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The biological transport1 of molecular oxygen is carried out 
by iron- and copper-containing proteins. Refined X-ray struc
tures2 of members of the iron O2 carriers, hemoglobins and 
hemerythrins, reveal no channels for exogenous ligands to 
directly access the iron sites from the solvent, demonstrating 
the physiological importance of protein fluctuations. The oxy 
adducts of these proteins are photosensitive, enabling the study 
of O2 recombination with deoxy forms produced by laser flash 
photolysis. Results to date have been interpreted3 in terms of 
consecutive O2 recombination equilibria for members of both 
protein famihes, indicating that O2 passage through these protein 
matrices involves multiple barriers. In relating rate and equi
librium data at physiological temperatures for these proteins, it 
has been tacitly assumed by many workers that Keq = k0Jk0ff. 
In this communication, we report results4 for Themiste zosteri-
cola myohemerythrin (Mhr) and demonstrate that this assump
tion is not valid. 

Mhr binds dioxygen by reducing it to hydroperoxide; 
concomitantly, diferrous deoxyMhr is oxidized to the diferric 
oxy form. The (hydro)peroxo —»Fe111 charge-transfer transition, 
centered at 500 nm, of oxyMhr was used to monitor the kinetics 
of O2 uptake and release. Rapid mixing5 of oxyMhr with 
sodium dithionite was used to scavenge O2 in solution, initiating 
O2 release from the protein. Rate constants6 for this reaction 
as a function of temperature and pressure are plotted in Figures 
1 and 2, respectively, and summarized in Table 1. Laser flash 

(1) For a recent review, see: Jameson, G. B.; Ibers, J. I. In Bioinorganic 
Chemistry; Bertini, I., Gray, H. B., Lippard, S. J., Valentine, J. S., Eds.; 
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Figure 1. Eyring plots6 of the temperature dependences of the observed 
rates (1 atm, pH 8.0) of O2 uptake (fc0n, • ) and release (fcoff, A ) . 
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Figure 2. Plots6 of kobs vs pressure (21.5 0C, pH 8.0) for O2 uptake 
(£0„, • ) and release (&0ff, A). No pressure-induced protein denaturation 
occurs at pressures up to 2000 bar. 

Table 1. Summary of Rate" Data for the Uptake and Release of 
O2 by Myohemerythrin 

parameter O2 uptake O2 release 

k (21.5 0C; latm) 209 ± 2 s-(1.40 ±0.02) x 
106M-1S-' 

kulkn (21.5 0C; latm) 1.01 ±0.09 1.6 ±0.1 
Ml* (kcal/mol; 21.5 0C; 1 atm) 0.3 ± 0.1 +22 ± 1 
AS* (eu; 1 atm) -29 ±1 +28 ± 4 
AV*(cm3/mol;21.5°C) +8.4 ± 0.3 +28 ± 3 

" Both reactions are independent of pH in the range 8.0-9.5. 

photolysis7 (530 nm, 6 ns pulse) of oxyMhr was used to generate 
deoxyMhr for kinetic analysis of the O2 uptake (recombination) 
reaction; temperature- and pressure-dependent results are plotted 
in Figures 1 and 2, respectively, and listed in Table 1. The 
kinetic activation parameters for O2 release are consistent8 with 
a dissociative rate-determining step involving Fe-O bond 
cleavage. However, the positive volume of activation for O2 
uptake is not consistent with the compressed transition state 
expected for an associative reaction. Furthermore, Fe-O bond 
formation should not exhibit a near-zero enthalpy of activation. 
These results point to a rate-determining step that occurs prior 
to Fe-O bond formation. 

Deuterium isotope effects (Table 1) support our interpretation 
of the kinetic behavior of the system, k^/kr, = 1.6 for O2 release, 
suggesting that rupture of the O—H bond depicted in Figure 3 
occurs during the same elementary step as Fe-O bond rupture. 
The absence of a reciprocal isotope effect for the O2 uptake 
reaction indicates, on the basis of microscopic reversibility 
considerations, that the rate-determining steps for these two 
reactions do not coincide. Referring to Figure 3, which depicts 
the minimum number of steps in these reactions, we suggest 
that k-i is rate-determining during O2 release, while ki limits 

(7) The laser flash photolysis system and high-pressure optical cell have 
been described previously (Ji, Q.; Eyring, E. M.; van Eldik, R.; Reddy, K. 
B.; Goates, S. R.; Lee, M. L. Rev. Sci. Instrum. 1995, 66, 222-226). O2 
concentrations were measured with a Corning M90 O2 analyzer. 

(8) van Eldik, R., Ed. Inorganic High Pressure Chemistry: Kinetics and 
Mechanisms; Elsevier: Amsterdam, 1986. The partial molar volume of 
O2 is 28 cm3/mol. 
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Figure 3. Schematic view of the presence of multiple intermediates 
during the uptake or release of O2 by myohemerythrin. 

the rate of O2 uptake.9 Ke« (21.5 0C) for O2 binding by 
deoxyMhr, (2.5 ± 0.5) x 1(P M-1, measured by spectropho-
tometric equilibration of mixtures of deoxyMhr and O2, is not 
in reasonable agreement with the (6.7 ± 0.1) x 103 M"1 value 
for the rate ratio. 

Our work establishes that the kinetic determination of Ktq, 
as koJkoff, for O2 binding by Mhr is not valid and results in an 
unacceptable error. Results for other iron O2 carriers suggest 
a similar circumstance. Deuterium isotope effects, similar to 
those noted in Table 1, have been reported10 for Phaseolopsis 
gouldii hemerythrin. Positive values of AV* for O2 uptake by 
sperm whale myoglobin and bovine hemoglobin have been 
observed.38'1' A flash photolysis study30 of O2 binding to sperm 
whale myoglobin concluded that the rate-limiting step occurs 
prior to Fe-O bond formation, as is the case here. Motion of 
the distal histidine is thought23,12 to play a key role in the uptake 
of O2 by myoglobin and the a-subunits of hemoglobin. At 

(9) Our flash photolysis results are independent of added glycerol (O-
50% vol/vol), indicating that k\ does not limit the O2 uptake rate. 

(10) Armstrong, G. D.; Sykes, A. G. Inorg. Chem. 1986, 25, 3135— 
3139. 
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S.; Morishima, I. J. Biol. Chem. 1989, 264, 18896-18901. (c) Projahn, 
H.-D.; Dreher, C.; van Eldik, R. J. Am. Chem. Soc. 1990, 112, 17-22. 

present, it is unclear which amino acid residues are important 
determinants of the kinetic behavior of Mhr. 

The use of temperature-jump relaxation in perturbing oxy =* 
deoxy metalloprotein equilibria (e.g., refs 10, lie, 13) has 
usually resulted in uniphasic14 relaxation times, indicating that 
this method cannot be used to determine the number of steps 
in ligand binding by these proteins. Since additional relaxation 
amplitudes have not been detected, we infer that AH° values 
for the steps after the initial Fe-O bond breakage must be very 
small. Other routine kinetic studies of O2 uptake and release 
are also handicapped by a number of observables insufficient 
to properly treat multistep equilibria such as these. Reported 
O2 affinities, obtained under the assumption of a single 
equilibrium step, therefore only represent apparent equilibrium 
constants. 
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