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ABSTRACT: The gene for pseudoazurin was isolated fromParacoccus pantotrophusLMD 52.44 and
expressed in a heterologous system with a yield of 54.3 mg of pure protein per liter of culture. The gene
and protein were shown to be identical to those fromP. pantotrophusLMD 82.5. The extinction coefficient
of the protein was re-evaluated and was found to be 3.00 mM-1 cm-1 at 590 nm. It was confirmed that
the oxidized protein is in a weak monomer/dimer equilibrium that is ionic-strength-dependent. The
pseudoazurin was shown to be a highly active electron donor to cytochromec peroxidase, and activity
showed an ionic strength dependence consistent with an electrostatic interaction. The pseudoazurin has a
very large dipole moment, the vector of which is positioned at the putative electron-transfer site, His81,
and is conserved in this position across a wide range of blue copper proteins. Binding of the peroxidase
to pseudoazurin causes perturbation of a set of NMR resonances associated with residues on the His81
face, including a ring of lysine residues. These lysines are associated with acidic residues just back from
the rim, the resonances of which are also affected by binding to the peroxidase. We propose that these
acidic residues moderate the electrostatic influence of the lysines and so ensure that specific charge
interactions do not form across the interface with the peroxidase.

c-type cytochromes and blue copper proteins are structur-
ally very different, but Williams et al. (1) proposed that they
share features of an electron-transfer surface that confers
“pseudospecificity” in their interactions with a range of redox
partners. There are two facets to this: one redox enzyme
may bind more than one small redox protein as alternatives
at a single reactive site; also, one small redox protein may
be required to bind to more than one redox enzyme using
the same reactive surface.

There are several instances of a type-I copper protein and
a cytochrome acting as alternative “pseudospecific” carriers,
depending on metal availability.Pseudomonas aeruginosa
azurin can replace cytochromec551 (2), and cyanobacterial
plastocyanin and cytochromec6 are both competent in the
transport of electrons from the cytochromebf complex to
photosystem I (3). In higher organisms, this flexibility has
disappeared, with higher plant chloroplasts having only
plastocyanin and mitochondria having only cytochromec.

In previous studies (4, 5), we have characterized the
binding and kinetics of the nonphysiological electron donor
(horse cytochromec) and the physiological electron donor
(cytochrome c550), with cytochromec peroxidase from
Paracoccus pantotrophusLMD 52.44. Although, by analogy
with other systems, pseudoazurin was suspected to be a
second physiological electron donor, we have been unable
to identify pseudoazurin in extracts ofP. pantotrophusLMD
52.44, although it has been isolated and extensively char-
acterized from the closely related strain LMD 82.5 and also
from P. denitrificansLMD 22.21.

In P. pantotrophusLMD 82.5, the gene is under the
control of the transcriptional activator FnrP (6), which
regulates the expression of proteins (including pseudoazurin)
that are required under anaerobic conditions (7, 8). Pseudo-
azurin is proposed to be one of the electron carriers in the
periplasm of the bacteria, shuttling electrons between the
cytochromebc1 complex and several periplasmic enzymes
involved in denitrification [cytochromecd1 nitrite reductase
(6, 9, 10), nitric oxide reductase, and nitrous oxide reductase
(11, 12)]. However, it is not alone in that role; another small
redox protein, the cytochromec550, has also been identified
as the electron donor to these enzymes (10, 11). Some
preliminary studies have indicated that pseudoazurin can be
a substrate for cytochromec peroxidase inP. pantotrophus
LMD 82.5 (13). In this paper, we show that the gene for the
pseudoazurin is present inP. pantotrophusLMD 52.44 and
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is identical to that ofP. pantotrophusLMD 82.5. The
recombinant protein can be expressed inEscherichia coli
and is competent as an alternative electron donor toP.
pantotrophuscytochromec peroxidase.

In the case of cytochromec550 and pseudoazurin, Williams
et al. (1) proposed that the pseudospecific surface is
composed of a hydrophobic patch that surrounds the exposed
haem edge or the exposed histidine ligand, around which
there is a ring of positively charged lysines. The work of
Koppenol et al. (14) has shown that a useful way of
considering charge asymmetry of a protein is the orientation
and the magnitude of the dipole moment. For example,
mitochondrial cytochromec has a large dipole moment
orientated toward the proposed electron-transfer site at the
exposed haem edge. Koppenol and Margoliash (15) show
that this dipole moment is instrumental in the preorientation
of the cytochrome against the negatively charged surface of
its redox partners, a process that leads to rate enhancement.
We have shown that cytochromec550 has a dipole moment
more than 3 times the magnitude of that of horse cytochrome
c but again positioned at the exposed haem edge (16). Here,
we evaluate the dipole moment of pseudoazurin and its
relatives.

The role of electrostatics and hydrophobic effects in the
formation and stability of transient electron-transfer com-
plexes has been carefully analyzed for the case of cytochrome
f and plastocyanin (a structural relative of the pseudoazurin
studied here) (17, 18). We discuss our results in the light of
these studies and propose a model in which the dipole
moment plays an important role in preorientation, while
charge compensation of lysines ensures that the binding
affinity is not so great as to compromise dissociation or to
lead to the formation of unproductive complexes.

MATERIALS AND METHODS

Strains, Vectors, and Growth Conditions. P. pantotrophus
LMD 82.5 [previously namedThiosphaera pantotropha
LMD 82.5 (19)] was grown under low aeration at 33°C, in
a nitrate liquid medium (20). In the final stage of growth,
the trace metals solution of Kuenen et al. (21) was omitted.
P. pantotrophusLMD 52.44 [previously namedP. denitri-
ficansLMD 52.44 (19)] was grown as previously described
(22). Both types of culture were harvested and stored as
described in ref22.

E. coli XL1-BLUE (Stratagene) was used for subcloning
and grown aerobically in Luria-Bertani (LB) medium (23),
supplemented with 100µg/mL ampicillin, at 37°C. E. coli
BL21(DE3) (Stratagene) was used for expression ofP.
pantotrophusLMD 52.44 pseudoazurin and grown aerobi-
cally at 37°C in LB medium supplemented with 100µg/
mL ampicillin and 0.5 mM CuSO4, for 24 h, without
induction. Orbital shaking was reduced in speed to avoid
foaming. To label pseudoazurin with15N, the same clone
was grown in a modified version of M9 medium (23)
containing 1.0 g/L15NH4Cl (Isotec), 3.0 g/L KH2PO4, 6.0
g/L Na2HPO4‚7H2O, 0.5 g/L NaCl, 1.2% glucose, 1 mM
MgSO4, 0.01 mg/mL thiamine-HCl, 0.01 mM CuSO4, 18.5
µM FeCl3‚6H2O, 0.1 mM CaCl2‚2H2O, and 100µg/mL
ampicillin. Addition of IPTG1 was not used as a procedure
because it did not improve the total pseudoazurin yield and
damaged the outer membrane of the bacteria.

Construction of Recombinant Plasmid for Expression of
P. pantotrophus LMD 52.44 Pseudoazurin.The pseudoazurin
gene, including the signal peptide, was amplified by PCR
using DNA from isolated colonies ofP. pantotrophusLMD
52.44 as a template. The primers were designed according
to the previously published sequence of the pseudoazurin
gene fromP. pantotrophusLMD 82.5 (24), forward primer
) 5′-CCATGAATTCGTCGACAAGAAGGAGATATAC-
ATACATGTTCCACCATTCCC-3′ and reverse primer)
5′-TTACTGCAGGATCCCGGTCAGTTGACCTGGGC-
3′.

The amplified DNA fragment (500 bp) was cloned into
pGEM-T Easy vector (Promega), in the multiple-cloning site,
and cut atEcoR I andSpeI sequences located in thelacZ
gene. The resulting vector, pGEM-psaz, was then isolated
and digested with the restriction enzymesBamH I/Afl III
(Gibco BRL). The DNA fragment containing the pseudo-
azurin gene including its signal sequence, was cloned into
the Nco I/BamH I restricted pET 21-d vector (Novagen)
(treated with alkaline phosphatase after restriction to avoid
recircularisation), yielding pET-psaz. The sequence of the
isolated gene was found to be identical to that published for
P. pantotrophusLMD 82.5 (24). All other molecular biology
techniques were performed according to Sambrook et al. (23).

Purification of Pseudoazurin.Pseudoazurin isolated from
P. pantotrophusLMD 82.5 was purified in a three-step
procedure different from the one previously reported (9) and
without precipitation with ammonium sulfate. Spheroplasts
from P. pantotrophusLMD 82.5 were produced by lysozyme/
EDTA treatment (22, 25). The periplasmic fraction was
loaded onto an anion-exchange chromatography DEAE-
cellulose column (9× 3 cm Ø). The column was eluted with
a linear gradient in 10 mM Tris-HCl at pH 8.0 and 4°C and
0-400 mM NaCl. The fractions containing pseudoazurin
(identified by their blue color and higher absorbance at 590
nm) were pooled, diluted 5 times in cold distilled water, and
concentrated on a small DEAE-cellulose column (1.5× 1
cm Ø). The protein was eluted with 10 mM Tris-HCl, 500
mM NaCl at pH 8.0 and 4°C. Three preparations of
pseudoazurin were combined and loaded onto a Sephadex
G75-50 column (80× 3 cm Ø), equilibrated with 20 mM
Tris-HCl at pH 8.0 and 4°C and 100 mM NaCl. The
fractions containing pseudoazurin were combined and con-
centrated as before. The buffer was exchanged to 20 mM
Tris-HCl at pH 7.3 and 20°C, using a Vivaspin membrane
with Mr cut off of 5000, prior to loading onto a Phenomenex
BIOSEP-DEAE-p anion-exchange column. The protein was
eluted at 0.5 mL/min with a linear gradient of 100 min
between 20 mM Tris-HCl at pH 7.3 and 20°C and 20 mM
Tris-HCl at pH 7.3 and 20°C and 400 mM NaCl. The
fractions containing pure pseudoazurin (A590nm/A278nmg 0.6)
were concentrated above a Vivaspin membrane, and the
buffer was changed to 10 mM Mes and 10 mM NaCl at pH
6.0. The protein was stored at-40 °C.

For the heterologously expressed pseudoazurin fromP.
pantotrophusLMD 52.44, recombinantE. coli cells were

1 Abbreviations: Mes, 2-[N-morpholino]ethane-sulfonic acid; Hepes,
N-[2-hydroxyethyl]piperazine-N′-[2-ethanesulfonic acid]; DAD, 2,3,5,6-
tetramethyl-p-phenylene-diamine; IPTG, isopropylâ-D-thiogalactopy-
ranoside; SDS, sodium dodecyl sulfate; TNBS, trinitrobenzene sul-
fonate; FnrP, fumarate and nitrate reductase regulatory protein; Ø,
diameter.
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harvested by centrifugation at 4500g for 25 min, at 4° C.
The cell pellet (approximately 4 g/L) was resuspended in 8
mL/g cells and 100 mM Tris-HCl at pH 7.3. The release of
pseudoazurin was achieved by 5 freeze-thaw cycles fol-
lowed by centrifugation at 15000g, for 30 min, at 4° C. The
pseudoazurin was recovered in the reduced state and was
oxidized by addition of potassium ferricyanide. Subsequent
purification followed the same procedure as before forP.
pantotrophusLMD 82.5 (see above) but omitted the last step
of BIOSEP-DEAE-P chromatography, which proved un-
necessary. Typically, 4.0µmol (54.3 mg) of pseudoazurin
was obtained from 1 L of LB medium.

Both the purified pseudoazurin fromP. pantotrophusLMD
82.5 and the heterologously expressed pseudozurin fromP.
pantotrophusLMD 52.44 had a ratio ofA590nm/A278nmg 0.6
when completely oxidized. These preparations were consid-
ered to be pure as judged by silver staining of SDS and native
PAGE and by the BIOSEP-DEAE-P chromatographic pattern
(data not shown).

Purification of Other Proteins.Cytochrome c550 and
cytochromec peroxidase fromP. pantotrophusLMD 52.44
were purified as previously described (22).

Determination of the Extinction Coefficient of Pseudo-
azurin: (i) Copper Determination.Two methods were used.
In the first, the total amount of copper present in solution
was estimated using an inductively coupled plasma (ICP)
atomic emission spectrometer (Thermo Jarrell Ash IRIS).
In the second, the CuI content was determined using a
modified version of the method of Hanna et al. (26), which
is based on the formation of a complex between CuI and 2,
2′-biquinoline in an acetic acid medium. All solutions were
prepared fresh in deionized water. A sample of pseudoazurin
(100 µL, containing 10-30 nmol of protein) or a standard
solution of copper acetate was reduced by adding 300µL of
20 mM sodium ascorbate (in 0.1 M sodium phosphate at
pH 6.0) and incubated for 10 min. To this, 600µL of a 2,
2′-biquinoline solution (0.5 mg/mL) prepared in glacial acetic
acid was added, and the solution was incubated for 10 min
prior to the measurement of the absorbance at 546 nm. The
concentration of CuI present in each sample was determined
using the slope of the calibration curve prepared with copper-
(II) acetate. The extinction coefficient obtained (6.3 mM-1

cm-1) was identical to that described by Hanna et al. (26).
(ii) Protein Determination: (a) Free Amino Groups.The

estimation of free amino groups was performed using the
TNBS method (27, 28). Approximately 2.5-5 nmol of
pseudoazurin (in 0.25 mL) were incubated with 0.25 mL of
0.1% TNBS (Sigma) prepared in deionized water and 0.25
mL of 4% NaHCO3 at pH 8.5 and 40°C for 2 h, protected
from the light. Afterward, 0.25 mL of 10% SDS and 0.125
mL of 1 M HCl were added to stop the reaction and the
concentration of free amino groups was determined using
the extinction coefficient of 14 mM-1 cm-1 for the trinitro-
phenyl group (29). The protein concentration was obtained
assuming the known amino acid composition of pseudo-
azurin, which contains 10 lysine residues and 1 freeR amine.

(b) Lowry/Biuret Method.The method used was a modified
version of the Lowry/Biuret method (30). To 0.1 mL of
sample, 0.4 mL of Biuret reagent was added and incubated
for 10 min at room temperature; after addition of 3.5 mL of
2.3% Na2CO3 and 0.1 mL of Folin-Ciocalteu’s phenol
reagent, the sample was incubated for 30 min at room

temperature before the measurement of the absorbance at
750 nm. The standard protein used was bovine serum
albumin.

(c) Bradford Method.Protein concentration was also
estimated using the Bradford assay (31, 32). The reagents
were obtained as a BioRad kit, and assays were carried out
according to the instructions of the manufacturer, with bovine
serum albumin as a standard protein. The same standard
solution was used for both the Lowry/Biuret and the Bradford
methods.

(iii) UV-Visible Spectroscopy.The spectra of pseudoazurin
were determined between 250 and 850 nm in 10 mM
phosphate buffer at pH 7.0. Complete oxidation was obtained
by addition of a crystal of potassium ferricyanide. The protein
was reduced with sodium dithionite. Parallel determination
of copper, protein, and UV-visible spectra was carried out
using the same parent solution.

Enzymatic ActiVity of Cytochrome c Peroxidase with
Different Electron Donors.The activity of mixed-valence
cytochromec peroxidase, in the presence of calcium ions,
was measured by following the decrease in absorbance of
the ferrocytochromec R band at 550 nm (4) or the increase
in absorbance of the pseudoazurin at 590 nm as oxidation
occurred. The pseudoazurin and cytochromesc were reduced
with 1 mM sodium ascorbate, and the reducing agent was
removed using a Sephadex G25 column equilibrated in the
assay buffer. For all experiments, the enzyme was activated
for 30 min at 4°C by dilution to 2µM in the assay buffer
containing 1 mM CaCl2, 1 mM sodium ascorbate, and 5µM
DAD.

Assays were initiated by addition of the enzyme (1-2 nM)
to a cuvette containing 10 mM Mes at pH 6.0, 1 mM CaCl2,
20 µM horse ferrocytochromec, ferrocytochromec550, or
pseudoazurin, 36µM hydrogen peroxide, and 0, 10, 25, 50,
100, 200, or 500 mM NaCl.

For the determination ofKm, the conditions in the cuvette
were 5 mM Hepes, 5 mM Mes at pH 6.0, 10 mM NaCl, 1
mM CaCl2, 100µM hydrogen peroxide, and 7.6, 8.8, 11.5,
12.7, and 15.7µM pseudoazurin. The assays were initiated
by the addition of cytochromec peroxidase (0.6-1.3 nM).

At the end of each experiment a small amount of potassium
ferricyanide was added to the reaction mixture to determine
the end point of the reaction. Turnover numbers were
calculated from semilog plots of pseudo-first-order progress
curves.

Mass Spectrum.Samples of bothP. pantotrophusLMD
82.5 and recombinant pseudoazurin fromP. pantotrophus
LMD 52.44 were prepared in either 20 mM ammonium
acetate at pH 8.0 (for the holo-protein determination) or 5%
formic acid (for the apo-protein determination) using a
Vivaspin membrane. The samples were freeze-dried. Elec-
trospray mass spectrometry was performed on a Bio-Q
quadrupole mass spectrometer equipped with an electrospray
ionization source (Micromass, Altrincham, U.K.).

Monomer-Dimer Equilibrium of Pseudoazurin at Differ-
ent Ionic Strengths.The monomer-dimer equilibrium of
pseudoazurin was studied using a molecular-exclusion
column. Superdex 75 (30× 1.0 cm Ø) was equilibrated with
10 mM Hepes at pH 7.0 or 8.0 and 0-1000 mM NaCl.
Samples of oxidized pseudoazurin (1 nmol) were prepared
in the same ionic strength as the running buffer.

11216 Biochemistry, Vol. 43, No. 35, 2004 Pauleta et al.



Dipole Moment Calculations.Coordinate files were ob-
tained from http://www.ncbi.nlm.nih.gov. The dipole moment
was determined for pseudoazurin isolated fromP. pantotro-
phusLMD 82.5 (monomer A, PDB 1ADW, oxidized form),
Achromobacter cycloclastes(PDB 1BQK, oxidized form;
PDB 1BQR, reduced form), andAlcaligenes faecalisS-6
(PDB 8PAZ, oxidized form). The dipole moment was also
determined for the oxidized plastocyanin fromPhormidium
laminosum(PDB 1BAW), the oxidized amicyanin fromP.
denitrificans(PDB 1AAC), and the oxidized cytochromec550

from P. pantotrophusLMD 52.44 (16).
The determination was performed using Sybyl (Tripos

associates). The charges of the molecule were as follows:
+2 or +1, copper;+1, N-terminal amine and lysine side-
chain amine;+0.5, arginine NH1 and NH2 atoms;-1,
coordinated cysteine Sγ atom; and-0.5, paired oxygens of
carboxylates (C terminus, glutamate, and aspartate). This
calculation ignores charge contributions from the iron and
the pyrrole nitrogens in cytochromec550 (which cancel in
the FeII state) and from the ends ofR helices (the type-I
copper proteins contain very little or noR helix).

Two-Dimensional NMR Titrations.Protein samples were
exchanged several times with 10 mM sodium phosphate
buffer at pH 5.9, by centrifugation above a Vivaspin
membrane with a 10 000Mr cut off for cytochromec
peroxidase or a 5000Mr cut off for pseudoazurin. The pH
of the samples was checked and adjusted, if required, with
NaOD (the quoted pH values of the NMR samples were not
corrected for the deuterium isotope effect). Two-dimensional
heteronuclear NMR spectra were recorded for a 0.2 mM
pseudoazurin solution, containing 2 mM CaCl2, 10% D2O,
and an excess of sodium dithionite to maintain the reducing
conditions. The reduced pseudoazurin spectrum was assigned
by a comparison with that previously published (33). Spectra
were also recorded after addition of 0.1, 0.2, 0.3, 0.4, and
0.5 equiv of cytochromec peroxidase. After and during
addition of peroxidase to pseudoazurin, the samples were
flushed with argon to maintain the reducing conditions.

1H-15N HSQC spectra were recorded at 299 K, on a Bruker
Avance DRX 500 spectrometer equipped with a HCN probe
and self-shielded triple-axis gradients. Two-dimensional
NMR experiments were obtained using a watergate pulse
sequence in the TPPI mode. The spectral widths are 7000
Hz for 1H and 2100 Hz for15N. A total of 1024 data points
in t2 and 32 transients for each 128 t1 were used. The NMR
spectra were processed with xwinnmr provided by Bruker.
1H chemical shifts were referenced to the H2O resonance
(4.76 ppm at 299 K), and15N chemical shifts were referenced
indirectly by using the above1H reference and gyromagnetic
ratios (0.101 329 118).

RESULTS

Properties of Heterologously Expressed Pseudoazurin.The
pseudoazurin gene fromP. pantotrophusLMD 52.44 was
isolated by PCR using the LMD 82.5 strain gene sequence
to design the primers. Several expression conditions were
tested to optimize the amounts of pseudoazurin obtained, and
it was found that there was no need to induce the expression
by adding IPTG, demonstrating that the gene is constitutive
[as already observed by other authors (34)]. The recombinant
apo pseudoazurin fromP. pantotrophusLMD 52.44 has an

identical Mr (13 343.2 ( 0.2), determined by ESI mass
spectrometry, as that isolated fromP. pantotrophusLMD
82.5 (13 343.2( 0.1), a value that is also in agreement with
that reported in the literature (13 344( 0.5) (9) and with
that predicted from the amino acid sequence (13 342.3). The
Mr of the holo protein was determined to be 13 404.9( 0.3,
a value in agreement with that predicted from the amino acid
sequence with a single copper (13 404.9). These results show
that the signal peptide, which directs the protein to the
periplasm, was processed correctly and also that the assembly
of the protein with copper had occurred normally.

Extinction Coefficient.The total copper and protein
concentration and the UV-visible spectra (Figure 1) were
determined using a single parent solution of pseudoazurin.
The results shown in Table 1 are expressed relative to 1 mM
Cu. Copper determination by the colorimetric method using
the 2,2′-biquinoline reagent and ICP gave concordant results.
On this basis, the extinction coefficient at 590 nm is 3.00
mM-1 cm-1. The corresponding protein concentration dif-
fered significantly with the method of determination; the one
based on determination of free amino group gave a value of
0.94 mol of Cu per mol of protein, whereas that based on
the Lowry/Biuret method of protein determination gave 0.81
mol of Cu per mol of protein, and that based on the Bradford
method gave 1.89 mol of Cu per mol of protein. The mass
determination by mass spectrometry was consistent with a
single Cu per mol of protein and showed no sign of the
presence of apo protein.

There are changes in the spectrum and therefore in the
extinction coefficient with pH (data not shown), with a pK
value of 7. However, they are very small and give rise to an
extinction coefficient of 3.05 mM-1 cm-1 at pH 6.0 and of
2.96 mM-1 cm-1 at pH 7.5. Although these are within the
error range of the extinction coefficient measurement at pH
7 (Table 1), they were calculated from a single reversible
titration and are therefore significant relative to the value of
3.00 at pH 7.

FIGURE 1: UV-visible spectra of pseudoazurin in 10 mM
phosphate buffer at pH 7.0, shown as a function of the extinction
coefficient. (i) Untreated pseudoazurin fromP. pantotrophus; (ii)
absorbance at 590 nm after complete oxidation with potassium
ferricyanide; and (iii) pseudoazurin reduced with sodium dithionite.
A small contamination with a cytochrome can be observed
(indicated by an asterisk); however, the Soret extinction coefficient
is large, and therefore the relative amount is small (0.2% assuming
ε of 100 mM-1 cm-1).

Pseudoazurin and Cytochromec Peroxidase Biochemistry, Vol. 43, No. 35, 200411217



Monomer-Dimer Equilibrium. The relative molecular
mass of pseudoazurin was measured at different ionic
strengths and at two different pH values (7.0 and 8.0) by
molecular-exclusion chromatography (Figure 2). At low ionic
strength, theMr was approximately 33 000, and this value
decreased with an increasing ionic strength to reach 15 500
at 1.0 M NaCl. This pattern was similar for both pH values
(7.0 and 8.0), and we interpret this to represent a monomer-
dimer equilibrium that is dependent on the ionic strength.

Pseudoazurin as an Electron Donor to Cytochrome c
Peroxidase.The kinetic assay used was a modified version
of that published previously in Gilmour et al. (4). Higher
concentrations of electron donors were used, and therefore
the concentration of hydrogen peroxide was increased to
achieve complete oxidation.

Because of the highKm and the difficulty of collecting
data at very high substrate concentrations, the kinetic
parameters of the maximal turnover number (TN) andKm

for pseudoazurin as an electron donor to cytochromec
peroxidase could not be determined with accuracy. Estimates
were aKm of 70 µM and a TNmax of 10 950 s-1.

The ionic strength dependence of the kinetic activity was
studied, and the profile obtained is shown in Figure 3, which
also includes the values for cytochromec550 and horse heart
cytochromec determined under the same conditions as
pseudoazurin. Turnover numbers for pseudoazurin are higher
than those for the two cytochromes. The oxidation of all
electron donors was dependent on the ionic strength. In all
cases, the curve has a peak of activity, which is most
pronounced for horse cytochromec and occurs at about 50
mM NaCl.

Dipole Moment Calculation.The dipole moment was cal-
culated for the pseudoazurins ofP. pantotrophus, A. cyclo-
clastes, andA. faecalis, the plastocyanin ofP. laminosum,

and the amicyanin fromP. pantotrophus.The results are
compared in Table 2 with those obtained for cytochrome
c550 (16) and by Koppenol et al. (14) for horse cytochrome
c.

Mapping of the Interaction Surface of Pseudoazurin with
Cytochrome c Peroxidase.A portion of the pattern of per-
turbation of amide nitrogen and amide proton resonances of
the pseudoazurin in the presence of cytochromec peroxidase
is shown in Figure 4. The titration could only be analyzed
up to a cytochromec peroxidase/pseudoazurin ratio of 0.3;
beyond that, reliable identification was precluded by peak

Table 1: Relationship between the Absorbance at 590 nm and the Protein and Copper Contenta

[protein] (mM) [copper] (mM) extinction coefficient (mM-1 cm-1)

free amino group Lowry/Biuret Bradford 2,2′-biquinoline A590nm

1.06( 0.07 1.23( 0.1 0.53( 0.03 1.00( 0.02 3.00( 0.04
a Values are averages of four independent parallel determinations in the case of copper and free amino-group concentration and of six determinations

for the Lowry/Biuret and Bradford methods. The protein concentrations determined by the different methods are expressed relative to the concentration
of copper.

FIGURE 2: Relative molecular mass of pseudoazurin as a function
of the NaCl concentration. The relative molecular mass of oxidized
pseudoazurin fromP. pantotrophus(1 nmol) was determined by
molecular-exclusion chromatography (Superdex 75), using 10 mM
Hepes at pH 8.0 (b) or 7.0 (O) as a running buffer and varying the
NaCl concentration between 0 and 1 M.

FIGURE 3: Kinetic activity of cytochromec peroxidase as a function
of the ionic strength with the different electron donors. The assay
was performed in 10 mM Mes, 1 mM CaCl2 at pH 6.0, as described
in the Materials and Methods. The electron donors used were
pseudoazurin fromP. pantotrophus(b), cytochromec550 from P.
pantotrophusLMD 52.44 (2) and horse heart cytochromec (O).
The experiments were performed with two different batches of
cytochrome c peroxidase, and the activity with horse heart
cytochromec was used to normalize the two experiments. The
pseudoazurin turnover numbers normalized for the turnover number
of cytochromec550 at 0 mM NaCl are also shown in gray (this is
to allow for a comparison of the trends).

Table 2: Dipole Moments of Pseudoazurins and Related Proteins

organism protein
redox
state

net
charge

dipole
moment
(Debye)

P. pantotrophus
LMD 82.5

pseudoazurin oxidized -4 704

reduceda -5 651
A. cycloclastes pseudoazurin oxidized +1 518

reducedb 0 419
A. faecalisS-6 pseudoazurin oxidized -1 498
P. laminosum plastocyanin oxidized -3 388
P. pantotrophus

LMD 82.5
amicyanin oxidized -3 466

P. pantotrophus
LMD 52.44

cytochromec550 reducedc -9 965

horse cytochromec reduced +6 299
a Determined using the coordinates of the oxidized form with a

charge of+1 on the copper.b Determined using the coordinates of the
reduced form.c Determined using the coordinates of the oxidized form
with no net charge on the haem group.
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broadening. At this molar ratio, it was observed that some
resonances shift and also become broader (Figure 4),
indicating that the exchange between the free and the bound
states of pseudoazurin is “fast” on the chemical-shift time
scale.

The15N chemical-shift variations had a maximum of 0.33
ppm, while the1H chemical-shift variation did not exceed
0.11 ppm. However, because the extent of chemical shift is
proportional to the extent of binding, our values will fall
somewhere short of the full chemical shifts, if binding had
been complete. In related experiments with plastocyanins,
Crowley et al. (17) have extrapolated their data to complete
binding and used a combination of the perturbation of a
nitrogen and its associated proton to present the results.
Because we have not reached 50% occupancy in these
experiments, we have not attempted this extrapolation to
complete occupancy, and the shifts are presented in Figure
5 as raw results.

In the presentation of the results, a threshold is usually
set and results above that threshold are presented as binding
shifts. For example, in Morelli et al. (35), a threshold of 0.1
ppm was set for15N and a threshold of 0.02 ppm, for1H. If
we apply these thresholds to our data, the 12 surface residues
in dark gray in Figure 6 are identified as shifted by binding
(L8, F18, D37, S58, K59, E62, S63, Y64, T79, H81, M84,
and K109). There are three further large binding shifts in
Figure 5 for residues 88, 89, and 102, and these are buried
residues not visible in Figure 6. However, we can reasonably
argue that these thresholds are too high for a titration that
has reached only 0.3 M binding proportions. If we apply
thresholds of half of these values, the residues in light gray
are included as shifted by binding (Figure 6) and, in total,
45 residues are identified as being perturbed because of the
binding of peroxidase. These can be divided into several
categories depending on their location.

A total of 18 of the 45 residues affected by binding (N9,
M16, D37, K38, S39, E43, A44, K46, K59, I60, N61, K77,
T79, H81, G83, M84, K109, and K110) are located on the
“front” face of the pseudoazurin, centered on His81 and the
dipole vector (Figure 6A). The six lysines form a ring of
positive charge around the perimeter of the front face. A
total of 6 residues of the group of 18 (D37, K59, T79, H81,
M84, and K109) exhibit larger effects (above 0.1 for15N
and 0.02 for1H) and only 4 (S39, A44, G83, and K110) are
not conserved among the pseudoazurins.

A number ofburied residuesshow chemical-shift variation
in their NH resonance and include M86 (a copper ligand

buried under the front face) and residues that are located
nearby (G85, V87, G88, and L89).

Surface residues not at the front face include a large
number of residues affected by binding that are situated just
back from the front face and appear as a rim of gray in parts
C and D of Figure 6. The significance of these residues is
discussed below. No residues affected by binding are found
at the “back” of the molecule (Figure 6B).

DISCUSSION

Isolation of the Pseudoazurin Gene from P. pantotrophus
LMD 52.44.Despite strenuous efforts under different growth
conditions, we could not achieve pseudoazurin expression
for the P. pantotrophusLMD 52.44 strain. However, the
isolated gene was found to be identical to that fromP.
pantotrophusLMD 82.5 (24). This is consistent with the
proposal that these two strains do belong to the same species
(19, 36) and the fact that the amino acid sequences of the
respective cytochromec550 differ in just one position (36).
Our inability to detect pseudoazurin in the periplasm ofP.
pantotrophusLMD 52.44 could be due to a low level of
expression or to a mutation in its promoter region. The
expression of pseudoazurin, as well as of cytochromec
peroxidase, is controlled by a FnrP factor (24, 37, 38).
Because we find that cytochromec peroxidase is induced

FIGURE 4: Spectral region of the overlaid1H-15N heteronuclear
NMR spectra of free pseudoazurin (black) and pseudoazurin in the
presence of 0.3 M equiv of cytochromec peroxidase (red).

FIGURE 5: 1H and 15N chemical-shift variations observed on the
NH of pseudoazurin residues, in heteronuclear NMR experiments
in the presence of 0.3 equiv of cytochromec peroxidase. An asterisk
indicates nonassigned residues (1, 10, 15, 21, 32, 36, 57, 106, and
118), and a plus sign indicates nonobservable proline residues (20,
27, 35, 50, 71, 80, 96, and 108). The red bars correspond to residues
conserved between the pseudoazurins fromP. pantotrophus, P.
denitrificans, A. cycloclastesandA. faecalis.Variations were both
positive and negative. The absolute value is shown here.
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under low oxygen concentrations but that the pseudoazurin
is not, a mutation in the pseudoazurin promoter seems more
likely than a mutation in FnrP. A determination of the
sequence of the upstream region of the pseudoazurin gene
could test this hypothesis.

Because we have not found conditions for expression of
pseudoazurin in the LMD 52.44 strain, it could be argued
that we are studying a nonphysiological interaction between
the cytochromec peroxidase ofP. pantotrophusLMD 52.44
and its cloned pseudoazurin. However, we know that the
cytochromec peroxidase and pseudoazurin ofP. pantotro-
phus LMD 82.5 are physiological reactants and that the
pseudoazurins from the twoP. pantotrophusstrains are
identical. In addition, the cytochromec peroxidases from
the two strains show an identicalMr value by mass
spectrometry. This argues for a simple loss of pseudoazurin
promoter function in the LMD 52.44 strain, which does not
have consequences for viability because the cytochromec550

acts as an alternative electron donor.
Extinction Coefficient.The molecular mass of the recom-

binant pseudoazurin fromP. pantotrophusLMD 52.44 is

identical to the protein fromP. pantotrophusLMD 82.5, and
we propose that they are the same protein. However, the
reported extinction coefficient (590 nm) for the pseudoazurin
from P. pantotrophus82.5 was 1.36 mM-1 cm-1 (9), much
lower than the value of 3.00 mM-1 cm-1 obtained here for
the recombinant protein fromP. pantotrophus52.44. A value
of 3.00 mM-1 cm-1 was also obtained in our study for
pseudoazurin prepared fromP. pantotrophusLMD 82.5.

Variation in copper occupancy would lead to different
values for an extinction coefficient. We are confident that
the copper occupancy in our preparation is close to 1. A
value of 0.94 can be calculated from the values in Table 1
using the determination of amino groups as the measure of
protein concentration. It is also supported by the mass
spectrometric analysis of the holo protein, which shows a
species ofMr ) 13 404.9 and no peak corresponding to the
apo protein (which would have indicated partial-site oc-
cupancy). It is clear from Table 1 that the method of protein
determination markedly affects the results. In our study, the
Bradford method [used by Moir et al. (9)] underestimated
the protein concentration.

FIGURE 6: Mapping of chemical-shift perturbation on the surface of pseudoazurin. Different views are shown of the surface of the pseudoazurin
from P. pantotrophusrendered by the molecular graphics program MacImdad. The front view (A) is defined by the presence of His81
(shown in bold outline) and is centered on the dipole vector, which is perpendicular to the plane of the page (small yellow circle). Contact
set A (dark gray circles) include those residues that experience chemical-shift perturbation in the presence of 0.3 mol of cytochromec
peroxidase of greater than 0.1 ppm for15N or 0.02 ppm for1H. Contact set B (light gray circles) are those additional residues that experience
chemical-shift perturbation of greater than 0.05 ppm for15N or 0.01 ppm for1H. Proline residues (orange) cannot be observed because they
lack an amide proton. The resonances of unassigned residues (green) are present in the chemical-shift perturbation map but are poorly
resolved from neighboring resonances. C and D show the side views, which are the result of the rotation of A by(90° in a horizontal
plane, perpendicular to the plane of the page. The dipole vectors are shown as yellow arrows. The residues K59 and E62 are shown
outlined in blue and red, respectively, in A and again in D. The lysine NZ atom is 4.5 Å from the glutamate OE2 atom. Neighbors (Y64,
S63, and S58) of this charge pair, which are also strongly perturbed on binding to the peroxidase and are referred to in the Discussion, are
shown outlined in white, yellow, and purple, respectively, in D to distinguish them clearly.
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Our revised value of 3.00 mM-1 cm-1 is in line with the
values obtained for other pseudoazurins [2.9 mM-1 cm-1 for
A. faecalisS-6 (39) and 3.7 mM-1 cm-1 for A. cycloclastes
(40)]. The new value will require some revision of the kinetic
parameters of nitrite reductase (10) and hydroxylamine
oxidase (41).

Pseudoazurin as an Electron Donor to Cytochrome c
Peroxidase.The Km determined was higher than 50µM,
which is in agreement with that reported in the literature
(13). However, in that study, the extinction coefficient used
was not the correct one and the assay did not use preactivated
CCP. Pseudoazurin has a higherKm than that reported for
cytochromec550 (13 µM), a value also determined in a curve
that had not approached saturation (4). Although theKm is
high, the protein concentrations in the periplasm of, for
example,P. pantotrophusLMD 82.5 are likely to match or
exceed it (9).

The turnover numbers for pseudoazurin are higher than
those for cytochromec550. If the two proteins bind at the
same site, then the preference of the enzyme will be
determined by the prevailing donor concentrations and the
Km value.

Binding Surface on Pseudoazurin for Interaction with
Cytochrome c Peroxidase.The use of heteronuclear NMR
spectroscopy allows the detection of small perturbations in
the environment of the amide nitrogens of a protein labeled
with 15N when the protein binds to a redox partner. These
small perturbations may be a primary effect of the change
in the chemical environment if the amino acid is present in

the interface between the two proteins, but secondary effects
are also possible as a result of small adjustments of the
polypeptide chain and side chains in the bound complex.
The perturbations may result in a shift in the amide nitrogen
resonance itself, the resonance of its associated proton, or
both. The results of Figure 5 show the pattern of cross
perturbation that was achieved in the case of the interaction
of pseudoazurin and cytochromec peroxidase.

It is clear from Figure 6A that residues that are affected
by binding in the presence of the peroxidase populate the
pseudoazurin face centered on His81 and the dipole moment.
This is consistent with the proposal that it is this surface
that is involved in binding to the cytochromec peroxidase,
allowing electron transfer to occur near His81. Kukimoto et
al. reached the same conclusion for the pseudoazurin from
A. faecalisbased on the effects of mutation of individual
lysines on the activity with nitrite reductase (42).

However, many of the pseudoazurin residues that experi-
ence a binding shift are situated just back from the rim of
lysines that encircle the front face of the molecule. We
propose that these are secondary effects and that they may
be particularly evident in pseudoazurin because of the striking
pairings that exist between the lysines that encircle His81
and acidic residues. Many of these pairings are apparent from
Figure 7, and include K59-E62, K57-E43-K77, K46-
E47-K106, K38-D37, K12-E12, K109-E113, and R112-
D116. Only the latter two pairings have separation distances
within 3 Å in the crystallographic structure, but given the
flexibility of the lysine side chains, there is at least a

FIGURE 7: Dipole vector and the charged residues of the front face of pseudoazurin and related proteins. Front surface views of the proteins
are rendered in MacImdad. The front view is defined by the presence of the exposed histidine (H81 inP. pantotrophuspseudoazurin) (grey
circles) and is centered on the dipole vector (small yellow circle). The small additional orange circle in C represents the position of the
dipole vector for the reduced form ofA. cycloclastespseudoazurin. In all cases, lysine side chains are light blue, and lysine NZ atoms are
dark blue; arginine side chains are turquoise, and arginine NH1 and NH2 atoms are dark blue; aspartate and glutamate side chains are pink,
and aspartate OD1 and OD2 and glutamate OE1 and OE2 atoms are red. The coordinate files are for the oxidized forms of the pseudoazurins
and the cytochromec550. (A) P. pantotrophusLMD 82.5 pseudoazurin (PDB 1ADW, monomer A). (B)P. pantotrophusLMD 52.44
cytochromec550 (see ref16). (C) A. cycloclastespseudoazurin (PDB 1BQK). (D)A. faecalispseudoazurin (PDB 8PAZ). (E)P. pantotrophus
amicyanin (PDB 1AAC). (F)P. laminosumplastocyanin (PDB 1BAW).
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possibility that electrostatic interactions also occur in the
others. Our proposal is that the relationship of these lysines
to their paired acidic residues is subtly altered when
pseudoazurin binds against the broad negative surface of the
peroxidase. Such readjustments of lysines would be expected
to have a secondary effect on the environment of the paired
acidic residues and the residues in their immediate vicinity.
A striking example of this is K59, which is associated with
E62. The amide of the latter is strongly shifted by binding
(Figure 5), but the amides of the neighboring residues S58,
S63, Y64, and T65 are also strongly affected (Figure 6D).
The E62 is just below the rim of the front face, and the
serines and tyrosine are even further back (Figure 6D). It is
this type of effect that leads to the distribution of residues
affected by binding apparent in parts C and D of Figure 6.
A similar effect can explain the chemical-shift variation
observed for the NH resonance of residues L99, A102, A111,
R112, and E113 and the effect on F56, a residue that is
located next to a lysine residue (K57), the NH resonance of
which could not be assigned.

We conclude therefore that pseudoazurin binds to cyto-
chromec peroxidase at its front face. This face includes the
site of electron transfer, which is surrounded by a hydro-
phobic patch, which in turn is surrounded by a ring of lysines.
Because of the frequent association of this set of lysines with
acidic residues just back from the front face, secondary
binding shifts are observed in those acidic residues and their
neighbors.

Pseudoazurin and General Theories of Biological Electron
Transfer.A feature of the current models of the biological
electron transfer is the idea of a fluid-encounter complex
consisting of a collection of electrostatically preorientated
configurations of a small redox protein with its partner redox
enzyme (17, 18, 43). Lateral mobitlity allows a “search” for
an optimal orientation, which facilitates electron transfer.
Although global electrostatic forces are implicated in pre-
orientation, the final electron-transfer complex is stabilized
by hydrophobic interactions. Indeed, in contrast to an earlier
emphasis on the formation of electrostatic linkages across
the interface of the complex, it may be important to avoid
such links to maintain fluidity and transiency during the
encounter. The nonspecific nature of the hydrophobic
interactions is consistent with the pseudospecificity (1)
observed in biological electron transfers, whereby one small
redox protein may interact with several redox enzymes.

If we turn from the general case to the specific case of
the pseudoazurin studied here, a striking feature is the
orientation of the very large dipole moment. This vector,
which is rooted in the center of mass, leaves the protein at
the histidine, which is coordinated to the buried copper
(Figure 7A). It is this histidine that is proposed to be near
the site of electron transfer. In this respect, the pseudoazurin
resembles the cytochromec550 from the same source (Figure
7B), the dipole moment of which leaves the protein at the
exposed haem edge. We should keep in mind that the dipole
moment is not determined by the total net charge but by the
charge distribution. Pseudoazurin and cytochromec550 have
net charges of-4 and-9, respectively, and yet share the
feature of a positive dipole vector situated at their electron-
transfer sites. Also, the positioning of the negative charge
behind the binding surface is as influential as the positioning
of the positive charge at the front (14, 42, 44). Thus, although

the pseudoazurins have a striking “ring of lysines” around
their front face (parts A, C, and D of Figure 7), the
plastocyanin fromP. laminosumdoes not, yet it has a dipole
moment, which is positioned precisely above the key
histidine (Figure 7F) and which has a magnitude greater than
that for mitochondrial cytochromec (Table 2).

We conclude that the large dipole moment in pseudoazurin
may allow preorientation in the encounter complex with the
cytochromec peroxidase. Our additional observation is that
the lysines, which form a ring or rim around the front face
of pseudoazurin, often have a neighboring compensating
charge just back from the rim in the form of aspartate and
glutamate side chains (a feature also noted by Kukimoto et
al. (42)]. We have found that the amide resonances of many
of these residues experience contact shifts on binding
cytochromec peroxidase and propose that this is a secondary
effect transmitted through the lysines. The presence of these
acidic residues may limit the ability of the long lysine side
chains to form salt links with the peroxidase across the
interface. Formation of such salt links would run the risk of
locking the SRP in an immobile and unproductive state on
the broad negative surface of the peroxidase. Thus, we see
the presence of the rim of lysines with its associated
substructure of acidic residues as being essential for optimiz-
ing electrostatic retention and preorientation in the encounter,
without compromising mobility.

The question remains how we can explain the magnitude
of the dipole moments of pseudoazurin and cytochromec550,
which are 2-3-fold greater than those for mitochondrial
cytochromesc. Larger is not necessarily better in this respect
because too large a dipole moment may result in too strong
an association being made that is unable to dissociate rapidly.
Relevant here, may be the lipid composition of the mito-
chondrial membrane, which contains 25% of the negatively
charged phospholipid cardiolipin (45). Too large a dipole
moment might lead to a sequestering of mitochondrial
cytochromec on the inner-membrane surface. This is less
of a problem in the bacterial case, where the cell membrane
contains only 3% cardiolipin (46).

Ionic Strength Dependence of Steady-State ActiVity. In-
creasing ionic strength may influence the rate of association,
preorientation within the encounter complex, stability of the
reactive complex, and rate of dissociation of the products.
Thus, the interpretation of curves such as that of the ionic
strength dependence of steady-state activity (Figure 3) is
complex. The rise in activity with ionic strength that we
observe with the nonphysiological donor horse cytochrome
c is correlated with a 3-fold decrease in the binding affinity
(5). We have argued that this may be due to too tight an
association at low ionic strengths, which leads either to an
encounter complex frozen in an immobile form that is unable
to seek out the reactive configuration or to poor rates of
dissociation of the product. Presteady-state kinetics may
distinguish these alternatives. Either way, horse cytochrome
c has not been “educated” during evolution by the binding
surface of cytochromec peroxidase and becomes trapped
on the surface by formation of strong but inappropriate
electrostatic forces. Thus, although we believe electrostatics
are crucial in preorientation leading to rate enhancement, they
must be managed in such a way that mobility is maintained.
Herein lies the importance of the effective combination of
the dipole moment and the compensating negative charges.
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In the low ionic strength range, neither cytochromec550 nor
pseudoazurin show much variation in activity (Figure 3) nor
is there much reduction in the binding affinity as the ionic
strength is raised (Pauleta et al., unpublished results).

The shallow change in activity with ionic strength in
cytochromec550 (and, to a lesser extent, pseudoazurin) may
be significant physiologically. As a soil bacterium, the
periplasm ofP. pantotrophuswill be exposed to a range of
ionic strengths (unlike the constant ionic strength environ-
ment of a chloroplast or a mitochondrion), and it will be
important that the rates of electron transfer are maintained
in these different conditions.

Monomer-Dimer Equilibrium.There is some discrepancy
between the predicted relative molecular mass for the
monomer (Mr ) 13 406) and dimer (Mr ) 26 812) and the
values observed (Mr ) 15 500 and 33 000, respectively).
However, molecular-exclusion behavior is influenced by
shape as well as size, and pseudoazurin is not a simple
spherical shape. The Stokes volume for the monomer can
be calculated (the volume it would occupy during molecular
exclusion) and corresponds to anMr of approximately 15 000,
which is consistent with the value obtained. Applying the
same principle to the dimer, anMr of approximately 30 000
can be calculated, again in agreement with the value obtained.

Pseudoazurin isolated from different sources was found
to be a monomer in both the oxidized and the reduced forms
(47-49), but P. pantotrophuspseudoazurin is an exception
that exhibits monomer-dimer equilibrium in the oxidized
form but not in the reduced form (1, 33). This equilibrium
was studied (Figure 2) and shown to be ionic-strength- and
not pH-dependent (between pH 7-8). In a previous study
(1), both ionic strength and pH were varied simultaneously,
and it was found that a pH of 7.0 and aI of 44.4 mM favored
the monomer, while a pH of 5.0 and aI of 14 mM favored
the dimer. In light of our results, it is likely to be the lower
ionic strength in the latter conditions that leads to the stronger
association.

The relationship between the individual monomer dipole
moments and the orientation of the monomers in the
crystallographic dimer (1) is shown in Figure 8. It is clear
that the orientation is such that the dipoles oppose each other
in the dimer; the opposing dipoles may indeed contribute to
dimer stability. A similar behavior was observed forP.
pantotrophuscytochromec550 (16). This, however, raises the
question of why, if electrostatic preorientation using the
dipole moment of the monomer is so important, the dimer
exists at all. We should note that, as far as the reaction with
cytochromec peroxidase is concerned, this question does
not arise because the substrate of this enzyme is the
monomeric reduced pseudoazurin. Indeed, we might be
tempted to propose that dimerization in the oxidized state is
a way of preventing either the association of the oxidized
form of pseudoazurin with the membrane or the formation
of dead-end product complexes with the cytochromec
peroxidase. However, a weakness of this argument is that
the pseudoazurin does require reduction and presumably must
preorientate and bind to thebc1 complex or a soluble redox
enzyme in the monomeric oxidized state. The dimer would
seem to compromise this process. It therefore remains a
puzzling feature of many small bacterial redox proteins that
they are dimers.

CONCLUSIONS

The positive vector of the very large dipole moment of
pseudoazurin fromP. pantotrophusLMD 52.44 is positioned
at the putative electron-transfer site, His81, and is proposed
to be instrumental in preorientation of the molecule against
the negatively charged cytochromec peroxidase. The NMR
resonances of residues on the face of the protein containing
the histidine are perturbed by binding to the peroxidase.
These residues include a ring of lysines that are paired with
acidic residues just back from the rim. We propose that these
acidic residues moderate the electrostatic influence of the
lysines and so ensure that specific charge interactions do not
form across the interface with the peroxidase.
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