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Elcctron sclf-exchange has been measured by an NMR technique for horse-heart myoglobin, The rate is 30107 M Yo 't
23°C in 0.1 M phosphatc at pH 6.9. The rate was weakly dependent on jonic strength up 10 0.7 M in added KCHG9 - 107 M

s '). The enthalpy of activation was 12.1 £ 0.5 keal mol ' and the entropy of activation was ~ 1.2 + 0.8 ¢al mof ' deg
Analysis of the data in terms of the Marcus theory gives a reorg: nization cnergy. AL for self-cxchange of 1.6 ¢V mol L

Introduction

Long-range electron transfer 's an essential compo-
nent of biological systems, playing an important role in
respiration and photosynthesis [1]. Much current re-
search is centered around probing what factors control
the rates of electron transfer {2] and the preparation of
multi-site redox proteins allows such studies {53.4]. In
recent years, mitochondrial cytochrome ¢ has been one
of the proteins most widely used as the study system
{5-8]. Even though hemoglobin and myoglobin are not
directly involved in electren transfer reactions, an un-
derstanding of the mechanism of a self-exchange recc-
tion involving thesc proteins is important in the under-
standing of the overall picture f clectron transfer
processes in heme proteins. Fewer studies of redox
reactions of the oxygen carriers, hemoglobin and myo-
globin [9-11}, have been undertaken, in part. because
suitable reduced and oxidized states have not been
available [12]. These studies have focused on the oxida-
tion-reduction pathways of myoglobin (or hemoglobin)
with a variety of inorganic reactants. For most of these
systems, and especially near physiological pH. the clec-
tron-transfer mechanism ‘s almost certainly of the
outer-spherc type. However, the reported self-ex-
change rate constants of myoglobin, calculated from
Marcus theory with inorganic redox couples, span a
wide range [13,14], thought to reflect different mecha-
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nisms and distances for clectron transter trom ditferent
reagents. Furthermore the experimental self-exchange
process was not determined in these systems,

Several considerations make horse heart myoglobin
an cxcellent candidate for such determination. For
instance, a large body of functional data is alrcady
available [15-17] and the three-dimensional structure
of the met-form has been determined [18]. In addition.
trimethylphosphine (PMe ) may serve as ligand to beth
the ferric and ferrous heme of myoglobins [19.20].
Among the many interesting features of this complexa-
tion is the presence of a well resohved upficld-shifted
methyl-group resonance of PMe,. coordinated to the
metal atom in both oxidation states in the NMR «pec-
tra. Conscquently. this protein is particularly amenable
to study via NMR technigues. The subject of this
report is the non-physiological clectron transfer study
in trimethylphosphine horse heart myoglobin between
the two redox states. Fe H and Fe I The electron
transfer self-exchange rate constant has been measuared
as a function of ionic strength, temperature and pH.
The reorganization cnergy has been calcubiated from
the rate constant at a given ionic strength and temper-
aturc.

Material and Methods

Horse-hcart myoglobin and sperm whale myoglobin
were purchased from Sigma Chemicals and purified on
a CM-532 ion-exchange column [21]. Trimethylphos-
phine metmyoglobin samples were preparated under
argon by adding a 3-fold cxcess of PMe, to 2 mM
metmyogiobin solutions in 0.1 M phosphate buffcr, pH
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6.9 1 1.0 pH values were uncorrected for the iso-
tope cffect. For the experiment utilizing a mixture of
metMibPMe ./ MbPMe . the appropriate equivalent of
sodium dithionite was added in D,0O. Samples were
run in g = .1 M phosphate butfer (pH 6.9). with
added KCL Proton NMR spectta were recorded on a
Bruker AC 300 P spectrometer and a Bruker AM 300
WHB spectrometer in a temperature-regulated probe
(CRMPO. Rennes). Chemical shifts were referenced to

2 2-dimethyl-2-siapentane-S-sulfonate  (DSS) through
the residual water resonance.

For calculation of the rate constants, a 180°-7-90°
sequence was used. A delay time (7) of 0.002-1 s was
used as the exchange period between the non-selective
180° pulse and the 90° detection pulse. Each measure-
ment had a series of 20 different = values. Data were
taken in blocks of 32 scans with two dummy scans
between each block. The spectral width was 20.8 kHz.
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The data were analyzed by using the method previously
reported by Gupta and Mildvon [22]. For the reduced-
state methyl resonance of PMe; at —3.3 ppm, the
nonsclective 7, was determined as 370 £ 10 ms in the
aosence of metmyoglobin. The measurements were
found reproductible to better than 107%. A selective
18(° pulse. inverting only the peak of interest, was also
used. As cxpected, this gives shorter 7, values than
the method in which all the peaks are inverted, due to
the contribution of the nuclear Uverhauser effect to
relaxation of the magnetisation. In this case, the selec-
tive 7, for the reduced-state methyl resonance of PMe;
was determined as 145 + 10 ms, in the abscnce of
metmyoglobin. The rate cons ants calculated from the
two mcthods were the same within experimental crror.
Since the two redox states of horse-heart myoglobin
PMe, are characterized by different spectra, observed
resolved resonances included the threc-methyl reso-
nance of the phosphine, upfield of (0 ppm from both
the ferrous state and the ferric state in the mixed
sampie [20]. The spin-lattice relaxation time 7, (non-
selective pulse) was 370 ms and 4 ms in the completely
reduced and oxidized states, respectively, for the phos-
phine protons. The ratio of oxidized to reduced protein
was determined from the integrated areas (PMe;) of
the two forms of the complexed protein in the NMR
spectrurn. The relaxation rates reported here were
measured in the Fe (I1) protein and assume that the
lifetime in the oxidized state is long compared to the
spin-lattice relaxation time in this state [22]. The rate
constants determined in this study were found to be
independent of protein concentration within experi-
mental error (range of protein concentrations: 2-6
mM),

Results ;

A mixture of oxidized and reduced trimethylphos-
phine horse-heart myoglobin undergoes electron trans-
fer in the slow exchang 2 time lunit, where resonances
from both the oxidized and reduced protein are seen
clearly in a mixture of the two proteins (Fig, 1). In
particular, both the PMe; methyl resonances from the
oxidized and reduced proteins are seen in the upficld
region of the NMR spectrum. Inversion recovery tech-
niques were used to measure the rate constant for
electron exchange [7.22] (Fig. 2). In 0.1 M potassium
phosphatc buffer (pH 6.9) and 23°C, the bimolecula
rate constant for self-exchange for horse-heart myo-
globinis 3.1-10°M 's ",

The ionic strength dependance of the myoglobin
self-exchange rate is shown in Fig. 3. As seen from the
Fig. 3, the rate constants for horse-heart myoglobin
increase weakly with ionic strength. For examplc, the
rate under the previous conditions but, with added KCl
to 0.7 M, was 3.7- 10° M ' s . In ordu r to foliow the

78

5000

:
4500

-~ 4000 4

Te 9
= 3500 4

-
3000 A

2500

2000 T S —— T T
0.05 0.15 0.25 0.35 0.45 0.55 0.65
lonic strength (M)
Fig. 3 The jonic strength dependasce oi e myoulobin electron-
transter self-exchange rate consiant «p! 6.4, 23C).

ionic strength dependance of the rate of a reaction
between two large protens with a dipole moment, we
used the van Lecuwen approach [23]. For instance.
sperm whale myoglabin has a dipole moment of 170 D
[24]. The method also assumes that clectron transfer
occurs at the partially exposed heme edge. An extrapo-
lation to infinite ionic strength of a plot of the ionic
strength dependance of the self-exchange rate between
myoglobins versus f (x) (x is .329 'V yiclds &, = 3
-10° M ' s 7Y The method also allows the determina-
tion of an interaction energy. w,. of 0.30 kcal mol™ for
the two myoglobins in a heme edge-to-heme edge
geometry.

The temperature dependance of the self- exchange
rate constanl was investigated over the range 23°-42°
in 0.1 M phosphate (pH 6.9) (Fig. 4). The values ot
AH " and A5 eobtained from an Eyring plot at 0.1 M
ionic strength and 2 mM protein concentration are
1211 0.5 keal mol™' [12] and - 1.2 +0.5 cal mol!

deg !, respectively (3G - 12,5 + 0.5 keal, 257C').
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pH

Fig. 5 phl dependence of the clection-aranster rate at low jonic
strenpth (01 M, 23 C).

The rate at low ionic strength (0.1 M, 23°C) varics
with pH. in a manoer shown in Fig. 5. One obtains a
rteup from A = L6-10°M 's T (pH 5.0)to 3.1+ 10°
M s U plT 6.9) which falls off o k=25 10" M ™!
s ' with increasing pH to 8.1, Myoglobin is capable of
transferring clectrons at acidic and basic pH with a
small decrease in both cascs,

For sperm whale myoglobin under the saume condi-
tions, at 0.1 M ioni¢ strength (pH 6.9, 23°C), the
self-exchange rate constant was slightly higher, 4.1+ 10°
M sl

Discussion

Hemoproteins have @ high attinity for phosphines
[25-27]. We have shown that clectron transfer in vitro
between trimethyl phosphine myoglobin molcecules of
differeni onidation states oceurs with moderate rapid-
ity. In general, long evtochromes (100115 aminoacids)
exchange electrons slowly (105107 M ' 5 1) while
short evtochromes (80-90 aminoucids) do so quickly
GU =107 M 'y D [6,7.28-30). The rate constants for
the proteins studied here dre remarkably stmilar, at
low 1onic strength, to those previously reported for
horse-heart eytochrome ¢ (S4-10°'M "5 N [7] and
for eytochrome b, (26100 M 'y Y [28) 1t is unex-
pected that the rates exhibited by these proteins are so
similar because the polypeptide chain of myoglobin,
containing 153 aminoacid residues, is longer than the
polypeptide chain of cytochrome ¢ (103 amino acids)
and the trypsin-solubilized form of cytochrome b, (K2
amine acids). This indicates that the rate of self-ex-
change clectron transfer in myoglobin is affected by
other factors.

Flectrostatic interactions are obviously important
for self-eachange transfers in proteins, The overall
charge caleulated is + 3.5 at pH 6.8 for ferromyoglobin

{1331 and is +6 at pH 7 for ferrocytochrome ¢ {32).
When the protein molecules are charged, their dis-
tance of closest approach is limited. due to electro-
static repulsion. Conseguently, charge effect may be
more important in cytochrome ¢ than in myoglobin at
pH 7. As scen previously (Fig. 3), the incrcase is very
low with horsc-heart myoglobin and we conclude that
the rate is weakly dependant on jonic strength over this
range of salt concentration. Studics on clectron sclf-ex-
change for cytochromes ¢-551 from Pscudomonas
aeruginosa [29] and Pseudomonas stutzeri show similar
behaviors [30). In contrast, the rate constants for ¢
tochrome b, {28} and cytochrome ¢ [33] increase, by an
order of magnitude, over the same range of ionic
strength, as expected for a reaction between two sinii-
larly charged proteins.

Other contributing factors in myoglobin in clectron
transfer sclf-exchange include the percent of heme
exposure [34], steric effect [7), dipole moment (7,23]
and the orientation of heme propionate groups [35].
For example, it has been proposed for many years, that
clectron transfer in cytochromes occurs primarily near
the exposcd edge of the heme, The heme of m* oglobin
(187%) is far more cxposed to solvent than that of
cytochrome ¢ (4%¢) [34]. This difference is numerically
significaat and leads to the prediction that the the
myoglobin electron self-exchange rate should be sub-
stantially greater than that of cytochrome ¢. However,
the measured rate constants for the two proteins are
similar at g = 0.1 M and, in contrast, the value for the
cytochrome ¢ system is much larger than that for the
myoglobin system, at high .onic strength. Consequently,
this difference in the electrostatically-corrected rate
constants is not, due primarily, to the difference in
heme exposure [7,34).

It is, therefore, of interest to calculate the reorgani-
cation energy from the rate coastant at a given ionic
strength and temperature. This approach was recently
reported by Dixon et al. [28], The authors have ob-
tained a value of 0.72 ¢V for cytochrome ¢ and a vajue
of 1.2 ¢V for cytochrome b, With the use of the
Marcus formalism [2], the myoglobin self-exchange rate
constant can be expressed as:

Ko = SK iy oxpl ~ AG* /RT)

where § is the steric factor, K, is the association
constant for formation of the precursor state from the
two myoglobins, v, is the nuclear frequencey factor, «,
is the probability of clectron tunncling, and 3G * is the
tree encrgy of activation. The association constant K,
can be expressed as

o= A NSy et w, JRTY

where N is the Avogadro's number, r = 36.8 A [31]is



the sum of radii of the two proteins, 8(r) is usually
taken as B~ ' = L11 A [28] and, with the usc of van
Leeuwen formalism, exp( —w, /RT) = In(k, /k ;) (w, is
0.31 kcal mol ~ ' when p = 0.1 M). Given these valucs,
we calculate K, =6.72 M~ !, Marcus and Sutin [2] have
introduced the steric factor § to allow for the fact that
there is an angular dependance of the clectron trans-
fer. A tower limit for the steric factor § is equal to the
square of the ratio of the surface arca of the exposed
heme edge to the surface area of the protein. The
surface of myoglobin is 2% heme [34]. Using this
assumption, and an enhancement factc. of 5[28], we
have estimated the value of § as 0.010. v« can be
expressed as

vk = 10" exp(~ B(d - dy))

where d is the closest heme-heme distance, d,, =3 A
and B =09 A"! arc the standard values [2,28]. Using
the hemoglobin-cytochrome b; model, previously re-
ported by Poulos and Mauk [36], for myoglobin-
myoglobm complex, we estimate a (similar) value of
d =7 A for the closest approach in the heme edge-to-
heme edge geometry. This analogy is made on the basis
that hemes, which are not covalently attached to the
polypeptide chains as in hemoglobin, myoglobin and
cytochrome by, are oriented such that the heme propi-
onate groups are located on the protein surface. In
addition, the similarity in the heme exposure of all
three proteins is striking: Mb 18%, Hb, 14%, Hb,
20% and cytochrome by 23% (34]. Therefore, we calcu-
late a value for v, x,, of 2.7-10" s~ and, with the
above values for K, § and «», the value of AG* is
9.20 kcal mol *'. The reorganization energy A can ob-
tained through application of the following relation-
ships, according to the Marcus formalism:

AGH = (A/D(1+ 3G /AY
3G = AG" + w, —w,

where AG* is the free energy of activation that is
related to A, to AG", the free cnergy change of the
reaction, and to the work of bringing the reactants (w,)
or products (w,) to the mean separation distance in the
clectron transfer complex. For self-exchange reactions,
AG" is zero and w,=w,. Therefore, the energy of
reorganization can be expressed as: A =4 AGK and
the reorganization energy for the scif-exchange reac-
tlon of m}loglobm is 1.6 ¢V. Values of 8 in the range of

~1.4 A™' [37] have also emerged from studies of
long-d:.stqnce electron transfer reaction in ruthenium-
modified myoglobin. (With g = 1.4 A~!, for example,
the asscciated reorganization energy is 1.4 eV.) Al
though 2 vancs with the system [34], we have chosen
B=09 A~ in the present work, since this value is
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similar to most other estimates of this paramcter
[28.38].

Our reorganization encrgy for myoglobin can be
compared to that for cytochrome ¢, 0.72 ¢V and for
cytochrome b, 1.2 ¢V, which were recently reported
by Dixon and Mauk [28]. The origin of the greater
valuc for myoglobin may be due, primarily, to the lower
relative stability (greatest flexibility) of the heme pocket
for horsc-hecart myoglobin, compared to those of cy-
tochrome b and cytochrome c. It is now well estab-
lished that the nature of the heme interactions with
proteins is not sufficiently selcctive to force a single
orientation of the heme group within the pocket of
hemoproteins [39]. The heme moiety of cytochrome ¢
is covalently linked by thioether bonds at the vinyl
groups and co-ordinated by histidine and methionine
side chains [40]. Accordingly, cytochrome ¢ exhibits no
major differences inside the heme pocket in the oxi-
dized and reduced states {2]. In contrast, the heme
binding of myoglobin is non-covalent [I18] as in c¢y-
tochrome b, [41,42), and, furthermore, in myogtobin,
the sixth ligand (here the phosphine) is also non-cova-
lently bound to the polypeptide chain. The reorganiza-
tion energy, arising partially from changes in the metal
ligand bond distances |2], may increase because it is
possible that the iron-ligand distances in the two oxida-
tion states are quite different. As an esseatial comple-
ment cf this study, we recently reported the structures
of two model phosphine complexes of iron(Il) and
iron(111) porphyrins [43,44]. The axial metal- phos-
phorus bond length in the ferric complex (2.350(1) A)
{44) is significantly longer than that ubsum.d in the
analogous ferrous complex (2.284(1) A) [43]. This ob-
servation is consistent with the suggestion that changes
in the iron-ligand distances may result from the change
in oxidation state of the iron atom of myoglobin. Our
reorganization energy car be also compared with the
intramolecular reorganization energics for clectron
transfer within ruthenium-modificd myoglobins. Gray
ct al. have recently investigated a wide range of reac-
tion-free energics that places the reorganization energy
for ruthenium-modified myoglobin between 1.90 and
2.45 ¢V [38]. These values are slightly greater than our
value, indicating that a similar analysis of intramolece-
ular clectron transfer reactions and bimolecular reac-
tions may be applicd [28,37,45,46].

We note that the values of 4H* and AS™ obscrved
here are remarkably similar to those previously re-
ported for e'ectron transfer reactions between two
metalloproteins [6]. The positive activation entropies
for the self-exchange electron transfer reactions with
myoglobin 6], azurin [47] and horsc-heart cytochrome
¢ [6] sysiems are noteworthy. This pattern may result
from the extensive hydration of the proteins and, con-
scquently, water rearrangement might play an impor-
tani role in the activation process [6]. By contrast. the
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values of A8 observed with cytochrome by are nega-
iive (— 23 cu) [28] though the vrigin of this difference
18 not apparent at present.

A final comment concerns the estimation of the
electron sell-exchange rate of oxygen carricrs (myoglo-
bin or hemoglobin) between oxidized and  reduced
states, To owr knowledge trimethylphosphine is the
tirst ligand which allows suitable reduced and oxidized
states and makes the experimental determination pus-
sible. The reported self-exchange rate constant of myo-
globin, calculated from the Marcus theory with inor-
ganic redox couples, varies from 5-107° to 1.2- 10!
M ' s ' [13]. For cxample, from the kinetic of the
reduction of myoglobin by Fe(EDTA)? (EDTA, cth-
ylenediamine tetraacetate), the self-exchange rate con-
stant was calculated to be 12610 1 at pH 7 and 25°C.
The large discrepency between the experimental mea-
surements and the caleulated values indicates that an
estimation of the self-exchange rate constant of the
mctMb/ deoxyMb system. based on the Marcus theory,
is difficult. because this system requires a change in the
coordmation number upon reduction of metMb(H ,0)
to deoxyMb. Accordingly, it was recently reported that
mudilication of the hemes distal histidine by BrCN
resufted in acceiciation of the self-exchange rate of
myoglobin, as comparcd with its native form. The self-
exchange rate constant for the penta-coordinated mod-
ificd metmyoglobin / deoxyMb system was evaluated to
be 1-10° M™' s ', based on the Marcus theory [14].
Extension of these studies to other oxygen carriers,
such as hemoglobins, which are in progress in this
luboratory, will provide a more definitive description of
the various factors which govern the electron transfer.
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