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Long-range Electron-transfer in Blue Copper Proteins
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1 Introduction
It is widely recognized that blue copper proteins function as electron-transfer
agents in biological systems.’-’’ Plastocyanin, for example, which is one of the
most thoroughly studied of all the blue copper proteins, is a key component of the
electron-transfer apparatus in the chloroplasts of green leaves. In its oxidized form,
here referred to as the Cu2 state, it is intensely blue, because of 600 nm absorption
attributable to charge transfer from a cysteine sulphur to the copper. The review by
Sykes,’ based on his Tilden Lecture, is an excellent place to read about the structure
and properties of plastocyanin.
Because it is important to know what factors control the rate of transfer of an
electron through a protein interior, bioinorganic chemists have investigated
reactions involving plastocyanin and other blue copper proteins with redox-active
inorganic complexes as artificial substrates. In the early experiments, the kinetics of
many of these copper-protein-inorganic-reagent electron-transfer reactions were
found to be second order, and bimolecular mechanisms were p r o p o ~ e d . ~ , ~
In 1977, Segal and Sykes made an important advance when they discovered that
the kinetics of oxidation of reduced spinach or parsley plastocyanin, Pl(Cu+), by
Co(phen),, exhibited signs of saturation behaviour, thereby suggesting that ratelimiting ( - 20 s-’) electron-transfer might occur within a relatively stable
Pl(Cu+):Co(phen),,+ precursor complex.”.’
N.m.r. spectroscopic studies
pinpointed the probable site of Co(phen),,
binding, indicating that the redox
+
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centres (Cu’ and Co3+)are separated by over 10 8, in the precursor complex.’ 3-1
But what is the Cu+ to Co3+distance at the instant of electron-transfer? And what
is the distance dependence of the electron-transfer rate?

2 Ruthenium-modified Proteins
I felt several years ago that to address such questions would require a new type of
experiment, one in which the redox-active metal complex is tightly bonded to the
protein in both its oxidation states. In thinking about this experiment, I was
influenced by Farver and Pecht’s work on Cr3+ derivatives of blue copper
proteins,’ 6-1 * which I felt was a step in the right direction. The chromium derivatives
themselves, however, were not suitable for the type of experiment I had in mind,
because the Cr2 state is substitutionally labile.
After a number of false starts, my co-workers and I found that ruthenium
reagents were the right choice. To begin with, the reagent ~ , R u ( O H , ) ~ (a
’ =
NH,) will bind to histidine on protein surfaces at rates that are reasonable for
protein modification experiments. 9-22 Each of the resulting ‘ruthenated’
derivatives, a,Ru(His)2 +-protein,can be oxidized readily to a , R ~ ( H i s +-protein,
)~
and in this form the derivative can be purified by ion-exchange chromatography.
The a , R ~ ( H i s ) ~ +label
’ ~ +is substitution-inert and its reduction potential of -0.1 V
us. NHE is convenient for electron-transfer studies involving blue proteins.22
Perhaps the most important property of a,Ru3 + j 2 +,however, is its hydrophilicity;
it is this property that vastly reduces the affinity of the label for the protein interior,
thereby making it structurally non-perturbing to the protein. Indeed, based on the
spectroscopic and electrochemical studies done to date on a,Ru3 +-modified
proteins, the evidence is overwhelming that the protein’s native conformation is not
affected significantly. 9-28
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3 Ruthenated Azurin
A bacterial protein, Pseudomonas aeruginosa azurin (Az), has been the main focus
of our long-range electron-transfer studies involving blue copper. The crystal
structure of Az29 shows that the blue copper site (CuN,SS*; N = His, S = Cys,
S* = Met) is buried in the hydrophobic interior of the protein (Figure 1). The
intense absorption band at 625 nm in the oxidized protein, Az(Cu*+), is
attributable to an allowed S(Cys) -, C u 2 + charge-transfer t r a n ~ i t i o n . ~ 'The
,~~
reduced protein, Az(Cu+), does not absorb appreciably in this region.

Figure 1 Surface of azurin, with thefront section removed to show the imidazole ring of His-83
(left surface) and the blue copper site (CuN,SS*) in the interior. The copper ligands are His-46,
His-1 17, Cys-112, and Met-121. The surface consists of points of contact between a sphere of
3 8, radius (to simulate a,Ru(OH,)*+) and the atomic van der Waals spheres of the protein
(Reproduced by permission from ref: 22)

In addition to the copper ligands, Az possesses two histidines, His-35 and His-83,
that are potentially available for a,Ru3 +-modification. However, His-35 is buried
in the protein near the blue copper site, and it appears to be inaccessible to
~,Ru(OH,)~+
On
. the other hand, His-83 is exposed at the surface, providing an
attractive site for a5Ru3+I2 binding (Figure 1).
The reaction of a,Ru(OH,)'
with azurin produces two ruthenated products,
RuAz and Ru,Az, as outlined in Scheme 1.22 Only the singly modified derivative,
RuAz, will be discussed here. As expected, the a,Ru3+ binding site was found to be
His-83 in peptide-mapping experiments (Scheme 2). The absorption spectrum of
is virtually the same as the spectrum of an
the isolated a,Ru(His-83 : ~ e p t i d e ) ~
independently characterized a , R ~ ( H i s ) ~complex (Figure 2)., *
+
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+

+

30

E. T. Adman and L. H. Jensen, Isr. J. Chrm., 1981, 21, 8.
E. I. Solomon, J. W. Hare, D. M. Dooley, J . H. Dawson, P. J. Stephens. and H. 9. Gray, J. Am. C/zem.

31

SOC.,1980, 102, 1168.
D. R. McMillin, R. C . Rosenberg, and H. B. Gray, Proc.. Natl. Acad. Sci. U.S.A., 1974, 71, 4760.

29

19

Long-range Electron-transfer in Blue Copper Proteins
Excess (50X)~ , R u ( O H , ) ~ ++ Az(Cu2+)

I

d i a I y si s

Az(Cu')

!\

pH7

excess a,Ru(OH,)''

+ a,Ru2 'Az(Cu+) + [a,Ru2+],Az(Cu+)
oxidation

I

Co(EDTA)

Az(Cu2+) + a,Ru3+Az(CU2+)

+ [~,RU~+]~AZ(CU~+)

[a,Ru3+],Az(Cu2 ')

Az(Cu2 )
+

35

12
8.2

31

5.4

7.2

Scheme 1 Preparation and purijication of ruthenated azurins

denature

I
-1

100 "C

trypsin

digest

monitor
220 nm

Identify
pept ides

monitor
303nm

I

HPLC

Identify peptides
containing a , R u ( H i ~ ) ~ '

analysis

80
83
Val-Ile- Ala-His-Thr-Lys

Scheme 2 Peptide mapping of a,Ru3 'Az(Cu2+)

20

Gray

W
6l

c

e
ul

o
U

3 00

400
h (nm)

500

Figure 2 A: Absorption spectrum of a,R~(Val-Ile-Ala-(His-83)-Thr-Lys)~
(Scheme 2); B:
Absorption spectrum of an aqueous solution of [a,Ru(His)]CI,
(Reproduced by permission from reJ 22)
+

4 Electron-transfer in a,R~(His-83)~
+Az(Cu2)
The two redox-active units in a , R u ( H i ~ - 8 3 ) ~ + A z ( C uare
~ + separated
)
by 11.8 A
(Figure 3). Electrochemical (Table 1) and spectroscopic (Table 2) data show that
the blue copper site is not perturbed by the presence of the a , R ~ ( H i s - 8 3 ) ~group.
+
The ruthenated protein is ideally structured for a long-range electron-transfer
experiment. Selective reduction of the surface-accessible a,R~(His-83)~group will
produce a,R~(His-83)~
+Az(Cu2+).If the experiments are done at very low protein
concentrations, then the electron-transfer should be intramolecular.
+

Table 1 Thermodynamic parametersfor the reduction of native and' ruthenated azurins (0.1M
phosphate, pH 7.0)
Parameter

Az(Cu2

+' )
+

asRu( H i ~ - 8 3+)Az(
~ Cuz + / ) asR u( His)

'?l (mV us. NHE, 25 " C ) 308( +2)
320( & 2)
ASo (cal deg-mol-I)
-31.7(+ 1.2) -26.8(+0.8)
g e d - gX
(cal
- 16.1(f 1.2)
- 11.2(k0.8)
deg-mol-')
AGO (kcal mol-I)
- 7.10(f0.05) - 7.39(f0.05)
AH' (kcal mol-')
- 16.6(2 0.4)
- 15.4(2 0.3)

+

+

'

80( & 5 )
- 3.4(f0.2)

12.2(f2)
-1.96(fO.12)
- 3.0( f0.8)

From V. T. Taniguchi, N. Sailasuta-Scott, F. C. Anson, and H. B. Gray, Pure Appl. Chem., 1980,52,2275.
Ref: 22. Ref: 26
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Met

His

ll.8X

/

Figure 3 View of selected parts of a5Ru(His-83),+Az(CuZ’). The edge-to-edge distance
between the two electron-transfer units is 11.8 A
(Reproduced by permission from re$ 27)

Table 2 Spectroscopic parameters f o r the blue copper sites in native and ruthenated azurinsa
Parameter (Cu”)

Spectroscopy
E.p.r.

2.271
57
2.065
2.043

g II
all (GI
gx
g
Y

Resonance Raman

Az(CU’+)~

v(cm-’)
[CUN~SS*]

asRu(His-83)3+Az(Cu2+)
2.271
57
2.065
2.044

370

369
404
424

404
425

Ref: 22. Resonance Raman data for the native protein are from T. J. Thamann, P. Frank, L. J. Willis, and
T. M. Loehr, Proc. Natl. Acad. Sci. U.S.A., 1982, 79, 6390

Rapid reduction of the surface a,R~(His-83)~ group is achieved by flash
photolysis of solutions containing Ru(bpy),* (bpy = 2,2’-bipyridine)and EDTA:
+

+

Ru(bpy),’+
*Ru(bpy),’+

22

-%*Ru(bpy),’+

(1)

+ a,Ru(Hi~-83)~+Az(Cu’+)
fast.

a,Ru(Hi~-83)~+Az(Cu’+)
+ Ru(bpy),’+

(2)

Gray
* R ~ ( b p y ) +, ~+ a , R u ( H i ~ - 8 3 ) ~ ~ A z ( C%
u~+)
aSRu(His-83)3+Az(Cu+)+ R ~ ( b p y ) , ~ +(3)
Ru(bpy),,

+

R~(bpy),~
+

(4)

Following the flash, all the a,Ru(Hi~-83)~+Az(Cu~+)
formed in equation 2 is
converted into a,R~(His-83)~Az(Cu+)by long-range electron-transfer (Figure 4).
+

A~ZL--R~~-+--~A~+--R~ 3 +

Figure 4 Changes in 625 nm absorbance following jlash photolysis of solutions containing
Az(Cu2 +) or a,Ru(His-83)' +Az(Cu2+)2yzdRu(bpy)2+/EDTA. The initial O.D. decrease is
due to reduction of Cu2+ by *Ru(bpy),
(Reproduced by permission from ref: 27)
a,R~(His-83)~
+Az(Cu2+)A a,Ru(Hi~-83)~+Az(Cu+)

(5)

Strict first-order kinetics are observed, yielding a rate constant of 1.9 s-l that,
surprisingly, is temperature-independent from -8 to 53 "C (Figure 5).
5 Reorganization Energy
The temperature-independent rate of long-range electron-transfer (Ru2
C u 2 + ) in ruthenated azurin is strong evidence that the reorganization
enthalpy of the blue copper is relatively small. Taking the electron-transfer
exothermicity into account32 (Table I), the blue copper reorganization enthalpy,
AH*(Cu), is estimated to be -0.3 eV," a value comparable to that obtained for the
low-spin haem in a,Ru(His-33) cytochrome c.26The small reorganization enthalpy
confirms that blue copper is optimally structured for its electron-transfer

32
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Figure 5 A: First-order kinetic plot for the reduction of Cu2 in $ash-generated a,Ru(His83)~+Az(Cu2')at 23 "C; B: Temperature dependence of the rate constant for long-range
Ru
Cu2+ electron-transfer
(Reproduced by permission from ref: 27)
+

f u n c t i ~ n ; ~ *relatively
~ ~ - ~ small changes in the copper-ligand bonds occur when
blue C u 2 + is reduced to CU',' and, since the blue copper is embedded in the
hydrophobic interior of azurin, the outer sphere (solvation) contribution to the
reorganization enthalpy also is very small. The situation is parallel to that for
cytochrome c, which has been treated in detail by Warshel and c o - w o r k e r ~ . ~ ~
A summary of the results of long-range electron-transfer experiments on
ruthenated derivatives of azurin, horse heart cytochrome c (cyt c), and sperm whale
33
34

35
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myoblogin (Mb) is given in Table 3. The long-range (Ru2+
Fe3+)electrontransfer is much slower in a5Ru(His-48)Mbthan the corresponding transfers in the
two other proteins, which is attributable in part to the relatively large reorganization
enthalpy of the M b high-spin haem (- 0.9 eV).28The high-spin ferrihaem must lose
a water ligand upon reduction, and this required rearrangement in the coordination environment is a substantial barrier to electron-transfer.

-

Table 3 Long-range electron-transfer data for ruthenated proteins at 25 " C 0
k(RuZ+
d(A) A P (V) (s-l)

Protein

asRu(His-33)z+cytc(Fe3+) 11.8
a5Ru(His-83)2+Az(Cu2+) 11.8
a5Ru(His-48)'+Mb(Fe3+) 13.3

0.18
0.24
-0.02

30
2
0.02

Fe3+ or C u t + ) AH*(eV)
(Fe or Cu)
0.3
0.3
0.9

d is the closest edge-to-edge donor-acceptor distance; data for cyt c from ref: 26; data for Az from ref: 22;
data for Mb from ref: 28

6 Donor-Acceptor Electronic Coupling
It is interesting that the temperature-independent rate of long-range (1 1.8 A)
electron-transfer in a,Ru(His-33)cyt c is an order of magnitude faster than the 11.8
A Ru2
Cu2 transfer in ruthenated azurin. Since the driving force is slightly
larger in the azurin case, one possibility is that the enhanced rate in cytochrome c is
due to better electronic coupling between the redox partners, that is, between a,Ru( H i ~ - 3 3 ) and
~ the low-spin haem c (Fe3+).The origin of the apparent enhancement
in donor-acceptor coupling in the low-spin haem system, however, is not known.
The rates of long-range (12-14 A) electron-transfer we have found in three
proteins (Table 3) are strikingly slower than those observed by Calcaterra, Closs,
and Miller (CCM)37,38in their studies of relatively rigid donor-(hydrocarbon
spacer)-acceptor organic molecules. In CCM's work on the 16-biphenyl-5-aandrostane-acceptor system, for example, pulse radiolysis triggers the reduction of
biphenyl to its radical anion, and electron-transfer from biphenyl' across 10 8, of
steroid frame to an acceptor (e.g.,naphthyl) is monitored. Transfer rates of lo6 to
lo9 s-' have been measured by CCM, upwards of lo5 times the protein rates at
comparable donor-acceptor edge-edge distances.
The factor that could be responsible for this impressive difference in rates is the
energy (reduction potential) of the donor. In the hydrocarbon (steroid)
experiments, the donor (e.g., biphenyl') has a very negative reduction potential (<
- 2V us. NHE), and this could greatly enhance its coupling to the acceptor through
the steroid (put simply, a 'through-bonds' m e ~ h a n i s m ~ ' - ~In~ contrast,
).
the donor
+

-

+

+

-
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39
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41
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reduction potential is much more positive in the protein experiments (-0.1V us.
NHE), which could explain the extremely weak donor-acceptor electronic
coupling that is implicated by the slow temperature-independent rates.

7 Excited-state Electron-transfer
A very convenient way to study protein long-range electron-transfer is to generate a
powerful oxidant or reductant by photoexcitation. Excited zinc porphyrins, for
example, have been used as reductants both in fixed-distance e ~ p e r i m e n t s ~ and
~-~'
in studies of long-range electron-transfer in protein-protein c ~ m p l e x e s . ~ ~ - ~ *
Experiments of this sort on blue copper proteins have involved electronically
excited Ru(bpy),' { *Ru(bpy),' /Ru(bpy), = 0.84 V us. NHE} and C r ( ~ h e n ) , ~
+

+

0

I

+

+

0.10
I

1

0.20
I

I

0.75

3.50

1.2 5

lo3[protein] (MI
Figure 6 Protein concentration dependence of the observed rate of oxidation of Pl(Cuf) (A),
and St(Cu+) (0)
by *Cr(phen),,+ at 25 "C (pH 7.0, 0.1 M ionic strength)
(Reproduced by permission from reJ 50)
Az(Cuf)

(a),
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(*Cr(phen)33+/Cr(phen)32+ = 1.42 V us. NHE} as o ~ i d a n t s . ~ ' ,The
~ ' kinetics of
these reactions exhibit saturation (Figure 6), suggesting that at high protein
concentrations the excited reagent is bound to the reduced protein in an electrontransfer precursor complex.50Extensive data have been collected for the reaction of
reduced bean plastocyanin with * C r ( ~ h e n ) , ~and
+ , these data have been analysed
in terms of a mechanistic model that includes both 1 : 1 and 2: 1 P1(Cu+):*Cr3+
complexes:50

k,, PI(Cu+)

In this mechanistic scheme Pl(Cu+):*Cr3+ is a complex in which the excited
chromium reagent is bound at a site that is relatively distant from the copper. The
formation constant of the 1: 1 complex is Kl( = k 1 / k - J ,the formation constant of
the 2: 1 complex is K3( = k3/kP3),
k , is the intracomplex (remote, or long-range)
electron-transfer rate constant, and k , is the bimolecular rate constant for adjacent
attack, that is, for the pathway that involves close approach of *Cr3+to the C u +
site. It is assumed that the ground and excited states of C r ( ~ h e n ) , ~bind
+ with the
same equilibrium constant to the protein, and that the bound chromium reagent
has the same intrinsic lifetime as the free reagent.
The same mechanistic model has been used to fit the data obtained for the
reactions of Az(Cu+) and St(Cu+) (St = Rhus uernicifera stellacyanin) with
* C r ( ~ h e n )+,as
, ~ well as the result sfor the *Ru(bpy),* oxidations. Valuesofthe rate
and binding constants that have been extracted from the analyses are given in Table
+

4.

Table 4 Reactions of *Cr(~hen)3~+
and *Ru(bpy)3'+ with reduced blue copper proteins at
22 "C"

Protein *M"+
PI(Cu+) *Cr3+
Pl(Cu+) *Ru'
Az(Cu+) *Cr3+
Az(Cu+) *RuZ+
St(Cu+) *Cr3+
St(Cu+) *Ru'+
+

Re$ 50.

Wk-1

-AGO
(V)

( k l or k4) K1
(M-' s-')
(M-')

1.06
0.48
1.1 1
0.53
1.23
0.65

3.5
1.9
0.40
0.65
0.35
0.40

250
100
60
40
60
40

k2
(s-l)

2.5
3.0
1.2
1.2
0.20
0.20

K 3 kadjb
(M-')
k,,,

4.2
0.2
-

2.3
1.3
1.4

7
7
7
14
30
51

The ratio of the adjacent to remote rates at low protein concentration calculated from

+ kz)/kikz

At low protein concentrations the reactions go mainly by the adjacent-attack
pathway; these reactions all exhibit very large rate constants, as expected because
27
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the driving forces are high. The I : 1 protein:reagent binding constant, K,, is
somewhat larger for Pl(C~+):*Cr(phen),~+
than for Pl(Cu+):*R~(bpy),~
+,
indicating that electrostatic interactions between the negatively charged protein
and the inorganic reagent make a contribution to the stability of the complex. The
K , value for Pl(C~+):*Cr(phen),~+
is in reasonable agreement with the 170 M-'
reported by Segal and Sykes for PI(C~+):Co(phen),~ which is encouraging
because there is every reason to believe that the protein:reagent interactions are
very similar for these two reagents. A small difference in these two equilibrium
constants would be expected in any case, since the Segal-Sykes experiments were
performed with the parsley protein.
N.m.r. experiments have indicated that C r ( ~ h e n ) , ~binds
+
to Pl(Cu+) near
tyrosine-83 and the negative patch formed by the carboxylates of residues 4 2 4 5
(plus 51 and 5 9 ) . l 3 - I 5 The region is particularly attractive, because of the
possibility of associating the hydrophobic phenyl ring of Tyr-83 with a
phenanthroline Iigand of Cr(phen),, +. A computer-generated model of this
docking of Pl(Cu+) and Cr(phen),,+ shows that good overlap between the phenyl
group and a phenanthroline can be achieved (Figure 7). In the docked complex the
closest donor-acceptor contact is 10.3 A, which is the distance from the coordinated sulphur atom of cysteine-84 to the nearest phenanthroline carbon of the
bound C r ( ~ h e n ) , ~This
+ . is the edge-to-edge distance for the long-range (remote)
electron-transfer pathway. (Note that the Cu to Cr distance in the docked complex
is 18.4 A.50).

+,'

-

Figure 7 View of a computer-generated model of the complex between Pl(Cu+j and
Cr(phen),'+. Shown are the copper atom with its four liganh, three nearby residues (Val-40,
Ser-85, Tyr-83), and the docking between the solvent-accessible protein surface and the
Cr(phen),, surface
(Reproduced by permission from reJ 50)
+
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The long-range electron-transfer rate constants (k2) for the Pl(Cu+):*
Cr(phen)S3+ and Pl(C~+):*Ru(bpy)3~+
complexes are virtually the same (- 3 x
lo6 s-'), which is reasonable because the driving forces are large enough to
overcome the reorganization energies for the reactions. In this situation the only
barrier to the reaction is the electron-transfer distance itselfs0

Since the closest edge-to-edge distance in the docked complex is 10.3 A, the value of
p that reproduces the long-range electron-transfer rate is 1.4A-'. Similar values of
p have been suggested previously for long-range electron-transfer in protein^.^'-^^

-

8 Concluding Remarks
The relatively high rate of electron-transfer over 10 A in Pl(C~+):*Cr(phen)3~
contrasts with the 2 s-' that we found for the long-range Ru2
Cu2 transfer
in a5Ru(His-83)2+Az(Cu2'). In addition to the weak donor-acceptor coupling, it
appears that in the latter case there is an entropic reorganization barrier associated
with the ordering of water about aSRu(His-83)3f in the final product. The effects of
variations in the entropic barrier for long-range electron-transfer are now being
investigated by appropriate ligand modifications in ruthenated proteins.
Returning to the Segal-Sykes Pl(Cu+):C0(phen)3~ experiment,'
it is likely
that the limiting rate of 20 s-' is a long-range Cu+ --+ Co3+ electron-transfer
within a complex analogous to the one modelled for Pl(Cu + ) : C r ( ~ h e n ) 3(Figure
~
7). The rate is five orders of magnitude slower than the Cu+ ---+ *Cr3+ transfer,
because there is a large free-energy barrier (the driving force for the C0(phen)3~+
reaction is
reaction is only 0.02 V).53 In this respect the Pl(C~+):Co(phen)3~+
similar to the long-range Ru2
Cu2 electron-transfer in aSRu(His-83)2
Az(Cu2+).
It appears from the results obtained thus far that blue copper is not as strongly
coupled to a distant donor or acceptor as a low-spin haem or an electronically
excited p ~ r p h y r i n Although
.~~
the reason for this difference in donor-acceptor
electronic coupling is not known, it may be related to the relatively localized nature
of the relevant blue copper w a v e f u n c t i ~ n It
.~~
will be interesting to see as more
fixed-distance electron-transfer experiments are done whether blue copper also is
less strongly coupled to a donor or acceptor at short-range (near van der Waals
contact) than a low-spin haem. Questions of this sort will need to be answered
before we can claim to have any understanding of protein-mediated donoracceptor interactions.
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