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Electron coupling through a P strand has been investigated by measurement of the 
intramolecular electron-transfer (ET) rates in ruthenium-modified derivatives of the P 
barrel blue copper protein Pseudomonas aeruginosa azurin. Surface histidines, intro- 
duced on the methionine-121 P strand by mutagenesis, were modified with a Ru(2,2'-bi- 
pyridine),(imidazole)*' complex. The C u '  to Ru3+ rate constants yielded a distance- 
decay constant of 1 . I  per angstrom, a value close to the distance-decay constant of 1.0 
per angstrom predicted for electron tunneling through an idealized P 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 11lany bioloirical processes (1) .  h c -  
cording to t l ~ e o r ~  (Z), the rates of these ET 
react~ons are p r o p ~ r t ~ o n a l  to a n  e lect ron~c 
coupling factor, IEIi,,,', and a Franck-Con- 
don factor (FC). ~v111cl1 devenils o n  the  , , ,  

clifference 1-etween the  reaction ilriving 
force (-A(;-') and the nuclear reorganiza- 
tion energy (A). Reactions with - l G "  = A 
exhihit maximum rates (k,,,,,,), whic11 are 
111uited hy H,,,I2. T h e  s~nlplest c iescr~pt~on 
of H,, treats the  medium hetween ilonor 
and acceptor as a one-iiirnensional square 
tunneling harr~er  (1LISR); the rate (I(Ei) 1s 
predicteii to drop exponentially as the  lin- 
ear (direct) ciistance Ixt'iveen redox sltes 
(R) i>eco~lles greater than the  van der Waals 
contact distance (KJ) (3 ,  4):  

- exp[-P(R - R?)] (FC) ( 1 )  

~vhere  f i  = hi277 ( h  is Planck's constant) and 
p is the distance-decay constant. D ~ l t t o n  
and co-n.orlters have demonstrated that a 
11XB   nod el for electron tunneling (ELI l ) ,  
\vitli a n  exconential distance-decay co11- 
stant of 1.4 F p J ,  y r o ~ ~ d e s  a rough estimate 
of coupling strengths for many protein ET 
systems over a \vide range of ilonor-acceptor 
se~ara t ions  (4) .  

Ho\ve\rer, hot11 theoretical and experi- 
niental 111vestigation.i have shown that the 
structure of the  in terven~ng protein 11ied1- 
L I ~  llii~st he ~ncluiied to pro\-ide a seml- 
q ~ ~ a n t i t a t ~ \ . e  description of the tunneling 
process (5-7). Reratan and Onuchic and 
co-n.orkera have ileveloixd a tunneline- 
path~vay model to Liescribe e lect ron~c cou- 
plings bet\veen redos sltes in a proteln (6) .  
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-To whor l  correspor-der-ce should be addressed 

T h e  protein medium hetween the  two re- 
dox sites is decomposed into jmaller sub- 
units linked by covalent bonds, hydrogen 
bonds, or through-space jumps. Each I ~ n k  IS 

assigned a coupling decay, and a structure- 
search~ng algorithm is used to identify the  
opti~nml~n coupling pathn-ay between redox 
sites. This narhivav can he described 111 

ternis of a n  effective covalent tunneling 
length ( o i ) ,  and ET rates should drop expo- 
nentially wit11 ol rather than \vith the d ~ r e c t  
d~stance between redox sltes. ,4 coupling 
iiecay of 0.6 per covalent link results i~; a n  
e spo l i e~ i t~a l  decay constant of 0.73 hp'  
(8). 

Structure-dependent models of ET pre- 
dict different coupling effic~encies per unit 
ilistance for different secondary structure 
elements. T h e  indiviiiual strands of a sheets 
clefme nearly I~nea r  coupling pathivays 
along the  peptide hackhone, whereas in n 
l iel~ces the ilistance betlveen the termlnl 
Increases much more slo\vlv (and nonlin- 
early) with helix lengt l~ .  Hence, at any 
given donor-acceptor distance, the coupling 
through a P stranii should be greater than 
that througl~ a n  a l ~ e l ~ x .  This point is illus- 
trated in Fig. 1 ,  which compares crl for an  
iilealizeii p strand anii for a n  idealized a 
helix as functions of the  terminal a-carbon 
separation (RP). T h e  tunneling length for a 
a strand exhibits all excellent linear corre- 
iatioll 1vit11 Rp, ~vhereas a; for the a helix 
sho~vs g poorer correlation, esl~ecially for Rp 
5 10 A. As expected, the best linear f ~ t s  to 
the oi /Rp plots yield iiifferent slopes: 1.72 
cr,/RP for the a helix and 1.37 ol/RI, for the  
p strand. T h e  near I~nea r  o,/Rp correlations 
for the  oc helm and B strand structilres imnlv 

L , 

that ET rates in these structures shoul~l  
exliihit a n  ex r~onen t~n l  deuendence on di- 
rect distance. T h e  p;ei11cted illstance-decay 
constants :Ire 1.26 A-I fcor the  oc helix (9)  
and 1.00 , 4  ' for the  p stranii. 

W e  have probed the electronic col~plinp 

along a p strand of Pseudomonas aeruginoscl 
azurin by attaclung Ru(bpp)2( i~n)2 '  (bpy, 
2,Z'-bipyridine; im, imidazole) (10) to the  
surface histidine in each of three site-direct- 
ed mutants (HisJL2,  HisL2", and HisJL" of 
this (3 harrel blue copper protein (1 1 ,  12)  
(Fig. 2A).  Intramolecular ET rates from 
CLI' to R ~ ( h p y ) ~ ( i ~ n ) ( H i s ~ ) ~ ~ ~  [X = 122, 
7.1(4) X 10QsJ; X = 124, 2.2(2) X lo'' 
spl ;  X = 126, 1 .3(6)  X 102 s p J ]  (numbers 
in parentheses indicate errors in the  last 
digit) were measured hy laser tlash transient 
spectroscopy (Fig. 2B) (13).  T h e  driving 
torce for these reactions (-AC': = 0.75 eV)  
is nearly equal to the  estimated reorganiza- 
tion energy for this system (A -0.8 eV)  
(14) ;  the ohserved rates are within 5% of 
the  activationless rates (I(,,,,,). A plot of log 
Ic,,,c,, versus Rk,, [Rhl, metal-metal separation 
( l j ) ]  for Ru-modified azurin is nearly linear 
(Fig. 2C) ;  the best" fit has a distance-decay 
constant of 1.1q A- '  and a close contact 
rate (Rhl = 3 A) of l o J i  s p l .  This decay 
constant is close to the  pred~cted value for 
coupling along a P strand. T h e  deviation 
from the  P-strand line can be attributed to 
the  fact that the redox sites do not lie o n  
the  P-carbon atoms but instead are separat- 
e J  fro111 them by the distances from the p 
carbons to the metals. 

A n  analysis of the tunneling path\vays in 
,izurin requires consideration of the  ulnlsual 
coordination environment of the CLI cen- 
ter. X-ray structure deter~lli~iations of the 
azurin active site have shown that the C u  
a t o n  has an  approximately trigonal hipyra- 
midal cooriiination (11,  16).  T h e  three 
equatorial hgands are His4", His"' , ancl 
CysIJ'. 111 the  axla1 positio~ls ar: the car- 
bonpl oxygen of G1y4' at 3.0 '4 and the  

RR (A) 
Fig. 1. Plots of tunnel~ng path lengths versus 
P-carbon separation for ~deal~zed peptide sec- 
ondary structures: a helix neglecting hydrogen- 
bond nteractons (C); a h e x  ncuding hydrogen- 
bond interactions (@); and p strand (.). Solid lines 
are best f~ts constrained to an ntercept at the 
orlgln 
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sulfur atom ot hlet"' at  3.1 '<. These l o w  throuQh-space j~lmp.;. For tlie Ru(His1)- 
metal-asla1 lig,uiil cl~htances c o ~ ~ ~ p l i c , ~ t e  cal- a:urln system ( X  = 122,  124, 126), the 
culatio~ls of tunnelin: p,~tli\vays, because ~t couk~ l~ng  inrolves hlet'": the close contact 
1s not  clear \vhether these ~ntcractions rate isrim,iteil from n (10: k,,,,,,)/oi corrcla- 
should he treated as col~alent  Iionils or ,IS t ion is 10" spl \\.hen the Cu-Xlet"' inter- 

I 
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log t 

Fig. 2. (Ai Backbone strilcti~re Ililstrat~ng ilie o c a  l o  

tions of ilie tliree silrface hstidine residues on tlie P 
strand extendng from the Met1>' igalid of tlie CLI 

" 
atom in a z ~ ~ r i  (Bl Observed Unetics of CLF for~na- 

- tlon by Cu ' + HLI" ET In Ru(bpyi,(imi(H1s7'~ 0 

azurili (X = 122, 124. 1261. The Cu' ' concentration 5 
vdas measured by transelit absorpto~i at 625 nm: ! 
is the time after laser excitai'on, (Ci Plot of log k,,,, 
versus ~netal-metal separailon dlstance (R,,,l) in Ru- 
nodifled azurln The sy~nbols for the HIS blndlng 
s~ics are def~ ied t i  (A). Tlie s o d  11ne ndcates the 0 
best near f ~ t  to the data, ilie dotted line shouls rhe 
dstance dependence predcted for an ~deal~zecl P (RM-Ro) (A)  
stra~id, ancl the dashed l i~ ie shouls the dstance de- 
ipendence prectlcted by Dution and co-workers ;4) R,,, the close contact dstalice 1s taken to be 3 A 

Fig. 3. (A1 TLltineing pathways from sc~rface I i s t d ~ i e  
resdiles to the Fe atolii In cyt c S o d  Ines ndlcate 
covalent links, daslied n e s  ndcate hydrogen bonds. 0 10 20 30 
and dotted t i es  ndcate tliroi~gti-space contacts (Bi RM (4 
Plot of ~ r ,  versils metal-metal separai~o~i d~sia~ices 
(R,,,) In RLI-lliodfed azurn and cyi c. Tlie sylnbos for ilie HIS btiding sites of azclrli are deftled in Fig 2A 
and iliose of cyi c t i  (A). The solid l i e  IS the best linear fit to a but tlie HIS"' and H s 7  data points and 
is constraned to pass throilgh ilie origin. 

action 1s treated as a space jump (li), 
a tunnelinq ~vhereas it 1s olilp 10' s-I for 

pathnap that includes a cor,ilent Cu-S 
I~ond .  These \~ ,~ lues  of tlie close contact 
rates suggest that the hlet '"  su lh~r  is wealtly 
couk~leil to the  CLI atom, which is in good 
,~greement with the  electrallic structure cal- 
cu1,ltions of Lowery and So lomo~i  (18). 

Using the t u n ~ z e l i n g - k ~ a t l ~ ~ ~ ~ a y  moilel, we 
c01111~;1red the results o b t a ~ ~ i e d  1~1th  Ru- 
111odified axlrin to those fro111 other RLI- 
modifieil proteins with s~milar  donor and 
acceptor 1.eilos liotent~,lls. W e  measured ET 
rates in eight d~fferent Ru(hPp) , (~m)(H~sx) -  
m o d ~ f ~ e i i  ~ ~ t o c h r o ~ ~ i e s  c (cyt  c )  (8, 14). 
However,  In contrast  t o  the  case n ~ t h  
Ru-moilified azurm, there 1s n o  uniform 
secondary structure type separating the  
11e1lle a n ~ l  the  seven R(~-h in~ l i i l g  sites (Fig. 
3A). Ne\:ertheless, a plot of do111inant 
l~at l iwap u! versus Ith,, (Fig. 3R) reveals 
thdt a single strCxight line (slope = 1.45 
( T , / R ~ , )  adequately clescrihes all hut ta-o of 
t he  Ru hinilill sites [ R u ( H i s " ) c y t  c and 
Ru(His"')-cyt c]. Theref i~re ,  log k,,,,,, 
should vary li;~e,~rly with R h I  (decay con-  
s tant  = 1 .@6 A ' )  for all hut tlie His" ancl 
~ i ~ ( ' ?  L j at,l points, an expectation that  is 

largely horne out  hy the  results (Fig. 4 ) .  In  
r h ~ s  analvsis. \ye have used the  tunnelino- , , " 

l>at l l \ \ -~y 1110ile1 to  identify a family of Ru- 
lliudine sites o n  azurin and cvt c i n  which 
the  electroilic coupling can he desxibeil  
by a sil-igle clista~-ice-decay constant .  I n  
vie\\. of t he  disparate coupling efficiencies 
17f cornmcoll protein secondar)- structures 
(Fly. 1 ) ,  ~t is 11kely that  fam111es of hind~l-ig 
sltes in1 other  (for example,  largely a - h e -  

Fig. 4. Plot of log k,,,,, versus me tame ta  sepa- 
i-atoti distance (R:,) for RLI-modified azclrin and cyi 
c The s o d  lne 1s that predcted from the p o i  of u, 
versc~s R;, In F g  3B; the symbols are the same as 
those ilsed In FIG. 3 



lical) proteins will exhibit distinctly dif- 
ferent distance-decay properties ( 1  9 ) .  

Two key elements iletermine the  iiis- 
tance dependence of electronic coupling 
in proteins: the  directness of the  counlino - 
pathnray and the  energy of the  t~ lnne l lng  
electron. T h e  forrnei depends o n  the  nro- 
tein s t ruct i~re  and the  positions of the  
redox sites. In the  tunnelinp-nathlvav 

L, A 

model, t he  tunneling energy defines the  
covalent-bond coupling decay (E,); the  
\ d u e  of 0.6 derives from analvses of ET 
rates in  model systems (6) .  Changes in  E,: 

will not affect a,/R,, correlations, hecause 
E, appears as a prefactor in  the  expressioils 
for hydrogen-bond and space-gap coupling 
decays. T h e  magnitude of E,: does, howev- 
er,  determine the  nredicted slopes in  r?lots 
of log k versus distance. T h e  close 
apreetnent between the  ohserved and nre- 
dicted decay constants for aiurin and cyt c 
suggests a n  E,: value of C.6 is appropriate 
for a high-potential oxidant such as 
R ~ ~ ( b p y ) ~ ( i i n ) ( H i s " ) ~  (potential  E' = 

1.C V versus the  nortnal hydrogen elec- 
trode).  In the  systems analyied hy Dut ton 
and co-workers (19),  the  redox couples 
spanned a fairly wide range, but they in- 
cluded manv low-notential oxidants. C o n -  
sidering the  generally less favorable tun-  
neling energie?, the  reported protein decay 
constant [1.4 A p l  (4 ) ]  accord: renlarkably 
closely wit11 the  decay [1.26 Ap' (9 ) ]  pre- 
dicted for coupling through a n  a-helical 
StrLlctLlre. 
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Controlled Folding of Micrometer-Size Structures 
Elisabeth Smela,* Olle Inganas, lngemar 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. 

A s  the  electronic properties of conjugated, 
or conducting, polymers are tillled fro111 in- 
sulating to metallic, there are concolnltant 
changes in volume: W h e n  electrons are 
donated to or removed from the  polymer 
chains, co~npensating ionic species are in- 
serted or extracted ( I ) .  T h e  process can be 
controlled hy the  application of a small 
voltage if the  polymer is in contact n i t h  a n  
electrolyte. T h e  a n ~ o u n t  of charge that can 
be stored is substantial: In fnlly doped poly- 
heterocyclic polymers, approxitnately one 
dopant is incorporated for every four mono- 
mer i~ni ts .  

Conducting polymers compare favorahly 
with piez~electric materials, shape memory 
alloys, and magnetorestrictive nlaterials be- 
cause they deliver high stresses, have sub- 
stantial energy densities, and ilndergo large 
dinlensional changes without requiring 
high voltages, currents, or temperatures for 
operation (2 ) .  Some potential applications 
of conducting polynlers as electrotnechani- 
cal nlaterials have been evaluated concep- 
tually ( 3 ) ,  and nlacroscopic hilayer actila- 
tors have heen demonstrated ( 4 ,  5). Re- 
cently we produced micrometer-sire bilayers 
(6 ) ,  defining the  geometrical elelnents pho- 
tolithographically, and conducting poly- 

Linkoplng institute ofTechnoiogy, Department of Physics trier-polyiiniile cantilevers have heen tnade 
and Measurement Technology, S-581 83 L~nkop~ng, (7). 
Sweden T h e  hinge or artificial muscle compo- 
*To whom correspondence shouid be addressed. nent  of the devices described here is an  
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