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Electron coupling through a B strand has been investigated by measurement of the
intramolecular electron-transfer (ET) rates in ruthenium-modified derivatives of the B
barrel blue copper protein Pseudomonas aeruginosa azurin. Surface histidines, intro-
duced on the methionine-121 B strand by mutagenesis, were modified with a Ru(2,2'-bi-
pyridine),(imidazole)>* complex. The Cu* to Ru®* rate constants yielded a distance-
decay constant of 1.1 per angstrom, a value close to the distance-decay constant of 1.0
per angstrom predicted for electron tunneling through an idealized B strand. Activation-
less ET rate constants in combination with a tunneling-pathway analysis of the structures
of azurin and cytochrome c confirm that there is a generally efficient network for coupling
the internal (native) redox center to the surface of both proteins.

Long—range protein ET reactions are key
steps in many biological processes (1). Ac-
cording to theory (2), the rates of these ET
reactions are proportional to an electronic
coupling factor, |H /% and a Franck-Con-
don factor (FC), which depends on the
difference between the reaction driving
force (—AGY) and the nuclear reorganiza-
tion energy (\). Reactions with —AG® = \
exhibit maximum rates (k_ ), which are
limited by [H /> The simplest description
of Hyp treats the medium between donor
and acceptor as a one-dimensional square
tunneling barrier (1IDSB); the rate (kgy) is
predicted to drop exponentially as the lin-
ear (direct) distance between redox sites
(R) becomes greater than the van der Waals
contact distance (Ry) (3, 4):
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where fi = h/2m (h is Planck’s constant) and
B is the distance-decay constant. Dutton
and co-workers have demonstrated that a
1DSB model for electron tunneling (Eq. 1),
with an exponenml distance-decay con-
stant of 1.4 A~!, provides a rough estimate
of coupling strengths for many protein ET
systems over a wide range of donor-acceptor
separations (4).

However, both theoretical and experi-
mental investigations have shown that the
structure of the intervening protein medi-
um must be included to provide a semi-
quantitative description of the tunneling
process (5-7). Beratan and Onuchic and
co-workers have developed a tunneling-
pathway model to describe electronic cou-
plings between redox sites in a protein (6).
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The protein medium between the two re-
dox sites is decomposed into smaller sub-
units linked by covalent bonds, hydrogen
bonds, or through-space jumps. Each link is
assigned a coupling decay, and a structure-
searching algorithm is used to identify the
optimum coupling pathway between redox
sites. This pathway can be described in
terms of an effective covalent tunneling
length (o), and ET rates should drop expo-
nentially with o rather than with the direct
distance between redox sites. A coupling
decay of 0.6 per covalent link results in an
exponential decay constant of 0.73 A~
(8).

Structure-dependent models of ET pre-
dict different coupling efficiencies per unit
distance for different secondary structure
elements. The individual strands of 8 sheets
define nearly linear coupling pathways
along the peptide backbone, whereas in «
helices the distance between the termini
increases much more slowly (and nonlin-
early) with helix length. Hence, at any
given donor-acceptor distance, the coupling
through a B strand should be greater than
that through an « helix. This point is illus-
trated in Fig. 1, which compares o, for an
idealized B strand and for an idealized «
helix as functions of the terminal B-carbon
separation (Rg). The tunneling length for a
B strand exhibits an excellent linear corre-
lation with RB’ whereas o, for the « helix
shows a poorer correlation, especially for Rg
=10 A. As expected, the best linear fits to
the o/Rg plots yield different slopes: 1.72
o/Rg f01 the a helix and 1.37 o/R;; for the
B btldnd The near linear /R correhtlom
for the « helix and B strand stluctures imply
that ET rates in these structures should
exhibit an exponential dependence on di-
rect distance. The predicted distance-decay
constants are 1.26 A1 for the « helix (9)
and 1.00 A" for the B strand.

We have probed the electronic coupling

SCIENCE e VOL. 268 < 23 JUNE 1995

along a B strand of Pseudomonas aeruginosa
azurin by attaching Ru(bpy),(im)?* (bpy,
2,2"-bipyridine; im, imidazole) (10) to the
surface histidine in each of three site-direct-
ed mutants (His'??, His'?*, and His'?%) of
this B barrel blue copper protein (11, 12)
(Fig. 2A). Intramolecular ET rates from
Cu* to Ru(bpy),(im)(His®)** [X = 122,
7.1(4) X 10° 575 X = 124, 2.2(2) x 10*
s7h X =126, 1.3(6) X 10% s7'] (numbers
in parentheses indicate errors in the last
digit) were measured by laser flash transient
spectroscopy (Fig. 2B) (13). The driving
force for these reactions (—AG® = 0.75 eV)
is nearly equal to the estimated reorganiza-
tion energy for this system (A ~0.8 eV)
(14); the observed rates are within 5% of
the activationless rates (k). A plot of log
k... versus Ry, [Ry, metal-metal separation
(15)] for Ru-modified azurin is nearly linear
(Fig. 2C); the best ht has a distance-decay
constant of 1.10 A" and a close contact
rate (R, = 3 A) of 10" s™!. This decay
constant is close to the predicted value for
coupling along a B strand. The deviation
from the B-strand line can be attributed to
the fact that the redox sites do not lie on
the B-carbon atoms but instead are separat-
ed from them by the distances from the
carbons to the metals.

An analysis of the tunneling pathways in
azurin requires consideration of the unusual
coordination environment of the Cu cen-
ter. X-ray structure determinations of the
azurin active site have shown that the Cu
atom has an approximately trigonal bipyra-
midal coordination (11, 16). The three
equatorial ligands are His*, His!'?, and
Cys'"?. In the axial positions are the car-
bonyl oxygen of Gly** at 3.0 A and the
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Fig. 1. Plots of tunneling path lengths versus
B-carbon separation for idealized peptide sec-
ondary structures: a helix neglecting hydrogen-
bond interactions (O); a helix including hydrogen-
bond interactions (@); and B strand (M). Solid lines
are best fits constrained to an intercept at the
origin.
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sulfur atom of Met'?! at 3.1 A. These long
metal-axial ligand distances complicate cal-
culations of tunneling pathways, because it
is not clear whether these interactions
should be treated as covalent bonds or as
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Fig. 2. (A) Backbone structure illustrating the loca-
tions of the three surface histidine residues on the 3
strand extending from the Met'?! ligand of the Cu
atom in azurin. (B) Observed kinetics of Cu?" forma-
tion by Cu* — Ru®* ET in Ru(bpy),(im)(His*)>*-
azurin (X = 122, 124, 126). The Cu?* concentration
was measured by transient absorption at 625 nm; t
is the time after laser excitation. (C) Plot of log k|,
versus metal-metal separation distance (R,,) in Ru-
modified azurin. The symbols for the His binding
sites are defined in (A). The solid line indicates the
best linear fit to the data; the dotted line shows the
distance dependence predicted for an idealized 3
strand; and the dashed line shows the distance de-

through-space jumps. For the Ru(His")-
azurin system (X = 122, 124, 126), the
coupling involves Met!'?!; the close contact
rate estimated from a (log k. )/o) correla-
tion is 10" s™! when the Cu-Met'*! inter-
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Fig. 3. (A) Tunneling pathways from surface histidine
residues to the Fe atom in cyt ¢. Solid lines indicate
covalentlinks, dashed lines indicate hydrogen bonds,
and dotted lines indicate through-space contacts. (B)
Plot of o, versus metal-metal separation distances
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(R, in Ru-modified azurin and cyt ¢. The symbols for the His binding sites of azurin are defined in Fig. 2A
and those of eyt ¢ in (A). The solid line is the best linear fit to all but the His®? and His™* data points and

is constrained to pass through the origin.
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action is treated as a space jump (17),
whereas it is only 10'* s~ for a tunneling
pathway that includes a covalent Cu-S
bond. These values of the close contact
rates suggest that the Met!'?! sulfur is weakly
coupled to the Cu atom, which is in good
agreement with the electronic structure cal-
culations of Lowery and Solomon (18).
Using the tunneling-pathway model, we
compared the results obtained with Ru-
modified azurin to those from other Ru-
modified proteins with similar donor and
acceptor redox potentials. We measured ET
rates in eight different Ru(bpy),(im)(HisX)-
modified cytochromes ¢ (cyt c) (8, 14).
However, in contrast to the case with
Ru-modified azurin, there is no uniform
secondary structure type separating the
heme and the seven Ru-binding sites (Fig.
3A). Nevertheless, a plot of dominant
pathway o, versus Ry, (Fig. 3B) reveals
that a single straight line (slope = 1.45
o,/Ry) adequately describes all but two of
the Ru binding sites [Ru(His”?)—cyt ¢ and
Ru(His®)—cyt c]. Therefore, log k. .
should vary linearly with Ry, (decay con-
stant = 1.06 A~") for all but the His"* and
His®? data points, an expectation that is
largely borne out by the results (Fig. 4). In
this analysis, we have used the tunneling-
pathway model to identify a family of Ru-
binding sites on azurin and cyt ¢ in which
the electronic coupling can be described
by a single distance-decay constant. In
view of the disparate coupling efficiencies
of common protein secondary structures
(Fig. 1), it is likely that families of binding
sites on other (for example, largely a-he-
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Fig. 4. Plot of log k.., versus metal-metal sepa-
ration distance (R,,) for Ru-modified azurin and cyt
c. The solid line is that predicted from the plot of o,
versus Ry, in Fig. 3B; the symbols are the same as

those used in Fig. 3.




lical) proteins will exhibit distinctly dif-
ferent distance-decay properties (19).

Two key elements determine the dis-
tance dependence of electronic coupling
in proteins: the directness of the coupling
pathway and the energy of the tunneling
electron. The former depends on the pro-
tein structure and the positions of the
redox sites. In the tunneling-pathway
model, the tunneling energy defines the
covalent-bond coupling decay (e.); the
value of 0.6 derives from analyses of ET
rates in model systems (6). Changes in €.
will not affect o /Ry, correlations, because
€. appears as a prefactor in the expressions
for hydrogen-bond and space-gap coupling
decays. The magnitude of e does, howev-
er, determine the predicted slopes in plots
of log k.. versus distance. The close
agreement between the observed and pre-
dicted decay constants for azurin and cyt ¢
suggests an €. value of 0.6 is appropriate
for a high-potential oxidant such as
Ru(bpy),(im)(His®)** (potential E° =
1.0 V versus the normal hydrogen elec-
trode). In the systems analyzed by Dutton
and co-workers (19), the redox couples
spanned a fairly wide range, but they in-
cluded many low-potential oxidants. Con-
sidering the generally less favorable tun-
neling energies, the reported protein decay
constant [1.4 A™" (4)] accords remarkably
closely with the decay [1.26 A™! (9)] pre-
dicted for coupling through an a-helical
structure.
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Controlled Folding of Micrometer-Size Structures

Elisabeth Smela,* Olle Inganés, Ingemar Lundstrom

Several types of microactuators have been fabricated, from simple paddles to self-
assembling and -disassembling cubes. Conducting bilayers made of a layer of polymer
and a layer of gold were used as hinges to connect rigid plates to each other and to a
silicon substrate. The bending of the hinges was electrically controlled and reversible,
allowing precise three-dimensional positioning of the plates. The structures were released
from the substrate with a technique based on differential adhesion. This method, which
avoids the use of a sacrificial layer and allows the actuators to pull themselves off the
surface, may have general applications in micromachining. Possibilities include the man-
ufacture of surfaces whose light reflection or chemical properties can be switched.

As the electronic properties of conjugated,
or conducting, polymers are tuned from in-
sulating to metallic, there are concomitant
changes in volume: When electrons are
donated to or removed from the polymer
chains, compensating ionic species are in-
serted or extracted (1). The process can be
controlled by the application of a small
voltage if the polymer is in contact with an
electrolyte. The amount of charge that can
be stored is substantial: In fully doped poly-
heterocyclic polymers, approximately one
dopant is incorporated for every four mono-
mer units.
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Conducting polymers compare favorably
with piezoelectric materials, shape memory
alloys, and magnetorestrictive materials be-
cause they deliver high stresses, have sub-
stantial energy densities, and undergo large
dimensional changes without requiring
high voltages, currents, or temperatures for
operation (2). Some potential applications
of conducting polymers as electromechani-
cal materials have been evaluated concep-
tually (3), and macroscopic bilayer actua-
tors have been demonstrated (4, 5). Re-
cently we produced micrometer-size bilayers
(6), defining the geometrical elements pho-
tolithographically, and conducting poly-
mer-polyimide cantilevers have been made
(7).

The hinge or artificial muscle compo-
nent of the devices described here is an
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