrance slit. Despite 
the notch filter, scattered light contributions are occasionally 
observed in the low-frequency region. Scattering contributions 
from ice on the sample surface were minimized by multiple 
temperature cycling (up to 180°), by the use of concentrated 
samples, and by covering the sample with a 1 mm thick sap- 
phire window while those from the sample itself were elimi- 
nated by the addition of -30% ethylene glycol. 

The heating of the sample by the laser beam was determined 
to cause a 3 K rise in sample temperature a t  temperatures 
between 4 and 80 K in the helitran by a thermocouple em- 
bedded in the laser-illuminated sample spot. This temperature 
rise occurred within 5 s of laser illumination and remained 
constant for the duration of the data collection interval. 

RESULTS 
Optical Absorption Studies. The A,,, is 765 f 0.2 nm a t  

40 K, and no shift of the peak is observed on recombination 
(200-nm focus replica grating monochromator, Bausch & 
Lomb). Figure 2 gives the apparent = 0.62 cm-' mM-' 
at 40 K and = 0.92 cm-' mM-' at 4 K while the chemically 
prepared deoxy compound gives = 0.80 cm-' mM-' a t  4 
and 40 K (the t values are referenced to 740 and 780 nm). 

The analysis of the kinetics at 765 nm of the optically 
pumped samples follows. In order that a more homogeneous 
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Table I: Effect of Illumination Time on Kinetics of Recombination’ 
extent of extent of 

illumination photolysis recombination 
time (minl (%)* (%JY kinW (s-’) Ainw k m  (s-’) Af.,, mean deviation 

20 39 30 2.55 x 10-5 0.835 1.22 x 10-3 0.125 1.30 X lo-* 
40 37 25 1.83 x 10-5 0.855 1.17 x 10-3 0.125 7.39 x 10-3 
73 45 24 1.32 x 10-5 0.836 1.12 x 10-3 0.148 6.80 x 10-3 

112 43 20 1.11 x 10-5 0.861 1.52 X lo-) 0.115 9.20 x 10-3 
“Temperature was 40 K; data measured over a 2-h interval. bBased on the total sample. ‘Based on the extent of photolysis. 

M bCO 
(1.2 m M )  t 

0- 20 40 60 80 100 I20 
I l lumination Time (min)  

FIGURE 3: Effect of illumination time upon the optical pumping of 
MbCO (1.2 mM) (see Figure 4 protocol). The occupancy of the 
sample by the slow phase under these conditions is indicated by Table 
I, as is the validity of the fit to the two-component model. 

population be studied, we adjust the optical pumping rate to 
give - 50% of the sample recombined as MbCO, which rep- 
resents a portion of the preparation that recombines rapidly. 
The more slowly recombining portion is the object of our study, 
and the extent of reaction given below refers to the -50% 
photolyzed portion. The kinetics of recombination of the 
765-nm band of this - 50% photolyzed portion is followed for 
several hours so between 20% and 75% recombination has 
occurred in this time. Over this four decades of time, it is 
difficult to distinguish power law kinetics and a sum of two 
exponentials since mathematically a power law is generated 
by integration or summing exponentials (Austin et al., 1975). 
The differences are smaller than the error in the data. The 
kinetics data are fitted within the error by two phase kinetics 
that differ by about 100-fold in rate. This representation is 
chosen for two reasons: it distinguishes the kinetic differences 
in the main populations isolated by optical pumping, and 
although the data can be described by a power law, it requires 
a different activation enthalpy distribution than that reported 
for the single flash recombination data for 10-5-1 s (Frauen- 
felder, 1985). 

Our data were fit as the sum of exponentials: 

A = ~ ~ ~ ~ ~ e - k s i o d  + e-kfastf (1) 

where slow denotes Mb* at t = 0. The value Aslow for the slow 
phase is given in fractional terms (Af,, being 1 - Aslow) together 
with the mean deviation (<1%) for four illumination times 
in Table I (Figure 3). The data are fit within the signal to 
noise with two components, indicating that the two photo- 
product populations were trapped by optical pumping in 
concentrations >5% of the sample. Similar results were ob- 
tained when the sample concentration was lowered to 25 pM 

5.0mM MbCO f 

I AA at 764 nm 

‘0 Nio’o - t I”------- : ! , , , , ,  
0 60 120 180 240 300 Time(min) 

FIGURE 4: Protocol for optical pumping of MbCO ( 5  mM) with time 
sharing of optical monitoring and X-ray absorption spectroscopy. 

(Chance et al., 1987). The slow phase has an amplitude Aslow 
that is 86% (of 49%) “slow” as obtained by optical pumping 
at  40 K. The decrease of kslow with time shown in Table I 
(Figure 3) identifies the formation, by prolonged illumination 
of Mb*, of a more slowly recombining form which we term 
Mb**. 

In summary, at 40 K the optical pump rate allows the faster 
phase(s) to recombine (51% of the sample). The remainder 
consists of a slow phase (Mb*) which is converted into an even 
more slowly recombining form (Mb**) that accounts for 43% 
of the sample, and 6% recombines at an intermediate rate. 

Optically Pumped Steady States. In our spectroscopic 
study, we employ MbCO and -50% photoproducts. For 
simplicity, we do not distinguish MbCO from the 4 K inter- 
mediate Mb*CO, and thus we identify the k = s-l with 
a population that is maintained nearly completely photolyzed 
by dual tungsten lamps illuminating each side of the sample. 
The actual intensity is much greater than that corresponding 
to s-l but less than that corresponding to lo-) s-l. Thus 
the system is turning over with optical pumping more slowly 
than lo-) s-l and faster than s-l. These values of kinetic 
constants justify that 1-min freeze trapping time is adequate 
for the 40 K optically pumped state (Mb**). 

X-ray Absorption Studies. ( A )  Optical Controls. Figure 
4 illustrates the time sequence of events of the X-ray absorption 
spectroscopic protocol that is based upon the preceding dis- 
cussion. This protocol allows acquisition of the X-ray ab- 
sorption data on Mb** employing manually regulated optical 
pumping in response to optical measurements of the 765-nm 
band. The events during the protocol are indicated by the three 
scales indicating intensity of illumination, temperature of the 
sample, and optical signals. 
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FIGURE 5 :  (Top) Background-subtracted, k3-multiplied data at 40 
K of MbCO normalized to one Fe atom, (middle) optically pumped 
sample containing 40% photolyzed component (Mb**) normalized 
to one Fe atom, and (bottom) Mb** normalized to 0.4 Fe atom 
(difference between middle and top data). 

The experiment indicates initial high-intensity illumination, 
causing photolysis of MbCO to the Mb* state with an ab- 
sorbance change measured with respect to MbCO of 0.10, 
corresponding to 50% photolysis. Optical monitoring is ac- 
complished by freeze trapping of the sample at 4 K every 15 
min during the first I h (some decrease of the photoproducts, 
10% for the 15- and 30-min points, was found, so the intensity 
of illumination was increased). Since the subsequent two 
points (45 and 60 min) showed little change, the illumination 
at a slightly higher level was continued for an interval of 1 
h, during which time X-ray data were accumulated. Since 
the sample has already been illuminated for 60 min, the bulk 
of the change from Mb* to Mb** indicated in Figure 3 had 
occurred, and thus X-ray absorption spectroscopy in the 
subsequent 1 '/*-h interval of optical pumping corresponded 
to a nearly homogeneous population of Mb** together with 
MbCO. At the end of a second interval of data accumulation 
of 2 h, a further decline of 15% of the Mb** form had oc- 
curred. At this point, increasing the pump light restored the 
population to a constant population of photoproduct, as 
monitored by optical absorption. 

( B )  Data Analysis Procedures. X-ray absorption data were 
collected at 40 K on MbCO and deoxy-Mb, as well as optically 
pumped samples (containing Mb** and MbCO). In the latter, 
the amount of Mb** was determined by optical absorption 
spectroscopy as described above, and the appropriate amount 
of MbCO was subtracted from the X-ray data in two ways, 

5.0 
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x o  
c 
X 
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FIGURE 6: First shell filtered data for the slowly recombining state 
Mb** at 40 K (-) normalized to one Fe atom compared to that of 
(top) MbCO (+++), (middle) deoxy-Mb (+++) and (bottom) 
Mb*CO (+++). 

both of which yielded the same results. First, the back- 
ground-subtracted, k3-multiplied data of MbCO were sub- 
tracted in the appropriate quantity from that of the optically 
pumped sample data as shown in Figure 5 .  The result was 
then Fourier transformed, the first shell filtered, and back 
transformed. In an alternate procedure, the appropriate 
MbCO contribution was subtracted from the first shell filtered 
data of the optically pumped samples as shown in Figure 6. 
Both subtraction methods gave identical first shell filtered data 
for Mb** within the error. The first shell filtered data was 
fit by using the two atom type procedure with fixed amplitude 
ratios, and then the amplitudes were allowed to vary. The 
goodness of fit was judged by the sum of residuals squared 
(CR2). The fitting error was determined by changing each 
parameter with the others held fixed until the sum of residuals 
squared doubled in value on each side of the minimum. The 
error of *5% in the optical absorption data which determined 
the amount of Mb** in the sample was taken into account in 
the subtraction procedures by adding (and subtracting) 5% 
to (and from) the MbCO contribution. The result for both 
extremes was then fit as described above and the fitting error 
determined. The difference between the parameter values for 
the extremes was then appropriately combined with the fitting 
error to determine the total error. Four such data sets using 
four different samples having photolyzed components ranging 
from 55% to 20% were collected and analyzed individually. 
All gave the same parameter values for Mb** in the two atom 
fitting procedure within the error. These Mb** data were then 
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N)  contribution is found at 2.18 f 0.2 and 2.62 f 0.02 A, 
respectively, together with the partially resolved heme and 
proximal histidine contributions (Powers et al., 1984). Since 
the first-shell contributions of the heme and proximal histidine 
are the same within the error for Mb*CO and Mb**, and these 
are rigid ring structures, the same partially resolved heme and 
proximal histidine contributions that were found for Mb*CO 
(Powers et al., 1984) can be used to represent those of Mb**. 
When these higher shell contributions were subtracted from 
the Mb** data, two well-defined low-Z (C, 0, N) contribu- 
tions were found at  2.58 f 0.04 and 3.42 f 0.06 A. It is 
surprising that these contributions are so well-defined, espe- 
cially at  such long (nonbonding) distances from the iron. It 
is, however, difficult to interpret these as heme or proximal 
histidine contributions since the latter occur at 3.0 and 4.13 
A in all heme proteins studied (Powers et al., 1984). Exam- 
ination of the crystallography data of myoglobin indicates there 
is no contribution from other residues at these distances. Thus, 
we are left with attributing these two contributions to the CO 
molecule. If these are the distances of the C and 0 of the CO 
molecule, then the F w C O  angle is 135-145' [taking the C-0 
distance as 1.05 A (Powers et al., 1984)], and the ligand 
position is rigid with respect to the iron although it has moved 
-0.7 A away from its bound position in MbCO. 

Resonance Raman Studies. At all experimental tempera- 
tures between 1.2 and -200 K, the Raman spectrum of the 
photoproduct indicates a five-coordinate high-spin Fe2+. 
Between 1.6 and - 160 K, the frequency of the porphyrin 
a-electron sensitive mode v4 for the photoproduct is - 1 cm-I 
lower in frequency than for equilibrium deoxy Mb (- 1355 
cm-I) at the same temperature The line shapes are, however, 
identical with the experimental error. At the higher tem- 
peratures studied, evidence for an increased rate of ligand 
recombination becomes apparent in that v4 for MbCO (- 1375 
cm-I) grows into the spectrum at the expense of the 1355-cm-I 
peak. In time-sequence studies of continuously illuminated 
MbCO at higher temperatures (80-160 K), several minutes 
are required before a steady-state mixture of five- and six- 
coordinate species is reached on the basis of the evolving 
1375/1355 cm-' ratio for v4. At the lower temperatures v2 ,  
the core marker, is asymmetrically broadened and skewed 
toward lower frequency, relative to deoxy-Mb (Figure 7), as 
previously reported (Rousseau & Argade, 1986). v2 exhibits 
little change with temperature between 2 and - 100 K, but 
the difference between the photoproduct and deoxy-Mb de- 
creases appreciably at  temperatures above 100 K similar to 
the behavior of vVinyl (Figure 7). The frequency of v ~ ~ - ~ ~ ~  in 
the photoproduct is shifted by 5 cm-' to higher frequency 
compared to deoxy-Mb at temperatures between 2 and 100 
K (see Figure 8). Above 100 K, this difference decreases 
progressively with increasing temperature, and by 220 K no 
difference is observed within our error. Below 100 K, vFeHis 
for deoxy-Mb is shifted to higher frequencies than the 300 K 
spectrum and is temperature invariant in this region. Above 
100 K, however, it begins to shift toward the 300 K value. 
Although vFeHiS for both the photoproduct and deoxy-Mb does 
not exhibit any shift in frequency with temperatures below 100 
K, the intensity for the photoproduct exhibits a systematic 
enhancement with temperature between 2 and 100 K. Two 
kinds of intensity changes of U F ~ H ~ ~  are observed in the pho- 
toproduct. The first, which was previously reported by Sas- 
saroli et al. (1986), is an irreversible increase occurring at the 
lowest temperature (2-20 K).  If MbCO is illuminated and 
heated with a 20-mW excitation (441.6 nm) at 2 K, a sequence 
of 1-min spectra shows a progressive increase in the intensity 

Table 11: Results of Fitting Parameters for Photoproducts 

para- Ar2 X lo3 Ar2 X lo3 
meters r (A) N r (& N (A-2) 

Mb*CO (4 K)4 Mb** (40 K) 

Fe-N, 2.03 f 0.01 4 5.0 i 1 2.04 f 0.007- 4 5.3 i 1.5 
Fe-N, 2.22 i 0.02 1 4.3 f 1 2.20 i 0.01 1 6.6 i 2.0 
Fe-C 1.97 i 0.02 1 3.0 i 2 
'Taken from Chance et al. (1983) and Powers et al. (1984). 

averaged and fit with the two atom type procedure, and the 
total error was determined. 

Structure of the Mb** Geminate State. First, comparison 
of the control samples, MbCO and deoxy-Mb at 40 and 4 K, 
is necessary in order to compare photoproducts accumulated 
at these temperatures. The first shell filtered data for MbCO 
at 40 and 4 K as well as that for deoxy-Mb are identical within 
the error at the two temperatures: Ar = 0.002 f 0.01 A, 0 
= 0.13 f 0.15, and Au2 = -0.001 f 0.0008 

The data collected by this protocol yielded excellent signal 
to noise data for the optically pumped samples and are shown 
in Figure 5. The first shell filtered data of Mb** after nor- 
malization to one absorbing atom is shown in Figure 6 and 
compared to MbCO and deoxy-Mb at 40 K as well as the 
photoproduct as 4 K, Mb*CO, reported previously (Chance 
et al., 1983). It is clear that the structure of the first coor- 
dination shell of this slow phase is different from any of these. 
The structure is, however, more like Mb*CO, especially in 
phase; the differences are largely in amplitude. 

The results of the two atom type fitting procedure on the 
Mb** component are shown in Table 11, where they are 
compared to those for Mb*CO (Chance et al., 1983; Powers 
et al., 1984). Only one solution having physically reasonable 
parameters (Powers et al., 1984) was found, and this solution 
produced a sharp well-defined minimum. Within the error, 
the iron to pyrrole nitrogen distance (Fe-N,) of Mb** is 
identical with that of Mb*CO as is the iron to proximal his- 
tidine distance (Fe-Ne). However, no contribution of a sixth 
ligand (CO) was found in the first coordination shell of Mb**. 
In fact, the addition of any sixth ligand to the fitting procedure 
(Powers et al., 1984) causes the C R 2  to increase by a factor 
of 15. When the number of the sixth ligand, which was ini- 
tially set at 1, was allowed to vary, this parameter was reduced 
to 0.05 and the C R 2  decreased. The value of the change in 
Debye-Waller factors Au2 (=criodel - uirotcin) for Mb** is not 
significantly different from those found for Mb*CO. In fact, 
subtraction of the first shell filtered data of Mb** from that 
of Mb*CO (Chance et al., 1983) gave a single low-2 (carbon) 
contribution (within the signal to noise) at 1.97 f 0.04 A from 
the iron. The fact that this difference produces the same 
contribution, as was found by fitting models to the Mb*CO 
data, argues that the differences between Fe-N, and Fe-N, 
of the two photoproducts is small and probably not larger than 
the respective errors (Table 11). Thus, we conclude that the 
only significant difference in the first coordination shell be- 
tween the photoproduct at  4 K (Mb*CO) and the Mb** at 
40 K is the absence of the C of the CO ligand in the first 
coordination shell of the latter. In addition, this five-coordinate 
structure of the slow phase at  40 K (Mb**) is very unlike 
deoxy-Mb (Powers et al., 1984), having a 0.10 f 0.03 8, 
difference in the Fe-Ne distance, even though the average 
Fe-N, distances are within the error. 

The question of whether the photolyzed CO ligand is ob- 
served in the higher coordination shells of Mb** is difficult 
to determine uniquely. In the higher shells of MbCO and 
Mb*CO, a well-defined low-2 (atomic number; e.g., C ,  0, or 
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FIGURE 7: High-resolution comparison between chemical deoxy-Mb 
(- - -) and the photoproduct of MbCO (-) in the region of v 2  and 
v~~,,,. The line shape differences between deoxy-Mb and photoproduct 
for v 2  and vVinyl seen at 10 K persist until -100 K .  It can be seen 
that at 180 K there are minimal differences between the photoproduct 
and deoxy-Mb. The peak seen at - 1590 cm-' for the photoproduct 
at 180 K is due to MbCO. This peak starts to become prominant 
at 60 K, presumably reflecting an increase in the rebinding rate relative 
to the photodissociation rate. 

of vFe-His. The first spectra in the sequence resemble the 
low-power (2-mW) spectrum reported by Sassaroli et al. 
(1986). The intensity change is not reversible, and a decrease 
in laser intensity or sample temperature does not restore the 
original spectrum unless the sample is first annealed a t  greater 
than 120 K. In addition, there is a reversible intensity change 
with temperature (2-100 K), which is shown in Figure 8. In 
this case, dropping the temperature from 100 to 20 K, for 
example, results in the reappearance of the initial 20 K 
spectrum. In the temperature range 2-100 K, other differences 
between the photoproduct and deoxy-Mb do not change ap- 
preciably. As with the frequency differences in vFe-Hls and v2, 
other differences, such as the doublet at 338-345 cm-' (Figure 
8), do not begin to change until > lo0  K.  

In summary, the frequencies in the Raman spectrum of the 
MbCO photoproducts do not change between 2 and 40 K. The 
only effect of temperature is the progressive change of the 
+-His intensity. The spectrum of the photoproduct is, however, 
different from that of deoxy-Mb, as summarized in Table 111. 
These differences are maintained up to 100 K, at which point 
further increase in temperature results in frequency changes 
in both deoxy-Mb and the photoproduct. 

DISCUSSION AND CONCLUSIONS 

Several models for the reaction of M b  with CO have been 
proposed (Alberding et al., 1976a,b; Marden, 1982), and most 
have been applied to modeling the data of Frauenfelder and 
co-workers (Ansari et al., 1985; Austin et al., 1975; Frauen- 
felder, 1985) in the short time regions. We have focused on 
the isolation of intermediates, whose structural differences may 
be indicative of the different barriers for recombination. These 
intermediates are maintained in a steady-state concentration 

A 
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FIGURE 8: Effect of temperature upon the low-frequency region of 
the Raman spectrum of the MbCO photoproduct. Each spectrum 
is the result of a 5-10-min average using a 1 X 1 mm laser probe (4417 
A, 20 mW). Also shown (top) is the corresponding spectrum of 
deoxy-Mb. The spectrum of deoxy-Mb does not show appreciable 
temperature effect below 100 K. Both samples were dissolved in a 
30% ethylene glycol-water mixture. 

Table 111: Comparison of Resonance Raman Data of the MbCO 
Photoproduct and Deoxy-Mb 

uhotoproduct 
1.2-10 K (Mb*CO 10-100 K (Mb** 

marker - Mb) (cm-l) - Mb) (cm-l) > I O 0  K 
u2 (core 

size) 
Y F ~ - H M  

(proximal 
histidine) 

Y"1"yl (vinyl) 

"38 
u4 (s-elec- 

tron den- 
sity) 

~ ~~~~~ 

line shape line shape approaches 0 

irreversible intensity reversible intensity approaches 0 
difference difference 

change, + - 5  change, +-5 

line shape line shape approaches 0 

+-2 +-2 approaches 0 
- 1  -1 approaches 0 

difference difference 

by continuous illumination (optical pumping), and in this 
respect, the spectroscopic studies reported here differ from 
those of transient states reported previously (Ansari et a]., 
1985; Austin et al., 1975; Frauenfelder, 1985). Thus, we report 
three distinct geminate states observed under conditions of 
optical pumping. 

The Geminate States. At -4 K, a geminate state, Mb*CO, 
is accumulated by optical pumping, and previous X-ray ab- 
sorption measurements show that while the nitrogen of the 
proximal histidine distance is unchanged from that of MbCO, 
the CO is in close proximity to the iron of the heme but is not 
bound (Chance et al., 1983; Powers et al., 1984). The Fe-C 
distance is changed by -0.05 A, and the Fe-CO angle is 
decreased by - 10-15', reducing the overlap of the u orbital 
of CO with the 3d,z orbital of the iron heme. The iron has 
moved 0.35 f 0.07 A out of the heme plane, -0.1 A less than 
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FIGURE 9: Summary of the structures and properties of the geminate states in the photolysis of CO-bound myoglobin at low temperature. 
Each state was optically pumped in the temperature range indicated and investigated by optical absorption (766-nm band), X-ray absorption, 
and resonance Raman spectroscopies. Bond distance and angle errors are given in Table 11. The changes in physical parameters that denote 
the states are listed below the arrow: (+) denotes appearance and (A) indicates a change. v's refer to the resonance Raman markers. See . .  _ .  
text for complete discussion. 

deoxy-Mb (Chance, B., et al., 1983, 1984, 1986; Chance, M., 
et al., 1986).3 This localized configuration might be the most 
rapidly recombining geminate state observed at 40 K, having 
a rate of k l  - 2 X s-', or may recombine even faster and 
is not kinetically isolated by the conditions of optical pumping. 
The average Fe-N, distance is 2.03 f 0.01 and is distin- 
guishable from those of MbCO at 2.00 f 0.01 A and de- 
oxy-Mb at 2.06 f 0.01 A. The u2 core-size (Ct-N,) marker 
and v4 are shifted to lower frequency than that of deoxy-Mb 
by 2-3 and 1 cm-', respectively. The iron-proximal histidine 
linkage is clearly different from that in deoxy-Mb. No change 
is found in the Fe-Ne distance between MbCO and Mb*CO 
geminate state (2.22 * 0.02 A), remaining -0.10 A longer 
than that of deoxy-Mb. Thus, in the localized configuration 
(Mb*CO), the heme core is perturbed but the proximal his- 
tidine is the same distance from the iron as in the ligated state 
but less strained relative to deoxy-Mb, as reflected in the higher 
frequency of uFtHis. The out of plane heme distortions may 
differ from deoxy-Mb, as does the porphyrin vinyl group, but 
the overall porphyrin .rr-electron density is similar to that of 
deoxy- M b. 

At -40 K, two geminate states, Mb* and Mb**, are ac- 
cumulated by optical pumping that are more slowly recom- 
bining than Mb*CO and differ from each other by -3 in their 
temperature-dependent recombination rates ( k 2  - 3 X 
s-l and k3 - 1.1 X s-' at 40 K, respectively). The slowest 
phase, Mb**, differs from Mb*CO in that the dissociated CO 
has moved at  least 0.7 A away from its ligated position. 
Although the average Fe-N, distance is 2.045 f 0.007 A, 
within the error of that for both Mb*CO (2.03 f 0.01 A) and 
deoxy-Mb (2.055 f 0.08 A), the u2 core marker is unchanged 
from that of Mb*CO. The Fe-Ne distance is within the error 
of that found for Mb*CO (-0.10 A larger than that for 
deoxy-Mb), and the uFe-His frequency is also identical. It is 
plausible that the irreversible heating induced intensity change 
in uFeHis first reported by Sassaroli et al. (1986) is due to the 
shift in the position of the ligand that is observed in the EX- 
AFS studies which occurs between 4 and 40 K. Support of 
this interpretation comes from the observation that these in- 
tensity changes in uFe-His do not occur for the photoproduct 
of n-butyl isocyanide and Mb (Campbell & Friedman, 1987). 
Since n-butyl isocyanide differs from CO in that it is con- 
siderably less mobile and therefore less likely to shift in position 
at these cryogenic temperatures, the movement of the iron out 
of the heme plane is not a likely cause of these intensity 
changes since neither u4 nor the core-sensitive marker u2 ap- 
pears to shift over this temperature region. Thus, in summary, 
the structure difference between Mb** and Mb*CO is that 
Mb** has a more distant CO configuration (-0.7 A away 
from its close position in Mb*CO and the ligated state). Both, 

however, are significantly different from deoxy-Mb. 
Above -100 K, substantial changes are observed. The 

kinetic parameters are too fast to be investigated with the 
optical and X-ray absorption methods described here. How- 
ever, in the 100-200 K temperature range, resonance Raman 
measurements which optically pump the sample because of 
the high intensities show that all the markers approach the 
deoxy values for temperatures > - 100 K. It appears that 
deoxy-Mb is not produced by photolysis in an amount that can 
be measured by our spectroscopic techniques for temperatures 
< lo0  K. Figure 9 summarizes the above discussion. 

Molecular Mechanism and CO Trajectory. In order to 
consider the molecular mechanism of geminate-state formation 
or the trajectory of the dissociated CO, the local structures 
and properties of the iron heme discussed above must be viewed 
in the context of other structural aspects of the protein, es- 
pecially the pocket and the F-helix linkage to the proximal 
histidine. Kuriyan et al. (1986) have determined a high- 
resolution (1.5-A) crystal structure of MbCO at 260 K, and 
this structure may represent the pocket region of the protein 
at 40 K from the following considerations. 

It is a reasonable assumption that the CO conformations 
at the temperatures of the X-ray absorption studies (4-40 K) 
are at least as localized as those at 260 K found by the 
crystallography study. Even though X-ray absorption spec- 
troscopy cannot determine the orientation of the CO in the 
pocket or with respect to the heme, the angle it makes with 
iron determined in our previous studies, 127 f 4' (Chance 
et al., 1984), is in excellent agreement with these results as 
are the Fe-C, Fe-Ne, and average Fe-N, distances (Table 11; 
Chance et al., 1983; Powers et al., 1984). Crystallography 
studies of met-Mb at 300 and 80 K (Hartmann et al., 1982) 
indicate that the overall structure of the protein is very similar 
at the two temperatures. The unit cell volume decreases by 
4.5%, and helices are significantly shorter at 80 K. Even at  
300 K, the distal-side residues, especially those forming the 
pocket as well as the Fe atom and heme group, are quite rigid 
and have nearly temperature independent atomic mean square 
displacements. The distal histidine (His-64) which blocks the 
ligand channel into the pocket is the exception and exhibits 
significant thermal motion. At both temperatures, the prox- 
imal side is less rigid than the distal side with the largest 
temperature-dependent displacement occurring in the F-helix. 
In MbCO at 260 K (Kuriyan et al., 1986), both the proximal 
and distal sides appear quite rigid. Thus computer graphics 
modeling (Jones, 1982) was used, in collaboration with J.  
Kuriyan, which employed their atomic coordinates of MbCO 
at 260 K. 

This crystallography study identifies two major conforma- 
tions of CO, one of which makes an - 141 angle with iron 
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FIOURE I O  Computer graphics simulation of the pocket in myoglobin using the crystallographic coordinates of Kuriyan et al. (1986) and Kuriyan 
(1986) and the graphics program PRODO (Jones, 1982). The CO molecule is shown gray, Structure of MhCO at 4 (Chance et al., 1983: Powers 
et al., 1984) and 40 K showing CO positions as found by Kuriyan et al. (1986) and Kuriyan (1986): (A) distal side looking down onto the 
iron heme and (C) normal to heme plane viewed between Leu-29 and Phe-43. Structure of Mb** with F e N  , FeN., and Fe-CO reported 
in this study including CO in crevice formed by Val-68, Ile-107, Leu-29, and Phe-43: (B) distal side looking 8own onto the extreme positions 
of CO in the crevice allowed by van der Waals interactions, (D) normal to heme plane viewed between Leu-29 and Phe-43, and (E) normal 
to heme plane viewed between Val-68 and Ile-107. 

and is oriented somewhat toward His-64 (distal histidine) and 
the ligand channel. This position represents -75% of the 
MhCO population. The remaining population is in the second 
conformation which is rotated -120' from the first toward 
the inside of the pocket and Ile-107, making an - 120' angle 
with iron. These C O  conformations are shown in the simu- 
lation of Figure 1OA.C. 

In the higher shells, two well-defined contributions (2.58 * 0.04 and 3.42 * 0.06 A) are found in the X-ray absorption 
data for Mb** which are likely due to the CO molecule. Thus, 
the Fe-CO angle is 135-145' [taking the C-0 distance as 
1.05 A (Powers et al., 1984)], and in addition, the CO has 
moved -0.7 A away from its bound state position to a position 
where it is constrained such that large disorder does not exist 
in the F e C  and F A  distances. Such constraint in the C O  
position could result from residues defining the pocket. Ku- 
riyan et al. (1986) described a crevice in the pocket that 
extends into the protein and has sharp potential energy 
boundaries arising from Val-68, Ile-197, and pyrrole 3 of the 
porphyrin (Figure 1OA.C). By use of the distances found for 
the higher shell contributions, together with the F e N ,  from 
the X-ray absorption studies for Mb**, the computer graphics 
simulation shows that a CO molecule with these distances can 
comfortably be placed in this crevice and is constrained to  
rotate no more than -20' in any direction (Figure 10B,D,E). 
The crevice is just large enough for the C O  molecule end-on 
as might be expected if it simply drifted away from the latter 
(second) of the two bound positions in MhCO. 

Since the first orientation which represents -75% of the 
MbCO population is -120° away from the crevice, it is 
difficult to understand how this population could form Mh** 
(CO in the crevice) a t  these low temperatures. Thus, the 
orientation of the CO may serve as "structural partition"; only 
the bound CO population having a CO orientation toward the 
crevice forms Mb** immediately on photolysis. The remainder 

of the bound CO population may form Mb* having a less 
constrained CO that finds the crevice only after a period of 
time. Thus, the kinetic behavior of the C O  recombination at 
low temperature, and hence the observed geminate states on 
photolysis, may he determined largely by the architecture of 
the pocket. This is consistent with the fact that there is no 
observed difference in the optical absorption between Mb* and 
Mb**: their structures are identical except for the location 
of the dissociated C O  in the pocket, a feature only detectable 
by X-ray absorption studies. 

Protein Coordinate as a Function of Temperature. Below 
-100 K, the v,,,, and vviny, of deoxy-Mh also exhibit a shift 
to higher frequency compared to the 300 K values. This 
suggests a temperature-dependent structural rearrangement 
of the heme and protein. Agmon and Hopfield (1983) have 
proposed a separate coordinate, in addition to the reaction 
coordinate, that could describe such rearrangements. Over 
temperature regions in which no rearrangement occurs Ar- 
rhenius kinetics would be observed, hut Over temperature re- 
gions in which there are protein rearrangements simple kinetic 
theory breaks down. 

The results of photodissociation studies at high temperatures 
(300 K) are also relevant here. Martin et al. (1983) have 
shown that photodissociation of CO-bound myoglobin OCCUIS 
within the photolysis pulse duration of 250 fs at 307 nm, and 
the transient high-spin species produced relaxes with a time 
constant of 350 fs to deoxy-Mb with optical absorption probes 
at 422.5 and 438 nm. Findsen et al. (1985) have shown that 
within 25 ps the vFrHia has relaxed to its deoxy-Mb value while 
Dasgupta et al. (1985) find that at 25 ps the vI0,  v19, and vI1 
(core markers) are not relaxed to the deoxy-Mh value and 
remained unrelaxed until -100 ps. Thus, the picture which 
emerges is that although photodissociation of the CO ligand 
and the electronic rearrangement occur within a few picose- 
conds at 300 K and the proximal histidine has relaxed to 
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or crevice. The role of such a site in ligand binding can be 
viewed as a “facilitator” of ligand binding that guides the 
ligand into the active site. An appropriate trajectory to the 
active site is via the Mb** site which would afford orientation 
and alignment of the ligand for assuming a CO position from 
which binding would rapidly occur. In other words, the ro- 
tations and translations of the ligand that are permitted within 
the heme pocket are modulated by the Mb** binding site in 
such a way that the ligand is optimally oriented for further 
progress toward the active site. These geminate states may 
not only be functional but may also be keys to the reactivity 
of heme proteins with gaseous ligands. 

In summary, these structural studies of trapped and pumped 
states of the ligand near the iron atom suggest that there are 
discrete way stations or “docking sites” on the ligand route 
to the heme that represent low-affinity binding sites on the 
reaction pathway (Chance et al., 1987). As such, these sites 
may alter the ligand pathway and modify barriers to recom- 
bination. 

Registry No. Carbon monoxide, 630-08-0; iron, 7439-89-6; heme, 
14875-96-8. 
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deoxy-Mb by 30 ps, the core (Ct-N) relaxation requires more 
than 3 times as long. These results are in sharp contrast to 
those found at  low temperatures where neither the proximal 
histidine nor the core is fully relaxed below - 100 K. The 
proximal histidine remains unchanged until - 100 K where 
it begins to relax to deoxy-Mb, just the opposite of the sequence 
of events at  300 K and short times. Perhaps rearrangement 
in the protein architecture as a function of temperature plays 
a role, and kinetic models may need to consider additional 
degrees of freedom provided by the protein. 

Control of Reactivity in Hemoproteins. The unique phe- 
nomenon of chemical kinetics in biological systems at helium 
temperatures has been provided by two different examples: 
(1) the tunneling of electrons from cytochrome c to the pho- 
tosynthetic reaction center as observed in studies of DeVault 
and Chance (1966) and (2) the rebinding of CO to the iron 
atom of Mb as observed initially by Iizuka et al. (1974a) and 
studied in detail by Frauenfelder and his colleagues (Ansari 
et al., 1985; Austin et al., 1975; Frauenfelder, 1985). A 
significant temperature-independent region was observed to 
100 K in electron tunneling in photosynthetic bacteria (Devault 
& Chance, 1966) and to approximately 20 K in nuclear tun- 
neling in MbCO (Alberding et al., 1976a,b, 1978; Marden, 
1982). The determination by direct physical methods of the 
tunneling distance parameters was recently solved by X-ray 
crystallography in the case of the photosynthetic reaction 
center where predicted tunneling distances of 28 A (Alberding 
et al., 1978) were found actually to be 22 A by crystallography 
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ligand-metal atom distance could have various values de- 
pending upon places within the pocket from which the ligand 
may tunnel to the iron atom. We have found two positions 
at  which the ligand may be retained on its way through the 
pocket to the iron atom of Mb. 

These two positions which are occupied in the reverse of the 
binding trajectory are quite properly near the heme iron, with 
the carbon of CO at 1.97 and 2.58 A away, respectively. There 
may well be other positions in the heme pocket at which the 
ligand may be retained in its trajectory to the iron atom. So 
far, we have considered only one CO molecule within the heme 
pocket since even one molecule of CO has restricted movement 
within van der Waals contacts (Kuriyan et al., 1986) of the 
pocket. The entry of the ligand into the heme pocket may 
require the help of dynamic protein fluctuations, e.g., 
breathing, etc., and such motions periodically open structural 
features to the multitude of colliding CO molecules. In such 
“breathing” modes, these structural features may provide 
additional positions that can be occupied by the CO molecule. 

Relationship to Enzymology. The important result of this 
study is the identification of two sites for the CO molecule, 
one of which is very close to the site occupied by the ligand 
when bound to the iron (Mb*CO) and the other of which is 
displaced from it by 0.7 A and located in a particular crevice 
of the protein (Mb**). The concept of such sites in en- 
zymesubstrate reactions is a novelty. Ever since the Michaelis 
and Menten (19 13) hypothesis, the substrate binding site has 
been considered to be the functional site in enzymatic catalysis 
and ligand binding, even abortive complexes involve the same 
active site. The special conditions under which the Mb** site 
is occupied are those of optical pumping where the ligand 
positions involving a more rapid reaction are recombined 
(Mb*CO) while ligand positions involving a slower reaction 
are occupied. The X-ray absorption studies indentify a family 
of sites near the iron atom, and correlation with X-ray crystal 
structural data indicates only one such site in the heme pocket 
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