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ABSTRACT: Methylamine dehydrogenase (MADH), amicyanin, and cytochromec-551i are soluble redox
proteins that form a complex in solution [Chen, L., Durley, R., Mathews, F. S., & Davidson, V. L. (1994)
Science 264, 86-90] which is required for the physiologic electron transfer from the tryptophan
tryptophylquinone cofactor of MADH to heme via the copper center of amicyanin. The electron transfer
reaction from copper to heme within the protein complex has been characterized by transient kinetic and
thermodynamic analysis. The rate of this electron transfer reaction is 87 s-1 at 30°C, and it varied with
temperature. The reaction exhibited a reorganizational energy (λ) of 1.1 eV and an electronic coupling
(HAB) of 0.3 cm-1. The results of these analyses also predict an electron transfer distance, depending
upon the value ofâ which is used, of 13-24 Å. The larger value approximates the direct copper to heme
distance observed in the crystal structure of the complex. The most efficient pathways for electron transfer
were predicted from the crystal structure using the Greenpath program, and these predictions were correlated
with the results of the solution studies of the electron transfer reaction. It is concluded that electron
transfer is, in fact, rate limiting for the observed electron transfer reaction in solution and that the two
redox centers are strongly coupled, given the distance which separates them.

The electron transfer complex of methylamine dehydro-
genase (MADH),1 amicyanin, and cytochromec-551i from
Paracoccus denitrificansis the only such physiologic
complex of three weakly associating redox proteins for which
a detailed crystal structure is available (Chen et al., 1994).
Only two other two-protein electron transfer complexes have
been structurally characterized, the binary complex of
MADH and amicyanin (Chen et al., 1992) and the complex
of cytochromec peroxidase and cytochromec (Pelletier &
Kraut, 1992). MADH (Davidson, 1993) catalyzes the
oxidative deamination of methylamine to formaldehyde plus
ammonia and possesses the tryptophan tryptophylquinone
(TTQ) (McIntire et al., 1991) prosthetic group which
participates in catalysis and electron transfer. The physi-
ologic electron acceptor for most MADHs is amicyanin
(Husain & Davidson, 1985), a type I copper protein. InP.
denitrificans, amicyanin is absolutely required to mediate
the transfer of electrons from MADH to the respiratory chain
via c-type cytochromes. This has been demonstrated in vitro
(Husain & Davidson, 1986), and it was also shown that
inactivation of amicyanin in vivo by means of gene replace-
ment resulted in complete loss of the ability to grow on
methylamine (Van Spanning et al., 1990). In vitro studies
have shown that, of thec-type cytochromes isolated from
P. denitrificans, the most efficient electron acceptor for the

MADH-amicyanin complex is cytochromec-551i (Husain
& Davidson, 1986).

From the crystal structure of the protein complex it is
possible to infer the sites of protein-protein interaction and
putative electron transfer pathways which connect the redox
centers. One would like to correlate this structural informa-
tion with kinetic data on the electron transfer reactions which
occur within the protein complex. Ideally, these kinetic
studies would be performed using the unmodified proteins.
We have previously shown that amicyanin binding to
cytochromec-551i occurs at different sites when amicyanin
is free and when it is in complex with MADH (Davidson &
Jones, 1995). The electron transfer from free, uncomplexed,
amicyanin to cytochromec-551i occurs much more rapidly,
but only to a very small extent (Davidson & Jones, 1995),
because the reaction is thermodynamically much less favor-
able when amicyanin is not associated with MADH (Gray
et al., 1988). Thus, complex-dependent electron transfer
appears to be the physiologically relevant reaction. We have
previously characterized the electron transfer reaction from
the TTQ of MADH to amicyanin by transient kinetic and
thermodynamic analyses (Brooks & Davidson 1994a,b;
Bishop & Davidson, 1995) and demonstrated that the electron
transfer reaction from amicyanin to cytochromec-551i within
the ternary complex may be monitored by stopped-flow
spectroscopy (Davidson & Jones, 1995). The steady-state
kinetics of the methylamine-dependent reduction of cyto-
chromec-551i by MADH and amicyanin have also been
characterized (Davidson & Jones, 1991). In this paper we
describe a kinetic and thermodynamic analysis of the electron
transfer reaction from amicyanin to cytochromec-551i in
the ternary protein complex. These results have allowed us
to calculate the reorganizational energy and electronic
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coupling for this reaction and use electron transfer theory to
predict the electron transfer distance between redox centers.
These data are correlated with the crystal structure of the
electron transfer complex and a Pathways (Regan et al., 1993)
analysis of potential electron transfer paths from copper to
heme within the complex.

EXPERIMENTAL PROCEDURES

Previously described procedures were used to purify
MADH (Davidson, 1990), amicyanin (Husain & Davidson,
1985), and cytochromec-551i (Husain & Davidson, 1986)
from P. denitrificans(ATCC 13543). MADH was reduced
by addition of methylamine. Amicyanin was reduced by
addition of sodium dithionite. Cytochromec-551i was
oxidized by addition of potassium ferricyanide. All reagents
were obtained from commercial sources.

An On-Line Instruments (OLIS, Bogart, GA) RSM1000
stopped-flow rapid scanning spectrophotometer was used for
kinetic measurements. All experiments were performed in
0.01 M potassium phosphate, pH 7.5, as described previously
(Davidson & Jones, 1995). Protein concentrations were
determined from the previously reported extinction coef-
ficients for each protein (Husain & Davidson, 1985; 1986;
Husain et al., 1987). Nonlinear curve fitting of data was
performed using either OLIS software or Sigma Plot 5.0
(Jandel Scientific).

RESULTS AND DISCUSSION

In our experimental design, one mixing syringe contained
oxidized cytochromec-551i and the other contained reduced
MADH plus reduced amicyanin. The reduced forms of
MADH and amicyanin were quite stable against reoxidation
by air, and so anaerobic conditions were not necessary. Our
aim was to mix fully reduced complex with oxidized
cytochromec-551i so that the initial event detectable after
mixing would be the reduction of the cytochrome by
amicyanin. It was previously demonstrated that no reaction
occurred between reduced MADH and oxidized cytochrome
c-551i in the absence of amicyanin and that no redox reaction
between free amicyanin and cytochrome is detectable during
the time course of these experiments (Davidson & Jones,
1995). The latter reaction is so fast that it is complete within
the dead time for mixing and only occurs to a small extent
because it is thermodynamically very unfavorable. To ensure
that most of the reduced amicyanin was in complex with
MADH, experiments were performed at concentrations of
MADH and amicyanin which were well above theKd for
the MADH-amicyanin complex. TheKd value for the
MADH-amicyanin complex has been previously determined
to be approximately 4µM (Davidson et al., 1993; Brooks &
Davidson, 1994a) under these buffer conditions. The
concentration of amicyanin actually in complex with MADH
was calculated using thisKd value and the concentrations of
MADH and amicyanin present in solution. The amicyanin
in complex with MADH will subsequently be referred to as
“bound amicyanin”. The percent of total amicyanin which
was bound varied from approximately 70% at the lowest
concentrations of complex to 95% at the highest concentra-
tions.

The kinetic data obtained from the stopped-flow experi-
ments were analyzed assuming the simple model described

by eq 1, where M is MADH, A is amicyanin, and C is

cytochromec-551i. The subscripts indicate whether the
redox state is reduced or oxidized . After oxidized cyto-
chrome c-551i was mixed with the reduced MADH-
amicyanin complex, spectral changes occurred which were
indicative of reduction of the cytochrome (Davidson & Jones,
1995). For kinetic analyses, the observed rate constant (kobs)
was determined from the absorbance change with time at
either 552 or 419 nm. Under these experimental pseudo-
first-order conditions, all absorbance changes could be fit
to a single exponential (data not shown). This is consistent
with our previous observation (Davidson & Jones, 1995) that
the kinetic components associated with any reaction of free
amicyanin occur within the dead time of the mixing and do
not have any influence on the observed complex-dependent
kinetics. At the wavelengths being monitored, all steps
beyondk3/k4 in eq 1 are spectroscopically invisible. For the
reactions of the reduced MADH-amicyanin complex with
oxidized cytochromec-551i, data for the concentration
dependence ofkobs were fit to eq 2 (Figure 1), which is

derived (Strickland et al., 1975) for the model given in eq
1. Since the amicyanin which is bound to MADH is the
relevant species, data were analyzed in terms of the
concentration of bound amicyanin rather than total amicyanin
present. In each case, the data were described by a simple
hyperbolic dependence ofkobs on concentration (Figure 1).
As such, it was not possible to determine unique values for

FIGURE 1: Concentration and temperature dependence ofkobs for
the reactions of cytochromec-551i with the reduced MADH-
amicyanin complex. The concentration of the limiting reactant,
oxidized cytochromec-551i , was 0.7-3.0µM. The varied reactant
was the reduced MADH-amicyanin complex. Reduced MADH
and reduced amicyanin were present in a 1:1 molar ratio with the
concentrations of each ranging from 7.5 to 65µM. The concentra-
tion of bound amicyanin was calculated from theKd value for the
complex and indicates the concentration present in complex with
MADH, excluding any free amicyanin. The temperature at which
each set of experiments was performed is indicated. The solid lines
represent the fits of these data to eq 2.

Mred-Ared+ Cox y\z
Kd

Mred-Ared-Cox y\z
k3

k4
Mred-Aox-Cred

(1)

kobs)
k3[amicyanin]

[amicyanin]+ Kd

+ k4 (2)

Electron Transfer Complex Biochemistry, Vol. 35, No. 25, 19968121

+ +

+ +



k1 andk2. Only a unique value for the ratiok2/k1 (Kd) could
be determined in addition to values fork3 andk4. Sets of
experiments were performed at temperatures ranging from
12 to 33°C. The values obtained for each kinetic parameter
at each temperature are given in Table 1. The oxidation-
reduction midpoint potential values for amicyanin in complex
with MADH (Gray et al., 1988) and cytochromec-551i (Gray
et al., 1986) are+221 and+190 mV, respectively. Thus,
this reaction is slightly unfavorable, and from the difference
in redox potentials of-31 mV, the equilibrium constant for
this reaction is predicted to be 0.3. One would, therefore,
expectk4 to be larger thank3. Finite values ofk4 were
observed; however, these values were less than the fitted
values ofk3 (Table 1). For the kinetic model in eq 1, the
fitted value ofk4 obtained from eq 2 will only be a truek4
if the Mred-Aox-Credcomplex accumulates (i.e., dissociation
of reduced cytochromec-551i is much slower thank4). That
the observed value fork4 is smaller than predicted indicates
that the dissociation of reduced cytochromec-551i from the
ternary complex is faster thank4. Therefore, the fitted value
for k4 is really an apparent rate constant, which also contains
contributions from the dissociation constant for the release
of reduced cytochromec-551i from the ternary complex.
The limiting first-order rate constant (k3) strictly describes

the redox change of cytochromec-551i from the oxidized
to reduced state. This rate should be considered an apparent
electron transfer rate constant (kET) because in this kinetic
model any spectroscopically invisible reaction steps which
may occur subsequent to binding and before electron transfer
may be reflected ink3. Thek3 will only be a truekET if no
such additional reaction steps occur or if electron transfer is
rate limiting in a multistep mechanism where all other steps
are energetically favorable (Hoffman & Ratner, 1988;
Brunschwig & Sutin, 1989; Harris et al., 1994). Whether
or not k3 describes an electron transfer event or some
adiabatic process which is a prerequisite for electron transfer
may be inferred from the results of the analysis of the
temperature dependence ofk3 (Bishop & Davidson, 1995).
The temperature dependence ofk3 may be analyzed by

transition state theory, which provides information about the
formation of the activated complex which leads to the
conversion of reactants into products in an adiabatic reaction.
These data were fit to the Eyring equation (eq 3), in which

h is Planck’s constant,R is the gas constant,T is temperature,
kB is Boltzman’s constant,∆H* is activation enthalpy, and
∆S* is activation entropy. The data fit well to a straight
line (data not shown), and this fit yielded values for∆H* of
27( 2 kJ mol-1 and for∆S* of -117( 5 J mol-1 K-1 for
the reaction that is described byk3. How one interprets the

meaning of these thermodynamic parameters depends on
whether or notk3 describes an adiabatic reaction.
An adiabatic process is a reaction which proceeds to

completion every time the transition state energy is achieved
and is most appropriately described by transition state theory.
Conversely, in a nonadiabatic process achievement of the
transition state energy does not always lead to product
formation (Marcus & Sutin, 1985; McLendon, 1988). Long-
range electron transfer reactions are nonadiabatic. Electron
transfer reactions within an electron transfer complex are
collisionless and do not involve the making or breaking of
bonds. The reaction coordinates and energy barriers associ-
ated with nonadiabatic electron transfer reactions are de-
scribed better by electron transfer theory than by classical
transition state theory, and for such reactions∆H* and∆S*
are better described in terms of reorganizational energy (λ)
and electronic coupling (HAB).
Electron transfer theory (Marcus & Sutin, 1985) predicts

that the rate of an electron transfer reaction will vary
predictably with temperature and∆G° according to eq 4.λ

may be viewed as the energy needed to move the electron
from donor to acceptor without allowing nuclear motion and
may reflect nuclear displacements in the chromophores,
protein medium, and solvent.HAB describes the degree of
wave function overlap occurring between donor and acceptor
sites and is related to the distance between redox centers
and the intervening medium which separates them. This is
seen in eq 4b, whereHAB is factored into terms which define
the electron transfer distance (r) and nature of the medium
(â). The other parameters in these equations arero, the close
contact distance which is set at 3.0 Å,h, Planck’s constant,
R, the gas constant, andko, the characteristic frequency of
the nuclei which is set at 10-13 s-1. The∆G° for this reaction
is calculated from the known redox potentials of the redox
centers to be+3.0 kcal/mol (-31 mV). The temperature
dependence ofk3 was analyzed by eq 4a (Figure 2). Fitted
values were obtained forλ of 1.1( 0.1 eV andHAB of 0.3
( 0.1 cm-1. The temperature dependence ofk4 was not
analyzed because it appears to be a composite rate constant
influenced by the rates of subsequent steps (discussed earlier).
For a nonadiabatic electron transfer reaction, the prob-

ability that the achievement of the activation energy leads
to the formation of product is less than unity and approaches
zero asHAB approaches zero. If the actual electron transfer
step is truly rate limiting for the experimentally determined
kET, thenHAB should be less than 80 cm-1. This nonadiabatic
limit is calculated from the dynamic relaxation rate of water
and occurs when the reorganization of water, as the bulk
solvent, becomes rate limiting (Winkler & Gray, 1992). The
experimentally determined value ofHAB of 0.3 cm-1 is,
therefore, consistent withk3 describing an electron transfer
reaction. It is also within the range ofHAB values which
have been obtained from model studies with ruthenated redox
proteins, although at the high end ofHAB values reported
for electron transfer reactions over comparable distances
(Onuchic et al., 1992). This suggests that the donor and

Table 1: Kinetic Parameters for the Electron Transfer Reaction
from the MADH-Amicyanin Complex to Cytochromec-551ia

temp (K) Kd (µM) k3 (s-1) k4 (s-1)

285 14.2( 3.1 43.3( 1.8 13.7( 2.6
292 19.1( 3.9 60.5( 2.1 22.0( 2.8
298 19.5( 6.2 76.1( 4.3 24.5( 4.9
303 16.9( 6.1 87.2( 5.4 37.2( 8.3
306 20.6( 6.5 105.6( 6.3 41.6( 6.4

a The parameters are obtained from the fits of the data sets shown
in Figure 1 to eq 2.

ln (k3h/kBT) ) -∆H*/RT+ ∆S*/R (3)

kET )
4π2HAB

2

hx4πλRT
e-(∆G°+λ)2/(4λRT) (4a)

kET ) k0 e
-â(r-r0) e-(∆G°+λ)2/(4λRT) (4b)
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acceptor are reasonably well coupled given the distance that
separates them.
The value ofλ of 1.1 eV falls within a range of reported

values which have been experimentally determined for
electron transfer reactions through proteins: 0.7 eV for the
photosynthetic reaction center (Moser et al., 1992); 0.9-
1.3 eV for ruthenated azurins, cytochromes, and myoglobin
(Winkler & Gray, 1992); 0.8 eV for the cytochrome
c-cytochromeb5 complex (McLendon & Hake, 1992); and
1.4 eV for the cytochromec-cytochromec peroxidase
complex (Conklin & McLendon, 1988). If the fitted values
of eitherλ or HAB or both would have been unreasonably
large, then this would have been diagnostic of a gated
reaction (Hoffman & Ratner, 1987) in whichk3 actually
described the rate of an adiabatic process, such as a
conformational change or catalytic step, which is a prereq-
uisite for electron transfer. For example, analysis of the
temperature dependence of the apparent electron transfer rate
constant for the reaction of substrate-reduced aminoquinol
MADH with amicyanin yielded values ofλ of 3.5 eV and
HAB of 23 000 cm-1, and this reaction was shown to be gated
by a proton transfer (Bishop & Davidson, 1995), unlike the
reaction of dithionite-reduced quinol MADH with amicyanin
which is not gated (Brooks & Davidson, 1994b). The values
of λ andHAB which were obtained from the temperature
dependence ofk3 are at least consistent with the notion that
the electron transfer step is rate limiting for the observed
reaction between amicyanin and cytochromec-551i in the
ternary protein complex and that we are not simply measur-
ing the rate of an adiabatic process such as a protein
conformational change.
A potential complication which must be considered when

examining the temperature dependence of electron transfer
rate constants is that∆G° may be temperature dependent.
This could arise from temperature dependent changes in the
conformations of amicyanin or cytochromec-551i which
affect the redox potential. We have previously examined
the temperature dependence of the electron transfer reaction
from the dithionite-reduced quinol MADH to amicyanin
(Brooks & Davidson, 1994a). The∆G° dependence of this

reaction was also characterized by monitoring the forward
and reverse redox reactions between quinol and semiquinone
MADH and amicyanin (Brooks & Davidson, 1994b). These
temperature- and∆G°-dependence studies yielded compa-
rable values forHAB andλ. Good correlation has also been
reported for values ofλ which were obtained from temper-
ature- and∆G°-dependence studies of the electron transfer
reaction between cytochromec and cytochromec peroxidase
(Conklin & McLendon, 1988). Given thatλ is relatively
large (1.1 eV) compared to∆G° (-31 mV), any changes in
∆G° with temperature would have to be substantial to
compromise our analysis (see eq 4). Fortunately, MADH,
amicyanin, and cytochromec-551i are each quite thermally
stable toward denaturation. Furthermore, theKd values
which were obtained in this study did not vary significantly
over the range of temperatures used in this study (Table 1),
suggesting no gross temperature-dependent perturbations of
structure. Thus, the likelihood of significant changes in∆G°
over the range of temperatures used in this study is very
small.
We have previously reported relatively largeλ values for

two intermolecular protein electron transfer reactions. The
electron transfer reaction from the dithionite-reduced quinol
form of MADH and oxidized amicyanin exhibited aλ of
2.3 eV (Brooks & Davidson, 1994a), and the physiologic
electron transfer reaction between methanol dehydrogenase
and cytochromec-551i yielded aλ of 1.9 eV (Harris &
Davidson, 1993). Despite the largeλ values, each of these
reactions exhibitedHAB values within the nonadiabatic limit,
and thermodynamic analysis ofkET predicted electron transfer
distances which were consistent with the known crystal
structures of these proteins. It was suggested that those large
λ values could reflect a contribution from protein rearrange-
ments within the electron transfer complex which were
coupled to the electron transfer reaction (Harris et al., 1994).
The importance of protein dynamics in modulating electron
transfer reactions was demonstrated by covalent cross-linking
of either cytochromec or f to plastocyanin, which dramati-
cally lowered the rate of electron transfer between these
proteins (Peerey et al., 1991; Qin & Kostic, 1993). The
requirement for dynamic interactions between proteins has
also been inferred from studies of the electron transfer
reaction from cytochromec to cytochromec peroxidase
which exhibited aλ of 1.4 eV (Conklin & McLendon, 1988).
The λ of 1.1 eV reported for the electron transfer reaction
from amicyanin to cytochromec-551i within the ternary
protein complex is more typical of values reported for
intramolecular electron transfer reactions in ruthenated
proteins (Winkler & Gray, 1992; Onuchic et al., 1992). This
may mean that relatively little rearrangement of proteins
within the ternary complex is required to achieve the
optimum orientation for the electron transfer reaction from
amicyanin to cytochromec-551i. In other words, the
optimum orientation of the proteins for binding of cyto-
chromec-551i to the MADH-amicyanin complex is very
similar to the optimum orientation of the proteins required
to optimize coupling for the electron transfer reaction.
Analysis of these data by eq 4b yielded a range of fitted

values for the distance between redox centers of 13-23 Å,
depending upon theâ value that was used. This range was
obtained usingâ values ranging from 1.4 to 0.7 Å-1 (Moser
et al., 1992; Onuchic et al., 1992), and the standard error of
the fitted values ofr was approximately(5%. Theâ value

FIGURE 2: Analysis of the temperature dependence ofk3 for the
reactions of cytochromec-551i with the reduced MADH-amicya-
nin complex. Values ofk3 were determined from the data shown
in Figure 1, which were fit to eq 2. These values were analyzed
according to eqs 4a and 4b. The solid line represents the fits of
these data to those equations. The two fits to the data are
superimposable.
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of 0.7 is thought to be appropriate for electron tunneling
throughσ bonds in a covalently coupled system. The value
of 1.4 has previously been applied for electron transfer
through a protein matrix and is a value between that of a
covalently linked systems and a vacuum (Moser et al., 1992).
Langen et al. (1995) recently calculated aâ value of 1.1
Å-1 for electron tunneling throughâ strands in ruthenated
azurin. This range of predicted distance, determined using
this range ofâ values, may be evaluated in the context of
the known structure of the protein complex.
The direct center to center distance from the copper of

amicyanin to the iron of cytochromec-551i in the crystal
structures of the electron transfer complex is 24.7 Å.
Alternatively, the shortest distance from copper to the nearest
edge of the heme porphyrin ring is 22.7 Å. A Pathways
analysis (Regan et al., 1993) was performed using the
Greenpath v0.97 computer program. Pathways from copper
to iron and to the porphyrin ring were calculated. Several
pathways were identified with relative couplings which were
down to 50% of that of the best pathway identified. Two
dominant sets of pathways were apparent (Figure 3). In each
set of pathways, the point of intermolecular electron transfer
was from Glu31 of amicyanin to either Pro71 or Gly72 of
cytochromec-551i, and the entry of electrons to iron occurred
either via the porphyrin ring or the His61 ligand. In one set
of pathways the exit of electrons from copper occurred via
the Cys92 copper ligand, and Tyr30 was an intermediate
between Cys92 to Glu31. In the other set of pathways the
exit of electrons from copper occurred via the Met98 copper
ligand, and Lys29 was an intermediate between Met98 to
Glu31. These pathways contained no through space jumps
which were greater than 3 Å. The absence of long, relatively
inefficient, through space jumps in the predicted pathways2

seems consistent with the experimentally determinedHAB

values which suggested that copper and iron were well
coupled given the distance by which they are separated.

It should be noted that the results of the Greenpath analysis
of the ternary complex described above and in Figure 3 were
obtained without taking into consideration differences in
metal-ligand binding between copper and the amino acid
residues which provide ligands. This analysis indicates a
similar degree of copper-iron coupling for the two pathways
shown in Figure 3. Ullmann and Kostic (1995) recently
reported a Pathways analysis for possible electron transfer
pathways between iron(II) and copper(II) sites in docked
complexes of cytochromec and plastocyanin. Consideration
of the anisotropy of metal-ligand coupling, which was based
on the electronic structure of the copper(II) site, was
incorporated into their analysis. Quantum chemical calcula-
tions and biophysical studies (Penfield et al., 1985; Solomon
& Lowry, 1993) on which these considerations are based
suggested that the Met ligand of the type 1 copper is not
likely to be involved in electron transfer into the oxidized
center and that the coupling between copper and Met is
essentially zero (Ullmann & Kostic, 1995). If similar
corrections to account for copper-ligand anisotropy are
incorporated into the pathways analysis of the ternary
complex, then pathways which utilize Met98would be highly
disfavored relative to those which utilize Cys92.
Our ultimate goals are to use this protein complex to

determine precisely what factors regulate the observed rates
of physiologic biological electron transfer reactions and to
test whether or not specific amino acid residues are critical

2 Greenpath v0.97 provides an option of placing hydrogens and lone
pair orbitals in a structure which lacks explicit hydrogen placement.
We have used this program to predict pathways for the protein structure
with and without inclusion of the hydrogens and lone pairs. The amino
acid residues which participate in electron transfer pathways are the
same in either case. The length of through space jumps, however, will
be shorter and relative coupling greater when hydrogens and lone pairs
are included. The discussion regarding the length of through space
jumps refers to predicted pathways for the structure which include
hydrogens and lone pairs.

FIGURE 3: Predicted pathways of electron transfer between copper and iron within the MADH-amicyanin-cytochromec-551i complex.
A portion of the crystal structure of the ternary protein complex is displayed. Amicyanin is in blue and cytochromec-551i is in red. The
heme, copper, and amino acid residues which participate in the two sets of predicted dominant electron transfer pathways are in yellow.
Portions of the pathways through covalent bonds are shown as solid white lines, and through space jumps are shown as dashed white lines.
The two pathways overlap from Glu31 to heme. The predicted relative efficiencies of these pathways are discussed in the text.
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components of electron transfer pathways. For this experi-
mental system to be of any use it must be established that in
solution one is truly measuring rates of electron transfer and
not some nonelectron-transfer process which is gating the
observed reaction. If the reaction were gated, then experi-
mentally induced variations in the true electron transfer rate
might not be detected because electron transfer is not rate
limiting. It is also important to establish that the crystal
structure which one is using as a context in which to interpret
data is at least a reasonable approximation of the structure
of the complex in solution. It was previously established
that the observed redox reactions studied here require
formation of the ternary complex in solution (Gray et al.,
1986, 1988; Davidson & Jones, 1991, 1995). Recent single
crystal microspectrophotometry studies (Merli et al., 1996)
have further shown that the crystals of the ternary protein
complex are capable of oxidizing methylamine and transfer-
ring electrons from TTQ to heme via copper. Thus, the
proteins, in the orientation displayed in the crystal structure,
are competent for both catalysis and electron transfer. The
results of the kinetic and thermodynamic studies reported in
this paper provide good evidence that electron transfer is
indeed rate limiting for the observed redox reactions in
solution. The results also suggest that the crystal structure
provides at least a reasonable approximation of the orienta-
tion of these proteins in the electron transfer complex in
solution. We have previously demonstrated good correlation
between results of kinetic and thermodynamic studies of the
electron transfer reaction from TTQ to copper and the
orientation of the proteins displayed in the crystal structure
of this complex (Brooks & Davidson, 1994a). This system
should, therefore, serve very well as a paradigm for
characterizing the factors which determine the rates of long-
range intermolecular electron transfer reactions between
proteins.
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