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ABSTRACT The reaction between asRuH2021 (a is NH3)
and Pseudomonas aeruginosa azurin at pH 7, followed by oxi-
dation, yields a5Ru(His-83)31-azurin(Cu2+) as the major
product. Spectroscopic measurements (UV-visible, CD, EPR,
and resonance Raman) indicate that the native structure is
maintained in the modified protein. The site of ruthenium
binding (His-83) was identified by peptide mapping. The
a5RuHis/Cu ratio in the modified protein, determined from
the EPR spectrum, is 1:1, and the reduction potentials (vs.
normal hydrogen electrode, pH 7.0, 25TC) are blue copper
(Cu2+/l+), 320 ± 2 mV; a5Ru(His-83)3+/2+, 50 + 10 mV.
From measurements of the reduction potentials at several tem-
peratures in the 5-400C range, AIH for intramolecular Ru2+

Cu2+ electron transfer was estimated to be -12.4 kcal
mol (1 cal = 4.184 J). Analysis of kinetic data in light of the
electron transfer exothermicity indicates that the reorganiza-
tional enthalpy of the blue copper site can be no larger than 7.1
kcal moll.

Electron transfer reactions of metalloproteins have been
studied extensively in several laboratories in recent years (1-
5). An important conclusion from these studies is that the
rate of electron transfer depends, among other factors, on
the distance between the redox sites involved (ref. 6 and ref-
erences therein). In an attempt to shed additional light on
this subject, we have begun to study the electron transfer
kinetics of metalloproteins in which redox-active metal com-
plexes are bonded to histidines on the polypeptide chains.
The redox centers in these modified proteins are fixed and
their distances may be estimated fairly accurately from the
crystal structures of the corresponding native proteins.

In previous work we have employed methods similar to
that of Matthews et al. (7, 8) to prepare pentaammineruthen-
ium derivatives of horse heart cytochrome c (9, 10) and
sperm whale myoglobin (11). Although the ruthenium redox
site in the modified cytochrome c is well over 10 A from the
heme site, kinetic studies have established that the intramo-
lecular Ru2+ Fe3' electron transfer rate is at least 30 s-
(10, 12, 13).
We report here the preparation and characterization of a

derivative in which an a5Ru3+ (a is NH3) group is bonded to
the His-83 residue in Pseudomonas aeruginosa azurin (Az),
a well-characterized blue copper protein that acts as an elec-
tron transfer agent in the bacterial respiratory chain (refs. 14
and 15 and references therein). Interpretation of the kinetics
of intramolecular electron transfer (16) in this modified pro-
tein has been aided by our studies of the temperature depen-
dences of the reduction potentials'of both the Cu2+"+ and
the Ru3+/2+ sites.

MATERIALS AND METHODS
P. aeruginosa Az, obtained from the Public Health Labora-
tory Service in Great Britain, has an A625/A280 ratio of 0.58.
Trypsin treated with L-1-tosylamido-2-phenylethyl chloro-
methyl ketone was obtained from Worthington. Baker rea-
gent-grade acetonitrile was used for HPLC. Ampholine
plates for isoelectric focusing in the pH range 3.5-9.5 were
obtained from LKB. Column chromatography of the modi-
fied Az was carried out with Whatman CM52 cellulose.
[a5RuH20](PF6)2 was prepared according to a published pro-
cedure (17) and Na[Co(EDTA)] was prepared by a slight
modification (Na2CO3 instead of BaCO3) of the published
method (18). Distille4 and deionized water was.used
throughout. Ultrafiltration was performed with Amicon YM-
5 membranes, under argon with gentle stirring at 5°C.
Az Modification and Chromatography. Az was allowed to

react with a 50-fold excess of freshly prepared [a5Rlu-
H20](PF6)2 under argon at room temperature in 50 mM Tris
buffer (pH 7.2) for 3 hr. In a typical experiment, a deaerated
solution of 27 mg of the ruthenium reagent in Tris buffer was
added anaerobically to a deaerated solution of 14 mg of Az in
the same buffer, and the reaction mixture was deaerated
briefly by evacuation and argon and left under a constant
pressure of argon without bubbling through the liquid. The
total volume was 10 ml, so that the concentration of the pro-
tein was 0.1 mM and of the ruthenium reagent, 5 mM. Small
variations in the reagent ratio, concentrations, pH, or reac-
tion time did not affect the properties of the modifiel protein
and affected the yields only slightly. To stop the reaction,
the ruthenium reagent was removed by repeated ultrafiltra-
tion of the reaction mixture into water or 50 mM NH4OAc
buffer (pH 4.0). Solution of ca. 15 mg of Na[Co(EDTA)] in
ca. 1 ml of water or this buffer, about 15-fold excess with
respect to both Cu and Ru, was added to oxidize the concen-
trated protein. The oxidation was allowed to proceed for
several hours in the unbuffered solution or overnight in the
NH4OAc buffer. The oxidant was then removed by ultrafil-
tration into the acetate buffer (pH 4.0). Recovery of the pro-
tein from the reaction was 98-100%.

All three components of the reaction mixture were sepa-
rated efficiently by cation-exchange chromatography on a 2
x 5 cm column of CM52 cellulose, previously equilibrated
with 50 mM NH4OAc buffer (pH 4.0). The separation was
carried out at room temperature and the elution rate was ca.
100 ml/hr. The first' fraction (A) was eluted quickly with 50
mM buffer and elution with this buffer continued until the
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second band reached the bottom of the column. This second
fraction (B) was then eluted with 75 mM NH4OAc buffer
(pH 4.0). The third fraction (C), which had remained near the
top of the column, was then eluted with 0.15 M NaCl solu-
tion in 50 mM NH4OAc buffer (pH 4.0). The average yields
are as follows: fraction A, 4.0 mg or 27%; fraction B, 4.9 mg
or 34%; fraction C, 2.7 mg or 18%. The isoelectric points (pI
values in pH units) are the following: fraction A, 5.4; fraction
B, 7.2; fraction C, 8.1. The pI values did not change after
exhaustive dialysis by ultrafiltration.

Peptide Mapping. Procedures described elsewhere (9) for
tryptic hydrolysis, separation of the resulting peptides by re-
versed-phase HPLC, and amino acid analysis were used
with minor modifications. A sample containing 5-6 mg of
fraction B in 2 ml of water was denatured for 4 min in boiling
water prior to tryptic hydrolysis. The linear gradient for the
HPLC separation of the tryptic peptides consisted of 45 ml
each of phosphate buffer (49 mM KH2PO4/5.4 mM H3P04,
pH 2.85) and acetonitrile, the concentration of the latter in-
creasing from 0% to 45%; the elution rate was 1 ml/min. The
absorbances were recorded at 220 nm (peptide bonds) and at
300 nm, which is near the absorption maximum (303 nm) of
a5RuHis3+ (19).

Spectra. The following instruments were used for physical
measurements and characterization: Cary 219 and Cary 17
for the UV-visible absorption; Cary 60 for CD; and Varian
E-line Century-series X-Band EPR spectrometer for the
EPR spectra at 9 K. Resonance Raman spectra were ob-
tained with a Spex Industries model 14018 double mono-
chromator equipped with 2400-line/mm holographic gratings
and a Hamamatsu R955 photomultiplier tube; the excitation
(622 nm) sources were model 170 argon-ion and model 375-A
dye (rhodamine 6G) lasers, produced by Spectra-Physics
(Mountain View, CA); spectral bandpass was 3 cm-'. The
spectra were taken at the ambient temperatures of 0°C and
24°C, with the scan times of 4000 and 4800 s, respectively.
Cyclic voltammograms were obtained with a PAR 173 poten-
tiostat and PAR 175 Universal instrument, coupled with a
Houston Instruments X-Y recorder model 2000. The concen-
trated solution of fraction B was allowed to evaporate on the
surface of the working graphite electrode; the reference elec-
trode was a saturated NaCl calomel electrode and the sol-
vent was 0.100 M phosphate buffer (pH 7.0). The experi-
ments were carried out at room temperature and the scan

rate was 100 mV/s. The spectroelectrochemical measure-

ments from 5°C to 40°C were carried out with an optically
transparent thin-layer electrochemical (OTTLE) cell in a

nonisothermal configuration. The apparatus, sample prepa-

ration, and mediator, [a5Rupy](Cl04)3, were the same as in
the experiment with native Az (20).

RESULTS AND DISCUSSION
The Reaction and pI Values. The pI of fraction A (5.4) is

the same as that of native Az under identical conditions,
which indicates that this fraction consists of unreacted pro-

tein. The higher pI of fraction B (7.2) is compatible with the
presence of additional positively charged group(s) in the pro-
tein. [The pI of sperm whale myoglobin (11) increases simi-
larly when it is modified with a5Ru3 .1 Since exhaustive dial-
ysis (by ultrafiltration) of fraction B did not affect its pI and
since isoelectric focusing did not show a separate band at-
tributable to the species with high positive charge (the ruthe-
nium complex), we conclude that the ruthenium reagent is
strongly bound to, and not merely adsorbed on, the protein.
The relatively good yield (>30%) of the modified protein in
fraction B may be due in part to electrostatic attraction at pH
7.2 between the a5RuH2O02 complex and Az.
The yield of fraction C increased when the reaction time

was prolonged. The pI of 8.1 is compatible with the presence

of >1 equivalent of the ruthenium complex in this modified
Az.

Spectroscopic Characterization. The EPR and resonance
Raman spectroscopic properties of the native (21) and modi-
fied (fraction B) Az are listed in Table 1. Evidently the elec-
tronic and geometric structures of the blue copper site are
unaffected by the protein modification. Since the resonance
Raman frequencies are the same at 0C and 240C, the copper
site also must be insensitive to small changes in temperature.
The CD spectra from 280 to 700 nm of the fully oxidized
native and modified proteins and from 200 to 350 nm of the
fully reduced proteins are similar to each other, which indi-
cates that labeling with the ruthenium complex does not per-
turb the protein conformation appreciably.
The UV-visible spectra of the native and modified Az are

shown in Fig. 1 A and B, respectively. The sole qualitative
difference between them is a shoulder at ca. 300 nm in the
modified protein; it can be attributed to the a5RuHis3+ chro-
mophore, whose band maximum is at 303 nm (19). The
A625/A280 ratio for fraction B from every preparation is 0.50
or greater, which is an indication of purity. Since the a5Ru-
His3+ chromophore absorbs appreciably in the region about
280 nm (19), this ratio is smaller than the corresponding val-
ue for native Az (0.58).
To elucidate the effect of Az labeling upon its absorption

spectrum, we normalized spectra in Fig. 1 A and B and sub-
tracted the former from the latter. The resulting difference
spectrum (Fig. 1C) can be compared with the spectrum of
the [a5RuHis]C13 solution (Fig. 1D), which is equimolar with
the native protein solution. The band maxima at 299 and 302
nm in Fig. 1 C and D, respectively, indicate unambiguously
that a histidine residue is labeled with pentaammineruthen-
ium in the modified protein. Moreover, their nearly identical
absorbances indicate that the a5RuHis/protein molar ratio is
1:1. However, the difference spectrum contains an addition-
al band at ca. 258 nm, which is absent from the spectrum of
a5RuHis3+. If not an artifact of the normalization and sub-
traction procedures, this band might be due to pentaammine-
ruthenium-labeled methionine residue(s) or to some com-
pound in solution, not attached to the protein.

Modified Site. P. aeruginosa Az contains four histidines
and six methionines per molecule. Because His-46, His-117,
and Met-121 are coordinated to the copper atom (22), two
histidines and five methionines are potential sites of covalent
binding to the a5Ru2+ complex (10). The method for identifi-
cation of the binding site by peptide mapping has been de-
scribed in detail elsewhere (9), so only the salient features of
this analysis, as applied to fraction B, will be presented here.
Since only the peptide that eluted at ca. 12 ml in the high-
performance liquid chromatogram of the tryptic hydrolyzate
absorbs significantly at 300 nm, we concluded that only this
peptide contains an 5RuHis31 group. The similarity of the
absorption spectra of this labeled peptide (Fig. 2A) and of
a5RuHis3+ (Fig. 2B) proves that labeling takes place at a histi-

Table 1. Spectroscopic properties of the blue copper sites in
native and modified Azs

Spectroscopic
property Native Az Fraction B

EPR
g1l 2.271 2.271
a,,(G) 57 57
9X 2.065 2.065
gy 2.043 2.044

Resonance Raman,
v(cm-') 369* 370

404* 404
424* 425

*Ref. 21.

Chemistry: Margalit et al.



Proc. NatL. Acad. Sci USA 81 (1984)

0.4

.02

0.12 ,,,,0.03

0.200O

0.08 - 0.01

0.04-

0

0.00
700 600 500 400 300

X, nm

FIG. 1. (A) Absorption spectrum of a 40 ,uM solution of a5Ru-

(His-83)3+-Az(Cu2+). (B) Absorption spectrum of a 60 ,uM solution

of native Az[Az(Cu2+)I. (C) Difference between the normalized

spectra of modified and native Az. (D) Absorption spectrum of a 60

,uM solution of [a5RuHis]C13. The absorbance scale for the upper

traces in C and D is expanded 5-fold and shown on the right.

dine residue. The maximum at ca. 260 nm in the peptide

spectrum declines and eventually disappears upon bubbling

oxygen through the solution. This observation is compatible

with an assignment of this maximum to a5RuHis2+, a chro-

mophore that indeed has a band at 260 nm (19). The amino

acid analysis showed this peptide to contain valine, isoleu-

cine, alanine, histidine, threonine and lysine, a composition

that fits exactly the segment 80-85 of P. aeruginosa Az (23).

We conclude that a pentaammineruthenium group is at-

tached to the imidazole ring of His-83. This Ru-N bond in

a5Ru(His-83)-Az evidently is not affected by denaturation of

the sample at 100°C and by conditions under which tryptic

hydrolysis is carried out (9).

The structure of Az (22) reveals that the imidazole of His-

83 is located on the surface of the protein and protrudes into

the surrounding medium (Fig. 3) (24). This exposure makes

the imidazole easily accessible to the labeling reagent in so-

lution. Several aspartic acid and glutamic acid residues are

found in the vicinity of His-83; their negative charges presum-

ably facilitate the attack of a5RuH2O + at His-83. The Ni

atom in the imidazole ring of His-83 and the S atom of Cys-

112 (a ligand to Cu) are 11.8 apart, so the Ru3+ and Cu2+
sites are well isolated from each other in the modified protein.

U

300 400 500
X, nm

FIG. 2. (A) Absorption spectrum of the hexapeptide containing
His-83 (Val-Ile-Ala-His-Thr-Lys), obtained by tryptic hydrolysis of
the modified Az and HPLC separation of the resulting peptides. (B)
Absorption spectrum of a 0.3 mM solution of [a5RuHis]C13.

The Cu/Ru Ratio. To determine the number of a5RuHis
units per molecule of the modified Az (fraction B), we com-
pared its EPR spectrum (Fig. 4A) with the EPR spectrum of
an equimolar mixture of Az and a5RuHis3+ (Fig. 4B). The
samples were fully oxidized, so that both Ru and Cu atoms
were "EPR-visible." The positions of the Ru peaks in the
two spectra are virtually identical (g values are 2.956 and
2.951 for the modified protein and the mixture, respective-
ly), thereby confirming that pentaammineruthenium is
bound to histidine. The ratio of the Ru3+ and Cu2+ signal
heights is 0.52 in the modified protein and 0.53 in the equi-
molar mixture. On the basis of these ratios, we conclude that
a molecule of the modified Az (fraction B) contains 1 equiva-
lent of a5RuHis3 -i.e., that His-83 is the only histidine resi-
due labeled.

Reduction Potentials. The reduction potential of blue cop-
per in a5Ru(His-83)3+-Az(Cu2+/1+) was determined spec-
troelectrochemically at pH 7.0 (0.100 M phosphate buffer).
The value of 320 ± 2 mV vs. normal hydrogen electrode
(NHE) at 25°C is very similar to the reduction potential of
native Az, which is 308 ± 2 mV under identical conditions
(20). The temperature dependence of the blue copper reduc-
tion potential permitted calculation of the thermodynamic
parameters. The reduction potential of the ruthenium site in
a5Ru(His-83)3+12+ -Az(Cul'), measured by cyclic voltam-
metry, was found to be 50 ± 10 mV vs. NHE at 25°C and pH
7.0. This value is somewhat lower than that for free a5Ru-
His3+'2+, 80 ± 5 mV (25). Since the difference between these
two values is not large, we believe that the thermodynamic
redox properties of the ruthenium site in the protein will not
differ much from the corresponding properties of a5Ru-
His3+/2+, determined by variable-temperature cyclic voltam-
metry (25). The thermodynamic parameters are listed in Ta-
ble 2.
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FIG. 3. -Surface of Az, with the front section removed to show
the imidazole ring of His-83 and the copper atom with its four li-
gands. The surface consists of points of contact between a sphere of
3- radius (chosen to simulate a5RuH2O2 ) and the atomic van der
Waals spheres of the protein. The surface was calculated by pro-
gram MS (ref. 24).

In a previous paper (16) we reported the kinetics of intra-
molecular electron transfer from aRu(His-83)2" to the Az
blue copper (Cu2+). The rate constant is 1.9 ± 0.4 s-1 at pH
7.0 and varies only within the experimental error limits from
-80C to 53TC. From these experiments we were able to esti-
mate that the activation enthalpy for intramolecular electron
transfer, AH b0, is <0.80 kcal moPl1 The thermodynamic
result is of special interest because for intramolecular elec-
tron transfer the observed activation enthalpy is equal to the
reorganizational enthalpy (AH*U-RU) (25):

AIo~bs =AHCu-Ru [1]

After Marcus and Sutin (26), we write Eq. 2:

AHCU-Ru = (AHcu + AHRlu + AHICU-Ru)g [2]

where AH*U and AHlu are the reorganizational enthalpies
accompanying electron exchange reactions of the blue cop-

FIG. 4. (A) EPR spectrum of a5Ru(His-83)3+-Az(Cu2+). (B) EPR
spectrum of an equimolar mixture of (a5RuHisJCl3 and Az(Cu2+).

per (Cu2+/1+) and a5RuHis3+/2+ sites, respectively, and
AHCU-Ru is the standard enthalpy change for the electron
transfer reaction. For AHNU we take 6.9 kcal moPl', which is
the calculated value of the reorganizational energy of elec-
tron exchange for a5Rupy3+'2 (27) and, on the basis of the
data in Table 2, AH'URU is calculated to be -12.4 kcal
molP. Thus, with AHCu-RU - 0,80 kcal mol', an upper
limit of 7.1 kcal mol' is obtained for the total (inner- and
outer-sphere) reorganizational enthalpy of the blue copper
site.
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tammetry, and Ting Lin Kao for a sample of Na[Co(EDTA)]. Help-
ful comments were provided by Walther Ellis, Karl Freed, Michel
Goldberg, Brian Hoffman, John Hopfield, Noel Hush, Sven Lars-
son, George McLendon, Bo Malmstrom, and Rudy Marcus. This
research was supported by National Institutes of Health Grants
AM19038 (H.B.G.) and HL02558 (W.A.S.). This is contribution no.
7033 from the Arthur Amos Noyes Laboratory.

Table 2. Thermodynamic parameters for the reduction of a$RuHis3" and the blue copper (Cu2") in
native and modified Azs in 0.100 M phosphate buffer (pH 7.0)
Thermodynamic parameter Native Az(Cu+/l+)* a5Ru(His-83)3+-Az(Cu2+'1) a5RuHis3+'2+t
Eo, mV vs. NHE, 250C 308 ± 2 320 ± 2 80 ± 5
AS', entropy units -31.7 ± 1.2 -26.8 ± 0.8 -3.4 ± 0.2
S',d - S', entropy units -16.1 ± 1.2 -11.2 ± 0.8 12.2 ± 2
AG', kcal mol'1 -7.10 ± 0.05 -7.39 ± 0.05 -1.96 ± 0.12
All, kcal mol- -16.6 ±0.4 -15.4 ± 0.3 -3.0 ± 0.8

One calorie = 4.184 joules.
*Ref. 20.
tRef. 25.
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