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ABSTRACT: On exposure to oxygen, ferrous heme is thought to autoxidize via three distinct mechanisms:
(i) dissociation of protonated superoxide from oxyheme; (ii) reaction between a noncoordinated oxygen
molecule and pentacoordinate deoxyheme, and (iii) reaction between a noncoordinated oxygen molecule
and an intermediate having water coordinated to the ferrous heme iron. The formation of a hexacoordinate
aquomet (HO-Fe*t) species has been proposed to drive mechanism (iii); consequently, heme proteins
with a pentacoordinate met (F& form might be expected to lack this pathway. We have measured the
dependence of autoxidation rate on oxygen concentratioRH@obium melilotFixL and Aplysia kurodai
myoglobin, which have pentacoordinate met forms. For both proteins, the bell shape of this dependence
shows that they autoxidize primarily by mechanism (iii), indicating that a hexacoordinate aguomet species
is not required for this mechanism. A novel presentation of the oxygen dependence of autoxidation rates
that uses heme saturation, rather than oxygen concentration, more clearly reveals the relative contributions
of autoxidation pathways.

Heme proteins that bind oxygen do so only in their ferrous lent and without coordinated wate#,(7). FixLs binds
state. Free heme in solution oxidizes to the ferric state very oxygen with association rates that are over 60-fold slower
rapidly on exposure to oxygen. In heme proteins that bind than those of SWMb, leading to dramatically lower oxygen
oxygen as part of their physiological roles, an important affinity (4). These unusual properties also hold for the
function of the protein matrix is to diminish the tendency of isolated heme domain of the protein, RmFixLH, which is
the heme iron to oxidize. The mechanisms of autoxidation, monomeric and of approximately the size of myoglobin.
and the roles of various heme pocket side chains in There are no exact equivalents in FixL for the structural
controlling this process, have been examined primarily for features of myoglobins, since FixL does not even share with
vertebrate myoglobins and model compountis3). The them any recognizable motif8)( Nonetheless, the ways
bacterial oxygen sensor FixL is much more susceptible to in which a protein matrix modulates the reactivity of a heme
autoxidation than sperm whale myoglobin (SWNM@). The prosthetic group are expected to be quite general and to lead
full-length FixL from Rhizobium melilotis a homodimeric to similar mechanisms of autoxidation in oxygen-binding
kinase whose enzymatic activity is regulated by binding of heme proteins. To examine the intrinsic properties of the
oxygen to a heme domaib); Autoxidation, per se, does FixL heme domain apart from effects due to regulation of
not affect the mechanism of kinase regulation, since the the kinase, for our studies of autoxidation we have chosen
heme-controlled inactivation of the FixL kinase occurs in to compare RmFixLH to myoglobin.

both oxidation states on binding of ligand3).( However, Another product of the autoxidation of ferrous heme,
to sense oxygen, FixL must be maintained in the ferrous state besides ferric heme, is superoxide. The initial evidence for
FixL differs from typical oxygen-binding heme proteins in  this species came from the observation that superoxide
several important respects. The ferric heme iron is pentava-dismutase inhibits the co-oxidation of epinephrine in solu-
tions of oxyhemoglobing). Thus, regardless of mechanism,
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myoglobin: Po,, partial pressure of oxygei®so, partial pressure of a  accounted for by three mechanistic pathways:

gas at which the hemes are half-saturated. The notation for myoglobin ~ Pathway 1: Dissociation (or Displacement by Gmit) of
mutants is a one-letter code for the original amino acid followed by pyqtonated Superoxide from Oxyhem&Veiss (0) had

the position of the amino acid in the protein sequence and then a one- . . .
letter code for the replacing amino acid: e.g., H64V SWMb refers toa Proposed that oxygen binds to the heme and then dissociates

mutation of histidine 64 to valine in sperm whale myoglobin. as a superoxide anion:
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Kq
Kg+ (O]
As written, this would require an unfavorable dissociation [0,]
of the negatively charged superoxide from the positively K Kyl = k;K(Y) (1b)
charged ferric heme iron in a hydrophobic environment. Kq+ [0

Shikama, Caughey, and their colleagues postulated a pro-Th ion b d di f
tonated oxyheme intermediate that would dissociate more | '€ reaction between oxygen and pentacoordinate ferrous
readily (L1, 12). heme has the same form as eq 1a, the superoxide dissociation

reaction, even though the latter depends only on the
concentration of oxyheme. This arises because the product
of the concentrations of oxygen and deoxyheme is propor-
tional to the concentration of oxyheme. The interpretation
of the constank;Kq, however, differs from the meaning
assigned to the constakgiss For instance, the outer-sphere
F€'0,+ HT — Fé O,H" — Fe" + HO, electron transfer, unlike the dissociation of superoxide, does
not depend on pH.

If essentially all autoxidation under oxygen-saturating condi- _1he Unimolecular Term in the Autoxidation Rate Expres-
tions occurred by dissociation of superoxide from protonated Sion: Combining Pathways 1 and Zhe rate expression of
oxyheme, this rate would increase with decreasing pH as€me proteins is known empirically to contain a term
the fraction of oxyheme in the protonated state increases.Proportional to the concentration of oxyheme. As we have
Olson and colleagues have measured the autoxidation rateS€€M: such a term would arise from either Pathway 1 alone,
in air for SWMb mutants ranging widely in their oxygen Pat_hway 2_ alone, ora_comblnatlon of both. As the.re is only
affinities (1). They found that, for each unit pH decrease |nd|reg:t ewdencg for either path\{vay'ln heme proteins, let us
between 5 and 7, the autoxidation rates accelerate roughlycombine the unimolecular contributions ke for the most
10-fold. The differences in the autoxidation rates of the 9€neral expression:
different SWMb mutants were plausibly explained in terms

of interactions stabilizing or destabilizing the protonated form Koxtuny = (1K + Kgisd
of oxyheme. The data are consistent with & jpor

protonated oxyheme in the range 6f%. On the other hand,

the autoxidation of myoglobin from the shareterodontus Pathway 3: Outer-Sphere Electron Transfer to a Hexa-
japonicus is independent of pH below 6.3, where the coordinate Deoxyheme Intermediatistead of the autoxi-
strongest pH dependence would be expected if the intermedi-dation rate proportional to oxygen concentration that we
ate were protonated oxyhemk3|. There is as yet no direct Wwould observe if only Pathways 1 and 2 contributed to

evidence of the dissociation of superoxide from any natural autoxidation, Stratmann and colleagug4) bserved a bell-
or synthetic oxygen complex of iron. shaped dependence for myoglobin like the one in Figure 1A.

1 At lower saturations, autoxidation does accelerate with
increasing oxygen, but it is fastest when the myoglobin is
half-saturated with oxygen. Any further increases in the
concentration of oxygen slows the autoxidation, which

asymptotically approaches a nonzero limiting value.
[O,] ; i : .
Kox(ty = Kaisd 7= | = KeisdY) (1a) To explain the region of the Stratmann curve in which
Kq+ [0 the rate of autoxidation slows with increasing oxygen tension,

Caughey and colleagued2) have proposed a two-step

wherekgissis the rate of dissociation of superoxidées= [O,]/ ligand-mediated electron-transfer reaction. First, a facilitat-

(Kqg + [03]) is the fraction of the oxyheme at a given ing nucleophile N, e.g., water, binds to the ferrous myoglo-

concentration of oxygen, ari¢ is the oxygen dissociation ~ bin. Since there is no spectroscopic evidence for this

equilibrium constant (Figure 1A, first term). binding, it is postulated to be slow and weak. Second, in a
Pathway 2: Outer-Sphere Electron Transfer to a Penta- bimolecular oxidative step, the hexacoordinate ferrous heme

coordinate Deoxyheme Intermediatimterestingly, the same tr_ansfers an electron to oxygen via an outer-sphere mecha-
hyperbolic dependence of the autoxidation rate on oxygen "MS™:
concentration predicted for the superoxide displacement

. . ) Pathway 3
mechanism is also predicted by a purely outer-sphere
mechanism not requiring the dissociation of superoxide from N + F& = E&'N
oxyheme 2):

Fé" +0,=F&'0,—~ Fe&" + 0,

kox(2) = k[O,)(1 —Y) =k[O,]

Pathway 1

Fé' + 0,=Fe'0,

0 kY @)
Kd+[02] 1N is

The superoxide dissociation mechanism in Pathway
would result in autoxidation rates directly proportional to
the concentration of oxyheme, i.e.

+ . + -
Pathway 2 FE'N+0O,—FE'N+0O,
In support of this model, a number of workers have shown
that ligands of ferric heme enhance the rate of autoxidation
(12, 15). Pathway 3 would account for the bell-shaped
This leads to a contribution tk.x proportional to oxygen  dependence of the autoxidation rates on oxygen, since this
and to the fraction of protein in deoxy form: reaction depends on the fraction of deoxyheme as well as

+A s 2t 3t -
Fe ofEFe2 +0, 7 Fe€ 4+ 0,



10190 Biochemistry, Vol. 37, No. 28, 1998

the fraction of oxyheme. This pathway adds a second termof superoxide can be treated as irreversible.

to the expression fok.x of the form

Kq (O]
(Kq 1 [O3]) ((ngky) + [Og])
wheren, and ny are the association and dissociation rate
constants for the coordination of water (N) to the heme iron

and k; is the rate of autoxidation of the hexacoordinate
deoxyheme intermediate. This contribution to the total

Koy = { IN] 2)

Gonzalez et al.

Hydrogen
peroxide can oxidize both deoxy- and oxyMb, although it
oxidizes deoxyMb 100-fold fastet8). Several authors have
suggested that it is the greater susceptibility of the deoxy-
heme to peroxide oxidation that causes the oxygen protection
effect (L9). Along the same lines, they have suggested that
it is the effect of pH on the disproportionation of superoxide
to peroxide that is reflected in the acceleration of the
autoxidation rates at acidic pH. However, the pH depen-
dence of the autoxidation rate is unchanged when large

autoxidation rate decreases at elevated oxygen and wouldconcentrations of these enzymes are added; the rates

account for the “oxygen protection” effect.

themselves change by less than 30%, and they decrease rather

The observed autoxidation rate dependence on oxygenthan increasel.

concentration can be accounted for without any autoxidation

by oxyheme 2). This scheme, a combination of Pathways

Hexacoordinate Deoxyheme Intermedialéhe resonance
Raman spectra of metSWMb show that water is coordinated

2 and 3, assumes that oxyheme is entirely unreactive, andto the ferric heme iron20). In most vertebrate Mbs, this

all autoxidation occurs by reaction betweep &nd deoxy-
heme (with or without a coordinating nucleophile). Oxygen
protection would therefore result from the competition

weakly binding ligand is stabilized by hydrogen bonding to
a distal histidine. In proteins lacking this stabilization, there
is no detectable coordination of water to ferric heme; this is

between oxygen (which forms an unreactive species) andtrue for FixL, Aplysia Mbs, and some mutants of SWMb

solvent nucleophiles (which form a complex that oxidizes

(1, 4,7, 20—22). Even in proteins that coordinate water in

faster than pentacoordinate heme) for coordination of deoxy- their ferric forms, coordination of water to the ferrous heme

protein.

Comprehensie Expression for the Dependence of the
Autoxidation Rate on Oxygen Concentratiaff=or a deriva-
tion of the rate equations, see Appendix.) If we allow all of

is so slight as to be undetectable. However, the spectrum
of water-coordinated ferrous heme has been measured by
reducing ferric Mb at cryogenic temperaturg8)( The same
factors that destabilize water in the ferric forms of some heme

these pathways to contribute to the autoxidation rate, we proteins would also destabilize the water-coordinated ferrous

obtain the following scheme and oxygen dependence:

Scheme 1
N+Fe?*0, =< — N+Fe?+0, —= Fe?'N+0,
H* {kd iss jkl lkz
Fe3* + HO, Fe3* + 05~ Fe¥*N + 0y~
This leads to the rate equation:
= { (gt )2+
X iss 1M, (Kd + [Oz])
Ky [O,] ]
nN] (3a)
{ T (Kg + [0]) ((ngk,) + [O])

where N is a solvent nucleophile, is the rate of association
of N, andny is the rate of dissociation of N. This equation

heme intermediate proposed for Pathwayl3)( Pathway

3 might be lacking in such proteins, if they have a greatly
reduced tendency to form the hexacoordinate deoxyheme
intermediate. If this were so, the autoxidation of such
proteins would not have the bell-shaped dependence on
oxygen that is predicted for pathways requiring this inter-
mediate. We examine for the first time the dependence of
autoxidation on oxygen concentration fAplysia kurodai

Mb and RmFixLH, two heme proteins that are pentacoor-
dinate in their met form. A novel treatment of the oxygen
dependence of autoxidation rates reveals more clearly the
relative contributions of autoxidation mechanisms.

EXPERIMENTAL PROCEDURES

Protein Purification. RmFixLH was purified as described
previously following its overproduction iEscherichia coli
strain TG1(pRH61)4). Purified Aplysia kurodai Mb was
provided by Dr. Keiji Shikama.

can be simplified by grouping some of the constants and  Aytoxidation RatesUnless otherwise specified, the rates

substituting forY, the saturation of the protein with oxygen.
Let Y = [O2/([02] + Ka); ki = (Kaiss + kiKa); ko = ng[N];
andqg = ngky. Then

o= () +[kb<1—v>—[02] ]
X @+10))

Importance of Reaate Oxygen SpeciesSince the redox
potential for the @O, couple (-0.33 V) is lower than that
of the HB'"/Hb'" system -0.046 V), the one-electron transfer
from Fe* to free Q required for Pathways 2 and 3 cannot
occur spontaneoushyl6). Those reactions are driven by the
spontaneous dissociatiold) of the superoxide to hydrogen
peroxide: 2@ + 2H" — H,O, + O, (17). Thus in all

®3)

of oxidation were measured for-® M protein in 100 mM
sodium phosphate, pH 7.0. Because of its rapid autoxidation,
the measurements were at 2& for RmFixLH. The
measurements oAplysia myoglobin autoxidation were at
37 °C. Ferric heme proteins were reduced with crystalline
sodium dithionite. Deoxyheme protein, free of dithionite,
was recovered from a small Sephadex G-25 (Pharmacia)
column equilibrated with degassed 100 mM sodium phos-
phate, pH 7.0, in an anaerobic chamber. The deoxyheme
protein (3-6 uM) was transferred to a sealed cuvette
equipped with a bubbler and valve. The bubbler cuvette was
placed in the thermostated cell holder of a Hewlett-Packard
8452A diode-array spectrophotometer and connected to the
precision gas mixing apparatus described below. After the

three pathways above, the reaction steps leading to formationsystem was flushed with 20%,B0% N,, a programmable
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Table 1: Rate and Equilibrium Parameters for the Autoxidation of RmFixLH and Myoglobins

protein Qkon(M~ts™) Oz kott (s7%) Oz Kq (uM) q ki (™) ko (W71 max rate (h')

Pentacoordinate Met

RmFixLH 0.22 6.8 29 31 0.66 26 6.4

Aplysia kurodaiMb 15 15 0.5 4.9 1.5

H64V SWMI? 110 9900 200 200 45 45
Hexacoordinate Met

V68T SWMb 2.8 39 14 14 3.0 4.7 3.7

K45E SWMb 8.6 8.6 1.2 0.92 1.2

H62, SWMb 24 130 15 15 0.071 2.5 0.66

V68A SWMb 22 18 4.0 3.8 0.17 0.91 0.33

V68F SWMb 1.2 2.5 5.8 5.4 0.043 1.0 0.28

wild-type SWMb 0.16 14 4.0 3.6 0.054 0.92 0.26

aThe raw data for SWMb and its mutants were provided by Olson and colleatjues (

valve bubbled this gas periodically through the protein the relative contributions of unimolecular and bimolecular
solution. Absorption spectra from 350 to 700 nm were mechanisms to this reaction.
collected automatically at programmed intervals. Autoxi-  Equation 4 accurately describes the empirically observed
dation was followed by the appearance of the met absorptionbehavior of a wide variety of heme proteins, regardless of
band at 396 nm. All time courses showed clear isosbestic the underlying mechanism responsible for this rate law. Since
points and were followed to near completion. The rates were there is as yet no direct evidence for intermediates such as
calculated from the absorbance change at 396 nm. protonated oxyheme, or solvent-coordinated ferrous heme,
Influence of Oxygen on the Rates of Autoxidati@on- playing a role in autoxidation under physiological conditions,
trolled gas mixtures for bubbling were achieved with an the pathways described here may be considered speculative.
apparatus consisting of a series of mass-flow controllers A number of other mechanistic schemes can result in the
connected to tanks containing 100%, ®00% N, 50% Q/ same algebraic form. The form of the second term, which
50% N, and 10% @/90% No. The gases from any pair of IS linear in both oxy- and deoxyheme, suggests a reaction
tanks could be mixed in any proportion to achieze.1% between those two protein species. The derivation given here
Of a desiredDoz_ The rates Of autoxidation were measured shows that this mathematical form can arise without such a
as described in the previous section in 0.5%, 1.0%, 2.0%, feaction. However, eq 4 fits the empirical data only if the
3.0%, 5.0%, 10.0%, 20.0%, 50.0%, and 100.0%(®main-  duantityny/k, always equal¥s, and there is no explanation

der Ny). for this equivalence. The possibility of electron transfer from
oxyheme to deoxyheme should be seriously considered, since
RESULTS AND DISCUSSION it leads very naturally and simply to an equation of the correct

form without any such assumptions:
Autoxidation Rates of Heme Proteins Can Be Described

Solely in Terms of Oxygen Saturation, without Reference to Fe*0, + F&* — Fé** + F&'0,” — Fe*' + Fé* + 0,
Oxygen ConcentrationWhen the autoxidation rates of heme
proteins ranging widely in their oxygen affinities are fitted

) J This reaction involves dissociation of superoxide from
to eq 3, the fitted parameter= nyk; is always very close

e ] ferrous heme, which would be more favorable than a
to Kq, which is the experimentally observalfte, for oxygen — gissociation from ferric heme. As noted in the introduction,
saturation. Olson and colleague bave pointed out that  the one-electron transfer from Feto free Q required for
from the derivative of the rate expression with respect t0 pathways 2 and 3 cannot occur spontaneousy (Electron
oxygen concentration, this would have to be true to account yransfer to protein from heme-coordinated oxygen is more
for the familiar empirical observation that the maximum rate common in biology than transfer from free oxygen.
of autoxidation via Pathway 3 occurs very nearfge From Relatie Contributions of the First and Second Terms in
measurements of the autoxidation of SWMb at less than half- {he Rate Equation 4 for Different Heme Proteiriable 1
saturation, where any differences would result in the largest |ists the fitted rate constants obtained from the oxygen
error, we estimate that the difference betweeandKy, if dependence of the autoxidation rates of RmFix&glysia
any, is less than 5%. This relationship betweenk;, and  yrodaiMb, and the wild-type and mutant SWMbg)( To
Kq permits a dramatic simplification of eq 3: df= ni/k, = facilitate comparison of the relative contributions of the first
Ka, then and second terms for the various proteins, Figure 2 shows
their fitted oxygen dependence curves, normalized to their
Kox = {k,Y} + {lpY(1 = Y)} (4) maximal rates. The representation of oxygen dependence
in terms of saturation in Figure 2B is especially convenient
Although it makes no explicit reference to oxygen concentra- for comparing heme proteins with radically different oxygen
tion, the empirical eq 4 gives a good fit to all heme proteins affinities, since these proteins have very different proportions
examined (Figures 1B,D and 2B). This relationship holds of oxy- and deoxyheme at a given oxygen tension, each
despite the fact that equivalent saturations result from vastly oxidizing by a different mechanism. This novel presentation
different oxygen concentrations for proteins ranging by 2 facilitates an evaluation of the relative contribution of each
orders of magnitude in their oxygen affinities. It also holds term by visual inspection. An autoxidation reaction with
for proteins differing greatly in their autoxidation rates and an oxygen dependence dominated by the first term of eq 4
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Ficure 1: Influence of oxygen on the autoxidation of RmFixLH. Panels A and C show the autoxidation rates together with the curves
fitted to eq 3. Panels B and D show the autoxidation rates fitted to eq 4. RmFixLH measurements are marked by squares (A, B), while those
for AplysiaMb are indicated by triangles (C, D). Lines with alternating long and short dashes show the contribution of the first term in the
rate equation to the autoxidation rate, while lines with constant length dashes show the contribution of the second term. Details of the
measurements are in Experimental Procedures.

will appear linear, while one dominated by the second term when saturated with oxygen is only about a third of its rate
will appear parabolic. The intercept of the curve at 100% when 50% saturated (Figure 1C,D).

saturation with oxygen givels,. The mechanisms that have been proposed to explain the
Effect of Oxygen Concentration on the Autoxidation of oxygen protection effect involve reaction via a hypothetical
RmFixLH and Aplysia Mb: Implications for the Role of hexacoordinate deoxyheme. Ferric heme proteins can be
Sobent Coordination. An oxygen protection effect is clearly ~ either of the hexacoordinate met type, with a molecule of
illustrated for RmFixLH (Figure 1A,B). The rate of autoxi- water coordinated to the heme iron, or of the pentacoordinate
dation peaks near thgs, for oxygen and slows to 20% of ~ met type. It is probably a very fast rate of dissociation of
its maximum as the hemes become fully saturated with solvent from proteins such as FixL that leads to the very
oxygen. Figure 1A shows the fit to eq 3, wik) = 0.66 low (undetectable) affinity for solvent. The association rates
h—! andk, = 26 h%, as well as the individual contribution ~should be at least as large as that of water-coordinating
from each term in that expression. Sinagk, ~ Kg, the proteins. Indeed, if the interpretation kf is correct, the
data are also a good fit to the empirical eq 4 (Figure 1B). association rates of ferrous RmFixLH with solvent should
As can be seen from the very hyperbolic shape of the curvebe 30 times larger for RmFixLH than for SWMb (Table 1).
for RmFixLH, the relative importance of Pathway 3 is greater This is reasonable in light of the extremely accessible heme
for RmFixLH than for any other protein examined, except Pocket in FixL @4).
H64Q SWMb (Figure 2B).Aplysia kurodaimyoglobin also Although coordination of water to the ferrous form of
shows a strong oxygen protection effect; its autoxidation rate either type of protein is spectroscopically undetectable at
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Ficure 2: Comparison of the autoxidation of RmFixLH to that of the wild-type sperm whale myoglobin and its mutants. The curves show
the best fit of the data to eq 3 (A) and eq 4 (B). (See the legend to Figure 1.) Details of the measurements of autoxidation of RmFixLH
are in Experimental Procedures. The data for the sperm whale myoglobins are from Brantley)et al. (

room temperature, this intermediate can be observed byhigher tendency to form the hexacoordinate deoxyheme
reduction of Mb at cryogenic temperatur&s), From the intermediate.

available structural data on myoglobin-like proteins, we  How do we account for the absence of any connection
would expect that any interactions between the residues liningpetween coordination of water and the oxygen protection
the heme pocket and any coordinated ligand will be es- effect> One possibility is that a mechanism other than
sentially the same for the ferrous and ferric forms of & pathway 3 is responsible for this effect. For example, direct
protein. For example, X-ray diffraction analysis shows that transfer of electrons from oxyheme to deoxyheme would lead
the water molecule that in metSWMb is coordinated to the 5 the same oxygen dependence. The results are not
heme iron is still associated with the distal histidine even in acessarily inconsistent with the accepted reaction pathways.
deoxySWMb, in which water is not detectably coordinated f the reactivity of the hexacoordinate deoxyheme intermedi-
(25). The same factors that cause coordinated water t0 beate is such that it is much more likely to react than to
less stable in metFixL than in metSWMb would also apply gissociate, then only the association rate for its formation
to the ferrous forms of these proteins. It is reasonable t0 i affect the reaction rates. A higher intrinsic affinity of
assume that the dissociation rate of splvent f_rom ferrous FixL {he deoxySWMb for solvent due to hydrogen bonding would
is also much larger tham; for myoglobin, leadingtoamuch e no effect on its relative concentration, since the
lower concentration of the solvent-coordinated ferrous jntermediate would be as short-lived as its counterpart in
intermediate. FixL or AplysiaMb. As for the apparent absence of Pathway
The second term of egs 3 and 4, which is responsible for 3 from the H64V SWMb mutant, it may well be that Pathway
the oxygen protection effect, has been attributed to Pathway3 in this mutant is just as fast as it is for native myoglobins.
3. Since this pathway requires the hexacoordinate deoxy-The very large first term for this mutant would mask the
heme intermediate, its contribution might be expected to be effect of Pathway 3, since the oxygen protection effect is
directly related to the tendency of the ferric form of the difficult to detect unless, is much larger thark,.
protein to coordinate water. Yet no such relationship is
consistently seen. Three heme proteins with pentacoordinate
met forms were examined: RmFixLH\plysia Mb, and ACKNOWLEDGMENT
H64V SWMb. Of these, only H64V SWMb appears to lack
an oxygen protection effect. Conversely, KA5GE SWMb,  We are grateful to Dr. Keiji Shikama for his kind gift of
which has a hexacoordinate met form, shows a far smaller Aplysia kurodaimyoglobin and to Dr. John S. Olson for
oxygen protection effect than FixL @éplysiaMb, although providing the raw autoxidation data for sperm whale myo-
K45E SWMb would have been expected to have a much globin and its mutants.
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APPENDIX
Derivation of Rate Equations 3a and 4

For the overall reaction scheme below:

N + Fe2*O, 4’}( N + Fe2* + O, 4’n - Fe?*N + O,
d arld

H* {kd iss ki ka

Fe®* + HO, Fe¥ + 0, Fe**N + 0y~

3F93+ _ + 2+ 2+
= kgisdFE" O] + ky[O,][Fe*] + k[O,][Fe*N]

Let us assume [P&] is small and constant:

a[Fe*'N] _

i 0= n[N][Fe*"] — n[Fe**N] — k,[Fe*"N][O,]

nINJ[Fe*]
(ng + k[O,])

Substituting this expression for [H¥] gives us

[Fe?"N] =

aFe3+ nJINJ[Fe*']

(g + k[O])

(O]
((ndky) +[O])

= kyedFE" O, + kj[O,][Fe*] + ky[O,]

= kyedFE'O,] + kj[O,][Fe*] + n[N][Fe*']

At any time the fraction of ferrous heme that is bound to

oxygen and the fraction that is free are given by

+ + [© +
FE€ 0, = YFe ﬁﬁ#

Kq
Fé€'=(1-Y)Fe" = mFe2+

where Fé is total ferrous heme protein. Substituting these

expressions into the equation and factoring od# fesults

in

IFET _ —aFe" _ Uk, Gl
ot ot s [O o] + Ky

\[02]]

[0,] + Kyl (ko) + [O,))

ki[O L + n[N]
[0,] + K,

Therefore

Kox = 9§ (Kq +kK)& +
X iss 1d[02]+Kd

Y [ (3a)
=0, + Kq ((ngky) + [O4))

Gonzalez et al.

We see thahy andk; in the second term cannot be fitted
individually but only as a ratio. Ihy/k; = Kg, which has
been the case for all heme proteins examined, then the
oxygen concentration can be removed from the equation to
obtain an expression entirely in terms of oxygen saturation.
Substituting the expressions fgrand (1— Y) and defining

ki = (kaiss T kiKg) and k, = ng(N) results in the simple
expression

kox = {k,Y} + {kY(1 = Y)} (4)
REFERENCES

1. Brantley, R. E., Smerdon, S. J., Wilkinson, A. J., Singleton,
E. W., and Olson, J. S. (1993) Biol. Chem. 2686995~
7010.

2. Dickerson, L. D., Sauer-Masarwa, A., Herron, N., Fendrick,
C. M., and Busch, D. H. (1993) Am. Chem. Soc. 118623~
3626.

3. Wallace, W. J., and Caughey, W. S. (1979)Biochemical
and Clinical Aspects of Oxygd@aughey, W. S., Ed.) pp 69
86, Academic Press, New York.

4, Gilles-Gonzalez, M. A., Gonzalez, G., Perutz, M. F., Kiger,
L., Marden, M., and Poyart, C. (199B)ochemistry 338067
8073.

5. Gilles-Gonzalez, M. A., and Gonzalez, G. (192B)Biol.
Chem. 26816293-16297.

6. Gilles-Gonzalez, M. A., Gonzalez, G., and Perutz, M. F. (1995)
Biochemistry 34232—-236.

7. Rodgers, K. R., Lukat-Rodgers, G. S., and Barron, J. A. (1996)
Biochemistry 359539-9548.

8. Vinogradov, S. N., Walz, D. A., Pohajdak, B., Moens, L.,
Kapp, O. H., Suzuki, T., and Trotman, C. N. A. (19€)mp.
Biochem. Physiol. 106BL—26.

9. Misra, H. P., and Fridovich, I. (1972). Biol. Chem. 247
6960-6962.

10. Weiss, J. J. (1964 ature 202 83—84.

11. Sugawara, Y., and Shikama, K. (19&)r. J. Biochem. 110
241.

12. Wallace, W. J., Houtchens, R. A., Maxwell, J. C., and
Caughey, W. S. (1982). Biol. Chem. 2574966-4977.

13. Suzuki (1987Biochim. Biophys. Acta 91470-176.

14. George, P., and Stratmann, C. J. (19®chem. J. 51418—
425.

15. Satoh, Y., and Shikama, K (1981)Biol. Chem. 25610272~
10275.

16. Antonini, E., Wyman, J., Brunori, M., Taylor, J. F., Rossi-
Fannelli, A., and Caputo, A. (1964) Biol. Chem. 239907~
912.

17. Shikama, K. (1990Biol. Rev. (Cambridge) 65517—527.

18. Yusa, K., and Shikama, K (198Bjochemistry 266684~
6688.

19. Wazawa, T., Matsuoka, A., Tajima, G., Sugawara, Y., Naka-
mura, K., and Shikama, K. (199Bjophys. J. 63544-550.
20. Morikis, D., Champion, P. M., Springer, B. A., Egeberg, K
D., and Sligar, S. G. (1990Q) Biol. Chem. 26512143-12145.
21. Rousseau, D. L., Ching, Y.-C., Brunori, M., and Giacometti,

G. M. (1889)J. Biol. Chem. 2647871-7881.

22. Conti, E., Moser, C., Rizzi, M., Mattevi, A., Lionetti, C., Coda,
A., Ascenzi, P., Brunori, M., and Bolognesi, M. (199BMol.
Biol. 233 498-508.

23. Gasyna Z. (1979Biochim. Biophys. Acta 57207-216.

24. Winkler, W. C., Gonzalez, G., Wittenberg, J. B., Hille, R.,
Dakappagari, N., Jacob, A., Gonzalez, L. A., and Gilles-
Gonzalez, M. A. (1996 Chem. Biol. 3 841-850.

25. Quillin, M. L., Arduini, R. M., Olson, J. S., and Phillips, G.
N. (1993)J. Mol. Biol. 234 140-155.

BI980529X



