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ABSTRACT: Various structural and electronic factors that result in similar rates of oxygen association (ikon) 
and differing rates of oxygen dissociation (koff) for ferrous (FeMb) and cobaltous (CoMb) myoglobin 
have been investigated. Similar values for k,, indicate similar barriers to oxygen binding for CoMb and 
FeMb. Through optical spectroscopy, we have found that the stable quantum yields of photolysis for 
CoMb02 (0.55 f 0.05) and FeMbO2 (0.50 f 0.05) at 10 K are the same. The X-ray absorption near 
edge spectra (XANES) of CoMb and FeMb reveal similar metal-heme displacements for the deoxy, 
oxy, and low temperature photoproduct states of CoMb and FeMb. Thus, similar barriers to ligand binding, 
indicated by similar ken's and photoproduct yields for CoMb and FeMb, correlate with the metal-heme 
displacements for the oxy, deoxy, and low temperature photoproduct states of CoMb and FeMb. Lower 
values of koff for FeMbO2 versus CoMbOz imply different barriers to oxygen release for the two species. 
X-ray edge positions of CoMb and FeMb indicate a substantial transfer of electron density from the 
metal to the ligand upon oxygenation. The distribution of electron density throughout the M - 0 - 0  moiety 
differs for CoMb02 and FeMb02. Resonance Raman spectroscopy has demonstrated that the Co-0  
bond is weaker when compared to Fe-0 [Tsubaki, M., & Yu, N. T. (1981) Proc. Nutl. Acud. Sci., U.S.A. 
78,358 11. We have used photolyzed/unphotolyzed Fourier Transform Infrared (FTIR) difference spectra 
of CoMb1602, CoMb1802, FeMb1602, and FeMb1802 to show that the dioxygen stretching frequency, 
v(0-0) ,  in CoMbOz (-1138 cm-') is higher than FeMbO2 (-1131 cm-l). The dioxygen stretching 
frequency in CoMbOz is closer to that of heme protein models lacking a hydrogen bond to the distal 
histidine, suggesting that formation of the hydrogen bond in FeMbO2 provides a greater effect on the 
distribution of electron density throughout the Fe-0-0 *HN moiety, potentially stabilizing a more 
ionic Fe -0 -0  bond. These findings demonstrate important electrostatic differences in the distal 
environments of CoMbO2 and FeMbOz, resulting in different barriers to oxygen release. 

Characterization of the ligand-bound and photoproduct 
states of myoglobin, hemoglobin, and other hemeproteins is 
essential to understanding the mechanisms of ligand-binding 
and photolysis. Elucidating the functional role of the heme 
iron in these processes is crucial. An excellent means of 
doing so is by studying metal-substituted hemeproteins. The 
iron center in hemoglobin and myoglobin has been replaced 
by cobalt (Hoffman & Petering, 1970), copper (Fabry et al., 
1968), manganese (Fabry et al., 1968; Yonetani et al., 1970), 
and nickel (O'Hagen, 1961), but only cobalt-substituted 
myoglobin and hemoglobin have been shown to reversibly 
bind oxygen (Hoffman & Petering, 1970). The oxygen 
affinity for cobalt myoglobin (CoMb) is lower than for native 
ferrous myoglobin (FeMb), resulting from a rate of oxygen 
dissociation (k,ff) that is much higher for CoMb02. The rate 
of oxygen association (ken) for CoMb is comparable to that 
of FeMb (Table 1) (Antonini & Brunori, 1971; Yamamoto 
et al., 1974). Therefore, an investigation of the structural 
and electronic factors that result in similar physiological rates 
of oxygen binding and unique rates of oxygen release for 
CoMb and FeMb provides valuable information on the role 
of iron in these processes. 
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The physiological rate of oxygen association in myoglobin 
(ken) reflects the overall barrier to oxygen binding. This 
barrier involves (1) diffusion of the ligand through the protein 
matrix, i.e., the outer burrier, and (2) reaction of the ligand 
with the heme iron, Le., the inner burrier (Carver et al., 1990; 
Quillin et al., 1995). Flash photolysis and recombination 
studies of NO, 0 2 ,  and CO with myoglobin at room 
temperature indicate that these three gaseous ligands diffuse 
through the protein at similar speeds and that the major 
differences in the physiological rates of ligand association 
to myoglobin are a result of distinct barriers at the heme 
(Doster et al., 1982; Carver et al., 1990; Gibson et al., 1992; 
Quillin et al., 1995). In other words, the outer barrier for 
these ligands is similar, and the variations in k,, for MbCO, 
MbO2, and MbNO come from different inner barriers to 
ligand binding. Carver, et. al. (1990) have suggested that 
the heights of the inner and outer barriers are approximately 
equal for 0 2  binding at neutral pH. This result is in contrast 
to CO binding, in which the inner barrier is noticeably higher. 

Early work by Frauenfelder and co-workers (Austin et al., 
1975) has shown that the inner (also called geminate) 
rebinding barrier can be isolated by flash photolysis of the 
ligand at cryogenic temperatures, where the protein matrix 
is frozen and the ligand is unable to escape frQm the distal 
pocket. Chance et al. (1990) have proposed a direct relation- 
ship between the barrier to ligand binding and the low 
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Table 1: Comparison of Rate Constants and Vibrational Frequencies for Various Ferrous and Cobaltous Myoglobins and Model Compounds 

20” 10“ 570b 1.83(6)c 1131 
40d 2800d 540b 1.89(8)’ 1138 

14W 160W 
24,f 13of 

5619 1.898(7)9 
0.49 (Po.dh 572h 1.75(2)9 1159‘ 

61 1150’ 
520, 11491 

a Antonini and Brunori (1971). Tsubaki and Yu (1981). Phillips (1980). Yamamoto et al. (1974). e Petsko et al. (1978). fRohlfs et al. (1990). 
Walters et al. (1980). Collman et al. (1978). ’ Collman et al. (1976). ’Proniewicz et al. (1989). 

temperature quantum yield of photolysis, where the quantum 
yield of photolysis (or photoproduct yield) is defined as the 
fraction of liganded material that is converted to “deoxy- 
like” photoproduct upon photolysis at cryogenic tempera- 
tures. For ligands such as 0 2  and CO, where the outer 
barriers are approximately equal (Carver et al., 1990; Quillin 
et al., 1995), slower values for kon imply higher inner barriers 
to ligand binding, which are reflected in higher observable 
photoproduct yields at low temperature. This trend is 
observed when comparing the values of k,, for MbCO and 
MbOz to the quantum yields of photolysis for MbCO and 
MbOz; the rate of 0 2  association to myoglobin is -30 times 
larger than CO (Brunori et al., 1969), and the observed yield 
of MbOz photolysis has been established through optical 
spectroscopy to be 0.4 f 0.1 at 8 K whereas that of MbCO 
is 1.0 (Chance et al., 1990). The “unphotolyzable” popula- 
tion in MbOn is representative of conformational substates 
that have essentially zero barrier to recombination (Ahmed 
et al., 1991; Chance et al., 1990; Petrich et al., 1988). 

Structurally, proximal influences, such as the tilt of the 
proximal histidine and metal-heme displacement (M-Ct) 
of the deoxy and/or ligand-bound species may affect the 
magnitude and distributed nature of the ligand rebinding 
barrier (Friedman et al., 1982, 1985; Scott et al., 1985; 
Chance et al., 1990). For example, ligands such as CO, 
which rebind to a planar heme (Kuriyan et al., 1986), would 
be expected to have higher barriers than ligands such as 0 2 ,  

which may recombine more easily to a nonplanar heme 
(Phillips, 1980). The prior observation of similar barriers 
to 0 2  and CO binding in myoglobin (Doster et al., 1982) 
specifically failed to address the different quantum yields 
noted above. Those kinetic studies only probed the rates 
assignable to long-lived (i.e., postnanosecond) states. The 
entire distribution includes the “unphotolyzable” fraction that 
can only be observed through spectral analysis, as mentioned 
above. 

X-ray crystallography has been used to identify the metal- 
heme displacements for deoxy-Mb (Phillips, 198 1; Quillin 
et al., 1993; Schlichting et al., 1994), MbCO (Kuriyan et 
al., 1986; Quillin et al., 1993; Schlichting et al., 1994), MbOz 
(Phillips, 1980), and the MbCO photoproduct (Schlichting 
et al., 1994). The fine structure in X-ray absorption near 
edge spectra (XANES) has also been correlated to the iron 
out-of-plane distance in ferryl, ferric, and ferrous hemepro- 
teins by calibration of spectral changes to known crystal- 
lographic data (Bianconi et al., 1984; B. Chance et al., 1984; 
M. Chance et al., 1986; Chance, 1986; Shiro et al., 1991). 
However, XANES is better suited than crystallography for 
determining metal-heme displacements of photolysis inter- 
mediates in which the quantum yield is less than unity since 

the difference techniques necessary are straightforward. Thus, 
a direct comparison of the metal-heme displacements for 
the deoxy, oxy, and low-temperature photoproducts of CoMb 
and FeMb can be made by examining the XANES spectra 
of those species, and conclusions can be drawn about the 
proximal barriers to oxygen binding in CoMb versus FeMb. 

Oxygen binding and release are strongly influenced by 
distal pocket effects, Le., the structural and electronic changes 
that occur in the M-0-0  moiety itself and its interaction 
with the distal pocket residues upon oxygenation. EPR 
(Hoffman & Petering, 1970; Chien & Dickinson, 1972; 
Yonetani et al., 1974a) and Mossbauer (Spartalian et al., 
1976) studies of the deoxy and oxy forms of CoMb and 
FeMb, respectively, reveal that there is a significant transfer 
of the unpaired electron density from the metal to the oxygen 
ligand upon oxygenation. X-ray absorption spectroscopy 
provides a method for directly comparing this electron 
density transfer in the cobaltous and ferrous species. Nu- 
merous studies have correlated the position of the X-ray edge 
to the effective charge on the central metal (Belli et al., 1980; 
Wong et al., 1984; Wirt et al., 1991; Scheuring et al., 1994). 
Shifts in the X-ray edge position as a ligand binds imply a 
reorganization of electron density between the metal and the 
ligand, acting as a probe of electron density redistribution 
after oxygen binding in myoglobin. 

The distribution of electron density throughout the M-0-0 
moiety, including the strengths of the metal-oxygen and 
dioxygen bonds, polarity of the M-0-0 unit, distal pocket 
polarity, and hydrogen bond strength, contributes to the distal 
barrier to oxygen binding and release in myoglobin. Reso- 
nance Raman (RR) studies have established that ~ ( C O - 0 )  
is weaker than v(Fe-0), contributing to a higher value of 
koff for CoMbOz compared to FeMbO2 (Tsubaki & Yu, 198 1). 
The dioxygen stretching frequency, ~(0-0) ,  has been 
probed for CoMbOz through RR spectroscopy. However, 
similar RR studies have not been possible for FeMbOz due 
to lack of resonance enhancement of v(0-0)  (Tsubaki & 
Yu, 1981). Infrared spectroscopy has been used to address 
v ( 0 - 0 )  in FeMbO2, but there has been only a single report 
of a direct comparison of v (0 -0 )  for CoMbOz and FeMbOz 
(Maxwell & Caughey, 1974). Several modes sensitive to 
FeMbOz dioxygen isotopic substitution have been identified 
through infrared difference spectroscopy (Potter et al., 1987). 
More recently, the photolyzability of FeMbl60z has been 
shown to provide an excellent means for generating differ- 
ence spectra (photolyzed/unphotolyzed) at 10 K (Miller & 
Chance, 1994). We extend this approach to CoMbl602, 
CoMb1*02, and FeMb1*02, providing a direct comparison 
of v ( 0 - 0 )  for CoMbOz and FeMbOZ. 
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The polarity of the M-0-0 moiety and the distal residue 
affects the oxygen binding kinetics in myoglobin (Carver et 
al., 1990; Ikeda-Saito et al., 1991; Rohlfs et al., 1990). 
Rohlfs, et. al. (1990) have proposed that oxygen affinity is 
controlled by the ability of the distal residue to stabilize a 
polar M-0-0 unit, most notably by forming a hydrogen 
bond to the bound dioxygen. Comparison of the dioxygen 
stretches of CoMb02 and FeMb02 to models lacking the 
hydrogen bond to the distal histidine provides some insight 
into the extent of electron redistribution through the M-O- 
0. SHN-His moiety and, thus, the polarity of the M-0-0  
bond. 

In summary, in this paper we address the crucial role of 
iron in the process of oxygen-binding to myoglobin by 
comparing the deoxy, oxy, and low temperature photoprod- 
ucts of FeMb to CoMb. We have studied the similarities in 
rates of oxygen association (ken) and differences in oxygen 
dissociation (koff) in CoMbO:, and FeMb02 by examining 
factors affecting both the proximal and distal barriers to 
ligand binding. Low temperature quantum yields of pho- 
tolysis for CoMbO2 and FeMbO2 are a means of probing 
the relative barriers to oxygen binding. We have investigated 
the relationship between the degree of metal-heme displace- 
ment and the proximal barrier to ligand recombination by 
XANES analysis of the deoxy, oxy, and low-temperature 
photoproduct states of cobaltous myoglobin. Distal effects 
involving the electronic configuration of the M-0-0  
moiety and its interactions with the distal pocket, which may 
affect the overall barrier to oxygen binding and release, have 
been addressed by analyzing the X-ray edge positions of 
deoxy- and oxy-FeMb and CoMb and by comparing the 
bound dioxygen stretching frequencies, v(0-0) ,  of CoMb02 
and FeMbO2. 

Miller and Chance 

MATERIAL AND METHODS 

Horse skeletal muscle myoglobin, deuterium oxide (99.9%), 
glycerol, and trizma base were purchased from Sigma 
Chemical Co. Sodium dithionite and hydrochloric acid 
(36.5-38%) were purchased from J. T. Baker & Company. 
N2 (99 atom a), 0 2  (99 atom %), and liquid He were 
purchased from MG Industries. All chemicals and gases 
were used without further purification. Cobaltous oxymyo- 
globin (CoMbO2) was a gift from Dr. H. C. Lee of Albert 
Einstein College of Medicine and was prepared from horse 
skeletal muscle myoglobin as described previously (Yonetani 
et al., 1974b). MbO:, samples were prepared in 100 mM 
buffer (pD 7.0 Tris buffer in D20 for FTIR experiments; 
pH 7.0 Tris buffer in 75:25 glycerolP20 for X-ray and 
optical absorption experiments) as described previously 
(Miller & Chance, 1994). 

FTIR Spectra. Samples were placed between two CaF2 
windows using a 0.025 mm Teflon spacer and mounted in a 
low-temperature cryostat (Janis ST4B) which was interfaced 
to a Lakeshore Temperature Controller (Model 805). Samples 
were cooled via a liquid helium transfer line. Spectra were 
taken using a Mattson Galaxy Series 5000 FTIR equipped 
with a liquid nitrogen-cooled MCT detector interfaced to a 
Gateway 386 computer. For each spectrum, 128 scans were 
taken at a 2 cm-' resolution. Spectra of the ligand-bound 
sample were taken at 70, 50, 30, and 10 K as the sample 
was cooled. The sample was photolyzed at 10 K for 10 min 
per side using a high-intensity white light source (CUDA 

Products, Inc., Model 1-150). The photolysis source was 
tumed off and spectra of the photoproduct were taken at 10, 
30, 50, 70 K as the sample was warmed. Spectral inter- 
ferograms were collected and fourier transformed using 
FIRST software provided by Mattson, Inc. Difference 
spectra were generated by dividing the photoproduct spectra 
by the ligand-bound spectra at each respective temperature 
(i.e., photoproduct at 10 K/ligand-bound at 10 K) and 
converting from transmittance to absorbance units. Then the 
difference spectra were fit to a cubic polynomial baseline. 

Optical Absorption Spectra. Samples were mounted and 
cooled as described in the previous section (FTIR Spectra). 
For these experiments, the teflon spacer thickness was 0.050 
mm, and samples were on the order of 1 mM in concentra- 
tion, giving an optical density in the Soret region between 
0.8 and 0.9 OD. Spectra were taken using a Hewlett Packard 
Diode Array Spectrometer (Model HP8452A). Data collec- 
tion time was 0.1 s for each spectrum to prevent photolysis 
of the sample by the spectrometer's deuterium source lamp. 
The sample was cooled to 8 K, and a spectrum of the ligand- 
bound oxymyoglobin (MbO2) was taken (Figure 1). Then, 
the sample was photolyzed for 5 min per side using a high- 
intensity white light source (CUDA Products, Inc. Model 
1-150) or by a 2-min exposure to the spectrometer's 
deuterium lamp. Both photolysis sources yielded the same 
results and longer exposure times did not increase the degree 
of photolysis. The photolysis protocol was first tested with 
an MbCO sample, which is fully photolyzable (Chance et 
al., 1990). We were able to achieve 100% photolysis of the 
MbCO with a 2 min per side illumination by the white-light 
source or a 40 s exposure to the spectrometer source lamp. 
After photolysis, the light source was tumed off and spectra 
of the photolyzed sample (Mb*O2) were taken at 10 K 
increments as the sample was warmed, until it had fully 
recombined. 

First, the spectra were fit to a cubic polynomial baseline. 
Quantum yields were determined by interactively subtracting 
a variable fraction of the 8 K ligand-bound spectrum (MbOz) 
from the 8 K photolyzed spectrum (Mb*02) until the 
contribution to the difference spectrum at the peak wave- 
length of the ligand-bound spectrum was zero (Le., at 418 
nm for Mb02 and 426 nm for CoMb02) (Figure 1). The 
value of the variable fraction that satisfies this condition was 
the fraction of ligand-bound material that remained in the 
Mb*O2 spectrum after photolysis. Therefore, the photolysis 
quantum yield was obtained by subtracting that fraction from 
1 .O. The difference spectrum that remained after subtracting 
(1 - QY) x Mb02 from Mb*O:, was that of the Mb02 
photoproduct (Mb"fO2). Second derivatives were taken of 
the MbO2 and Mb*02 spectra to aid in identifying peak 
positions and the number of components in each spectrum. 
One must keep in mind that any positive peaks in the raw 
spectrum will appear as negative peaks in the second 
derivative spectrum. 

X-ray Absorption Spectra. X-ray absorption spectra were 
collected at the National Synchrotron Light Source (NSLS) 
at Brookhaven National Laboratory, on beamline X9B with 
a sagittally focused Si( 1 11) crystal monochromator with fixed 
exit geometry. 4 mrad horizontal acceptance of the X-ray 
beam was horizontally focused to 4.0 mm; the horizontal 
and the vertical apertures were set to 1.0 and 0.25 mm, 
respectively, yielding a photon flux of 8 x lo9 s-' on the 
sample. K, fluorescence was detected with a 13-element 
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germanium detector (Cramer et al., 1988) (Canberra) inter- 
faced to a PDP 11/23+ computer. An iron or cobalt foil 
was used as a reference to account for any shifts in the 
monochromator. The reference signal was generated by 
scattering X-ray photons off of a piece of kaypton tape 
mounted 45" to the X-ray beam and through the metal foil; 
the fluorescence was detected by a zinc sulfide coated 
photomultiplier tube oriented 90" to the X-ray beam. A 
protocol for data collection was chosen keeping in mind that 
typical differences in X-ray edge positions between oxy- and 
deoxymyoglobin species are 2-3 eV and the width of each 
LFIR peak is -30 eV. Thus, high-resolution spectra were 
obtained by collecting data points in 0.5 eV steps (2 s/pt 
integration time) across the X-ray edge, and 1 .O eV steps (4 
s/pt integration time) through the X-ray absorption near edge 
(XANES) region. 

Samples were mounted in copper sample holders with 
mylar windows (10 mm wide x 5 mm high x 0.5 mm thick) 
and frozen in liquid nitrogen. The frozen samples were 
mounted in a closed-cycle helium displex and cooled to 20 
K. For the photoproduct spectra, samples were photolyzed 
using a Nd:YAG laser (Surelite, Continuum) that was 
frequency-doubled to 532 nm, with an average power of 40 
mW and 10 Hz repetition rate (Le., 4 mJ/pulse). The laser 
beam diameter was 6 mm. The photolysis protocol was first 
tested with an MbCO sample, which is fully photolyzable; 
100% photolysis was achieved, indicated by a 2.5 eV shift 
in X-ray edge position and a change in the ligand field 
indicator region ratio from 0.70 to 1.30 (Chance, 1986; 
Chance et al., 1986). 

X-ray edge positions are defined by the peak of the 
spectrum's first derivative (Belli et al., 1980; Wong et al., 
1984; Wirt et al., 1991). In order to obtain the ligand field 
indicator ratio (LFIR), the LFIR region was first fit to a cubic 
polynomial baseline between the minimum point preceding 
the first LFIR peak and the tail following the second LFIR 
peak (see Figure 2). Then, perpendiculars are erected from 
the horizontal baseline to the two peaks, A and B. The LFIR 
ratio is defined as the height of peak A divided by the height 
of peak B (B. Chance et al., 1984; M. Chance et al., 1986; 
Chance, 1986). The error in the LFIR ratio is determined 
by reproducibility from scan to scan and from different 
preparations. A total of 6-10 scans were taken for each 
sample, and 2-3 preparations were made of each sample. 
This analysis, though empirical, has a high predictive value 
and is especially valuable in examining changes in metal 
displacement or differences among closely related com- 
pounds (Bianconi et al., 1984; Shiro et al., 1991). A more 
thorough, quantitative approach using FEFF 6.0 is underway 
and supports the empirical approach (J. Rehr and M. Chance, 
unpublished observations). 

RESULTS AND DISCUSSION 
Low Temperature Quantum Yields of Photolysis: A 

Measure of the Inner Barrier to Oxygen Binding. Ligands 
such as NO, 02, and CO have similar outer barrier for ligand 
binding, and the variations in k,, for these species come from 
different inner barriers (Doster et al., 1982; Carver et al., 
1990; Gibson et al., 1992). The inner barrier to ligand 
binding can be isolated at cryogenic temperatures (Austin 
et al., 1975), and the magnitude of this barrier can be probed 
through the low temperature quantum yield of photolysis, 
where higher inner barriers result in higher photoproduct 

Biochemistry, Vol. 34, No. 32, 1995 10173 

'.' t 
0.9 

0.7 

0.5 

0.3 

0.1 

L 

d\ 
' deoxvFeMb 

Y I 
C r  I D 

L. 
n 

0.9 

CoMb 0.7 

0.3 - 

325 350 375 400 425 450 475 

Wavelength (nm) 
FIGURE 1: Optical spectra at 10 K for the following species: (A) 
ligand-bound (FeMb02), photolyzed (FeMb*O2), deduced photo- 
product (FeMb*f02), and deoxy (deoxy-FeMb) ferrous myoglobin 
and (B) ligand-bound (CoMbOz), photolyzed (CoMb*02), deduced 
photoproduct (CoMb*+OZ), and deoxy (deoxy-CoMb) cobaltous 
myoglobin. The CoMbOz and FeMb02 samples were both 1.4 mM, 
pH 7.0. For each spectrum, data collection time was 0.1 s with 2 
nm resolution. Samples were photolyzed for 5 min per side using 
a high-intensity white light source or by a 2 min exposure to the 
spectrometer's deuterium lamp. 

yields (Chance et al., 1990). An investigation of the low 
temperature quantum yields of photolysis for FeMbO2 and 
CoMbO2 directly addresses the effect of metal substitution 
on the inner rebinding barrier. 

A comparison of the 8 K ligand-bound (MbOz), photolyzed 
(Mb*Oz), observable photoproduct (Mb*+02), and deoxy 
optical spectra of CoMb and FeMb can be seen in Figure 1. 
Insets to Figure 1 include second derivative spectra of MbO2 
and Mb*02 for defining peak positions and the number of 
components in each spectrum. Ligand-bound MbOz is 
composed of a single peak with a maximum at 418 nm for 
FeMbO2, and 426 nm for CoMbOz. [The small shoulder at 
406 nm in the CoMbO2 spectrum is due to a small amount 
(-5%) of deoxy CoMb in the sample.] The Mb*O:! spectra 
each contain two components-one with a maximum at the 
position of ligand-bound MbO2 and the second with a 
maximum at the position of deoxy-Mb. Both CoMb*+02 
and FeMb*+O2 are extremely similar to their corresponding 
deoxy species. 

The FeMb*+O2 spectrum was obtained by subtracting 
0.50 x FeMbOz from the FeMb*02 spectrum. This result 
indicates that 50% of the FeMb*O* spectrum is due to ligand- 
bound FeMb02, indicating a photolysis quantum yield of 0.50 
f 0.05, which is within the error of similar studies by Chance 
et al. (0.4 f O.l), which were also taken at much higher 
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resolution (0.4 nm) (Chance et al., 1990). This shows the 
Hewlett Packard system gives data comparable to a high 
resolution diode array setup. In the same fashion, the 
CoMb*+02 spectrum was generated by subtracting 0.45 x 
CoMbO2 from the CoMb*02 spectrum, indicating 45% of 
the CoMb*Oz spectrum is due to ligand-bound CoMbO2, 
giving a photolysis quantum yield of CoMbO2 of 0.55 f 
0.05. Within the error of our measurements, the photolysis 
quantum yields of CoMb02 and FeMbO2 are the same. This 
result supports the theory that CoMb02 and FeMbO2 have 
similar inner barriers to oxygen binding, suggested by similar 
values for ken. 

The Proximal Barrier to Ligand Binding and Metal-Heme 
Displacement. The geminate barrier to oxygen binding can 
be divided into proximal and distal barriers (Bertini et al., 
1994). Proximal barriers involve the stereochemistry of the 
metalloporphyrin and coordination of the proximal histidine. 
Distal barriers arise from noncovalent interactions of the 
metalloporphyrin and the dioxygen ligand with the surround- 
ing solvent and protein. The magnitude of the proximal 
barrier to ligand binding is influenced by the displacement 
of the iron from the heme plane, where ligands that rebind 
to a nonplanar heme have a lower barrier than those which 
rebind to a planar heme (Chance et al., 1990). X-ray 
crystallographic and X-ray absorption studies have shown 
that for ligand-bound MbCO, the iron is oriented in the heme 
plane (Chance, 1986; Chance et al., 1986; Kuriyan et al., 
1986); for ligand-bound MbO2, the iron is displaced 0.2 8, 
from the heme plane (Phillips, 1980; Chance, 1986; Chance 
et al., 1986); and for deoxy-Mb, the iron is even further 
displaced from the heme plane (0.35 A) (Phillips, 1981). 
Photolysis results in the motion of the metal from its ligand- 
bound position toward a deoxy-like conformation, and 
rebinding requires motion of the metal back toward the heme 
plane. Since 0 2  may recombine more easily to a nonplanar 
heme, where MbCO recombines to a planar heme, low- 
barrier or barrierless recombination is more probable for 
Mb02 than MbCO (Chance et al., 1990). Thus, a comparison 
of the metal-heme displacements in deoxy, oxy, and the 
low temperature photoproduct of CoMb and FeMb provides 
valuable information on a measure of the proximal barrier 
to oxygen binding in the two species. 

X-ray absorption near edge spectroscopy (XANES) is an 
excellent technique for examining the metal displacement 
(M-Ct) from the heme plane in the deoxy, photoproduct, 
and ligand-bound forms of hemeproteins. Chance and co- 
workers (B. Chance et al., 1984; M. Chance et al., 1986; 
Chance, 1986) have shown that the ratio of peaks in the 
ligand field indicator region (LFIR) of a XANES spectrum 
(Figure 2) can be correlated to the spin state and iron out- 
of-plane distance in fenyl, ferric, and ferrous hemeproteins. 
Changes in the LFIR are seen to arise from changes in the 
backscattering of higher shell ligands. LFIR changes arise 
from focusing effects, which are important when backscat- 
tering atoms are in line with the absorbing metal atom. The 
LFIR regions of the CoMbO2, CoMb*O;?, and deoxy-CoMb 
X-ray absorption spectra are illustrated in Figure 2. The 
relationship between the LFIR ratio and M-Ct (as deter- 
mined by X-ray crystallography) for various myoglobin 
compounds is shown in Figure 3. As can be seen, the 
relationship follows the least-squares line: LFIR = (M-Ct 
x 2.3) + 0.66. A summary of the LFIR ratios and M-Ct 
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FIGURE 2: Ligand field indicator region (LFIR) of the X-ray 
absorption of CoMbOz, CoMb*02, and deoxy-CoMb. The LFIR 
ratio is defined as the height of peak A divided by the height of 
peak B (see text for details). Both the CoMb02 sample and the 
deoxy-CoMb samples were 1 mM, pH 7.0. Spectra were obtained 
by collecting data points in 1.0 eV steps with 4 s/pt integration 
time. Samples were photolyzed at 20 K with a frequency-doubled 
Nd:YAG laser (4 mJ/pulse) throughout the scan. 
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FIGURE 3: Correlation of the LFIR ratio with the metal displacement 
(M-Ct) of various myoglobin species as determined by X-ray 
crystallography. The estimated error in the LFIR ratio values is 
zk0.0.5. The equation for the least-squares line is LFIR = (2.3 x 
M-Ct) + 0.66. 

distances for both the ferrous and cobaltous myoglobin 
species can be found in Table 2. 

X-ray crystallographic studies show that the metal-heme 
displacement of CoMbO2 (Petsko et al., 1978) resembles 
FeMbOz (Phillips, 1980). Within the error of the measure- 
ment, the LFIR ratios for CoMbO2 (1.12 zt 0.05) and 
FeMbO2 (1.08 zt 0.05) are the same, indicating similar metal 
displacements from the heme plane, in agreement with the 
crystallographic data. For the deoxy species, X-ray crystal- 
lographic data for deoxy-meso-CoMb (Padlan et al., 1975), 
deoxy-CoHb (Fermi et al., 1982), and several five-coordinate 
cobaltous heme model compounds (Scheidt & Hoard, 1973; 
Fermi et al., 1982) predict a metal displacement for deoxy- 
CoMb which is slightly less than or equal to that of deoxy- 
FeMb (Phillips, 1981). Analogously, the LFIR ratios for 
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Table 2: X-Ray Absorption Edges and LFIR Ratios for Ferrous and 
Cobaltous Myoglobin 

X-ray 
absorption LFIR M-Ct (A)e M-Ct (A). 

edge (eV). ratiob,‘ (XAS-LFIRY (crystallography) 
FeMb02 7125.0 1.08 0.18 0.188 
FeMb*02 1.24‘ 
FeMb*+02 1.40d 0.32 
deoxy-Mb 7122.0 1.45 0.34 0.35h 
C0Mb02 7723.5 1.12 0.20 0.25’ 
CoMb*02 1.25‘ 
C0Mb*+02 1.36d 0.31 
deoxy CoMb 7721.5 1.36 0.3 1 
MbCO 7124.5 0.7W 0.02 0.03k 
Mb*CO 1.30, 0.28 0.27‘ 

0.25m 
X-ray edge positions determined assuming values for an iron foil 

of 7 1 11 .O eV and cobalt foil of 7709.0 eV; errors on X-ray edge 
positions are h0.2 eV. Errors on LFIR ratios are f0.05. Experi- 
mental results uncorrected for photolysis quantum yield. Calculated 
results corrected for photolysis quantum yield: FeMb02, 0.50 f 0.05; 
CoMbO2,0.55 k 0.05. e Metal displacement from the mean heme plane. 
fcalculated from LFIR = (M-Ct x 2.3) + 0.66. Errors are f0.07 
A. Phillips (1980). Phillips (1981). ’ Petsko, et al. (1978). 1 Chance 
(1986). kKuriyan et al. (1986). ’Schlichting et al. (1994). Srajer et 
al. (1988). 

deoxy-CoMb (1.36 f 0.05) and deoxy-FeMb (1.45 f 0.05) 
indicate very similar metal displacements for the two species. 

Crystallographic data are not available for the low tem- 
perature CoMbO2 and FeMbO2 photoproducts, but we are 
able to assess the degree of metal displacement using the 
LFIR ratios for the two species. Since the quantum yield 
of photolysis of Mb02 is less than unity, the LFIR spectrum 
of Mb*O2 contains 50% of ligand-bound material (MbOz) 
and 50% photolyzed material (Mb*+Oz). Thus, in order to 
determine the LFIR ratio of the photolyzed part (Mb*+Oz) 
of the Mb*02 spectrum, we have used the following linear 
combination equation, which incorporates the quantum yield 
of photolysis for MbO-2. It should be noted that this method 
assumes that the “unphotolyzable” population of Mb02 has 
an LFIR ratio that is indistinguishable from that of liganded 
Mb02: 

LFIR,po2 = 

[LFIR,,*+02QYl + [LFIRligandecj MbO,( 1 - QY)1 

Table 2 contains both the uncorrected LFIR ratios and the 
quantum yield-corrected values. As can be seen, the metal 
displacements for the observed photoproduct populations are 
indistinguishable from each other and the corresponding 
deoxy species (CoMb*+Oz: 1.36 f 0.05; FeMb*+Oz: 1.40 
f 0.05). This result is in contrast to the LFIR ratio of the 
MbCO photoproduct (1.30), in which the iron displacement 
is only -75% of the deoxy-Mb iron displacement (1.45) 
(Chance, 1986; Powers et al., 1987). The mean displacement 
for the MbCO photoproduct is supported by crystallographic 
data (Schlichting et al., 1994) and theoretical calculations 
(Srajer et al., 1988). Finally, it is important to note that 
XANES describes only an average displacement while the 
actual situation is assumed to consist of a population of 
substates with a mean value reflected in the XANES result. 
In the case of CoMbOz and FeMbO2, where the quantum 
yields of photolysis are less than unity, the photoproduct 
results reveal only the observed photoproduct; we cannot 
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directly examine the structure of the presumably fast rebind- 
ing species, i.e., the fraction of Mb02 molecules (-50%) 
with essentially zero barrier to rebinding. 

In summary, these XANES results (Table 2) indicate that 
both ligand-bound CoMbOz and FeMbOz have metal-heme 
displacements of -0.2 A, which is different from MbCO, 
in which iron is located in the mean heme plane. Also, the 
observed photoproducts of MbCO and MbOz are different, 
the latter being more “deoxy-like”. 

The Distal Barriers to Oxygen Release and the Electron 
Reorganization through the Metal-Dioxygen Moiety upon 
Oxygenation. The -300-fold increase in the rate of oxygen 
dissociation (koff) for CoMbOz (Yamamoto et al., 1974) 
versus FeMbOz (Antonini & Brunori, 1971) suggests con- 
siderable differences in the barriers to oxygen release for 
the two species. Studies on distal pocket myoglobin mutants 
have indicated that ko, is influenced by distal pocket effects, 
i.e., the structural and electronic changes that occur in the 
M-0-0 moiety itself and its interaction with the distal 
pocket residues upon oxygenation (Carver et al., 1990; Rohlfs 
et al., 1990; Lee et al., 1994). The strengths of the M-0 
and 0-0 bonds, polarity of the M-0-0 unit, distal pocket 
polarity, and hydrogen bond strength are all contributing 
factors to individual barriers to oxygen binding and release 
in myoglobin. 

X-ray Edge Positions. Early infrared studies provided 
direct evidence for transfer of electron density from the metal 
to the dioxygen ligand in CoMbOz and FeMbO2 (Barlow et 
al., 1973; Maxwell & Caughey, 1974; Maxwell et al., 1974). 
Numerous electron paramagnetic resonance (EPR) studies 
on deoxy-CoMb, CoMbO2, and the CoMb02 photoproduct 
have also shown that there is a significant transfer of the 
unpaired electron density from cobalt to the ligand upon 
oxygenation; however, the g values are not indicative a full 
Co(III)-O2- structure (Hoffman & Petering, 1970; Chien 
& Dickinson, 1972; Yonetani et al., 1974a; Hori et al., 1982; 
Ikeda-Saito et al., 1977, 1991; Lee et al., 1992, 1994). A 
direct comparison cannot be made to native oxymyoglobin 
because it has a diamagnetic iron and is, thus, EPR-inactive. 
Nonetheless, similar conclusions have been drawn from 
Mossbauer spectroscopy on FeMb, FeMbOz, and the Fe- 
MbOz photoproduct (Spartalian et al., 1976). 

The X-ray absorption edge position also provides a 
measure of relative metal-ligand electron density distribu- 
tions. In this case, its advantage over EPR is that this 
technique can be used to directly compare CoMb and FeMb. 
Numerous studies have correlated the position of the X-ray 
edge to the effective charge on the central metal, i.e., the 
energy required to remove a K-shell electron decreases as 
the effective charge on the central metal becomes more 
negative (Belli et al., 1980; Wong et al., 1984; Wirt et al., 
1991; Scheuring et al., 1994). Shifts in the X-ray edge 
position as a ligand binds implies a reorganization of electron 
density between the metal and the ligand. Table 2 contains 
the X-ray edge positions of the oxy- and deoxy- forms of 
cobaltous and ferrous myoglobin. As oxygen binds, the 
X-ray edge positions of both FeMb and CoMb shift to higher 
energy (FeMb, 7122 eV; FeMbOz, 7125 eV; CoMb, 7721.5 
eV; CoMb02, 7723.5 eV), implying a decreased electron 
density on the metal and transfer of that electron density to 
the ligand and/or to the porphyrin ring. 

Comparison of the X-ray edge positions of the six- 
coordinate ligand-bound oxy species to six-coordinate models 
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of the M(II1) oxidation states [ferric: met Mb, 7126.0 eV, 
data not shown; cobaltic: cobalt(II1) hexamine and aquo- 
cobalamin, 7724.0 eV (Wirt et al., 1993)] indicate that in 
neither case is the electron reorganization consistent with a 
full M(III)-02- species. 

The importance of these results lies in the ability to use 
the same technique to directly address the redistribution of 
electron density upon oxygenation of CoMb and FeMb. The 
energy required for maximal electron transfer from the M(I1) 
state to the M(II1) state is 4 eV for iron and 2.5 eV for cobalt. 
Thus CoMbO2 has 80% of the maximal electron transfer to 
oxygen (2 out of 2.5 eV) and FeMbO2 has 75% (3 out of 4 
eV), implying similar relative degrees of electron transfer 
when oxygen binds to either species. 

The Metal-Oxygen Bond. Although both cobalt and iron 
transfer similar electron density to the ligand upon oxygen- 
ation, the distribution of this electron density throughout the 
M-0-0  moiety and its effect on the distal barriers to 
oxygen binding and release are not necessarily the same. 
Resonance Raman studies of CoMbO2 and FeMbO2 (Tsubaki 
& Yu, 1981; Tsubaki et al., 1982) have established that v- 
(Co-O) falls at -540 cm-' whereas v(Fe-0) falls at -570 
cm-'. Lower Co-0 versus Fe-0 stretching frequencies 
have also been observed for cobaltous and ferrous model 
compounds such as "picket fence" porphyrins [M(02)(Tplv- 
PP)(lMeIm)] (Walters et al., 1980; Proniewicz et al., 1989). 
Since Co-0-0 and Fe-0-0 have similar geometries 
(Petsko et al., 1978; Phillips, 1980), and the mass effect 
predicts only a -4 cm-' shift, the -30 cm-l difference has 
been attributed to a weakening of the Co-0 bond relative 
to the Fe-0 bond (Tsubaki & Yu, 1981; Tsubaki et al., 
1982). A higher dissociation rate constant (k& for CoMbO2 
versus FeMb02 (Yamamoto et al., 1974; Tsubaki & Yu, 
1981) and a lower oxygen affinity (P0.5) for Co(02)(Tpi,PP)- 
(1MeIm) versus Fe(02)(Tpi,PP)( 1MeIm) (Collman et al., 
1978) are thought to arise from these weaker Co-0 bonds. 

The origin of a weaker Co-0 bond appears to lie in the 
electronic configuration of the Co-0-0 unit. Upon 
oxygenation of the cobaltous porphyrin, significant unpaired 
electron density is transferred from the cobalt dz2 orbital to 
a n* antibonding molecular orbital, localized on oxygen 
(Hoffman & Petering, 1970; Chien & Dickinson, 1972; 
Wayland et al., 1974; Yonetani et al., 1974b; Tsubaki & Yu, 
1981). For FeMb02, where there is one less d-electron to 
populate the molecular orbital scheme, this n* orbital is 
vacant. This vacancy promotes stronger x-bonding in the 
FeMbOz case and is supported by a higher v(M-0) for 
FeMbO2 (Wayland et al., 1974; Tsubaki & Yu, 1981). 

The Bound-Dioxygen Bond. Resonance Raman spectros- 
copy has been the technique of choice in probing the 
dioxygen stretching frequency, v(0-0),  of CoMbO2 (Tsub- 
aki & Yu, 1981; Bruha & Kincaid, 1988; Proniewicz & 
Kincaid, 1990), although one infrared study has also been 
reported (Maxwell & Caughey, 1974). Unlike ferrous 
oxymyoglobin, Yu and co-workers have shown that v (0 -  
0) in CoMbO2 is resonance enhanced by excitation at 406.7 
nm (Tsubaki & Yu, 1981). Since then, several RR studies 
(Tsubaki & Yu, 1981; Bruha & Kincaid, 1988; Proniewicz 
& Kincaid, 1990) have revealed a multiple-band pattern in 
the dioxygen-stretch region. Through an elaborate study of 
cobaltous myoglobin and hemoglobin, and several cobalt 
porphyrin model compounds, Kincaid and co-workers (Bruha 
& Kincaid, 1988; Proniewicz & Kincaid, 1990) have 
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attributed the multiple band pattern to coupling of v (0 -0 )  
to internal modes of the proximal and/or distal histidine. They 
identified the inherent v (0 -0 )  at -1135 cm-'. 

Infrared spectroscopy has been the primary means of 
investigating the dioxygen stretch in ferrous oxymyoglobin 
(Barlow et al., 1973; Maxwell & Caughey, 1974; Maxwell 
et al., 1974; Potter et al., 1987). Similar to the Raman results 
for CoMb02, Caughey and co-workers (Potter et al., 1987) 
observe several modes in the dioxygen stretch region that 
are sensitive to isotopically labeled 0 2 .  They propose that 
the multiple-band pattern is attributable to two FeMbO: 
conformational substates, the lower of which is split by an 
unidentified perturbation. If unperturbed, v ( 0 - 0 )  would 
fall at -1120 and -1150 cm-'. 

Recently, we took advantage of the photolyzability of 
MbO2 and generated infrared difference spectra of photo- 
lyzed/unphotolyzed FeMbO2 at 10 K (Miller & Chance, 
1994). The resulting spectra revealed several photolysis- 
sensitive modes in the dioxygen stretch region that are due 
to conformational changes which occur in the heme periph- 
eral vinyl groups and the proximal histidine as Mb02 is 
photolyzed. In agreement with the theory of Kincaid and 
co-workers (Bruha & Kincaid, 1988; Proniewicz & Kincaid, 
1990), these heme and proximal histidine modes couple with 
v( 0 - 0). 

In this paper, we present the results of a similar experiment 
using CoMbO2 (Figure 4). The 10 K CoMb02 difference 
spectrum is obtained by dividing the photoproduct CoMbO2 
spectrum at 10 K by the ligand-bound CoMbO2 spectrum at 
10 K, Le., CoMb*O2 (10 K)/CoMbO2 (10 K). Similar 
difference spectra are obtained at 30 and SO K. As the 
sample recombines, the differences between CoMb*O2 and 
CoMbO2 are reduced. All negative peaks are features of 
ligand-bound MbOz and the positive peaks are characteristics 
of the MbO2 photoproduct. Positive peaks at 1078 and 1094 
cm-' and negative peaks at 1082 and 1098 cm-I are 
attributed to modes of the heme peripheral vinyl groups 
(Miller & Chance, 1994). The negative peak at 1104 cm-' 
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FIGURE 5 :  Difference FTIR spectra (photolyzed/unphotolyzed) of 
(A) CoMb1602 (-) versus CoMbI802 (---) at 10 K and (B) 
FeMbi602 (-) versus FeMb1802 (---) at 10 K. The CoMb1602 
sample was 2.5 mM, pH 7.0. The CoMbI802 sample was 1.8 mM, 
pH 7.0. The FeMb1602 sample was 4.3 mM, pH 6.0. The FeMb1802 
sample was 7.7 mM, pH 6.0. Spectra collection, sample photolysis, 
and data analysis protocols are described in the legend to Figure 4. 

and positive peak at 11 11 cm-' have been assigned to a C-H 
bending mode of the proximal histidylimidazole. A small 
contribution to the negative intensity at 1104 cm-' is due to 
v(0-0) .  These features of the CoMbO2 difference spectrum 
are very similar to FeMb02 (Miller & Chance, 1994) (Figure 
5). An outstanding difference between the spectra of 
CoMbO2 and FeMbOz is the intense negative peak at 1138 
cm-' in the CoMbO2 spectrum, which is absent in the 
FeMbO2 spectrum. 

Figure 5A illustrates that this band is sensitive to dioxygen 
isotopic substitution. A 10 K photolyzed/unphotolyzed 
difference spectrum of CoMb1802 reveals a decreased 
intensity of the 1138 cm-' mode and an intense new negative 
peak at 1072 cm-'. There is also a small intensity decrease 
at 1104 cm-I in the CoMb1802 spectrum. The expected 
isotopic shift when replacing 1 6 0 2  with 1 8 0 2  is a decrease in 
frequency of -65 cm-' (Bajdor et al., 1984; Kincaid et al., 
1985). These results suggest that the 1138 cm-' mode is 
v ( '~O- '~O) ,  which shifts to 1072 cm-' with 1 8 0 2  substitution. 
(The remaining intensity at 1138 cm-' in the CoMb1802 
spectrum is due to a small amount of 1 6 0 2  in the sample.) 

The isotopic sensitivity of the 1104 cm-' mode can be 
explained by a coupling of the inherent v ( ' ~ O - ~ ~ O )  at -1 138 
cm-' to the 1107 cm-' mode of the proximal histidine (Bruha 
& Kincaid, 1988; Proniewicz & Kincaid, 1990; Miller & 
Chance, 1994), resulting in perturbed modes at 1138 and 
1104 cm-' with 0 2  and proximal histidine character. The 
position of v(O-O), its isotopic sensitivity, and its coupling 
to modes of the heme-histidylimidazole moiety, which we 
have obtained here through IR spectroscopy, are in agreement 
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with the earlier RR studies of CoMb02 by Kincaid and co- 
workers (Bruha & Kincaid, 1988; Proniewicz & Kincaid, 
1990). 

For a direct comparison of the dioxygen stretch between 
CoMbO2 and FeMb02, the 10 K photolyzed/unphotolyzed 
difference spectra of FeMb1602 and FeMb1*02 can be seen 
in Figure 5B. The spectra are relatively straightforward. 
The CoMb1802 and FeMb1802 spectra are alike except that 
the peak identified as V ( ~ ~ O - ' ~ O )  at 1072 cm-' in the 
CoMb1802 spectrum falls at 1065 cm-' in the FeMb1*02 
spectrum, implying that the dioxygen stretch for FeMbO2 is 
-7 cm-I lower than for CoMb02. Similar to our results 
for FeMb1802, Caughey and co-workers (Potter et al., 1987) 
identified an intense feature at 1065 cm-' in the infrared 
spectrum of FeMb1802, which they attributed to V ( ~ ~ O - ' ~ O ) .  

The Mb1602 spectra are more complex. The v(0-0) 
mode corresponding to the 1138 cm-' mode in the C0Mb'~02 
spectrum is missing from the FeMb1602 spectrum, but the 
photolysis-sensitive vinyl and histidine modes are essentially 
the same and the isotopic sensitivity at 1105 cm-' is still 
present. Caughey and co-workers (Potter et al., 1987) also 
observe isotopic sensitivity at 1105 cm-' for FeMb02 which 
is lower than the expected 1 8 0 2  - 1 6 0 2  isotopic shift. They 
attribute it to coupling of the "real" v(0-0),  which appears 
as an extremely weak mode around -1127 cm-', to an 
unidentified perturbation, which we have identified as a 
proximal histidine mode at 1107 cm-' (Miller & Chance, 
1994). 

This model by Caughey and co-workers provides a 
reasonable explanation of the data; however, some issues 
still remain unclear from this interpretation. For example, 
the coupling of ~(0-0)  in FeMb1602 appears to be weak, 
as evidenced by the small (2 cm-') shift of the 1107 cm-I 
histidine mode. So, the expected perturbation of v ( 0 - 0 )  
should not be as complex as it appears. Also, the sum of 
the intensities of the perturbed modes at 1 105 and 1127 cm-' 
is weaker than Y ( ' ~ O - ' ~ O )  at 1065 cm-' (Potter et al., 1987). 
The data presented here are consistent with that finding. 
Although weak coupling of two modes may result in a 
redistribution of intensity, the total intensity is expected to 
remain constant. 

In summary, v (0 -0 )  of CoMb1802 falls at 1072 cm-I 
and shifts by 66 cm-' in CoMb1602 to 1138 cm-'. Con- 
versely, the dioxygen stretching frequency of FeMb1802 falls 
at 1065 cm-'. The unperturbed dioxygen stretching fre- 
quency in FeMb1602 is not observed, but using the predicted 
(calculated) isotopic shift of -66 cm-', which is also the 
observed isotopic shift for CoMbO2, we predict the dioxygen 
stretch of FeMbI6O2 to fall at -1131 cm-'. Thus, our results 
agree with Kincaid and co-workers that v(0-0)  falls at 
-1138 cm-' in CoMb1602, and we propose that v(0-0)  
falls at -1 131 cm-' in FeMb1602. 

Implications for M - 0 - 0  Polarity, Distal Pocket Polarity, 
and Hydrogen Bond Strength. The kinetics of oxygen 
binding and release for distal histidine mutants of FeMbO2 
and CoMbO2 reveal increased 0 2  affinities for those mutants 
with polar distal residues (Carver et al., 1990; Rohlfs et al., 
1990; Ikeda-Saito et al., 1991). ESEEM studies of these 
CoMbO2 mutants demonstrate a direct relationship between 
the ionic character of the Co-0-0 moiety and the polarity 
of the distal residue (Lee et al., 1994). Rohlfs et al. (1990) 
have proposed that oxygen affinity is controlled by the ability 
of the distal residue to stabilize a polar M-0-0  unit, most 
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notably by forming a hydrogen bond to the bound dioxygen. 
Thus the polarity of the M-0-0  moiety may be a deciding 
factor in the -300-fold increase in k,ff for CoMbOz versus 
FeMbO2. 

The polarity of the M-0-0  unit is dependent on its 
electronic structure, i.e., how the pair of a-bonding electrons 
is distributed and on the degree of n-backbonding from the 
0-0 region to the M-0 bonding region (Wayland et al., 
1974; Reed & Cheung, 1977). Structurally, bending of the 
M-0-0 moiety tends to localize the a-bonding electron 
pair on oxygen, approaching M(II1) -02-, and decreasing 
backbonding. Both MbOz (1 15') (Phillips, 1980) and 
CoMbOz (131') (Petsko et al., 1978) are significantly bent, 
implying highly polar (M"'Oz-) species. Even though it is 
bent, considerable n-backbonding still occurs in Mb02 
because the Fe"' species (3d5) has a half-filled d,, orbital 
that is expected to accept n-electron density back from 0 2 - .  
In contrast to Mb02, the backbonding from 0 2 -  in CoMbO2 
is substantially less than MbOn because the Co" species (3d6) 
has a filled dX6 configuration (Wayland et al., 1974; Reed & 
Cheung, 1977). Decreasing backbonding tends to decrease 
Y(M-0) and increase ~(0-0).  A lower value for v(M- 
0) for CoMbOz is consistent with less backbonding for this 
species and supports a higher value for koff. 

Studies on MbCO by Spiro and co-workers have shown 
that polar interactions between the terminal 06- atom of CO 
and the distal pocket residue(s) tend to stabilize the develop- 
ing negative charge on the terminal 0 atom produced by 
the backbonding (Li & Spiro, 1988; Hu et al., 1994; Ray et 
al., 1994). The net effect is an increase in backbonding. 
This effect is very dramatic where there is a hydrogen bond 
to the ligand, as in the case of low-pH CO-horseradish 
peroxidase (Uno et al., 1987) and low-pH CO-cytochrome 
c peroxidase (Smulevich et al., 1986). Analogous to the case 
for MbCO, backbonding is expected to be especially strong 
in MbOz at pH 7, where there is a hydrogen bond between 
the distal histidine and the oxygen ligand. 

In model systems where the distal-side hydrogen bond is 
absent, such as ferrous and cobaltous "picket fence" por- 
phyrins (Collman et al., 1975), the dioxygen stretch is 
significantly higher when compared to FeMbOz and CoMbOz 
at pH 7, where the distal-side hydrogen bond is present. It 
falls at 1150 cm-' in Co(O2)(T;jvPP)( 1MeIm) and 1159 cm-' 
in Fe(O2)(TPivPP)( 1MeIm) (Collman et al., 1976). This 
supports the theory by Spiro and co-workers that positive 
polar interactions increase backbonding, Le., decrease v ( 0 -  
0). The difference in frequency between the non-hydrogen- 
bonded model and the hydrogen-bonded protein is signifi- 
cantly less for CoMb02 (-12 cm-') as compared to MbOz 
(-28 cm-l). This result suggests that formation of the 
hydrogen bond in FeMbOz provides a greater effect on the 
distribution of electron density throughout the M-O- 
0. *HN moiety, potentially suggesting a stronger hydrogen 
bond to the distal histidine, and stabilizing a more polar Fe- 
0-0 bond, thus increasing its oxygen affinity. 

CONCLUSIONS 

Miller and Chance 

Substitution of cobalt for iron in myoglobin results in 
physiological rates of oxygen association (/con) to CoMb and 
FeMb that are similar and physiological rates of oxygen 
dissociation (koff) from CoMbO:! and FeMbOz that are 
different. Relative values for k,, and k,ff are a measure of 

the size of the overall (distal and proximal) barriers to oxygen 
binding and release, respectively, suggesting that CoMb and 
FeMb have similar barriers to oxygen binding and unique 
barriers to oxygen release. We have identified both 
structural and electronic similarities and differences between 
CoMb and FeMb that may contribute to these barriers. 

A correlation has been observed between the low tem- 
perature quantum yields of photolysis and the overall barrier 
to ligand binding. Thus, photolysis yields provide a spec- 
troscopic measure of relative values for k,,,. We observe 
this trend in similar quantum yields of photolysis for 
CoMb02 (0.55 & 0.5) and FeMbOz (0.50 f 0.5) at 10 K 
which reflect the similar values for k,, for the two species. 
Structurally, similar proximal barriers to oxygen binding are 
supported by similar metal-heme displacements in the 
deoxy, oxy, and low temperature photoproduct states of 
CoMb and FeMb. 

The unique values for koff in CoMbOz and FeMb02 seem 
to arise from different distal barriers to oxygen release. X-ray 
edge positions of deoxy and oxy CoMb and FeMb indicate 
a similar and substantial degree of electron transfer from the 
metal to the ligand upon oxygenation. Metal-oxygen and 
dioxygen stretching frequencies for CoMbO2 and FeMbO2 
demonstrate that the distribution of that electron density 
differs in CoMbO2 versus FeMbOz. Weaker Co-0 versus 
Fe-0 bonds have been identified in cobaltous and ferrous 
myoglobin and model compounds by RR spectroscopy 
(Tsubaki & Yu, 1981). We have determined that ~(0 -0 )  
for CoMbO2 (-1 138 cm-') is higher than FeMbO2 (-1 131 
cm-') and the dioxygen stretching frequency in CoMbOz is 
closer to that of non-hydrogen-bonded models. Thus, the 
differences between the electronic configurations of the Co- 
0-0 and Fe-0-0 moieties and their interactions with the 
distal pocket are supportive of different distal barriers to 
oxygen dissociation in myoglobin. 
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