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Abstract: To characterize the electrostatic complex formed between myoglobin (Mb) and cytochromeb5 (Feb5), we
have performed flash photolysis triplet-quenching and electron-transfer (ET) measurements of the interaction between
Zn deuteroporphyrin (ZnD)-substituted Mb (sperm whale) (ZnDMb) and Feb5(trypsin-solubilized, bovine) at pH
values between 6 and 7.5. For pH values between pH 6 and pH 7.5, the quenching rate constant (∆k) varies linearly
with [Fe3+b5]. The slope (M) obtained from plots of∆k versus [Fe3+b5] is strongly dependent on pH (M ) 140×
106 M-1 s-1 at pH 6 andM ) 2.4× 106 M-1 s-1 at pH 7.5). The triplet decay profiles remain exponential throughout
these titrations. Together, these results indicate that the association constant obeys the inequality, Ka e 3000 M-1

and that the lower limit for the rate constant for dissociation of the3DA complex of (koff)min ) 106 s-1 at pH 6 and
(koff)min ) 104 s-1 at pH 7.5. Transient absorption measurements have shown that this quenching of3ZnDMb by
Fe3+b5 can be attributed to intracomplex3ZnD f Fe3+P ET and that the transient absorbance changes observed at
the 3D/D isosbestic points represent the time evolution of the (D+A-), [ZnD+Mb, Fe2+b5] intermediate,I . The
long-time behavior of the progress curves (tg 20 ms) collected during a titration of Fe3+b5 by ZnDMb (reverse
titration protocol) is neither purely second-order nor purely first-order but rather resembles a mixed-order process
involving both the (D+A-) complex and its dissociated components. Modeling this data indicates that theD+A-

complex product must dissociate with a rate constant slower than that of the precursor,DA, complex. Theoretical
studies of the protein pair by Brownian dynamics simulations show that Mb has a broad reactive surface which
encompasses the “hemisphere” that includes the exposed heme edge. The most stable complexes occur whenb5 is
bound at one of two subdomains within this hemisphere. The kinetics measurements and calculations taken together
allow us to discuss the relative importance of global and local electrostatics in regulating protein-protein recognition
and reactivity.

Introduction

Ferrous myoglobin (Fe2+Mb), a heme-protein found in
skeletal and heart muscle tissues, functions in the transport of
oxygen to the mitochondria and in short-term oxygen storage.1-3

Under physiological conditions, both oxyMb and deoxyMb can
be oxidized to the inactive metMb (Fe3+Mb).4 It has been
suggested that Fe3+Mb is maintained at low levels by a reductase
system in which cytochromeb5 (b5) is the final electron donor
to Fe3+Mb.5,6

This reaction appears to involve the formation of a specific

protein-protein complex7,8 between Fe3+Mb and Fe2+b5, but
the mechanism of electron transfer (ET) between these physi-
ological partners has not been investigated in detail. Protein-
protein complexes often adopt multiple conformational states
in solution.9-17 Therefore, a full kinetic mechanism for electron
transfer must incorporate details of the dynamics of conforma-
tional interconversion within the complex as well as of the actual
intracomplex ET event.
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To characterize the electrostatic complex formed between Mb
and b5, we have used flash photolysis to study both triplet-
quenching and electron-transfer between ZnDMb(sperm whale)
and Feb5(trypsin-solubilized, bovine) at pH values between 6
and 7.5. The Zn porphyrin in ZnDMb, which is a structural
analogue of the heme in Fe2+Mb, has a long-lived triplet excited
state (3ZnD) that is a strong reducing agent.18,19 Intracomplex
3ZnD(3D) f Fe3+P(A) ET quenching (eq 2) is studied

by monitoring the3ZnDMb/ZnDMb transient absorbance dif-
ference. The [ZnD+Mb, Fe2+b5] charge-transfer intermediate
(I ) returns to the initial state by intracomplex electron transfer
from Fe2+b5 to ZnD+Mb (eq 3),

and is studied by monitoring the transient absorbance changes
at the 3ZnDMb/ZnDMb isosbestic points. The kinetic time-
courses for the ET intermediates obtained with the reverse
titration protocol indicate the occurrence of intracomplex rather
than Stern-Volmer quenching and illustrate a new strategy for
characterizing low-affinity, highly reactive ET complexes. Our
results for the [ZnDMb, Feb5] complex further show that the
ET cycle of eqs 2 and 3 cannot be described by a simple kinetic
mechanism in which the complex adopts a single binding
conformation. Measurements of the timecourse for the ET
quenching reaction, eq 2, show that the3DA complex and, by
inference, theDA complex is kinetically labile, with a dissocia-
tion rate constant ofkoff(3DA) ) koff(DA) > 104 s-1 and a low
association constant. However, the charge transfer intermediate,
I , is less labile, providing evidence of ET-linked changes at
the protein-protein interface. A minimum of three kinetic
phases is needed to describe the full set of progress curves of
I , at least two of which areintracomplex. This implies that
the [ZnD+Mb, Fe2+b5] complex exhibits at least two kinetically
distinct conformations with different ET rates for return to the
DA ground state and that they interconvert at rates that compete
with ET. It further appears that the conformer produced by
photoinitiated ET is the most reactive and that it converts to
one or more forms with progressively lower ET reactivities and
decreased upper bounds on the rates of dissociation.
As a first step toward understanding the structural basis of

interfacial recognition between Mb andb5 we have used
Brownian dynamics simulations20 to generate encounter com-
plex(es) at several pH values. These calculations show that Mb
has a broad reactive surface which encompasses the “hemi-
sphere” that includes the exposed heme edge. The most stable
complexes occur whenb5 is bound at one of two subdomains
within this hemisphere. The kinetics measurements and cal-
culations taken together allow us to discuss the relative
importance of global and local electrostatics in regulating
protein-protein recognition and reactivity.

Experimental Procedures

Protein Preparation. Recombinant bovine tryptic cytochromeb5
(b5) was expressed in and isolated fromE. coli. The gene coding for
the tryptic form of the protein had been constructed by deletion of N-

and C-terminal sequences from the lipase form and expressed in the
same system used to express the lipase-solubilized protein.21 The
trypsin-solubilized recombinant protein has a sequence21 identical to
that of the trypsin-solubilizedb5 isolated from bovine liver.22,23 The
kinetics obtained with the recombinant protein were identical to those
obtained with the hepatic protein.
Zinc-protomyoglobin (ZnPMb) was prepared from sperm whale

myoglobin (Sigma Chemical Co., Type II) as described previously.24

A similar procedure was used to prepare zinc-deuteromyoglobin
(ZnDMb). Apomyoglobin (apoMb), prepared using the method of
Teale,25was dialyzed at 4°C against 4 L of 0.6 mMNaHCO3 containing
1 mM Na2EDTA and then twice against 4 L of 0.6 mMNaHCO3. The
final concentration of apoMb was∼0.4 mM (ε280 ) 15.4 mM-1

cm-1).26,27 ZnDP (Porphyrin Products, Logan, UT) was dissolved in a
minimal volume of 0.1 M NaOH in the absence of light, centrifuged
to remove any insoluble material, and diluted with water to give a 10
mM NaOH solution. All subsequent procedures were carried out in
the absence of light at 4°C. A 1.5-fold molar excess of the porphyrin
stock solution was added dropwise with gentle stirring to apoMb at
∼4 °C. Reconstitution was usually complete within 1 h asmonitored
by a red shift of the Soret band. The protein solution was adjusted
from pH ∼ 8 to pH 7.5 with 0.1 M HCl and concentrated by
ultrafiltration (Amicon Centriprep-10) to a volume of 10 mL. To
remove excess ZnDP, the protein solution was loaded onto a 1.5-cm
× 30-cm gel filtration column (Sephadex G-25, Sigma) equilibrated
with 25 mM potassium phosphate (KPi) buffer (pH 6.0), and ZnDMb
was eluted with the equilibrating buffer.
ZnDMb was further purified by HPLC (Waters 650). The recon-

stitution mixture (∼100 mg in 20 mL) was loaded onto a TSK-based
cation-exchange column (Beckman, 21.5 mm x 15 cm, SP-5PW) that
had been pre-equilibrated with 25 mM KPi buffer at pH 6 (buffer A).
Several minor components accounting for 25-50% of the total sample
mixture eluted within a 90-min linear gradient in which the mobile
phase (a mixture of buffer A and 25 mM K2HPO4) was pumped through
the column at 5 mL/min. The major protein component was subse-
quently eluted by further increasing the pH with 25 mM K3PO4. The
absorbance was monitored at 280, 414, and 575 nm (Waters 490 D
multichannel detector). Both the minor component that elutes near 54
min and the major band (Figure 1) were collected. Despite the large
difference in pI between these two components, we find that they have
identical lifetimes and react similarly withb5. The protein fractions
were concentrated by ultrafiltration, and purified ZnDMb (Rz ) A414/
A280 g15) was stored in liquid nitrogen.
Protein stock solutions for kinetic measurements were exchanged

into working buffer prior to the experiment using Centricon-10
microconcentrators (Amicon). Samples for kinetic measurements were
prepared in the dark under a nitrogen atmosphere and contained 2 mL
of nitrogen-purged 10 mM KPi buffer, 10 mM D-glucose, 115µg/mL
glucose oxidase (Sigma, type X-S fromAspergillus niger), and 30µg/
mL thymol-free catalase from bovine liver (Sigma) to assure anaero-
bicity.28 Typical Mb concentrations for normal titrations were in the
range of 1-5 µM (ε414) 364.1 mM-1 cm-1).29 For the normal titration
experiments, aliquots of a 0.2-1.0 mM stock solution of Fe3+b5 (ε413
) 117 mM-1 cm-1)30were added to the ZnDMb solution with a gastight
syringe under a nitrogen blanket using Schlenk techniques. For reverse
titrations, aliquots of a 0.2-1.0 mM ZnDMb stock solution were added
to a solution containing 20-30 µM Fe3+b5. Protein stock solutions
were deaerated by gentle purging with N2. Optical spectra were
obtained with a Hewlett-Packard 8451A diode array spectrophotometer.
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Data Collection and Processing.Photoexcitation was achieved with
a Nd:YAG pulsed laser (Continuum, YG660A, 7 nsec pulse width,λ
) 532 nm). The incident power was varied using a tunable polarizer
(CVI Laser Corp.) and measured using a Scientech Model 372 power
meter. For most experiments, the power was adjusted to achieve over
80% photolysis. The apparatus initially used for transient absorption31

has a transient digitizer that collects data records of 2000 data points.
As the progress curves forI encompass nearly three orders of magnitude
in time, we collected data in paired segments on short and long
timescale. These were merged into a single file so that the full progress
curve could be fit. More recent data were acquired with a LeCroy
Model 9310 digitizer. Because the LeCroy digitizer can accumulate
50 000 data points, the entire timecourse was collected in a single
segment. To maintain maximal resolution at early times without losing
resolution at long times, data were logarithmically compressed to a
data record of 500 pretrigger points and∼3000 data points. For each
laser flash, we acquired both a baseline signal and the transient signal.
By subtracting the baseline signal from the data signal we can reliably
measure∆A) ( 2× 10-4 OD even at long-times (t f 1 s) where the
transient signal is generally quite small (∆A e 10-3 OD).
In the initial phase of this work, kinetic parameters were estimated

by comparing experimental timecourses to those simulated with the
GEAR software package.32,33 This program does not iteratively fit data,
and thus parameters were adjusted manually and simulations were
repeated until the resultant simulated timecourse gave a satisfactory
reproduction of the experimental data. Subsequently, we used version
3.4 of the SCoP program34 which can both simulate and iteratively fit
data curves, to numerically integrate the kinetic differential equations
for the mechanisms under investigation.
Brownian Dynamics Simulations. Brownian dynamics simulations

of the encounter complex(es) formed byb5 and Mb were performed
with the program BDTIRM as described by Northrup et al.20 with an
SGI Indy 2 R5000SC workstation. The reaction conditions assumed

in these simulations were pH 6.0 and 7.5, 298.15 K, andµ ) 20 mM.
In these simulations, the models representing the two proteins were
those derived from X-ray crystallographic analyses. Specifically, the
coordinates of trypsin-solubilized Fe3+b5 were generated from those
of lipase-solubilized bovine liverb535 by deleting the coordinates for
the N- and C-terminal residues absent from the trypsin-solubilized
protein. The coordinates of sperm whale Fe2+Mb36 were used to
represent the structure of Zn-substituted Mb. Both sets of coordinates
were obtained from the Brookhaven Protein Databank.37 The pro-
tonation state of each titratable group was assigned through use of the
Tanford-Kirkwood procedure as modified by Matthew and co-workers.38

Results

Spectral Properties. As electron transfer between ZnMb
and Feb5 is studied here by monitoring the color changes
associated with the ET cycle of eqs 2 and 3, we begin by
describing the optical spectra of ZnMb andb5 in their various
redox states. The absorption spectra of ZnPMb and ZnDMb
are shown in Figure 2. The spectrum of ZnDMb is blue-shifted
relative to that of ZnPMb, with maxima at 428, 554, and 596
nm for ZnPMb and 414, 542, and 580 nm for ZnDMb. Neither
protein shows a spectral shift with pH, indicating that the zinc
ion remains five-coordinate within the pH range studied in this
paper, with the fifth ligand being His 93. The absorption spectra
of b5, as reported earlier,30 have maxima at 412 and 532 nm
for the oxidized state and 424, 528, and 556 nm for the reduced
state, and both spectra are pH-independent.
Flash excitation of ZnMb (D) produces1ZnMb. The lifetime

of the singlet state is a few nanoseconds,39 and intersystem
crossing to produce3ZnMb (3D) is highly efficient (Φ g 0.80).
As our apparatus can only detect processes having rate constants
e105 s-1, only the triplet state contributes to our measurements.
Figure 3 shows the{3D - D} difference spectra for ZnPMb
and ZnDMb measured as the zero-time absorbance difference
following flash photolysis. Among the salient features of the
ZnPMb spectrum are the characteristic bleaching of the Soret
absorbance (λ-

max ) 428 nm) and the positive absorbance
changes between 437 and 547 nm (λ+

max ∼ 466 nm). The
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Figure 1. HPLC chromatograms for ZnDMb and Fe3+Mb. Samples
were loaded on a Beckman SP-5PW (2.15 cm× 15.0 cm) cation-
exchange column equilibrated with 25 mM KPi buffer (pH 6). Proteins
were eluted with a two-step procedure. In the first step, a 90-min linear
pH gradient (right-hand axis) was generated by mixing 25 mM K2HPO4
(buffer B) with the starting buffer at a flow rate of 5 mL/min. In the
second step, 25 mM K3PO4 was pumped through the column.

Figure 2. Electronic absorption spectra of ZnPMb (- -) and ZnDMb
(s). Conditions:10 mM KPi buffer, pH 7, ambient temperature.
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spectrum of ZnDMb is blue-shifted relative to that of ZnPMb,
with λ+

max∼ 442 nm andλ-
max ) 412 nm. The wavelength

where the absorbance difference is maximal (412 nm) is not
optimal for monitoring3D decay because of interference from
the {I - 3DA} absorbance difference (see below); instead we
monitor the decay of3ZnDMb at 475 nm, where theI - DA
absorbance difference is negligible relative to the3D - D and
3DA - DA absorbance difference.
The [(ZnMb)+, Fe2+b5] electron-transfer intermediate (I ) that

forms upon flash photolysis of the [ZnMb, Fe3+b5] complex
can be studied by monitoring transient-absorption changes. The
I - DA difference spectrum is the sum of the difference spectra
for the reduction of Fe2+b5 and the accompanying oxidation of
ZnDMb: {I - DA} ) [ZnD+Mb, Fe2+b5] - [ZnDMb, Fe3+b5]
) [Fe2+b5 - Fe3+b5] + [ZnD+Mb - ZnDMb]. The Fe2+b5 -
Fe3+b5 absorbance difference spectrum is shown in Figure 3.
The optimal wavelengths for obtaining the full kinetic profile
associated withI are the 3D/D isosbestic points. As the
isosbestic points for the reduction ofb5 (438 and 544 nm) are
within 2 nm of the isosbestic points for the{3ZnPMb- ZnPMb}
difference spectrum, it is difficult to monitor changes in the
redox state ofb5 immediately after flash excitation of ZnPMb.
However, the absorption spectrum of ZnDMb shifts relative to
that of ZnPMb in both the ground state (D) and the triplet state
(3D). As a result, the3D/D isosbestic points for the3ZnDMb/
ZnDMb transient-absorbance difference shift from 437 and 547
nm for ZnPMb, to 421 and 562 nm, which places the isosbestic
points for ZnDMb near the wavelength maxima for the{Fe2+b5
- Fe3+b5} difference spectrum (424 and 556 nm). Unlike the
π-cation radical forms of Zn-substituted cytochrome c peroxi-
dase40 and Zn-substituted horseradish peroxidase,41 ZnD+Mb

(D+) is not stable long enough to acquire its static spectrum.
Instead, we approximated the ZnD+Mb - ZnDMb ab-
sorbance difference by blue-shifting the3ZnDMb - ZnDMb
kinetic difference spectrum (Figure 3). This spectrum was
combined with the [Fe2+b5 - Fe3+b5] difference spectrum to
predict the static{I - DA} difference spectrum shown in Figure
3. This predicted spectrum is dominated by the [Fe2+b5 -
Fe3+b5] difference in the absorbance range 540-580 nm, and
by the [ZnD+Mb - ZnDMb] difference in the 600-700 nm
range.
Triplet Quenching and Binding Estimates. In the absence

of b5, 3ZnDMb decays to its ground state (Figure 4) with a rate
constant,kD ) 52 ( 5 s-1, that is slightly less than that for
3ZnPMb (kD ) 70 s-1).24 The decay profile is exponential for
at least 3 half-lives, andkD is independent of pH. Addition of
Fe2+b5 does not quench3ZnDMb (data not shown), whereas
addition of Fe3+b5 gives quenching. Figure 4 shows the triplet
decay curves acquired at 475 nm at several stages during a
titration of ZnDMb with Fe3+b5 at pH 7.5 (10 mM KPi buffer)
and those for the final points of titrations at pH 6.0, 6.5, and
7.0. The decay profiles remain exponential throughout all the
titrations. At pH 7.5, the observed decay rate constant (kobs)
increases minimally, fromkD ) 52 s-1 (in the absence ofb5) to
kobs ) 80 s-1 at the final point, where [Fe3+b5]/[ZnDMb] )
6.5. The quenching increases dramatically as the pH is lowered,
with kobs ) 190, 571, and 2990 s-1 at the final points of the
titrations at pH values of 7.0, 6.5, and 6.0. Figure 5 is a plot
of ∆k ) kobs - kD obtained during the normal titrations of
ZnDMb with Fe3+b5 in 10 mM KPi buffer at pH values of 6.0,
6.25, 6.5, 7.0, and 7.5. At all pH values,∆k increases linearly
upon addition of Fe3+b5.
We have also measured the triplet quenching rate constant

during a reverse titration in which aliquots of ZnDMb were
added to a solution containing a fixed concentration of Fe3+b5
such that the concentration of Fe3+b5 was always in excess
relative to the concentration of ZnDMb. Throughout this

(40) Liang, N. Ph.D. Dissertation, Northwestern University, Evanston,
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Figure 3. Difference spectra for Zn-substituted myoglobins and
cytochromeb5. Upper panel:{3D - D} kinetic difference spectra for
ZnPMb (O) and ZnDMb (b). Lower panel: Simulated static difference
spectrum of the ET intermediateI (s), generated by combining the
[Fe2+b5 - Fe3+b5] difference spectrum (‚‚‚) and the [ZnD+Mb -
ZnDMb] difference spectrum (s s). The latter was approximated by
shifting the3D - D spectrum (b in the upper panel) by 2 nm. The
kinetic difference spectrum ofI (b) was obtained from the time-resolved
transient absorbance signal atτ ) 65 ms.Conditions:10 mM KPi, pH
7.0, 20°C.

Figure 4. Triplet decay curves for the titration of ZnDMb with Fe3+b5
at pH 7.5 (A-D) and for the endpoint of titrations at pH 7.0 (E), pH
6.5 (F), and pH 6.0 (G). Traces were fit with an exponential decay
function. (A-D), [ZnDMb] ) 2.26µM. (A) Without Fe3+b5 (kD ) 50
s-1); (B) [Fe3+b5] ) 3.02µM (kobs) 58 s-1); (C) [Fe3+b5] ) 8.91µM
(kobs) 70 s-1); (D) [Fe3+b5] ) 14.6µM (kobs) 86 s-1); (E) [ZnDMb]
) 1.68 µM, [Fe3+b5] ) 11.9 µM (kobs ) 190 s-1); (F) [ZnDMb] )
2.23µM, [Fe3+b5] ) 20.9µM (kobs ) 571 s-1); and (G) [ZnDMb])
2.59µM, [Fe3+b5] ) 17.3µM (kobs ) 2990 s-1). Conditions:10 mM
KPi buffer, 20°C, 475 nm.
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experiment, the triplet decay traces were exponential for at least
three half-lives. The inset to Figure 6 shows the triplet
quenching rate constant (∆k) obtained for the reverse titration

at pH 7. In this experiment,∆k was nearly constant for 1µM
< [ZnDMb] < 10 µM.
The linearity of the normal titrations (Figure 5) and the nearly

zero slope of the inverse titration (Figure 6, inset) are consistent
with the simple collisional, Stern-Volmer quenching mecha-
nism illustrated in Scheme 1, which does not require the
existence of a [3ZnDMb, Fe3+b5] complex. However, the linear
titration plots also are consistent with a kinetic model (Scheme
2) involving a dynamic equilibrium between the [3ZnDMb,
Fe3+b5] complex (3DA) and its unbound components (3D and
A) in the limit where [A]/KD ) KA [A] , 1, whereKD andKA

are the dissociation and association constants. Although the
triplet quenching data does not require the inclusion of a bound
complex, we explore the dynamic equilibrium mechanism to
determine limiting values for the association constant and
because consideration of the kinetic behavior of the intermediate
formed by quenching (see below) requires the existence of a
pre-formed3DA complex.
Scheme 2 leads to exponential triplet decays when the

exchange between the complex and its components is fast (koff
. kD + kt). In this case, the observed decay constant is the
weighted average of the rate constants for3D and 3DA decay

Here,∆k ≡ kq f is the observed quenching rate constant,kq is
the intracomplex quenching rate constant, andf, the fraction of
3ZnDMb that resides in the3DA complex at equilibrium, is
described by eq 5

whereD is the total concentration of ZnDMb,A is the total
concentration of Fe3+b5 added, andKD is the dissociation
constant. In the limit where [A]/KD ) KA[A] << 1, eqs 4 and
5 reduce to

The solid lines in Figure 5 are fits to eq 6 for the experimental
data. The slope (M ) KAkq) obtained from such plots of∆k
versus [Fe3+b5]total (Table 1 and Figure 5, inset) increases sharply
with decreasing pH, going from 2.4× 106 M-1 s-1 at pH 7.5

Figure 5. Triplet quenching of ZnDMb as a function of [Fe3+b5]total at
pH 6.0 (E), pH 6.25 (D), pH 6.5 (C), pH 7.0 (B), and pH 7.5 (A). The
solid lines are fits to eq 6 as described in the text using the parameters
given in Table 1. Inset: pH dependence of the slopes (M) obtained
from these titration curves.Conditions:[ZnDMb] ∼ 1-3 µM, 10 mM
KPi buffer, 20°C.

Figure 6. Progress curves for the ET intermediate generated during
the reverse titration of Fe3+b5 with aliquots of ZnDMb. Inset: Triplet
quenching as a function of [ZnDMb].Conditions: 10 mM KPi buffer,
pH 7, 20°C; [Fe3+b5] ) 24.5µM; [ZnDMb] ) 0, 0.74, 1.5, 3.0, 4.4,
5.9, 8.0, and 10.8µM, from bottom to top (upper) or top to bottom
(lower).

Scheme 1

Scheme 2

kobs) kD + ∆k

) kD + kq f (4)

f )
KD + D + A - x(KD + D + A)2 - 4 (D) (A)

2D
(5)

∆k) kqKA[Fe
3+b5] ) M[Fe3+b5] (6)
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to 140× 106 M-1 s-1 at pH 6.0. The increase in the slope
with lowered pH reflects an increase in the affinity constant,
the quenching rate constant, or some combination of these. To
establish an upper limit forKA and a corresponding lower limit
for kq, we input a range of values forKA into eqs 4 and 5 to
generate a series of titration curves. The maximum allowable
binding constant for a titration, (KA)max, and the corresponding
minimum quenching constant, (kq)min, are those where the
simulation does not exhibit noticeably more curvature than the
experimental titration curve. As the experimental titrations at
each pH involve roughly the same concentration ofD ≈ 2 µM
and the same range of concentrations forA, the absence of
significant curvature at any pH leads to the limit (KA)max) 3000
M-1. The (kq)min calculated using (KA)max ) 3000 M-1 and
the measured values ofM increases roughly 60-fold with
decreasing pH, going from 790 s-1 at pH 7.5 to 4.6× 104 s-1

at pH 6.
From the (KA)max and (kq)min given in Table 1, it is possible

to use the observation of exponential decay curves for the total
triplet population ([3D] + [3DA]) to obtain a more precise lower
limit of the dissociation rate constant for3DA, (koff)min, than
the intuitive one,koff . kobs. For each pH, we used Scheme 2
to simulate the triplet decay traces as a function ofkoff; the
minimum value ofkoff for which the simulated decay traces
remain exponential, (koff)min, are given in Table 1. The
minimum dissociation rate constants estimated in this fashion
increase from (koff)min∼ 104 s-1 at pH 7.5 to∼106 s-1 at pH 6.
For a reverse titration, the slope of a titration plot is a measure

of the association constant, while the intercept (k0) is dependent
on M, KA, and [A]0. When both the slope and the intercept
can be measured, it is possible to determine bothKA and the
intracomplex ET rate constant (kq). Although the reverse
titration gives a precise value for the intercept (k0 ) 135 s-1),
the slope for the reverse experiment shown in Figure 6 is too
small to be reliably measured.
We further considered whether more reliable estimates ofKA

andkq can be obtained by combining the parameters from the
two titration experiments. The association constant can be
obtained with eq 7

where [A] is the concentration of the quencher (Fe3+b5) in the
reverse titration,k0 is the intercept obtained from a reverse
titration, andM is the slope obtained from a normal titration.
UsingM ) 8.8 (2)µM-1 s-1 andk0 ) 135 (10) s-1 for [A] )
24.5µM in eq 7 givesKA ranging from 6100 M-1 to 4.6× 104

M-1, which is quite consistent with the (KA)max ) 3000 M-1

we estimated from the normal titration.
Charge-Separated Intermediate. The kinetic behavior of

the intermediate (I ) formed through quenching of3ZnDMb by
Fe3+b5 was examined during the course of normal and reverse

titrations. Figure 6 shows the transient-absorbance changes for
I at the 562 nm3D/D isosbestic point obtained during the pH
7 reverse titration of Fe3+b5 with ZnDMb, and Figure 7 shows
the transient signals for the normal titration of ZnDMb with
Fe3+b5, at pH 7.5.
These signals persist after3ZnDMb has disappeared, and thus

the full time-resolved absorbance-difference spectrum forI could
be collected at long-times. A representative plot of∆A(τ ) 65
ms) versus wavelength is shown in Figure 3 for 520 nm< λ <
620 nm. The kinetic difference spectrum obtained in this way
agrees well with the simulated{I - DA} difference spectrum,
which is predominantly associated with the reduction of Fe3+b5.
In addition, the transient difference spectrum measured at 50
ms shows a maximum near 670 nm, as expected for ZnD+Mb,
and it has the same kinetic behavior as seen at wavelengths
dominated by Fe3+b5 reduction. Thus, the redox-related ab-
sorbance changes associated with ZnD+Mb and Fe2+b5 are
kinetically correlated.42

Although it is not possible to examine the full wavelength
dependence of this transient forτ e 5/kobswithout interference
from the{3D - D} absorbance difference, the full timecourse
of the transient is observable at3D/D isosbestic points (Figures
6 and 7). The absorbance changes at both the 421 and 562 nm
3D/D isosbestic points are positive, with the magnitude at the
former being nearly six times greater than the latter (data not
shown). Both observations are consistent with the expected
difference spectrum of the ET intermediate (Figure 3). Thus,
the quenching of3ZnDMb by Fe3+b5 is indeed associated with
the3ZnDMb f Fe3+b5 ET process (eq 2) and the return to the
ground state with eq 3.
Kinetic Model (Scheme 3) for I. The triplet quenching data

is consistent with either the collisional Stern-Volmer mecha-
nism (Scheme 1) or with Scheme 2 in the rapid-exchange limit
whereKA < 3000 M-1 andkoff > 104 s-1. If triplet quenching
occurs by this limit of Scheme 2and if theD+A- product is
also weakly bound and kinetically labile, then the products that
persist after the complete decay of3ZnDMb are unbound
ZnD+Mb and Fe2+b5 , and the decay of the ET transient signal
must be second-order at long times. If, instead, triplet quenching
occurs by a Stern-Volmer mechanism without formation of a
precursor complex, then theonly products are the unbound
protein components (ZnD+Mb and Fe2+b5), and again the long-
time decay of the ET transient signal must necessarily be second-
order.
To test these predictions, we examined the long-time behavior

(t g 5/kobs) of the progress curves of the ET intermediate during
the course of a normal titration and a reverse titration. Figures
6 and 7 show the transient absorbance signals forI obtained
during the pH 7 reverse titration and the pH 7.5 normal titration,
respectively. In the normal titration, the amplitude of the
transient signal increases monotonically upon addition of Fe3+b5,

(42) Alternative mechanisms involving a third redox center (R) on either
ZnDMb (eq 8) or Feb5 (eq 9)

[(ZnD+R)Mb, (Fe2+)b5] a [(ZnDR+)Mb, (Fe2+)b5] (8)

[(ZnD+)Mb, (Fe2+R)b5] a [(ZnD)Mb, (Fe2+R+)b5] (9)

with appropriate dissociation steps for either would require that one or more
of the kinetic phases is spectroscopically different from the others, and thus
there would be differences in the kinetic behavior seen at wavelengths that
are dominated by redox changes involving the heme ofb5 (540 nm to 580
nm) and those involving ZnDMb (λ > 600 nm). However, as we noted in
the text, the absorbance changes at wavelengths associated with ZnDMb
are kinetically correlated with those at wavelengths associated withb5.

(43) Northrup, S. H.; Reynolds, J. C. L.; Miller, C. M.; Forrest, K. J.;
Boles, J. O.J. Am. Chem. Soc.1986, 108, 8162-8170.

(44) Stemp, E. D. A.; Hoffman, B. M.Biochemistry1993, 32, 10848-
10865.

Table 1. Parameters Describing the Formation of the [3ZnDMb,
Fe3+b5] Complexa

pH Mb (µM-1 s-1) (kq)minc (s-1) (koff)mind (s-1)

6.0 140 4.6× 104 1× 106

6.25 41 1.4× 104 2× 105

6.5 25 8.2× 103 1× 105

7.0 11 3.6× 103 5× 104

7.5 2.4 7.9× 102 1× 104

a 10 mM KPi, 20°C. Values ofM have uncertainty of(10%. b M
) kqKA (eq 6).cObtained fromM using (KA)max ) 3000 M-1 in eq 6
(see text).dDetermined by simulating the kinetic progress curves as
discussed in text.

K ) M
k0

- 1
[A]

(7)
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as does the quenching rate constant. Because∆k changes during
a normal titration, the shape of the ET transient curve must also
change during a titration. Thus, shape changes arising from
concentration-dependent, second-order contributions to the
thermal back ET reaction are not easily detected without a full
mechanistic analysis of the progress curves. In contrast,∆k is
essentially invariant during a reverse titration (Figure 6, inset),
and, thus, any systematic shape changes can only be associated
with the thermal back ET reaction. We therefore focus our
attention on the analysis of the reverse titration.

If the timecourse of theA- f D+ back reaction were second-
order for t > 5/kobs, a plot of 1/∆A vs. time would be linear
and the data taken during a reverse titration would give a set of
lines having identical slopes. The experimental plots of 1/∆A
vs. time obtained during the pH 7 reverse titration are shown
in Figure 6. In fact, the experimental progress curves diverge
at long times during the reverse titration. These observations
are inconsistent with the prediction for a second-order reaction
and require instead that part of the Fe2+b5 f ZnD+Mb ET
reaction occurs by a first-order process within theD+A- product
complex. Given that the product of the photoinitiated ET
reaction is theD+A- complex, it follows that this reaction occurs
within a 3DA precursor complex. Thus, triplet quenching does
not occur by a collisional, Stern-Volmer mechanism but instead
occurs by the rapid-exchange limit of Scheme 2.

As a first step toward making this conclusion more quantita-
tive, we consider aminimalmechanism that includes dynamic
complex formation and intracomplex ET for both the forward
and reverse reactions as embodied in the combination of Scheme
3 with Scheme 2. In this mechanism, theD+A- complex
produced by the photoinitiated ET reaction can return to the
ground state by intracomplex Fe2+Pf ZnD+ ET (rate constant
kb) or it can dissociate (koff) into its components, ZnD+Mb and
Fe2+b5, in a competing process. Subsequent second-order
recombination of ZnD+Mb and Fe2+b5 (kon) completes the ET
cycle. As the experiments are performed under conditions
where the concentration of Fe3+b5 far exceeds the concentrations
of all other species, in particular that of Fe2+b5, the mechanism
further incorporates association of Fe3+b5 and ZnD+Mb. In
principle, this might be important because if ZnD+Mb is
sequestered in the electron-transfer inert [ZnD+Mb, Fe3+b5]
complex (D+A) it cannot react with Fe2+b5, and, therefore, the
return of the electron transfer intermediate to the ground state
complex is inhibited.
By appropriate selection of the kinetic parameters in Scheme

3, the behavior of the kinetic progress curves generated with
this model can be made to vary from purely first-order, through
mixed-order, to purely second-order. In the upper panel of
Figure 8, we present three simulated progress curves that
illustrate how the kinetic parameters can be varied so as to
achieve this progression. The concentrations of reactants are
those of one point in the middle of a reverse titration, that having
R≡ [A]/[D] ) 5, and the simulations are “normalized” to 1/∆A
∼ 2500 at 150 ms, so that each progress curve for the ET
transient persists over roughly the same time interval as the
experimental data (Figure 6). The parameters that are critical
for determining the kinetic behavior of the simulations are the
association rate constant (kon), the total decay rate constant for
theD+A- complex (Σ ) kb + koff), and the fractional yield of
dissociated ET products (foff ) koff/Σ). The resulting parameter
sets for each of the three regimes were then used to model the
full reverse titration in which the donor concentration was varied
20-fold fromR ) 25 toR ) 1.25.
The charge recombination reaction is calculated to be second-

order in the rapid-exchange limit, where neither the3DA
complex nor theD+A- complex is present in detectable amounts
because both complexes are weakly bound and kinetically labile.
This limit is achieved only whenΣ > kb > kobsandkon is large.
Figure 8A uses one combination of parameters that satisfies
the experimental normalization constraint of 1/∆A ) 2500 at
150 ms: kon ) 4.5× 108 M-1 s-1, Σ ) 5× 105 s-1, andfoff )
0.8. The straight line calculated for the time dependence of
1/∆A is substantially different from the experimental results for
theR ) 5/1 point in the reverse titration (Figure 6).
The opposing, intracomplex limit, where the progress curves

show first-order kinetic behavior at long times, occurs when
ET within the kinetically labile3DA complex produces an

Figure 7. Absorbance transients generated by photoinitiated ET during
the normal titration of ZnDMb (pH 7.5) with Fe3+b5 on short (Lower
panel) and long (Upper panel) time scales. Inset: Transient signals
plotted on a logarithmic time scale to emphasize the early-time data.
To compensate for differences in the triplet yield during the titration,
we have referenced the absorbance changes to the zero-time yield of
triplet (∆A0 at 475 nm). See ref 44.Conditions:[ZnDMb]total ) 2.26
µM, 10 mM KPi buffer, pH 7.5, 20°C. (A) in the absence of Fe3+b5;
(B) [Fe3+b5] ) 5.99 µM; (C) [Fe3+b5] ) 8.91 µM); (D) [Fe3+b5] )
11.8 µM; (E) [Fe3+b5] )14.6 µM; (F) [Fe3+b5] )18.1 µM and (G)
[Fe3+b5] ) 21.5µM.

Scheme 3
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intermediate that, in contrast, does not dissociate during the
lifetime of the ET intermediate,I . This behavior is achieved
with Scheme 3 by settingkoff ) 0. The result is a simple kinetic
cycle whereI is formed according to Scheme 2 and returns to
theDA state by intracomplexI f DA ET. In this case, the
transient absorbance signals would rise with the larger of the
Fe2+b5 f ZnD+Mb thermal ET rate constant (kb) and the triplet
decay constant (kobs) and subsequently disappear with the smaller
of the two rate constants. To achieve the desired signal intensity
at 150 ms, this limit requireskb ≈ 20-30 s-1 < kobs. The
resulting plot of 1/∆A vs. time presented in Figure 8C is indeed
curved, but far more so than is observed for the experimental
data, suggesting that both intracomplex and second-order
processes contribute to the observed ET transient signal. The
intermediate, mixed-order regime of Scheme 3 involves both
first-order kinetic contributions from theD+A- complex as well
as second-order contributions from its dissociated components,
D+ andA-. To model the curvature in the plot of 1/∆A vs.
time for the R ) 5 point of the reverse titration, while
maintaining the desired value of 1/∆A ) 2500 at 150 ms,
requires thatΣ be more than three orders of magnitude less than
its value in the rapid-exchange limit (Σ ) 5 × 105 s-1); the
mixed-order curve in Figure 8B usesΣ ) 100 s-1. Because
koff < Σ ) kb + koff ∼ 100 s-1, this result then requires thatkoff
for theD+A- complex be at least 100-fold less than (koff)min )
104 s-1 as determined above (Table 1) for the precursor3DA
complex.
Figure 8 also presents progress curves for the full reverse

titrations as simulated with the kinetic parameters for each of

the three regimes of Scheme 3. The result for tg 5/kobs is a
suite of parallel lines, as expected for a second-order process,
and this is at variance with the experimental reverse-titration
traces (Figure 6) which diverge at long times. The progress
curves calculated for the intracomplex limit (Figure 8C) are
clearly nonlinear but with similar curvature throughout the
titration and again differ from the experimental progress curves.
When parameters are chosen so that the kinetics are mixed-
order, and the progress curves include contributions from both
recombinations of the dissociated components ofI and from
the undissociatedD+A- complex (Figure 8B), the resulting
simulations reproduce the general trends in the experimental
data; the simulations, like the experimental progress curves,
diverge during the course of a reverse titration. Whereas the
3DA complex is kinetically labile, dissociating in times oft ,
1/kobs, we conclude that at least some fraction of the charge-
separated intermediate that is produced by3D f A ET is
kinetically stable for timest . 1/kobs.
Short-Time Behavior. The parameters required to model

the long-time data forI requireΣ < kobs, in which case the
scheme requires that the transient signal appear with a rate
constant ofkobs. However, careful examination of the short-
time behavior ofI shows the rise rate is much greater thankobs,
with krise ∼ 103 s-1, in which case even Scheme 3 cannot
rigorously describe the data. A minimal mechanism required
by this result must incorporate two conformers ofI , one
associated with the rapid rise (I A) and the second (I B) being
the one whose long-time properties have been the focus of these
investigations. The initial product of the photoinitiated ET
would beI A, and the rise rate constant would be the return ET
rate, plus the rate of the IA f IB conformational interconversion,
plus the dissociation rate constant for IA, with Σ ) krise≈103
s-1.
Brownian Dynamics Simulations. The encounter com-

plexes formed by Fe2+Mb and Fe3+b5 at pH 6.0 and 7.5 were
simulated by calculation of 10 000 Brownian dynamics docking
trajectories as described above. The results of the simulations
at pH 6.0 are summarized in Figure 9 in which the successful
trajectories are represented by the structure of Mb surrounded
by points that represent the centers of mass of interacting
molecules ofb5. Figure 9A presents a “side” view of the surface
where the points are projected onto a slice through the plane of
the heme; Figure 9B presents a “front” view of the encounter
surface showing the surface of Mb where the edge of the heme
is partially exposed to solvent. Examination of Figure 9 shows
that the interaction surface encompasses the protein hemisphere
that includes the surface of Mb where the heme edge becomes
partially exposed to solvent, but that this surface is relatively
large and diffuse as might be expected for a complex of
relatively low stability. The finding that the surface of Mb
recognized byb5 is highly asymmetric and that there are
relatively extensive regions that are visited rarely, if ever, by
an approaching molecule ofb5 is particularly noteworthy insofar
as the electrostatic potential surface of Mb exhibits no asym-
metry in charge distribution. However, the positive end of the
Mb dipole does project into roughly the center of this surface.
Examination of the location of theb5 molecules in the ten

complexes that exhibit the greatest electrostatic stabilization
reveals that the relative stabilities of complexes occurring within
this interaction surface appear to be distributed nonrandomly
and in a manner that is somewhat dependent on pH. For
example, at pH 6 (Figure 9), there appear to be two clusters of
points that suggest the existence of two subdomains (Of the
ten most stable encounter complexes, three occur in one of these
domains and seven occur in the other.) within this interaction

Figure 8. Simulated kinetic progress curves for the ET intermediate
in the three limiting cases of Scheme 3. Upper panel:R) [A]/[D] )
5. The simulations have been normalized to 1/∆A ∼ 2500 at 150 ms,
so that each transient persists over roughly the same time interval as
the experimental data in Figure 6. Lower Panel: Simulated reverse
titrations for the second-order limit (A), the mixed-order limit (B), and
the intracomplex, first-order limit (C).Conditions: [A]0 ) 25µM; [D] 0
) 1, 2.5, 5.0, 10.0, and 20µM (top to bottom).Kinetic parameters:
See text.
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surface that provide greater electrostatic stabilization of the [Mb,
b5] complex. These two subdomains appear to persist at pH
7.5, but the distribution ofb5 molecules between the two (The
ten most stable encounter complexes are divided equally
between these two domains.) differs from that observed at lower
pH (data not shown).
Figure 10 is a histogram that gives the frequency with which

the individual charged surface residues of Mb andb5 are
involved in protein-protein contacts within the encounter
complexes found by the Brownian dynamics simulations at pH
6.0. All of the electrostatic contacts involve acidic residues on
the surface ofb5. In contrast, both acidic and basic charged
residues of Mb are involved in contacts with high frequency.
Thus, the low stability of the [Mb,b5] complex compared to
that of either the [cytochromec peroxidase, cytochromec]
complex43 or the [cytochromeb5, cytochromec]20 complex
likely reflects the fact that in the former a large percentage of
the local electrostatic interactions within the protein-protein
interface are repulsive. Similar analysis of the trajectories
resulting from the Brownian dynamics simulations performed
at pH 7.5 identifies involvement of the same set of surface

residues of both proteins as being critical to complex formation,
but the relative frequencies of contact differ somewhat (data
not shown).

In a previous report, Livingston et al.8 derived a model for
the [Mb,b5] complex through use of manual, graphical docking
of the two proteins to optimize the number of interactions
between charged surface residues. The structure predicted by
Livingston et al. is contained within the surface binding region
of Mb identified by the Brownian dynamics approach, but it
does not lie within the densest region of the simulation. In fact,
the majority of the complexes represented by the Brownian
dynamics simulations do not resemble that of Livingston et al.
with only ∼100 of the∼3300 successful trajectories having
their center of mass ofb5 within 25 Å of the three Mb surface
Lys residues identified by Livingston et al.

The model described by Livingston et al. included interactions
of Lys residues 47, 50, and 98 on the surface of Mb with the
surface carboxylate residues Glu 43, Glu 44, Asp 60, and the
heme 6-propionate group. With regard to the important surface
residues of Mb, comparison of the results of the Brownian
dynamics simulation with that model reveals that both methods
identify Lys 47 and Lys 98 as important to protein-protein
recognition, but the Brownian dynamics method does not
implicate Lys 50. In addition, the Brownian dynamics method
showed Lys residues 63 and 96 as having more frequent
involvement in interaction withb5, and Lys residues 45, 47,
77, 78, and 87 as having a somewhat lesser role. With regard
to the surface residues ofb5, both approaches suggest significant
roles for Glu 44 and Asp 60, though the Brownian dynamics
approach places less emphasis on the role of Glu 43. Not
surprisingly, the Brownian dynamics approach also identifies
significant contributions by other charged surface residues of
b5, most notably Asp 66, Glu 38, and Glu 48.

Figure 9. Docking profiles showing the target molecule, Mb, sur-
rounded by dots that represent the centers of mass of Fe3+b5 for the
encounter complexes formed with incoming Fe3+b5 molecules. For the
ten complexes with the greatest electrostatic stabilization, the centers
of mass of Fe3+b5 are presented as large spheres.Conditions: 298.15
K, µ ) 20 mM; pH 6.0; (A) side view and (B) front view.

Figure 10. Histogram of frequencies at which individual charged
residues of Fe2+Mb (A) and Fe3+b5 (B) are involved in electrostatic
interactions in 3360 encounter complexes predicted by Brownian
dynamics simulations of 10 000 trajectories (µ ) 20 mM, pH 6.0, and
298.15 K). Those residues involved in>1000 contacts are labeled.
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Discussion

In this work, we have presented kinetic progress curves
describing both the3ZnDMbf Fe3+b5, electron transfer process
(eq 2) and the subsequent Fe2+b5 f ZnD+Mb ET process (eq
3). Theminimal kinetic description of the photoinitiated ET
process must include formation of a weak but highly reactive
precursor complex that is in dynamic equilibrium with its
unbound components. Analysis of the quenching titration of
3ZnDMb by Fe3+b5 indicated that the positively charged ZnDMb
interacts only weakly with its negatively-charged partner
Fe3+b5: for 6.0 < pH < 8.0, the maximum value for the
association constant is (KA)max∼ 3× 103 M-1, somewhat less
than the value estimated from NMR experiments8 with the
[Fe3+Mb(bovine heart), Fe3+b5(trypsin-solubilized, bovine liver)]
complex (KA ∼ 105 M-1, pH 5.6, 25 °C). The difference
probably stems from the higher pH employed here, although it
may, in part, reflect the fact that ZnDMb is an analogue of
Fe2+Mb, rather than Fe3+Mb, and has a correspondingly lower
net positive charge.
For each step in a titration of ZnDMb with Fe3+b5, the decay

of 3DA is exponential, which shows that the complex with
Fe3+b5 is kinetically labile; (koff)min varies from 104 s-1 at pH
7.5 to 106 s-1 at pH 6. Consequently, the quenching data gives
no information regarding the existence of multiple conformations
of the 3DA complex. If multiple conformations of3DA exist,
they interconvert rapidly with respect to3ZnDMb f Fe3+b5
ET and the observed decay constants are weighted averages.
Transient absorption measurements have shown that this

quenching of3ZnDMb by Fe3+b5 can be attributed to3ZnD f
Fe3+P ET, and that the transient absorbance changes observed
at the 3D/D isosbestic points represent the time evolution of
the [ZnD+Mb, Fe2+b5] intermediate, I . By modeling the
experimental data, we have begun to identify the mechanistic
requirements needed to completely describe the progress curves
of the ET intermediate acquired during a reverse titration. First,
the long-time behavior of the progress curves (t g 20 ms) shows
neither pure second-order nor pure first-order kinetic behavior
but rather resembles a mixed-order process involving both the
undissociated ET product complex and its dissociated compo-
nents. Modeling of the long-time behavior ofI by Scheme 3
shows that some fraction of theD+A- complex involved in this
process must dissociate with a rate constant ofkoff < Σ ) kb +
koff ∼ 100 s-1. Thus, this component appears to have a lifetime
at least two orders of magnitude longer than that of the
precursor,DA, complex! To what degree this sharp change in
interfacial interactions reflects a thermodynamic property of the
system and to what extent it represents a nonequilibrium,
kinetically trapped state, remains to be explored.
These conclusions are supported by the model calculations

based on Scheme 3 and presented in Figure 8. We havenot
attempted detailed fits to the data because careful examination
of the early-time portion of the progress curve for theD+A-

intermediate suggests that there may be not one but two (or
more) kinetically distinguishable conformers of the boundD+A-

complex. That formed directly by photoinitiated ET (denoted

IA) decays through one of three channels: back ET, dissociation,
or conformational interconversion to the conformer (I B) that
governs the long-time behavior. The sum of these three rate
constant forI A corresponds tokrise∼ 103 s-1 (as compared to
a corresponding sumΣ ∼102 s-1 for I B.) Thus, necessarily the
rate constant for dissociation ofI A obeys the inequalitykoff <
krise, and so the lifetime of this conformer is at least 10-fold
longer than that of the precursorDA complex. The existence
of two subdomains within the interaction surface generated by
Brownian dynamics is consistent with the kinetic experiments
in that both approaches show that there are at least two
conformers of theD+A- complex. Extensive additional work
will be required to fully characterize the rapidly reacting
conformer and to achieve a complete kinetic description of this
system.
Clearly, the apparent simplicities of the 1:1 binding and ET

reaction between Fe3+b5 and ZnDMb masks a complicated
coupling of interfacial recognition and electron-transfer. To this
end, the diffuse nature of the Mb interaction surface generated
by Brownian dynamics (Figure 9) emphasizes that there are a
large variety of similarly stable structures for the [Mb,b5]
complex, a large number of which could be accessed during a
reaction cycle. A static presentation of any one of these docked
protein-protein complexes reveals only a limited set of
interfacial contacts and masks the possible importance of other
structures in the overall mechanism of ET. The Brownian
dynamics simulations provide a more realistic view of the
interaction surface.
The simulations emphasize the importance of global elec-

trostatics in protein-protein recognition. Because there is no
local patch of surface charge on Mb, one might expect that local
electrostatic interactions would be relatively weak, and that the
orientation of the dipoles might be the dominant steering force
that aligns the molecular surfaces for ET. In support of this,
we find that the dipole vector of Mb is directed toward the
densest section of the interaction surface. The diffuse nature
of the interaction surface and the low overall stability of the
[Mb, b5] complex(es) further suggests that a dominant set of
local electrostatic interactions does not exist, but rather, there
are a multitude of weak, local interactions that produce a variety
of isoenergetic complexes. However, the kinetics suggests that
not all conformations have comparable reactivities and that local
interactions might play a key role in guiding the formation of
the productive conformations.
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