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The transfer of electrons between proteins is an essential step
in biological energy production. Two protein redox partners
are often artificially crosslinked to investigate the poorly
understood mechanism by which they interact. To better
understand the effect of crosslinking on electron transfer
rates, we have constructed dimers of azurin by crosslinking
the monomers. The measured electron exchange rates, com-
bined with crystal structures of the dimers, demonstrate that
the length of the linker can have a dramatic effect on the
structure of the dimer and the electron transfer rate. The
presence of ordered water molecules in the protein–protein
interface may considerably influence the electronic coupling
between redox centers.

The transfer of electrons between protein redox partners in
the living cell depends on the formation of short-lived protein
complexes, whose turnover must be sufficiently high in order
not to limit the overall rate of energy production. In addition,
complex formation must be specific so that redox equivalents are
not wasted in chance encounters, effectively short circuiting the
cellular machinery. How the noncovalent forces that govern
complex formation are tuned to produce both the right specifici-
ty and the right affinity is not well understood1–5. Although
chemical crosslinking has been applied to ‘freeze’ the complexes
in order to make them amenable to analysis, this often reduces or
even abolishes electron transfer6–9. To shed new light on this
problem, we have analyzed the effect of crosslinking on the elec-
tron transfer between molecules of azurin, a small 14 kDa blue
copper protein from Pseudomonas aeruginosa.

In the crystal of wild type native azurin, the protein mole-
cules pack as noncovalent dimers with their ‘hydrophobic
patches’ opposite each other (Fig. 1a,b)10,11. Although there is
no evidence of dimer formation in solution, this orientation
has been suggested to be similar to the transient complex that is
formed in solution during the electron self-exchange (e.s.e.)
reaction12,13. In this reaction, an electron is exchanged between
a reduced and an oxidized azurin molecule. Inspection of the
structure shows that the Asn 42 residues of the two molecules
in this dimer are in close proximity (Fig. 1a). By computer
replacement of Asn 42 with Cys, building a strain-free model in
which a disulfide bridge connects the monomers is possible.
Inspired by this finding, we constructed the N42C mutant and
succeeded in forming dimers of azurin that are crosslinked 
via the Cys 42-S–S-Cys 42 disulfide bridge (SSdim)14. We also
linked the Cys 42 sulfurs via a bifunctional symmetric linker,

bis-maleimidomethylether (BMME), creating a Cys 42-
S–BMME–S-Cys 42 crosslink (BMMEdim). The electron
transfer rates between CuI and CuII within, as well as between,
the dimers were measured and analyzed as follows.

Electron self-exchange
In the proton NMR spectrum of native azurin, the resonances of
the methyl groups of Val 31 are sensitive to the redox state of the
protein15. The resonance of one of the methyl peaks shifts from
–0.68 to –0.74 p.p.m. upon oxidation of the copper. In a mixture
of CuI and CuII wild type azurin, the resonance position is the
weighted average of both forms because the e.s.e. rate is much
faster than the frequency difference at 14.1 T (‘fast exchange’
condition) (Fig. 2a). In SSdim, the same shift pattern “as wild
type” is observed (Fig. 2b). In contrast, the resonances of the CuI

and CuII species of BMMEdim do not shift but change intensity
in agreement with the ratio of CuI and CuII azurin, showing that
the intermolecular exchange is slow. Furthermore, a third reso-
nance, whose position is independent of the ratio of CuI and CuII

azurin, is observed precisely in between these resonances
(Fig. 2c). This third resonance represents the population of
dimers that are half-oxidized (CuI / CuII). Within such a dimer,
the unpaired electron exchanges fast between the coppers
(intramolecular electron transfer). The concentration of half-
oxidized dimers is expected to be maximal in a 50% oxidized
sample, with a 1:2:1 ratio for reduced:half oxidized:oxidized
dimers, which agrees with the resonances at 51% (Fig. 2c). The
assignment of the middle resonance to half-oxidized dimers is
confirmed by the NMR spectrum of a heterodimer containing
one copper and one zinc ion; in this case, the intramolecular
electron transfer is absent because ZnII is not redox active. For
this dimer, the resonances of the Val 31 methyl in CuI and ZnII

azurin (both at –0.67 p.p.m.) and CuII azurin (–0.73 p.p.m.) can
be distinguished, but the intermediate resonance is absent
(Fig. 2d).

a b

Fig. 1 Wild type azurin. a, Ribbon diagram of noncovalent dimer com-
plex of wild type azurin as observed in asymmetric unit (PDB entry
4AZU). Coppers are depicted as magenta spheres. Side chains of copper
ligands and residue 42 are displayed, with C, O, N and S depicted in
black, red, blue and yellow, respectively. Two monomers face each other,
with their hydrophobic patches opposing as in (b). Two water molecules
in the interface connect the copper ligands His 117 via hydrogen bonds.
The distance between the coppers is 14.7 Å. This image and Fig. 3 were
generated with MOLSCRIPT27, BOBSCRIPT28 and RASTER3D29. 
b, Molecular surface representation of wild type azurin showing the
position of the hydrophobic patch (yellow) surrounding the copper lig-
and His 117 (blue) and the position of Asn 42 (red). The molecule is
slightly tilted relative to the orientation of the gray monomer in (a). The
map was prepared with PyMOL30.
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The experimental NMR traces were simulated using
MEX/MEXICO16 (bottom traces, Fig. 2) to derive values for both
the intra- and intermolecular electron exchange rates (Table 1).
The simulations include the effects of scalar coupling that are
visible in the reduced form of wild type azurin (Fig. 2a),
increased relaxation in the oxidized protein and the additional
line broadening observed in dimers due to larger rotational cor-
relation times, as well as the various types of exchange expected.
The intermolecular electron self-exchange rate constants are also
deduced from the NMR line broadening of the His 46 Cδ2 pro-
ton resonance at 5.89 p.p.m. as a function of the percentage oxi-
dized protein14 (Table 1).

The intramolecular electron transfer is very slow in SSdim,
with an upper limit of 10 s–1 (ref. 14), and very fast in
BMMEdim, with a lower limit of 5 × 104 s–1. Also, intermolecular
electron transfer between dimers is fast for the SSdim, with 
kinter = 4.2 × 105 M–1 s–1, which is about seven times slower than
for wild type azurin14, and slow for the BMMEdim, with the
e.s.e. at least 300× slower than wild type azurin (Table 1).

Crystal structures
SSdim and BMMEdim were crystallized in order to determine
their structures and compare them with the noncovalent dimer
observed for wild type azurin in crystals (Fig. 1a). The crystal
structure of SSdim (Fig. 3a) shows that the monomers have rotat-
ed away from each other, exposing the hydrophobic patches and
resulting in an intradimer copper-to-copper distance of 25.9 Å.
One monomer of each dimer has an extensive contact area with a
monomer of another dimer, with an interdimer Cu-Cu distance
of 15.1 Å (Fig. 3b). This orientation is similar, although not iden-
tical, to that in the crystals of wild type azurin. The buried surface
area between the two interacting monomers in the SSdim is 956 ±
7 Å2 (averaged over three dimer interfaces in the asymmetric
unit) of mainly hydrophobic residues. No ordered water mole-
cules were detected in the interface. In contrast, the structure of
BMMEdim (Fig. 3c) shows a structure similar to the noncovalent
dimer of wild type azurin, with an intradimer copper-to-copper
distance of 14.6 Å and two water molecules connecting the cop-

per ligands His 117 with each other via three hydrogen bonds
(Fig. 3c,d). The surrounding protein–protein interface is of
hydrophobic nature, with 11 residues in van der Waals contact
with the other monomer. The outer edge of the interface, includ-
ing the BMME, is polar, with an additional bridging water mole-
cule between the backbone oxygen atoms of Cys 42 in both
monomers. The buried surface area in the interface is 1,136 Å2,
and the dimer is fully symmetric.

Thus, contrary to our initial expectation, the dimer with the
short crosslink does not exhibit fast intramolecular electron
transfer in solution. Apparently the Cys 42-Cys 42 link is too
tight to allow the hydrophobic patches to come in close contact
without causing steric hindrance. The hydrophobic forces that
promote formation of a transient electron transfer complex are
weaker than the forces that hold together the tertiary structure
of the protein. Even a small rearrangement of the loop around
Cys 42 (residues 36–47) does not take place, preventing the
interaction of the hydrophobic patches. The fast intermolecular
e.s.e. confirms that the hydrophobic patches in SSdim do not
interact strongly but, instead, are still available for the reaction
with other dimers. The crystal structure of this dimer (Fig. 3a,b)
supports these results. The small increase in copper-to-copper
distance and the slightly diminished accessibility of the
hydrophobic patch of one monomer, because of the presence of
the covalently linked second monomer, contribute to the seven-
fold decrease in intermolecular e.s.e. rate compared to wild type
azurin. 

The introduction of a longer crosslink (BMME) allows the
formation of an azurin dimer in solution, in which fast
intramolecular electron transfer occurs. The very low intermole-
cular e.s.e. rate of BMMEdim suggests that its hydrophobic
patches interact strongly, prohibiting fast electron transfer
between dimers. This agrees with the crystal structure, in which
both hydrophobic patches are part of the dimer interface, mak-
ing them unavailable for e.s.e. between dimers. Thus, the crystal
structure can be assumed to be representative of the structure in
solution and can be used to compare our kinetic results with
electron transfer theory.

a b c d Fig. 2 Region of the 1H NMR spectra showing the Val 31 methyl
signal (∼–0.7 p.p.m.) as a function of the percentage of oxidized
protein. Experimental data are shown in the upper traces; simu-
lated spectra generated using MEX/MEXICO16 are shown in bot-
tom traces. a, Wild type azurin. R and O denote the position of
the Val 31 methyl signal of the reduced and oxidized monomer,
respectively. b, (Cu-Cu)-N42C SSdim. RR and OO denote the posi-
tion of the Val 31 methyl signals of the fully reduced and fully
oxidized dimer, respectively. c, (Cu-Cu)-N42C BMMEdim. RR and
OO indicate the position of the Val 31 signals of fully reduced
and oxidized dimer, respectively. RO and OR represent the posi-
tion of the Val 31 signal of half-reduced/half-oxidized dimers in
which electron exchange is fast. d, (Zn-Cu)-N42C BMME dimer.
The positions of the Val 31 resonance in the reduced and oxi-
dized (Zn-Cu) BMMEdim are represented by ZnR and ZnO,
respectively. The Val 31 signal of the ZnII azurin coincides with
the one for CuI azurin. The slight increase in width of the signals
of the dimers in (b–d) compared to the wild type monomer (a) is
due to the larger rotational correlation time of the dimers.
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Comparison with electron transfer theory
Currently there are two types of models to analyze electron
transfer rates. The first model, the phenomenological model of
Dutton and co-workers, relates the rate of electron transfer to
the distance between redox centers17. In the second model, the
pathway model, Beratan and Onuchic provide a semiempirical
model to calculate the electronic coupling between redox cen-
ters18. In the following we apply both models to our data.

The Dutton model17 predicts that electron transfer rates (ket)
will vary exponentially with the distance (R) separating the
redox cofactors and with the packing density of the protein (ρ)
in the region between redox sites:

log ket = 13.0 – (1.2 – 0.8ρ)(R – 3.6) – 3.1(∆G + λ)2/ λ (1)

The free energy ∆G and the reorganization energy λ are
expressed in eV. When applying Eq. 1 to the BMMEdim, using a
λ value of 0.7 eV (ref. 19), ρ = 0.9, R = 14.6 Å and ∆G = 0 (self-
exchange reaction), a value of ket = 4 × 105 s–1 is obtained. This
value agrees with the experimentally determined lower limit of
ket ≥ 5 × 104 s–1. Similarly, we find that SSdim has values of R =
25.9 Å and ρ = 0.75, and a value of ket = 2.8 × 10 –3 s–1, which

again agrees with the experimentally determined upper limit of
ket ≤ 10 s–1.

The dependence of the rate on the protein structure arises in
Eq. 1 through the parameter ρ, which represents the packing
density of the protein in between the redox centers and is not
very sensitive to the atomic details of the structure. The presence
of two ordered water molecules in the interface of the
BMMEdim, therefore, is not expected to have a large bearing on
the predictions made on the basis of Eq. 1.

The influence of the two water molecules on the electronic
coupling between the redox sites in the BMMEdim can also be
analyzed by using the model developed by Beratan and
Onuchic18, in which the structural details of the intervening
medium determine the long-range couplings. The overall elec-
tronic coupling factor, TDA, is specified as the product of the
individual couplings between atoms, which can be covalent
bonds, hydrogen bonds or through-space jumps. According to
this algorithm and using the three-dimensional structure of
BMMEdim, an electronic decay factor of Πε = 1.1 × 10–3 is calcu-
lated for the coupling from copper to copper via both His 117
residues and the two water molecules. In the absence of the
water molecules at the monomer–monomer interface, the

a

c

b

d

Fig. 3 Crystal structures of N42C azurin dimers. a, Ribbon diagram of SSdim as observed in the asymmetric unit: four monomers are arranged in two
crosslinked dimers. As a reference, the gray monomer is in a similar orientation as Fig. 1a. The monomers in the crosslinked dimers have rotated
away from each other, exposing the hydrophobic patches, which results in an intradimer Cu-to-Cu distance of 25.9 ± 0.3 Å (average and error mar-
gin from six dimers in the asymmetric unit). The interdimer Cu-to-Cu distance equals 15.1 ± 0.1 Å. b, Stereo view showing the experimental electron
density map of the region (indicated by a box in (a)) involved in interaction between two SSdim molecules (residues 40–45 and 114–117 of the gray
monomer (chain I) and residues 114–122 of the yellow monomer (chain L) are shown). The disulfide bridge connecting the gray monomer (chain I)
to its partner (blue monomer, chain J) is shown as well (residues 42 and 43 of blue monomer are displayed). The electron density is superimposed on
the refined model and contoured at 1 σ. c, Ribbon diagram of BMMEdim showing the great similarity with the noncovalent wild type azurin dimer
complex (Fig 1a). As a reference the gray monomer is in a similar orientation as Fig 1a. BMME is shown color-coded as described in Fig. 1a. The two
monomers pack with their hydrophobic patches facing each other, with a Cu-to-Cu distance of 14.6 Å. Two water molecules in the interface connect
the His 117 residues through hydrogen bonding. d. Stereo view showing the experimental electron density map of the region (indicated by a box in
(c)) involved in interaction between two monomers in BMME-linked dimers (residues 42–46, 114–118 and 121 of both monomers A (gray) and B
(blue) are shown). The electron density is superimposed on the refined model and contoured at 1σ.
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strongest coupling proceeds via the His 117 and one of the Met
13 residues involving two through-space jumps20 (Πε =
2.0 × 10–6). This value is 500× smaller than the former case. The
large difference in decay factor illustrates that the participation
of water molecules in the electron exchange reaction in this
model can make a big difference in the exchange rate12,21,22.

Conclusions
We have determined that crosslinking with a short linker, even in
an apparently optimal position, can impede electron transfer
because it may restrict mobility of the partners in the complex
with respect to each other. Short linkers, particularly zero-dis-
tance linkers, are popular in crosslinking experiments6–9. The
data presented here clarify why electron transfer is often absent
in such crosslinked complexes. The use of a longer, more flexible
linker is more appropriate because it allows the partners to sam-
ple a large region of configurational space. In this way, complex-
es may form that are more like the ones formed between the
partners free in solution and which are more favorable for elec-
tron transfer. This conclusion may also be of interest in the
development of biosensors based on redox proteins because the
electron transfer rate can be a critical parameter in such systems.

Methods
Construction of dimers. The N42C azurin mutant was construct-
ed and purified as described14. Disulfide dimers of the N42C azurin
were obtained by adding Cu(NO3)2 to a solution of the apo form of
the protein under air. The construction of BMME-linked dimers of
N42C was started by reducing Cu-N42C azurin with 5 mM dithio-
threitol (DTT) or a 10-fold molar excess of tris(carboxyethyl)phos-
phine (TCEP) for at least 1 h at 20 °C in 25 mM potassium
phosphate, pH 7. Subsequently, DTT was removed by repeated
concentration and dilution using Amicon ultrafiltration equip-
ment. Removing excess TCEP during conjugation with maleimide
was not necessary. The protein solution was diluted to a concen-
tration of 0.1 mM, and 0.6 equivalents of BMME (Calbiochem) dis-
solved in dimethyl sulfoxide (DMSO) were added dropwise to the
stirred protein solution (end concentration 0.5% (v/v) DMSO).
After stirring at 20 °C for 1 h, the solution was kept overnight at
4 °C. Finally, the solution was concentrated, reduced with 5 mM
DTT (to reduce possibly formed disulfide linked dimers) and puri-
fied by gel filtration chromatography (Superdex 75, Pharmacia) in
the presence of 2 mM DTT. (Zn-Cu)-BMME heterodimers were
obtained analogously to the homodimers, except for the starting
material that contained a 1:1 mixture of Cu-N42C and Zn-N42C.
After gel filtration, the (Zn-Cu)-BMME dimers were separated
from the (Cu-Cu) and (Zn-Zn) homodimers by anion exchange
chromatography (Q-Sepharose) under reducing conditions.

NMR spectroscopy. NMR experiments were performed on a
Bruker Avance DMX 600 MHz spectrometer at 313 K. Free induction
decays were accumulated in 16 K memory and Fourier-transformed
using a shifted squared sine window function. The chemical shifts
were calibrated using 200 µM sodium 3-(trimethylsilyl)propionated4

(TSP) as an internal reference. Samples were typically between 0.3
and 1.0 mM in total protein concentration in D2O (99.9%) and
25 mM potassium phosphate buffer, pH 8.5 (uncorrected for deu-
terium isotope effect). CuI azurin samples were obtained by reduc-
ing CuII azurin with one equivalent of ascorbic acid, which was
subsequently removed by repeated concentration and dilution
(Amicon ultrafiltration). Argon was passed through all buffers prior
to use to prevent reoxidation. Azurin samples with oxidation
grades ranging from 0 to 100% were obtained by mixing the
appropriate amounts of reduced and oxidized protein at the same
stock concentration. The actual degree of oxidation was deter-
mined by measuring the absorbance at 628 nm relative to a fully
oxidized sample using a special sample holder that was designed to
allow the absorbance to be measured at 628 nm in the NMR tube
on a Perkin Elmer lambda 800 spectrophotometer using optical
fibers (Hellma).

Simulation of NMR lineshapes. Exchange rates were determined
by simulating the NMR lineshapes on an SGI Indy Computer using
MEX (for SSdim and BMMEdim) and MEXICO (for wild type
azurin)16, and comparing them visually with the experimental 
spectra using the dual display features of the spectrometer 
software (XWINNMR). MEX/MEXICO use an approach based on 
generalized transition probabilities for dynamic systems16. The
spectra of wild type azurin were simulated as a case of a two-site
exchange that included scalar coupling. The equilibrium constant,
needed to define the reverse rate, was given by the experimental
ratio between oxidized and reduced azurin. SSdim and Cu-Cu
BMMEdim were simulated with an uncoupled exchanging system
consisting of four sites — (i) doubly reduced dimer (ii) oxidized half
of semireduced dimer (iii) reduced half of semireduced dimer and
(iv) doubly oxidized dimer — and four exchange processes, three
intermolecular and one intramolecular ((ii) with (iii)). Zn-Cu
BMMEdim was simulated with an uncoupled exchanging system
consisting of four sites — (i) CuI in ZnCuI–dimer; (ii) Zn in
ZnCuI–dimer; (iii) CuII in ZnCuII–dimer and (iv) Zn in ZnCuII–dimer —
and one exchange process ((i) with (iii)). Values for chemical shifts
and linewidths of reduced and oxidized signals were taken from

Table 1 E.s.e. rate constants of wild type azurin 
and azurin dimers

kinter (105 M–1s–1) kintra (s–1)
His 461 Val 312

Wild type monomer 28 ± 5 13 ± 7 n.a.3

(Cu-Cu)-N42C SSdim 4.2 ± 0.7 2.8 ± 0.8 ≤10 1

(Zn-Cu)-N42C SSdim 4.2 ± 1.0 nd4 na3

(Cu-Cu)-N42C BMMEdim ≤0.2 ≤0.06 ≥5 × 104

(Zn-Cu)-N42C BMMEdim ≤0.3 ≤0.06 na3

1Rates were determined by measuring the NMR line broadening of the
His 46 Cδ2 proton resonance at 5.89 p.p.m. as a function of the percent-
age of oxidized protein in a 1 mM solution of azurin14.
2Rates were determined by simulating the proton resonance of the Val
31 methyl group ∼–0.7 p.p.m. using MEX/MEXICO16.
3Not applicable.
4Not determined.

Table 2 Crystallographic statistics

Crystal N42C BMMEdim N42C SSdim
Space group P61

1 P212121

Unit cell (Å)
a 48.605 86.320
b 48.605 94.425
c 284.809 193.362

Molecules2 per asymmetric unit 2 12
Resolution range (Å) 50.0 – 2.0 50.0 – 2.75
Independent reflections 22,535 42,605
Completeness3 (%) 99.5 (99.9) 86.2 (86.4)
Rmerge

3 0.070 (0.440) 0.108 (0.484)
I / σ (I)3 15.0 (2.1) 7.1 (1.6)
Rcryst 0.190 0.239
Rfree 0.227 0.293
R.m.s. deviations

Bonds (Å) 0.0054 0.0093
Angles (°) 1.300 1.340

1The true space group of this crystal was P6122, with the BMME linker
lying on a crystallographic dyad. In order to be able to build a linked
dimer, refinement was carried out in P61 with strict NCS restraints for the
two monomers.
2Molecules seen as monomeric azurin subunits.
3Numbers in parentheses are for the last shell.
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the experimental NMR spectra of the fully reduced and oxidized
samples, respectively.

Crystallization and structure determination. Crystals of the
SSdim were obtained by sitting drop vapor diffusion, equilibrating
a 4 mg ml–1 protein solution against a reservoir buffer containing
20% (w/v) PEG 8000 and 0.1 M Tris-HCl, pH 8.5, at room tempera-
ture. After growth, crystals were stabilized by progressively increas-
ing the PEG 8000 concentration up to 25 % (w/v). The crystals
belonged to space group P212121 and contained three tetramers of
azurin per asymmetric unit (one tetramer consists of two azurin
dimers). The BMMEdim was crystallized by the same method using a
protein concentration of 15 mg ml–1 and a reservoir buffer contain-
ing 20% (w/v) PEG 2000 monomethyl ether, 0.01 M nickel chloride
and 0.1 M Tris-HCl, pH 9.0. The crystals were hexagonal bipyramids
belonging to spacegroup P6122 and contained a single azurin dimer
molecule per asymmetric unit. Data were collected on beamline
BW6 at DESY, Hamburg, to limiting resolutions of 2.75 Å (SSdim)
and 2.0 Å (BMMEdim). The refinement R-factors of the SSdim are
rather high due to disorder of two monomers (chain F and K). In the
BMMEdim, a BMME molecule links two azurin molecules across a
crystallographic two-fold axis; therefore, this data set was refined
in spacegroup P61 with a full dimer in the asymmetric unit and a
slightly disordered BMME molecule connecting both monomers.
Molecular replacement was carried out using AMoRe23, the struc-
tures were refined using CNS24 and model building was done in O25.
Solvent accessible surface area was calculated by using NACCESS26.
Van der Waals contacts were defined as interatomic separations
between 3.2 and 4.0 Å. Crystallographic statistics are summarized in
Table 2.

Determination of �. For the calculation of ρ, the ET Rates pack-
age17 kindly provided by P.L. Dutton and coworkers was used. The
cofactors were defined as the coppers plus the liganded atoms Sγ
(Cys 112), Νδ1 (His 46 and His 117), Sδ (Met 121) and the backbone
oxygen of Gly 45. For the SSdim, a standard value of ρ (0.75) was
used because the intervening medium between the cofactors is ill
defined and does not allow for precise determination of ρ.

Coordinates. Coordinates have been deposited in the Protein Data
Bank (accession codes 1JVO for the disulfide dimer of N42C azurin
and 1JVL for the BMME-linked dimer of N42C azurin).
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