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Electron-transfer (ET) rates in proteins and enzymes are often 
difficult to predict or interpret using the theory developed by 
Marcus and others, which includes factors such as intercenter 
distance, intervening medium, orientational effects, and ther
modynamic driving force.3 Further complication derives from 
the possibility that the observed ET rate may be controlled by 
the rate of some other process, such as a conformational change.4 

In the present communication, we provide direct kinetic evidence 
that anion binding to sulfite oxidase limits the rate of intramo
lecular ET between the redox centers of this enzyme. 

Sulfite oxidase isolated from chicken liver is a dimeric protein 
composed of two identical subunits of Sl SSO Da, each containing 
a pterin-molybdenum cofactor5 at the catalytic site and a Mype 
heme, in a separate domain which is similar in sequence to cy
tochrome 65.6^ The enzyme oxidizes sulfite to sulfate, reducing 
2 equiv of cytochrome c (eq 1). During catalysis electrons flow 

SO3
2" + 2Fem cyt c ̂ =* SO4

2" + 2Fe" cyt c (D 
from sulfite to the molybdenum center to the heme group and then 
to cytochrome c.9 Steady-state kinetic experiments have shown 
that anions such as SO4

2-, Cl-, and HPO4
2- are inhibitors of the 

flow of electrons from sulfite to cytochrome c but not to O2.
6,10 

In 1971, Cohen and Fridovich proposed (regarding inhibition by 
sulfate) that "the sulfate sensitive step was not the reduction of 
the enzyme by sulfite, but was rather the egress of electrons from 
the enzyme to the 1-electron acceptors".6b Changes in EPR10,11 

and X-ray absorption12 spectra have demonstrated that anion 
binding can occur at the molybdenum center. 

Microcoulometric titrations of sulfite oxidase suggest that both 
the magnitude and the direction of the driving force for intra-
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Figure 1. Kinetic traces obtained at 555 nm illustrating heme photore-
duction and reoxidation upon laser flash photolysis of sulfite oxidase (50 
MM), using 5-deazariboflavin (90 nM) as a reductant: (a) 0 added 
sulfate, 15 ms time scale, Jt0^ for heme reoxidation 1580 s'1; (b) 23 mM 
sulfate, 500 ms time scale, JfcobKl = 35 s"1. The buffer composition is 6 
mM Tris, 6 mM Bis-Tris, 6 mM Bis-tris propane,19 and 5 mM EDTA 
adjusted to pH 6 with acetic acid. The laser flash generates <1 ^M 
deazariboflavin semiquinone; thus only a single electron enters each 
protein molecule. The solid line indicates a single exponential Ht to the 
reoxidation kinetics, and the residual is shown above the trace. 

molecular ET between the molybdenum and iron centers of sulfite 
oxidase can be modulated by pH and anion concentration.13 At 
low pH and/or high chloride, the Mo(VI) center appears to be 
reduced more easily than the Fe(III) center of the i-type heme, 
whereas at high pH and/or low chloride the Fe(III) center is 
calculated to be more easily reduced.13 

Laser photoreduced flavins provide a powerful method for 
investigating intramolecular ET in proteins in the absence of the 
substrate and the terminal electron acceptor of the complete 
catalytic reaction system.14-15 Using S-deazaflavin semiquinone 
radicals at pH 6 in low ionic strength buffer, the initial rapid 
second-order reduction of the heme center (k = 4 X 10* M-1 s"1) 
is followed by a heme reoxidation reaction that is enzyme con
centration independent and that has a rate constant of 1S80 s'1 

(Figure la). This heme reoxidation is consistent with ET from 
Fe(II) to Mo(VI). Note that the net direction of ET is opposite 
that occurring during enzyme turnover and that the reoxidation 
of the heme is not complete, implying an equilibrium between the 
sites. Titration of the sample with sodium sulfate or sodium 
chloride dramatically decreases the observed rate constant of 
intramolecular ET from 1580 to <100 s_1 (Figure lb). The extent 
of heme reoxidation remains constant throughout the titrations, 
indicating that the redox potentials of the two sites do not change. 
Kinetic transients for heme reoxidation obtained at all anion 
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Figure 2. Plot of 1/observed rate constant (heme reoxidation) vs [I] for 
I = SO4

2" (O) and Cl" (A). Experiments were performed under the 
conditions described in Figure 1. Dissociation constants Kt are 0.8 (±0.2) 
mM for SO4

2" and 4 (±1) mM for Cl" and can be obtained from the 
x-intercepts of the plot. 

concentrations were satisfactorily fit to a single exponential process. 
The kinetic effects of anion binding can be explained by the 

formation an inactive complex (EI) upon anion (I) binding (eq 
2)1 6 that is incapable of undergoing intramolecular E T (eq 3). 
Free photoreduced enzyme (E) is generated by ligand dissociation 
from this complex (eq 2). If fcobsd = fcET[E], K1 = [E] [ I ] / [ E I ] , 

EI (inactive) ^ ± E + I (2) 

and kET is defined as the rate constant for intramolecular ET in 
the absence of anions,17 then substitution for [E] using the ex
pression for K1 gives 

^obsd ^M^ET ^ET 

Thus, a plot of 1/fcobsd vs [I] will give a straight line with a slope 
of 1/KJCEI and an intercept of 1/&ET>

 a s shown in Figure 2 for 
SO4

2" and Cl". 
These results verify that an anion binding site exists on sulfite 

oxidase and provide direct kinetic evidence that intramolecular 
ET is inhibited by anion binding. The structural basis for this 
effect is currently unknown because there is as yet no X-ray 
structural data available for sulfite oxidase (or any other pte-
rin-containing molybdenum enzyme).18 The inhibition of sulfite 
oxidase turnover by anions under steady-state conditions may also 
be due to limitations on intramolecular ET because similar anion 
binding constants are obtained for both the steady-state10 and flash 
photolysis experiments. Previous evidence for similar kinetic effects 
in redox enzymes or metalloproteins comes from a lack of de
pendence of rates of ET on driving force,40 the facilitation of ET 
upon the binding of a ligand,4^ and surface diffusion within 
electrostatic complexes.48 
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of the ET reactions can be satisfactorily fit by a single exponential. 

(17) In these equations, E represents the Fe(II)1Mo(VI) species created 
upon flash photolysis, and P the Fe(III),Mo(V) species resulting from intra
molecular electron transfer, k^ represents the sum of the forward and reverse 
rate constants for this process. 
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= 9.0. 
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Whereas the competition between SN2 and E2 mechanisms is 
among the best understood reactivity-selectivity relationships in 
the liquid phase,1 the gas-phase anion-molecule counterpart2'10 

is much less well defined. Gas-phase studies are hindered because 
the readily measured ionic product is identical for both mechanisms 
while the distinct neutral products are extremely difficult to detect. 
The difficulty of precisely controlling the interaction energy further 
complicates some gas-phase investigations. Recent FA-SIFT 
studies using localized heteroatomic bases with simple alkyl halides 
concluded that elimination is often kinetically favored over sub
stitution.1112 Substitution, however, is preferred for sulfur anions 
reacting with alkyl halides, and substitution effectively competes 
with elimination when the localized base H2N" reacts with ethyl 
methyl sulfite.13 We wish to report that the competition between 
elimination and substitution at simple alkyl centers depends, most 
importantly, on the type of base used rather than its thermody
namic basicity; localized heteroatomic bases prefer to react with 
ethyl dimethyl phosphate by elimination while delocalized carbon 
bases prefer substitution. 

Ethyl dimethyl phosphate14 is an ideal substrate for these 
competition studies. First, it contains a common, excellent leaving 
group,15 AJZ0^dKRO)2POOH] « 332 kcal mol"1, for both sub
stitution and elimination channels. Second, the competition of 
interest is "intramolecular", obviating the need to consider dif
ferences in ion-neutral dynamics or energetics when distinct 
substrates are used. Third, reaction at phosphorus is negligible15 

while substitution and elimination reactions are facile. Fourth, 

f Harvard University. 
'University of Pittsburgh. 
(1) March, J. Advanced Organic Chemistry, 3rd ed.; John Wiley & Sons: 

New York, 1985; Chapters 10 and 17. 
(2) Ridge, D. P.; Beauchamp, J. L. / . Am. Chem. Soc. 1974, 96, 

3595-3602. 
(3) Sullivan, S. A.; Beauchamp, J. L. J. Am. Chem. Soc. 1976, 98, 

1160-1165. 
(4) van Doom, R.; Jennings, K. R. Org. Mass Spectrom. 1981, 16, 

397-399. 
(5) DePuy, C. H.; Bierbaum, V. M. J. Am. Chem. Soc. 1981, 103, 

5034-5038. 
(6) King, G. K.; Maricq, M. M.; Bierbaum, V. M.; DePuy, C. H. / . Am. 

Chem. Soc. 1981, 103, 7133-7140. 
(7) DePuy, C. H.; Beedle, E. C; Bierbaum, V. M. / . Am. Chem. Soc. 

1982, 104, 6483-6488. 
(8) de Koning, L. J.; Nibbering, N. M. M. J. Am. Chem. Soc. 1987,109, 

1715-1722. 
(9) van Berkel, W. W.; de Koning, L. J.; Nibbering, N. M. M. / . Am. 

Chem. Soc. 1987, 109, 7602-7608. 
(10) Jones, M. E.; Ellison, G. B. J. Am. Chem. Soc. 1989, 111, 1645-1654. 
(11) DePuy, C. H.; Gronert, S.; Mullin, A.; Bierbaum, V. M. J. Am. 

Chem. Soc. 1990, 112, 8650-8655. 
(12) Gronert, S.; DePuy, C. H.; Bierbaum, V. M. J. Am. Chem. Soc. 1991, 

113, 4009-4010. 
(13) Lum, R. C ; Grabowski, J. J. J. Am. Chem. Soc. 1988, 110, 

8568-8570. 
(14) Synthesized by the method in Kluger, R.; Thatcher, G. R. J. J. Am. 

Chem. Soc. 1985, 107, 6006-6011. 
(15) Lum, R. C; Grabowski, J. J. J. Am. Chem. Soc., in press. 
(16) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. 

D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988,17, Suppl. No. 1. These 
data, in a slightly updated form, are also available to us on a personal com
puter by way of NIST Negative Ion Energetics Database (Version 2.06, 
January 1990), NIST Standard Reference Database 19B. 

(17) Grabowski, J. J.; Lum, R. C. J. Am. Chem. Soc. 1990,112, 607-620. 
(18) de Bievre, P.; Barnes, I. L. Int. J. Mass Spectrom. Ion Phys. 1985, 

«,211-230. 

0002-7863/92/1514-9663S03.00/0 © 1992 American Chemical Society 


